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Abstract: Thequestionof transientstability control is re-
visited, varioustypesof controlsareidentified,anda general
approachto closed-loopemergency control is proposed.The
focusis on feasibility aspects,generalsalientfeaturesandil-
lustrationof stabilizationcapabilitiesof anemergency control
schemerelyingongenerationshedding.
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1 INTRODUCTION

Power systemtransientsability controlencompassesin gen-
eral a twofold problem: severity assessmentof an instability
originatingfrom theoccurrenceof a “dangerous”contingency,
andchoiceof anactionableto stabilizeit. Thecontrolmaybe
of the“preventive” typeor of the“emergency” type.

Preventivecontrol aimsat answeringthe question“what to
do” in orderto stabilizethesystempost-fault operatingcondi-
tion if a (plausible)contingency would occur. Its designrelies
on stability simulationsof contingency scenarios.More pre-
cisely, on-linepreventivecontrol aimsatdesigningin ahorizon
of, say, 30 minutesahead,meansto stabilizethe systemif it
were threatenedby any of the plausiblecontingenciesidenti-
fied to be dangerous.The decisionaboutwhetherto execute
or postponethe resultingcontrol actionrelieson engineering
judgement.

Emergencycontrol, on the otherhand,aimsat triggeringa
control actionin real time, after a dangerouscontingency has
actuallyoccurred.Note that this control actionmay be either
designedin realtimeusingreal-timemeasurementsor assessed
in anticipationby meansof off-line stability simulations.The
latter casebelongsto open-loopemergencycontrol. In con-
trast, in closed-loopemergencycontrol the action is designed
andtriggeredin real time, after a disturbancehasactuallyoc-
curred,and thesystemcontinuesbeingmonitoredand further
controlled if necessary.

Conventional time-domaintransientstability methodscan
hardly tacklepreventive control,andaretotally unableto deal
with closed-loopemergency control.Hybridmethodsseembet-
ter suitedto sucha problematictask. In particular, themethod
calledSIME [1] hasbeenableto solve properlypreventiveas-
pects(e.g.,see[2], andthe relatedreferencestherein). More
recently, the Emergency SIME was proposedfor closed-loop
emergency control[3,4].

Thiscontributiondealswith theEmergency SIME in general,
thenwith its illustrationontheWSCCpowersystem,wherethe
controlactionis supposedto begenerationshedding.

The presentationis organizedasfollows. Section2 givesa
digestof theSIME methodin general.Section3 dealswith the
Emergency SIME. Finally, theparticularcontrolof generation
sheddingis illustratedin Section4.

2 THE PREDICTIVE SIME

2.1 Principle

In essence,SIME assessesthe behavior of a power system
in its post-faultconfiguration(afteradisturbanceinceptionand
its clearance)in termsof a generalizedone-machine-infinite-
bus(OMIB) transformation[5]. This OMIB equivalentresults
from theaggregationof thegroupsof “critical machines”and
“non-critical machines”into two equivalentmachines,further
replacedby a one-machineequivalent.

�
The identificationof thesetwo groupsof machinesis de-

scribedbelow andportrayedin Fig.1,drawn for theexampleof
Section4. Thetime-dependentparametersof the“generalized
OMIB” (rotorangleandspeed;mechanicalandelectricalpow-
ers), are computedfrom the parametersof the power system
machines.In theEmergency SIME,thesemultimachineparam-
etersarefurnishedby real-timemeasurements,andrefreshedat
a regularrate.

to the OMIB equivalent system
(b) Equal area criterion application
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Figure1. Illustrationof SIME’sprinciple

The stability propertiesof the OMIB are inferred from the
applicationof the equal-areacriterion (EAC). This yields two
essentialpiecesof information,namely, stability margins and
critical machines.A stability margin expressesthe imbalance
betweenacceleratinganddeceleratingareasof theOMIB "$#&%
plane,or, equivalently, of the "(')#*% plane(seeFig.1b),where+

Notethat this is a generalizedversionof theextendedequalareacriterion
(EEAC) [6].
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" ' denotestheOMIB acceleratingpower:

" '*, "(- (its mechanicalpower) #."(/ (its electricalpower) 0 (1)

2.2 Predictive transient stability assessment

Following a disturbanceinception and its clearance,the
Emergency SIME aimsatpredictingthesystemtransientstabil-
ity behavior and,if necessary, atdecidingandtriggeringcontrol
actionsearly enoughto prevent lossof synchronism.Further,
it aimsat continuingmonitoringthesystem,in orderto assess
whetherthecontrolactionhasbeensufficient or shouldbere-
inforced.Thepredictionrelieson real-timemeasurements,ac-
quiredat regulartimestep,132 ’s, andrefreshedat therate 45132 .
Theprocedureconsistsof thefollowing tasks..

(i) Predicting the OMIB structure: usea Taylor seriesex-
pansionto predict(say, 100msahead),theindividualma-
chinesrotor angles;rankthemachinesaccordingto their
angles,identify thelargestangulardifference(“gap”) be-
tweentwo successive machinesanddeclarethoseabove
thisgapto bethe“candidatecritical machines”,thosebe-
low thegapbeingthe“candidatenon-criticalmachines”.
Theiraggregationprovidesthe“candidateOMIB”.

(ii) Predictingthe " ' #.% curve: computetheparametersof
this “candidateOMIB”, andin particularits accelerating
power androtor angle, " ' and % , for threesuccessive
datasetsacquiredat 132�67132)894:132767132;8=<>4:132 . Write the
equation " '�? %>@ ,BA %DCE89FG%�89H
for thethreedifferenttimesandsolvefor A 67F(6IH .

(iii) Predictinginstability: searchfor thesolutionof" 'I? %KJ�@ ,LA %DCJ 8=FM%KJN8OH ,BP
to determinewhethertheOMIB reachestheunstablecon-
ditions "Q' ? % J @ ,RP 6TS"Q' ? % J @VU P 0
If not, repeatsteps(i) to (iii) using new measurements
sets.
If yes,thecandidateOMIB is thecritical one,for which
themethodcomputessuccessively [3,4]

– theunstableangle, % J
– theunstablemargin

W , # XOY3Z
Y3[ "Q']\^%_#a`<*bdc C2

– thetime to instability

1 J , 1 2 8 X Y3Z
Y3[ \e%f Cgih YY [ #j" ' \^%k8 c C2

where % 2 standsfor % ? 1 2 @ and c 2 for c ? 1 2 @l0
(iv) Validity test. The validity test relieson the observation

that undergiven operatingand contingency conditions,
the value of the (negative) margin should be constant,
whatever the time step. Hence,the above computations
shouldbe repeatedat successive 4:1 2 ’s until gettingan
(almost)constantmargin value.

.

2.3 Salient features

Themethodis basedon real-timemeasurementsacquiredat
regulartime intervalsandaimsatcontrollingthesystemin less
than,say, 500 msafterthecontingency inceptionandits clear-
ance.m

Thepredictionphasestartsafterdetectingananomaly(con-
tingency occurrence)andits clearanceby meansof protec-
tiverelays.Notethatthispredictiondoesnot imply identifi-
cationof thecontingency (location,type,etc.).m
The prediction is possible thanks to the use of the
OMIB transformation;predictingthebehavior (accelerating
power) of all of thesystemmachineswould have led to to-
tally unreliableresults.m
Theremaybea tradeoff betweentheabovementionedvali-
dationtestandthetime to instability: theshorterthis time,
thefasterthecorrectiveactionshouldbetaken.Ontheother
hand,theshorterthetime to instability, theearliertheinsta-
bility phenomenaappear.

Finally notethattheabovedescriptionsaimatgiving a mere
flavor of themethod.Detaileddevelopmentsmaybefound in
[3,4].

3 EMERGENCY CONTROL

3.1 Generalprinciple

Transientstabilitycontrolrelieson thefollowing two propo-
sitions:

(i) thedegreeof instability of a multi-machinepower system
is measuredby theOMIB margin;

(ii) stabilizingan unstablecaseconsistsof cancelingout this
margin, i.e. of increasingthedeceleratingareaand/orde-
creasingtheacceleratingareain theOMIB "n#9% plane
(seeFig. 1b).

Broadly, thismaybeachievedeitherby:m
reducingthe mechanicalpower of the OMIB. E.g., by us-
ing fast-valving, generatorshedding,generatorreschedul-
ing, etc.;m
increasingtheelectricalpower. E.g.,by usingbrakingresis-
tors,DC links, thyristorcontrolledseriescompensators,and
otherFACTS.

Emergency control, in particular, aims at protectinglarge
productionsites,like hydroplants;it maycall uponlast resort
actions,e.g.,generationshedding.

The above principle is schematicallyorganized in the
clossed-loopcontrolframeworkportrayedin Fig.2. Thecoreof
this Emergency SIME consistsof blocks2 and3, commented
below in theparticularcaseof generationshedding.

3.2 Structure of the emergencycontrol scheme

Let us summarizethe main objectives of the Emergency
SIME discussedsofar. Onthebasisof real-timemeasurements
takenat thepowerplants,themethodaimsto [3]:
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Figure2. A general frameworkfor closed-looptransientstabil-
ity emergencycontrolm

assesswhetherthesystemis stableor it is drivento instabil-
ity; in thelattercase;m
assess“how much” unstablethesystemis goingto be; ac-
cordingly,m
assess“where” and“how much correctiveaction” to take
(pre-assignedtype of correctiveaction);m
to continueassessingwhethertheexecutedcorrectiveaction
hasbeensufficientor whetherto proceedfurther.

Block 2 of Fig.2 covers the two first steps: predictionof
(in)stability, andappraisalof thesizeof instability, in termsof
marginsandcritical machines.Block 3 takescareof thedesign
of control actions. For example,whengenerationsheddingis
of concern,the action consistsof determiningthe numberof
generatorsto shed.

Further, themethodsendstheorderof triggeringtheaction,
while continuingto monitorandcontrol the systemin closed-
loopuntil gettingpowersystemstabilization.

3.3 Discussionm
Thepredictionof the time to (reach)instability may influ-
encethecontroldecision(sizeof control; time to triggerit;
etc).m
The hardware requirementsof the emergency control
schemearephasormeasurementdevicesplacedat themain
powerplantstationsandcommunicationsystemsto transmit
(centralize-decentralize)this information. Theserequire-
mentsseemto bewithin reachof today’s technology[7].m
Theemergency control relieson purely real-timemeasure-
ments(actuallyarelativelysmallnumberof measurements).
This freesthe control from uncertaintiesaboutpower sys-
tem modeling,parametervalues,operatingcondition,type
andlocationof thecontingency. Besides,suchaclosed-loop

emergency control is moreeconomicthanopen-loopemer-
gency controlor merepreventivecontrol.

Theseimportantadvantagesof emergency controlmake it a
valuablecomplementto preventive control but certainlynot a
substitute.Indeed,it is at the junctionof the two above types
of control techniquesthatsatisfactorysolutionsto particularly
challengingoperatingproblemscouldbefound.

4 ILLUSTRA TION

4.1 Description

The simulationreportedin this sectionaims to show how
the proposedschemeworks in a practicalcaseof generation
shedding.

Theconsiderednetwork is theWSCCsystem;it wasinitially
modelledwith 29machines,179busesandatotal loadof about
60,000MW. However, mostof themachineswerein factlarge
equivalents;oneof themhasbeensplit in 2 units, in orderto
beableto usefinerassessmentof generationsheddingthanthat
consistingof sheddinga big unit.

Thedisturbanceconsideredhereisathree-phaseshort-circuit
followedby the tripping of oneline to clearthe fault. The lo-
cationof the fault waschosenat randomamonga numberof
“dangerous”scenarios,for which the systemis driven to loss
of synchronism.Notehowever that to get“dangerous”scenar-
ios theconsideredfault clearingtimewasquitelarge(150ms);
with moderncircuit breakersit is possibleto getclearingtimes
of lessthan50ms(3 cycles).

Theoverall delayfor the generationsheddingis considered
equal to 150ms: 50ms to centralizeall the measurements,
50ms to sendthe corrective actionorder, and50ms to effec-
tively shedthegenerator(s).

For want of real-time measurements,the simulationsre-
ported below have been run with SIME coupled with the
ETMSPtransientstabilityprogram[8].

4.2 Three-phaseshort-circuit at bus MOHAVE 500

A three-phaseshort-circuit is appliedat bus MOHAVE 500
during150ms. Thefault is clearedby openingthe line LUGO
500; MOHAVE 500.

4.2.1 Simulation without emergencycontrol

To getabetterunderstandingof thephenomenainvolved,let
usfirst explorehow thesystembehavesin theabsenceof emer-
gency control tools. In this case,thescenariois unstable,and
the time to instabilitiy is found to be of 490msafter the fault
inception.Thenumberof critical machines,i.e. themachines
responsiblefor the lossof synchronismof the system,is two,
namely:MOHAV1CC22.0;1andMOHAV1CC22.0;2; their initial
power is 843MW. Sincethesemachineshaveexactly thesame
modelandareconnectedto the samebus, their swing curves
areidentical.

The normalizedunstablemargin is negative and equal to#p<�0 q (rad/s)C . Fig. 1ashows theswing curvesof the30 sys-
tem machines. In the figure, the swing curves of the crit-
ical machinescoincideand are representedby the most ad-
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vancedcurve; thestabilizationwill consistof sheddinga num-
beramongthesemachinesnecessaryto stabilizethesystem.

Fig. 1brepresentsthemechanicalandelectricalpowerof the
OMIB in the power-angleplane. The differencebetweenthe
deceleratingandacceleratingareasgivesthevalueof themar-
gin. Theunstableangle % J is equalto 1.75rad;it corresponds
to a speed, c J of 2.36rad/s.

4.2.2 Simulation with emergencycontrol.

The above contingency is here stabilizedusing the emer-
gency SIME and following the stepsdescribedin Sections2
and3.

Thus,to determineif the systemis driven to instability, the
margin is predictedby SIME at eachtime stepof theETMSP
program,by extrapolatingthecurve of theacceleratingpower
of theOMIB in thepower-angleplane.If themargin is foundto
benegative,acorrectiveactionmustbedesignedandtriggered,
in orderto stabilizethe system.The designof this corrective
action,i.e. which andhow many machinesto shed,is madeby
usinga similar extrapolation.To a corrective actionis associ-
ateda new margin, refreshedat eachtime a new setof mea-
surementsis acquired(here,at eachtime stepof theprogram).
A positive valueof this new margin meansthat theactionhas
beensufficient.Otherwise,anadditionalcorrectiveactionmust
betakenin orderto avoid lossof synchronism.

Table1 reportsonsimulationresults.Therate 45132 between
two successive timesamplesis equalto 10ms.

Table1.
1 2 3 4

Time
(ms)

Mar gin before
corrective action

(rad/sr )
Time to

instability
(ms)

Mar gin after
corrective action

(rad/sr )
290 s 3.54 458 /
300 s 3.37 463 0.874
310 s 3.35 464 0.903
320 s 3.31 465 1.105
330 s 3.27 466 1.208
340 s 3.21 468 1.322
350 s 3.16 469 1.487
360 s 3.11 471 1.748
370 s 3.05 473 1.902
380 s 2.99 475 2.142
390 s 2.97 475 2.025
400 s 2.94 476 2.330
410 s 2.90 478 2.541
420 s 2.87 479 2.676
430 s 2.83 481 2.827
440 s 2.81 480 2.835

Thecontentof thetableis asfollows.

Column#1: timeof thelastsetof measurements
Column#2: predictedmargin of theuncontrolledsystem
Column#3: predictedtime to instability
Column#4: predictedmargin of thecontrolledsystem.

Before290 msthepredictedmargin is positive,whichcorre-
spondsto a stablesystem.But at 290 msthemargin becomes
negative; thecorrespondingtime to instability is of 458 ms.

Two timestepslater(i.e. at 132 ,ut ` P ms),acorrectiveaction
is decided,consistingof sheddingonecritical machine. This
action will be triggered150 ms later. The systemcontinues
beingmonitoredat eachacquisitionof a new setof measure-
mentsby refreshingthevaluesof themargins.Observethatthe
predictedmargin of thecontrolledsystemincreases,suggesting
thatthecorrectiveactionwassufficient.

Table 1 shows that sheddingone generatorincreasesthe
valueof the margin, which becomespositive, suggestingthat
the systemhasbeenstabilized(seecolumn4). Fig. 3a shows
that sheddingone critical machineincreasesthe decelerating
area, as predicted. Note that the unstableangle shown in
Fig. 3a, which is approximately2 radians,is never reached
thanksto the fact that the additionaldeceleratingareais suf-
ficient to bring thesystembackto synchronism.A returnangle
appearsbeforethesystemlosessynchronism.

(a)Sheddingof onegenerator
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#*% planes

Remark

Theaccuracy of themethodreliesonagoodpredictionof the
acceleratingpower of theOMIB in thepower-angleplane.To
illustrateit, considerFig. 3b. Thesolid line portraystheexact
curve, the sameasshown in Fig. 1b. Table1 shows that the
predictedvalueof the margin at time 300 ms is smallerthan
the exact values( # t 0 t^x (rad/s)C asopposedto #
<�0 q (rad/s)C ).
This is becausethepredictedcurveis below therealonesothat
thecomputeddeceleratingareais smallerthattherealone;this
leadsto anoverestimationof thedegreeof thesysteminstabil-
ity.

5 CONCLUSION

Direct methodsgraduallychangedtheir scopeduring more
thanthreedecadesof development.Indeed,oneof theirprimary
objectiveswasto speedtransientstability computationsandto
get simulations“f asterthan real time”. Today, this objective
is well within reachof “brute force” time-domainprograms,
thanksto thefantasticprogressof computerperformances.

Meanwhile,the secureoperationof modernpower systems
has createdneedsimpossibleto meet by pure time-domain
methods. Transientstability control is a good example. At
the sametime, pragmaticapproachesresulting from the hy-
bridizationof direct methodsbecameableto meetsuchstrin-
gentrequirements.Also in parallel,progressof technologyhas
madepossiblehardwarerequirementsconcerningdataacqui-
sition and communication. The Emergency SIME presented
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in this contribution relieson the conjunctionof softwareand
hardwareadvances.It is anticipatedthatthederegulationof the
electricy industrywill contributeto speeduptheeffectiveimple-
mentationof suchmoderntools.
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