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Abstract: The questionof transientstability controlis re-
visited, varioustypesof controlsareidentified,anda general
approacho closed-loopemegeng controlis proposed. The
focusis on feasibility aspectsgeneralsalientfeaturesandil-
lustrationof stabilizationcapabilitiesof an emegeng control
schemeelying on generatiorshedding.
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1 INTRODUCTION

Pawer systemtransientsability controlencompassesa gen-
eral a twofold problem: severity assessmertdf an instability
originatingfrom the occurrencef a “dangerous’contingeny,
andchoiceof anactionableto stabilizeit. Thecontrolmaybe
of the“preventive” typeor of the“ememgeny” type.

Preventivecontrol aimsat answeringthe question“what to
do” in orderto stabilizethe systempost-fault operatingcondi-
tion if a (plausible)contingeng would occut Its designrelies
on stability simulationsof contingeng scenarios.More pre-
cisely, on-line preventivecontmol aimsatdesigningn ahorizon
of, say 30 minutesahead meansto stabilizethe systemif it
were threatenedy ary of the plausiblecontingenciesdenti-
fied to be dangerous.The decisionaboutwhetherto execute
or postponethe resultingcontrol actionrelies on engineering
judgement.

Emegencycontmol, on the otherhand,aimsat triggeringa
control actionin realtime, after a dangerousontingeng has
actuallyoccurred. Note that this control actionmay be either
designedn realtime usingreal-timemeasurements assessed
in anticipationby meansof off-line stability simulations.The
latter casebelongsto open-loopemegencycontol. In con-
trast,in closed-loopemegencycontmol the actionis designed
andtriggeredin real time after a disturbancehasactually oc-
curred, and the systencontinuesbeingmonitoed and further
contolledif necessary

Corventional time-domaintransientstability methodscan
hardly tackle preventive control, andaretotally unableto deal
with closed-loopemegeng control. Hybrid methodseenbet-
ter suitedto sucha problematictask. In particular the method
calledSIME [1] hasbeenableto solve properlypreventive as-
pects(e.g.,see[2], andthe relatedreferencegherein). More
recently the Emegeny SIME was proposedor closed-loop
emegeng control[3,4].

This contritutiondealswith theEmegeng SIME in general,
thenwith its illustrationonthe WSCCpower systemwherethe
controlactionis supposedo be generatiorshedding.

The presentatioris organizedasfollows. Section2 givesa
digestof the SIME methodin general.Section3 dealswith the
Emegeng SIME. Finally, the particularcontrol of generation
sheddings illustratedin Sectior4.

2 THE PREDICTIVE SIME
2.1 Principle

In essenceSIME assessethe behaior of a power system
in its post-fault configuration(aftera disturbancenceptionand
its clearance)n termsof a generalizetbne-machine-infinite-
bus (OMIB) transformatior{5]. This OMIB equialentresults
from the aggreationof the groupsof “critical machines”and
“non-critical machines’into two equivalentmachinesfurther
replacedby a one-machinequivalent!

The identification of thesetwo groupsof machinesis de-
scribedbelow andportrayedn Fig. 1, dravn for theexampleof
Section4. Thetime-dependerparametersf the “generalized
OMIB” (rotorangleandspeedmechanicahndelectricalpow-
ers), are computedfrom the parameter®f the power system
machinesln theEmegeny SIME,theseamultimachineparam-
etersarefurnishedby real-timemeasurementandrefreshedat
aregularrate.
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(a) Power system swing curves and (b) Equal area criterion application
critical machine identification to the OMIB equivalent system

Figure 1. lllustration of SIME’s principle

The stability propertiesof the OMIB areinferred from the
applicationof the equal-areariterion (EAC). This yields two
essentiapiecesof information, namely stability mamgins and
critical machines.A stability mamgin expresseshe imbalance
betweeracceleratingnddeceleratingreaoftheOMIB P—§
plane,or, equivalently, of the P, —§ plane(seeFig.1b),where

INotethatthis is a generalizedersionof the extendedequalareacriterion
(EEAC) [6].
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P, = P, (itsmechanicapower) — P, (its electricalpower). (1)

2.2 Predictive transient stability assessment

Following a disturbanceinception and its clearance,the
Emegeny SIME aimsatpredictingthe systentransienstabil-
ity behaior and,if necessaratdecidingandtriggeringcontrol
actionsearly enoughto preventlossof synchronism.Further
it aimsat continuingmonitoringthe system,in orderto assess
whetherthe control actionhasbeensufficient or shouldbere-
inforced. The predictionrelieson real-timemeasurementsyc-
quiredatregulartime step,t;'s, andrefreshedattherate At; .
Theprocedureconsistof thefollowing tasks..

(i) Predictingthe OMIB structue: usea Taylor seriesex-
pansiorto predict(say 100msahead)theindividual ma-
chinesrotor angles;rankthe machinesaccordingto their
anglesjdentify thelargestangulardifference(“gap”) be-
tweentwo successie machinesanddeclarethoseabove
this gapto bethe“candidatecritical machines”thosebe-
low the gapbeingthe “candidatenon-criticalmachines”.
Theiraggreyationprovidesthe“candidateOMIB”.
Predictingthe P, — § curve computetheparametersf
this “candidateOMIB”, andin particularits accelerating
power androtor angle, P, andé , for threesuccessie
datasetsacquiredat t; , t; + At; , t; + 2At; . Write the
equation

(ii)

P,(0) = ad> +bs+c
for thethreedifferenttimesandsolvefor a, b, c.
Predictinginstability. searcHor the solutionof

Py(6y) = a2 +b6y+c =8

to determinavhethethe OMIB reachesheunstablecon-
ditions

(i)

P,(6,) =W, P,(6,) > ¥.

If not, repeatsteps(i) to (iii) using new measurements
sets.
If yes,the candidateOMIB is the critical one,for which
themethodcomputesuccessiely [3,4]

— theunstableangle, §,,

— theunstablemamin

Ou 1.
n = —/ Pad5—§wa
0;
— thetime to instability
ty, =t +/6u 4o
u — U3
8 \/% f;i —P, d + w?

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

(iv) Validity test The validity testrelies on the obsenation
that under given operatingand contingeng conditions,
the value of the (negative) mamgin should be constant,
whatever the time step. Hence,the above computations
shouldbe repeatedat successie At;’s until gettingan

(almost)constanmargin value.
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The methodis basedn real-timemeasurement@cquiredat
regulartime intervalsandaimsat controllingthe systemin less
than,say 500 msafterthe contingeng inceptionandits clear
ance.

e Thepredictionphasestartsafterdetectingananomaly(con-
tingeny occurrencepndits clearancéy meansof protec-
tive relays.Notethatthis predictiondoesnotimply identifi-
cationof thecontingeng (location,type,etc.).

e The prediction is possible thanks to the use of the
OMIB transformationpredictingthebehaior (accelerating
power) of all of the systemmachinesvould have led to to-
tally unreliableresults.

e Theremaybeatradeof betweerthe abore mentionedvali-
dationtestandthetime to instability: the shorterthis time,
thefasterthecorrective actionshouldbetaken. Ontheother
hand the shorterthetime to instability, the earliertheinsta-
bility phenomenappear

Finally notethatthe above descriptionsim at giving amere
flavor of the method. Detaileddevelopmentsnay be foundin
[3,4].

3 EMERGENCY CONTROL

3.1 Generalprinciple

Transientstability controlrelieson the following two propo-
sitions:

(i) thedegreeof instability of a multi-machinepower system
is measuredby the OMIB mamgin;

(ii) stabilizingan unstablecaseconsistsof cancelingout this
maugin, i.e. of increasinghe deceleratingareaand/orde-
creasinghe acceleratingareain theOMIB P — § plane
(seeFig. 1b).

Broadly, this maybeachievedeitherby:

¢ reducingthe mechanicapower of the OMIB. E.g., by us-
ing fast-\alving, generatorshedding,generatoreschedul-
ing, etc.;

e increasingheelectricalpower. E.g.,by usingbrakingresis-
tors,DC links, thyristorcontrolledseriescompensatorgnd
otherFACTS.

Emegeng control, in particular aims at protectinglarge
productionsites,like hydro plants;it may call uponlastresort
actionse.g.,generatiorshedding.

The above principle is schematically organized in the
clossed-loogontrolframenork portrayedn Fig. 2. Thecoreof
this Emegeny SIME consistsof blocks2 and 3, commented
below in the particularcaseof generatiorshedding.

3.2 Structure of the emergencycontrol scheme

Let us summarizethe main objectves of the Emegeny
SIME discussedofar. Onthebasisof real-timemeasurements
takenatthe power plants,the methodaimsto [3]:
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Figure 2. A generl frameavorkfor closed-loogransientstabil-
ity emegencycontrol

e asseswhetherthesystenis stableor it is drivento instabil-
ity; in thelattercase;

e assesshow mud” unstablehe systemis goingto be; ac-
cordingly;

e assess$where” and“how mud correctiveaction” to take
(pre-assignetype of corrective action);

e tocontinueassessinghethertheexecutedcorrectiveaction
hasbeensuficientor whetherto proceedurther.

Block 2 of Fig.2 coversthe two first steps predictionof
(in)stability, andappraisabf the size of instability, in termsof
marginsandcritical machinesBlock 3 takescareof thedesign
of control actions. For example,whengeneratiorsheddings
of concern,the action consistsof determiningthe numberof
generatorso shed.

Further the methodsendshe orderof triggeringthe action,
while continuingto monitor andcontrol the systemin closed-
loop until gettingpower systemstabilization.

3.3 Discussion

e The predictionof the time to (reach)instability may influ-
encethe controldecision(sizeof control;time to triggerit;
etc).

e The hardware requirementsof the emegeng control
schemarephasomeasuremerdevicesplacedat themain
power plantstationsandcommunicatiorsystemgo transmit
(centralize-decentralizehis information. Theserequire-
mentsseento be within reachof today’stechnology[7].

e Theemegengy controlrelieson purelyreal-timemeasure-
mentyactuallyarelatively smallnumberof measurements).
This freesthe control from uncertaintiesaboutpower sys-
tem modeling,parameteralues,operatingcondition, type
andlocationof thecontingeng. Besidessuchaclosed-loop

D Rl

geng controlor merepreventive control.

Dl R

R b

Theseimportantadvantage®f emegeng controlmake it a
valuablecomplemento preventive control but certainlynot a
substitute.Indeed.,it is at the junction of the two above types
of controltechniqueghat satishctorysolutionsto particularly
challengingoperatingproblemscould befound.

4 |LLUSTRATION

4.1 Description

The simulationreportedin this sectionaimsto shov how
the proposedschemeworks in a practicalcaseof generation
shedding.

Theconsideredhetwork is the WSCCsystemit wasinitially
modelledwith 29 machines179busesandatotalloadof about
60,000MW. However, mostof the machinesverein factlarge
equialents;one of themhasbeensplit in 2 units, in orderto
beableto usefinerassessmeitf generatiorsheddinghanthat
consistingof sheddinga big unit.

Thedisturbanceonsideredhereis athree-phasshort-circuit
followed by the tripping of oneline to clearthe fault. Thelo-
cationof the fault was chosenat randomamonga numberof
“dangerous”scenariosfor which the systemis drivento loss
of synchronismNote howeverthatto get“dangerous’scenar
ios the consideredault clearingtime wasquitelarge (150ms);
with moderncircuit brealersit is possibleto getclearingtimes
of lessthan50ms(3 cycles).

The overall delayfor the generatiorsheddings considered
equalto 150ms: 50ms to centralizeall the measurements,
50msto sendthe correctve actionorder and50msto effec-
tively shedthe generator(s).

For want of real-time measurementsthe simulationsre-
ported belov have beenrun with SIME coupled with the
ETMSPtransientstability program(8].

4.2 Three-phaseshort-circuit at bus MOHAVE 500

A three-phasehort-circuitis appliedat bus MOHAVE 500
during 150ms. Thefaultis clearedby openingthe line LUGO
500, MOHAVE 500,

4.2.1 Simulation without emergencycontrol

To getabetterunderstandingf the phenomenanvolved,let
usfirst explorehow the systembehaesin theabsencef emer
geng controltools. In this case the scenarias unstableand
thetime to instabilitiy is found to be of 490ms after the fault
inception. The numberof critical machinesij.e. the machines
responsibldor the lossof synchronisnof the system,is two,
namely: MOHAV1CC22.0;1andMOHAV1CC22.0;2 theirinitial
power is 843MW. Sincethesemachineshave exactly thesame
modeland are connectedo the samebus, their swing curves
areidentical.

The normalizedunstablemamin is negative and equal to
—2.8(rad/s¥ . Fig. 1ashaws the swing curvesof the 30 sys-
tem machines. In the figure, the swing curves of the crit-
ical machinescoincide and are representedy the most ad-
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beramongthesemachmesnecessaryo stabilizethe system.
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Fig. 1brepresentthe mechanicahndelectricalpower of the
OMIB in the power-angleplane. The differencebetweenthe
deceleratingandacceleratingreagyivesthe valueof the mar
gin. Theunstableangle §,, is equalto 1.75rad;it corresponds
to aspeed,w,, of 2.36rad/s.

4.2.2 Simulation with emergencycontrol.

The above contingeng is here stabilized using the emer
geny SIME and following the stepsdescribedn Sections2
and3.

Thus, to determinef the systemis drivento instability, the
maugin is predictedby SIME at eachtime stepof the ETMSP
program,by extrapolatingthe curve of the acceleratingpowver
of theOMIB in thepower-angleplane.If themaminis foundto
benegative,acorrective actionmustbedesignedandtriggered,
in orderto stabilizethe system. The designof this corrective
action,i.e. which andhow mary machinego shed,is madeby
usinga similar extrapolation. To a correctie actionis associ-
ateda new magin, refreshedat eachtime a newv setof mea-
surementss acquired(here,at eachtime stepof the program).
A positive value of this new mamgin meanghatthe actionhas
beensuficient. Otherwise anadditionalcorrectve actionmust
betakenin orderto avoid lossof synchronism.

Tablel reportson simulationresults.Therate At; between
two successie time sampless equalto 10ms.

Tablel.
1 2 3 4

. Margin before | Timeto Mar gin after
Time . . . L A .
(ms) corrective ?ctlon instability | corrective 2actlon

(rad/s?) (ms) (rad/s?)

290 —3.54 458 /

300 —3.37 463 0.874
310 -3.35 464 0.903
320 -331 465 1.105
330 —-3.27 466 1.208
340 -3.21 468 1.322
350 -3.16 469 1.487
360 -3.11 471 1.748
370 -3.05 473 1.902
380 —-2.99 475 2.142
390 —2.97 475 2.025
400 —-2.94 476 2.330
410 —-2.90 478 2.541
420 —2.87 479 2.676
430 -2.83 481 2.827
440 -281 480 2.835

Thecontentof thetableis asfollows.

Column#1: time of thelastsetof measurements
Column#2: predictedmarin of theuncontrolledsystem
Column#3: predictedimeto instability

Column#4: predictedmaigin of the controlledsystem.

Before290 msthepredictedmarginis positive, whichcorre-
spondgo a stablesystem.But at 290 msthe maigin becomes
negative; the correspondingime to instability is of 458 ms.

M i W 2

is deC|ded ,consistingof sheddingone critical machine. Th|s
actionwill be triggered150 ms later The systemcontinues
being monitoredat eachacquisitionof a new setof measure-
mentsby refreshinghevaluesof themamins. Obsenrethatthe
predictedmangin of the controlledsystemincreasessuggesting
thatthe correctve actionwassuficient.

= 1 e R e AR

Table 1 shaws that sheddingone generatorincreaseshe
value of the magin, which becomegositive, suggestinghat
the systemhasbeenstabilized(seecolumn4). Fig. 3ashavs
that sheddingone critical machineincreasegshe decelerating
area, as predicted. Note that the unstableangle shavn in
Fig. 3a, which is approximately2 radians,is never reached
thanksto the fact that the additionaldeceleratingareais suf-
ficientto bring the systembackto synchronismA returnangle
appeardeforethe systemosessynchronism.
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(a) Sheddingpf onegenerator (b) Accurang of theextrapolation
Figure3. P—§ planes

Remark

Theaccurag of themethodreliesonagoodpredictionof the
acceleratingpower of the OMIB in the power-angleplane. To
illustrateit, considerrig. 3b. The solid line portraysthe exact
curve, the sameasshavn in Fig. 1b. Table 1 shows thatthe
predictedvalue of the mamin at time 300 msis smallerthan
the exact values(—3.37 (rad/s} asopposedo —2.8 (rad/s§).
Thisis because¢hepredictedcurveis below therealonesothat
thecomputedieceleratingireais smallerthatthereal one;this
leadsto anoverestimatiorof the degreeof the systeminstabil-

ity.
5 CONCLUSION

Direct methodsgraduallychangedheir scopeduring more
thanthreedecadesf developmentindeedpneof theirprimary
objectveswasto speedransientstability computationandto
get simulations“f asterthanreal time”. Today this objective
is well within reachof “brute force” time-domainprograms,
thanksto thefantastigprogresf computetperformances.

Meanwhile,the secureoperationof modernpower systems
has createdneedsimpossibleto meetby pure time-domain
methods. Transientstability control is a good example. At
the sametime, pragmaticapproachesesultingfrom the hy-
bridizationof direct methodsbecameableto meetsuchstrin-
gentrequirementsAlso in parallel,progresof technologyhas
madepossiblehardware requirementsoncerningdataacqui-
sition and communication. The Emegengy SIME presented
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hardwareadwanceslt is anticipatedhatthederegulationof the
electricindustrywill contributeto speedup theeffectiveimple-
mentationof suchmoderntools.
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