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Abstract: This paper presents a new control scheme for the design of damping controllers
for power systems. The scheme is based on the combination of two powerful control design
techniques, namely the Linear Matrix Inequalities (LMI) techniques and the Direct Feedback
Linearization (DFL). It is shown that the DFL can cancel nonlinearities in the power system
model, thus reducing the uncertainty in the LMI design. The obtained results show the
proposed controller provides smooth control actions and fast transient response, being well-
suited for the low frequency oscillations problem.
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1. INTRODUCTION

Low frequency oscillations are a problem of ma-
jor concern in power systems, as they place limits
on power transfers, restricting the full utilization of
transmission capacity. This problem has been inves-
tigated since the late 60’s (see (DeMello and Concor-
dia, 1969) and (Larsen and Swann, 1981)). To provide
damping for these oscillations, decentralized lead-lag
compensators, called Classical Power System Stabi-
lizers (CPSS), have been the most used control struc-
tures. However, the design of these compensators has
always been based upon the linearization of the power
system model around a typical operating point.

For economical and environmental reasons, power
systems are forced to operate near their limits nowa-
days. Therefore, they are exhibiting a stronger non-
linear behaviour and the classical compensators are
failing to provide damping to the oscillations, as their
designs were based on linearized techniques.

1 This research is finantially supported by FAPESP, a brazilian
research foundation.

Robust controllers have been recently proposed to
deal with this nonlinear behaviour. (Boukarim, Wang,
Chow, Taranto and Martins, 2000) and (Fischman,
Bazanella, Silva, Dion and Dugard, 1997) are exam-
ples of such proposals. In particular, a powerful ap-
proach called Linear Matrix Inequalities (LMI) has
received much attention by the designers over the past
years. The LMI formulation allows the designer to
represent a control problem in the form of an opti-
mization, subjected to matrix restrictions, and then
solve it numerically with fast algorithms called LMI
solvers.

Various kinds of system models, such as Linear Time
Invariant (LTI) systems or Linear Differential Inclu-
sions (LDIs), can be employed in an LMI design.
Among them, the Polytopic Linear Differential Inclu-
sion (PLDI) model is particularly well-suited to robust
control design problems in power systems. In this rep-
resentation, different points of operation constitute the
vertices of a convex region (called polytope) where the
system is expected to operate.

One of the problems of the LMI-based approaches is
the inherent overdesign associated to these kinds of
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optimization.The LMI designseeksfor a controller
to stabilize the entire operatingregion. This often
leads to an overdesign,generatingcontrollers with
high feedbackgains,which may not be feasibledue
to physicalrestrictions.

In this paper, a partial feedbacklinearizationscheme
is proposedto cancelstrongnonlinearitiesin a power
systemmodelwith network reduction.The systemis
not completelylinearized,but the remainingnonlin-
earitiesaretreatedin anLMI framework to allow for
a linear control design.The main advantageof this
scheme(over the conventionalLMI designs)is the
reductionof the overdesigndueto the eliminationof
nonlinearitiesin themodel.

Thepartial linearizationschemeis basedon themea-
surementof theterminalbusvoltage,sothelinearizing
feedbackcanbe preciselyimplemented.Also, an H2
performancecriterion is included in the design, to
generatea controller able to reject the cancellation
error. No remoteinformationis necessaryfor the lin-
earization,which is anotheradvantageof this control
scheme.

This paperis organizedasfollows: section2 presents
theadvantagesanddrawbacksof thepolytopicmodel
for power systemsandsection3 explains how feed-
back linearization can be employed to reduce the
uncertaintiesand improve the previously presented
design;section4 briefly presentsthe control design
procedureemployed in this research,while section5
shows the obtainedresults,comparingthe proposed
approachto otherconventionaltypesof design.

2. THE POLYTOPICMODEL FORPOWER
SYSTEMS

A multimachinepowersystemcanbedescribed,after
network reduction,by thefollowing setof equations:
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In equations(1)-(5), δi is the rotor angle,ωi is the
angularrotor speed,E �qi is theinternalvoltage,Ef di is
thefield voltage,Vti is theterminalbusvoltageandVci
is thecontrolinputto thevoltageregulator, all referred
to generatori. The readershouldconsult(Anderson
andFouad,1994)for thedescriptionof theparameters
in this model.It canbeseenfrom (4) and(5) that the
term Vti introducesa very strongnonlinearity in the
model.

After linearization around an operating point, the
modelcanbeput in theform:

ẋ � t � � Apx � t � � Bpu � t � (6)

y � t � � Cpx � t � (7)

The classicaltechniquesusedin the designof damp-
ing controllersfor power systemsare basedon this
linearizedmodel.Thesecontrollersarenot robust to
parametervariationand/oruncertaintiesin theoperat-
ing conditions,becausethe model is valid only in a
neighborhoodof theoperatingpoint.

Thepolytopicmodelis analternativeto overcomethis
drawback of the classicaltechniques.In this model,
thesystemis linearizedatanumberof differenttypical
operatingpoints,producinga seriesof matrices

A i
��� Api Bpi

Cpi 0 � (8)

for i � 1 �����	��� L. Thesematricesarecalledvertex sys-
tems.Then,aconvex setΩ ��� n � n is formedby taking
the convex hull of the vertex systems.This can be
expressedby

Ω � Co � A1 � A2 �	���	��� AL � (9)
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A modelin theform

ẋ � t � � Ωx � t � � x � 0� � x0 (11)

with Ω describedby (9) is a PLDI. Any x : � �%$ � n

satisfying(11) is calleda trajectoryof this PLDI.



Now, let

ẋ & t ')( f & x & t '+* u & t '+* t ' (12)

beacondensedform of equations(1)-(4)andsuppose
that, for every x & t ' , u & t ' and t, thereexists a matrix
G & x & t '+* u & t ',* t '.- Ω suchthat

f & x & t ',* u & t ',* t '/( G & x & t '+* u & t ',* t ' x & t ' (13)

Then it follows immediatelythat every trajectoryof
the nonlinearsystem(12) is also a trajectoryof the
PLDI (11) definedby Ω. Theconditionsfor theexis-
tenceof suchG & x & t ',* u & t '+* t ' arepresentedin (Boyd,
El Gahoui,FeronandBalakrishnan,1994).

Theconvexity of theΩ setcanbeexploitedin somein-
terestingways.For example,whencertainproperties
(suchasquadraticstability or decayrates)areproved
for all verticesof Ω, they extendto all matriceswithin
thepolytope.

A number of control problemswith PLDI models
can be expressedin the form of LMI optimizations
andnumericallysolvedwith high efficiency (Gahinet,
Nemirovski, Laub andChiali, 1995).Also, the PLDI
model is very well-suitedfor the power systemcase,
becausethe vertex systemscanrepresentthe various
typical operatingconditionsthroughouttheday.

However, the fact that the designseeksfor a con-
troller to stabilizethe entire polytopeoften leadsto
an overdesign,becausesomeregionsof the polytope
might bemodelingvery unusual,or even impossible,
operatingconditions.This is amajordisadvantagefor
the power systemcontrol problem,sincecontrollers
with high feedbackgainsaredifficult to implementin
powersystems,dueto physicalreasons.

The next sectionpresentsan alternative to improve
theseLMI designs.The main idea is the reduction
of the uncertaintyin the model(consequentlyreduc-
ing thepolytope)usingpartial feedbacklinearization,
which leadsto a lessconservative designandyields
controllersmoresuitedfor implementation.

3. FEEDBACK LINEARIZATION FOR
UNCERTAINTY REDUCTION

Nonlinearcontroltechniqueshavealsobeenproposed
to damp low frequency oscillations in power sys-
tems. The Direct FeedbackLinearization (DFL) is
oneof thesetechniques.Roughlyspeaking,feedback
linearizationusesstatefeedbackto cancelnonlineari-
ties in themodel,allowing theapplicationof a linear
controldesignto a nonlinearmodel.DFL is a kind of
feedbacklinearization,which usesthe original vari-
ablesof the model,without a coordinatetransforma-
tion (Wang,GuoandHill, 1997).

Theuseof DFL to cancelnonlinearitiesin the power
systemmodel hasbeenreportedin (Zhu, Zhou and
Wang,1997),(Guo,WangandHill, 2000)and(Guo,

Hill andWang,2000).For theimplementationof these
proposals,the Automatic Voltage Regulator (AVR)
structure,describedby equation(4) hasto bechanged.
AVRsareintegratingpartsof mostgeneratingunitsin
operationnowadays,andchangingtheir structuresin
all unitsof a largepowersystemmight bea problem.

As mentionedpreviously, equation(4) introducesa
strong nonlinearity in the power systemnonlinear
model,dueto thepresenceof thetermVti . However, if
V 0ti is a terminalbusvoltagefeedbackand

Vci ( uci 1 V 0ti (14)

whereuci is acontrolinput, thetermVti is canceledin
(4), andtheremainingequationis

Ėf di ( 1
Tei 2Kei & Vref i 1 uci 1 ei '
3 Ef di 4 (15)

where

ei ( V 0ti 3 Vti (16)

is the cancellationerror. With this simple modifica-
tion (which is donebeforethe linearizationprocess),
a strong nonlinearity is eliminated from the power
systemmodel.The new equation(15) of the AVR is
linear, with ei viewedasa disturbance.Sincethenon-
linearitiesareconvertedto uncertaintiesin the poly-
topic model, this modificationreducesthe Ω subset
(by eliminatingthenonlinearterm),thusreducingthe
overdesignin thecontroller.

Now, in additionto stabilizingtheplant,theobjective
of the controller is alsothe rejectionof the cancella-
tion error ei . This canbe achieved by introducingan
H2 criterionto beaccomplishedin thedesign.

Implementationof this linearization schemeneeds
only a local measurementof the terminalvoltageVti ,
which is alreadyavailableto the AVR. The cancella-
tion canbemadeveryprecisely, andtheAVR structure
is not changed.

4. CONTROLLER DESIGN

A benchmarktwo-areasystemfrom (Kundur, 1994)
waschosenasthebasesystemfor thedesignandthe
testsof the controller proposedin this paper. This
systemhas a strong inter-areamode of oscillation,
which varies significantly with the changein oper-
ating conditions.Figure 1 presentsthis system,and
the completedatarelatedto it canbe obtainedfrom
(Kundur, 1994).

In power systems,normal changesof the operating
conditionsare due to load variationsthroughoutthe
day or the week.For this reason,the vertex systems
weredeterminedcombiningextremevariationsof the
load levels in bothareasof the systemfrom figure1.
The load levels of the basecasearePL1 = 967 MW,
QL1 = 100 MVAr, PL2 = 1767 MW and QL2 = 100



Fig. 1. Benchmarktwo-areasystemusedfor the de-
sign.

MVAr, and this condition is also taken as a vertex
system.

Table1 shows theeigenvaluesrelatedto theinter-area
modefor the vertex systems.As shown in this table,
the main factoraffecting the stability of this system
is thepower flow in thetie lines(Ptie). Heavier power
flows leadto a moreunstablesystem.

Table1. Vertex systems.

Load Ptie Mode Freq. Damping
Level [MW] [Hz] Factor
Base 0.0051
Case 391 5 j2.0405 0.3248 -0.0025
L1:+20% -0.0026
L2:-20% 205 5 j2.3228 0.3697 0.0011
L1:-20% 0.0302
L2:-20% 570 5 j1.5579 0.2479 -0.0194
L1:-20% 0.0145
L2:+20% 564 5 j1.2244 0.1949 -0.0118
L1:+20% -0.0227
L2:+20% 204 5 j2.2555 0.3590 0.0101

After theconstructionof thepolytopicmodel,amixed
H2 6 H∞ design with regional pole placementcon-
straintswascarriedout.Figure2 summarizesthis type
of design,whereP 7 s8 is thepolytopictransferfunction
matrix of the plant and K is the controller. In the
presentdesign,x is the statevector, u is a vectorof
inputsof theAVRs,e is avectorof cancellationerrors
andz2 isavectorwith angularspeedsof all generators.
Theoutputz∞ wasnotconsideredin thisdesign,since
themainconcernwastherejectionof thecancellation
error, whichwasmodeledasaweightedwhitenoise.

Fig. 2. MixedH2 6 H∞ design.

The objective of the designwas to maintain the H2
normof the transferfunction from e to z2 below 0 9 5,
while placing the polesof the polytopic closedloop

systeminside the region of dampingfactorshigher
than25%(ξ : 0 9 250).

A similar designwas done for a smaller polytope,
consideringvariationsof ; 10% of the load levels in
both areas.Also, conventional LMI designs,based
on the samepolytopic models ( ; 10% and ; 20%)
without employing DFL, were carriedout. The next
sectionpresentsacomparisonof resultsbetweenthese
two typesof controldesign.

5. TESTSAND RESULTS

As expected,controllerswith smallerfeedbackgains
were obtainedwith the DFL/LMI designs,compar-
ing to the controllersprovided by the conventional
LMI designs(CLMI). A comparisonbetweenthe
DFL/LMI controller, designedfor the ; 20%polytope
(DLMI20), and the conventionalLMI controller, de-
signedfor the ; 10% polytope (CLMI10), revealed
a differencein the magnitudeof the feedbackgains
rangingin the103 order. Thefeedbackgainsobtained
for the conventionalLMI controller, designedfor the; 20%polytope(CLMI20), wereextremelyhigh. For
this reason,thecomparisonspresentedin this section
are madebetweenthe DLMI20 and CLMI10 con-
trollers.

Nonlinearsimulationswerecarriedout to testthe ro-
bustnessandperformanceof thedesignedcontrollers.
The exciter limiters were includedin the simulation
models.The initial operatingconditionsusedin the
varioussimulationscorrespondto systemmodelsly-
ing insidethe uncertaintypolytope.For all the simu-
lationsshown in this section,a solid three-phaseshort
circuit of 150 ms at bus 8 wasusedto stimulatethe
modesof oscillation.

Figure3 showstherotorspeedresponsesof generators
1, 2 and4 (withoutdampingcontrollers)to thepertur-
bationmentionedabove,whenthesystemis operating
at the load levels of the basecase.As expected,the
basecaseof theopenloop systemis unstable.
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Fig. 3. Responseof theopenloop system.

Threedifferentcontrollersarecomparedin figure 4:
CPSS,CLMI10 and DLMI20. The rotor speedof



generator4 is the variable for comparison,and the
systemis operatingat thebasecaseloadlevels.It can
be seenthat the LMI designsachieve betterdamping
than the CPSS,becausethey allow for regional pole
placement.Also, the performancesof the DLMI20
andCLMI10 controllersaresimilarat this basecase.
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Fig. 4. Comparison among CPSS, CLMI10 and
DLMI20, basecasesystem.

The robustnessof the DLMI20 controller is demon-
stratedby thesimulationsshown in figure5. Thecon-
ditions of operationfor this simulationareinsidethe
rangeof variationcoveredby the < 20%polytope.The
loadlevelsarePL1 = 822MW, QL1 = 85 MVAr, PL2 =
2032MW andQL2 = 115 MVAr, correspondingto a
tie line power flow of Ptie = 524 MW. Note that the
DLMI20 controllermaintainsits performancecharac-
teristics.In contrast,the responseof the systemwith
the CLMI10 is slightly moreoscillatory, becausethe
operatingconditionis outsidetheregionof the < 10%
polytope.The variable shown is the rotor speedof
generator2.
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Fig. 5. ComparisonbetweenDLMI20 and CLMI10,
Ptie = 524MW.

Thesameload levelsof theprevioussimulation(cor-
respondingto Ptie = 524MW) wereusedto generate
the next figures.A numberof otheroperatingpoints
were tested,but this casewas chosenfor the next
comparisonsdueto the high power flow throughthe

tie lines,which makestheopenloop systemstrongly
unstable.

Figure 6 shows the effect of the smaller feedback
gainsof theDLMI20 controller. Fromtheplotsof the
terminal bus voltagesof generator2, it can be seen
that the CLMI10 controllerprovidesstrongercontrol
actionsthanthoseprovidedby theDLMI20 controller.
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Fig. 6. Control actionsof DLMI20 andCLMI10, Ptie
= 524MW.

The differencein the feedbackgainsbecomeseven
moreevident in figure 7. This figure shows the AVR
outputsof generator2. The actual input to the field
circuit (Ef d), in the case of the CLMI controller,
correspondsto the dashedcurve limited by the solid
line, due to the exciter limiters. The higher gainsof
the CLMI10 controller saturatethe AVR, while the
DLMI20 controllerovercomesthis problem.
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Fig. 7. Saturationof the AVR andcancellationerror
rejection.

In addition,the effect of the cancellationerror, mod-
eled asa weightedwhite noisein the AVR input, is
seenin figure7. Fromfigures5, 6 and7, it is clearthat
the DLMI20 controller is ableto rejectthis cancella-
tion error.

Finally, the coordinationof the DLMI20 controller
is demosntratedin figure 8, where the rotor angle
responsesfor generators1, 2 and4 areshown. It can



be seenthat the stronglycoupledgenerators1 and2
aredampedcoherently.
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Fig. 8. Coordinationof theDLMI20 controller.

6. CONCLUSIONS

This paperpresentsaneffective way of improving an
LMI-baseddesignof dampingcontrollersfor power
systems.With thecancellationof nonlinearitiesanda
correspondinguncertaintyreductionin themodel,the
designprocedureyieldsa lessconservativecontroller,
comparedto a conventionalLMI designbasedon a
polytopicrepresentationof thesystem.

The proposedcombination of the DFL technique
with anH2 = H∞ design(with regionalpoleplacement)
makesthecontrollerableto dealwith thecancellation
error inherentto all kinds of feedbacklinearization
schemes.Also, this DFL can be implementedwith
local measurementsand doesnot changethe AVR
structure.

Comparisonsof a controller designedby the pro-
posedprocedureto both classicaland conventional
LMI controllersdemonstratedtheeffectivenessof the
DFL/LMI combinationpresented.TheDFL/LMI con-
troller retainedthe robustnessandcoordinationchar-
acteristicsof theLMI designs,but its smallerfeedback
gainsprovidedsmoothercontrolactions,makingthis
controllermoresuitedto the power systemdamping
problem.
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