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Abstract

In this paperan approachfor controller reconfigurationis
presented.Thestartingpoint in theanalysisis a sufficiently
accuratecontinuouslineartime-invariant(LTI) modelof the
nominalsystem. Basedon a bankof reconfigurableLQG
controllers,eachdesignedfor a particularcombinationof
total faults, the reconfigurationconsistsin two operation
modes. In the first modea switching is invoked towards
oneof thepre-designedLQG controllerson thebasisof the
informationaboutonly the combinationof total faults that
is in effect. In thesecondmode,which is activatedin cases
of partial andcomponentfaults,a dynamiccorrectionpro-
cedureis initiated which tries to reconfigurethe currently
active controller in sucha way, that the failed closed-loop
systemremainsstableandits performanceis ascloseaspos-
sibleto theperformanceof theclosed-loopsystemwith only
total faultspresentin the system.In casesof partial faults
the secondmode is practically an extensionof the modi-
fied pseudo-inversemethod. In casesof componentfaults
the secondmode is basedon an LMI optimizationprob-
lem. Theapproachis illustratedusinga modelof a real-life
spacerobotmanipulator, in which total, partialandcompo-
nentfaultsaresimulated.

Keywords: Reconfigurablecontrol,Fault-tolerantsystems,
Multiple-ModelControl,LMI.

1 Intr oduction

The increasingcomplexity of moderncontrol systemsre-
quire their ability for operationover long periodsof time,
without humanintervention. Thesesystemsshouldpossess
the capability to accommodatefaults, i.e. they shouldbe
fault-tolerant. Typical examplesof suchsystemsare sys-
temsthatoperatein space[3, 9, 16] sincethey have prede-
fined scheduledtasks,requiring timely completion. Other
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examplesareaircraftsystems[15, 5, 1, 2] which will in the
coming future operateautonomouslywith the requirement
of highly increasedsurvivability. Thefuturefully automated
traffic control (FATC) [10] having thepurposeto reducethe
humaninvolvementin highway traffic asmuchaspossible,
is yetanotherexampleof systemsin which theissueof fault
accommodationis of critical importance.

The problemof reconfigurablecontrol hasbeenaddressed
in the literaturein different forms. In general,the follow-
ing categoriescanbe distinguished:multiple modeladap-
tive control [1, 13, 9], the pseudo-inversemethod[7, 14],
adaptive control [2], predictive control [11, 12], control-
allocation reconfiguration[5], eigenstructureassignment
[17], input-outputlinearization[6]. However, mostof the
existing techniquesareeitherbasedon the assumptionthat
thepossiblesystemfaultsareknown a priori , i.e. only an-
ticipatedfaultsare“allowed”, or consideronly agivenclass
of thepossiblesystemfaults. Thecurrentpaperaimsat the
developmentacontrollerreconfiguration(CR)methodology
allowing stabilizing control in all casesof (sensor, actua-
tor andcomponent)faults,underwhich thesystemsremains
stabilizableand detectable.By sensorand actuatorfaults
we meanlinear faultsthat canbe modeledby re-scalingof
the inputsandoutputsof the system. By componentfault
a deviation of a physicalparameterof the systemfrom its
nominalvalueis meant.

A fault-tolerantsystem(FTS) in generalconsistsof two
main parts. The first part is a fault detectionand diagno-
sis(FDD) mechanism[8], having thetaskto detectfaultsin
thesystemaswell asto distinguishtheorigin andthemag-
nitudeof thedetectedfaults(diagnosis).Thesecondpart is
controllerreconfigurationwhich aimsat maintaininga sat-
isfactorylevel of closed-loopperformancein casesof faults
in the system. This paperfocuseson the CR part of the
FTSsystem.Theinformationaboutfaultsis assumedto be
preciseand timely, suppliedby the FDD part of the fault-
tolerantcontrol system.Nowadays,a lot of differenttypes
of algorithmsfor faultdetectionanddiagnosisexist, someof
which couldbeinterconnectedwith theproposedtechnique
to yield a completefault-tolerantsystem.Readerswho are



interestedin schemesfor FDD are referredto [8] and the
referencestherein.

In general,given a linear system,the optimal performance
of thenominalclosed-loopsystemcanalwaysbepreserved
when the systemundergoesonly partial faults in its sen-
sorsandactuators.Thenthe CR simply consistsof input-
outputscaling.However, thisperformancecouldnot,in gen-
eral,beachievedwhenthesystemexperiencestotal (sensor
andactuator)or componentfaults. Thus, it is desirableto
have differentperformanceobjectivesfor thedifferenttotal
andcomponentfaults. Unfortunately, thesetof all possible
componentfaults is not finite, which makes it impossible
and impractical to constructdifferentperformancecriteria
for them. There is, however, a finite numberof possible
total sensorand total actuatorfaults. Therefore,we could
attribute a differentcost function to the differentcombina-
tions of total faults,andwe could designan optimal LQG
controller for eachmodel that representssucha combina-
tion of total faults. Then,whenever a total fault occurswe
only needto activatethecorrespondingcontroller. Givenan
active controllerwe could try to reconfigureit in thecasea
partialor acomponentfault occurs.

The paperis organizedas follows. The next sectionin-
troducesthe modelrepresentationof faultsthat is assumed
throughoutthe paper. Section3 presentsthe main ideabe-
hind the proposedalgorithmfor controllerreconfiguration,
which guaranteesstability in casesof (both partial andto-
tal) sensorandactuatorfaults. In section4 thealgorithmis
extendedto assurethestability in casesof componentfaults
aswell. Theproposedmethodologyis illustratedin section
5 by a casestudywith a real-life spacerobot manipulator,
in which different faults are simulated. Finally, section6
presentsthe conclusions,andsection7 - the acknowledg-
ments.

2 Modeling Sensorand Actuator Failur es

Thenotationis standard.�! ∞ will denotethespaceof real
rational stabletransfermatrices. The pseudo-inverseof a
matrix A is denotedasA†. " L # $ % $ & will representthe lower
linear fractional transformation(LFT). The transfermatrix
of asystemwill bedenoted

S ' ( A B
C D ) ' C # sI * A& + 1B , D -

Considerthenominalmodelof thesystem:

S: . ẋ # t & ' Ax# t & , Bu# t & , Tξ # t &
y # t & ' Cx # t & , Du # t & , η # t & (1)

wherex # t &0/21 n is the systemstate,u # t &0/21 m is the input
to thesystem,y # t &�/�1 p is theoutputof thesystem.ξ /�1 nξ

andη /�1 p areprocessandmeasurementnoiseswith means
ξ̄ and η̄, andcovariancesV andW, respectively. Sincethe

algorithmdevelopedin this paperis basedon LQG control,
which haslimited robustnessproperties,it is assumedthata
sufficiently accuratenominalmodelof thesystemis given.

In whatfollowswe will modeleachactuator(sensor) fault,
either total or partial, by multiplication of the correspond-
ing column(row) of thenominalB (C) matrix by a positive
scalarin theinterval 3 0 % 1& , wherezerocorrespondsto total
fault.

Thus,if we definetheset

Σr 4�5 Σ : Σ 4 diag5 σ1 6 7 7 7 6 σr 8 6 σi 9�:�6 σi 90; 0 6 1< 6 i 4 1 6 7 7 7 6 r 8 (2)

thenall possiblesensorandactuatorfaultscanbemodeled
as

Sf : . ẋf # t & ' Axf # t & , BΣau # t & , Tiξ # t &
yf # t & ' ΣsCxf # t & , ΣsDΣau # t & , η # t & (3)

with Σa / Σm, andΣs / Σp. In thecasewhenξ # t & is additive
to theinputu # t & , wehaveT ' B andTi ' BΣa.

We will make theassumptionthatthepair # A % BΣa & is stabi-
lizable,andthepair # A % ΣsC& is detectable.Otherwise,there
existsnocontrollerthatcanstabilizetheclosed-loopsystem.

In general,modelsrepresentingcomponentfaultscannotbe
describedin sucha convenientform. Dependingon the lo-
cationof thefailedcomponent,it couldaffectany oneof the
system# A % B % C % D & matrices.

3 A Bank of ReconfigurableLQG Controllers

The controller reconfigurationapproachthat will be pre-
sentedhereconsistsof abankof LQG controllers,eachcor-
respondingto a particularcombinationof total (sensorand
actuator)faults (figure 1). Then, when a total fault (or a
combinationof total faults) takesplace,the controller that
is designedto beoptimalfor thecurrentmodelof thefailed
systemis activated.If afterwardssomepartial fault occurs,
the transfermatrix of the currentlyactive controlleris pre-
andpost-multipliedby two gainmatricessothattheoptimal
performanceof the closed-loopsystem,thatwasactive be-
fore theoccurrenceof this partial fault, is preserved. Thus,
no performancedegradationof the closed-loopsystemcan
beexpectedasa resultof (bothsensorandactuator)partial
faults.

However, the situation is different in caseof component
faults.Suchfaultsmay, in general,leadto changesin all of
the matricesin the statespacemodel. Whenever a compo-
nentfault occursour primarygoalwill beto assurethesta-
bility of theclosed-loopsystem.Oncethestability require-
mentis fulfilled, we will try to reconfigurethecontrollerin
sucha way, thattheresultingclosed-loopsystemis asclose
aspossible(in somesense)to theclosed-loopsystembefore
theoccurrenceof thecomponentfault.
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Figure1: Interconnectionof thebankof reconfigurableLQGcon-
trollerswith theothercomponentsof thefault-tolerant
system.

Let N bethenumberof possiblecombinationsof total faults
for which thesystemis still stabilizableanddetectable.We
designanLQG controllerfor eachmodelthatrepresentsone
of thesecombinationsof total faults. The numberof con-
trollers in thebank,in general,is N ¢ 2m£ p ¤ 2m ¤ 2p ¥ 1.
Thus,wehaveasetof N costfunctions

Ji ¦¨§ ∞

0 © xT
i ª t « uT ª t «2¬®­ Qi 0

0 Ri ¯ ­ xi ª t «
u ª t « ¯ dt (4)

with Qi ° 0 andRi ± 0, ² i ¦ 1 ³ ´ ´ ´ ³ N, anda bankof N opti-
mal LQG controllersKi ª s« , eachoptimizingits correspond-
ing costfunctionJi .

Now, considerthe transfermatrix of the model that corre-
spondsto the i-th combinationof total faults

Gi ª s« ¦ ­ A Bi

Ci Di ¯ ³ (5)

with statevectorxi µ�¶ n.

Given this modelof total faults,any model representinga
subsequentoccurrenceof partial faultswill be denotedby
an uppersuffix “P” (GP

i ), while modelsfor occurrencesof
componentfaults- by abar(Ḡi). If bothpartialandcompo-
nentfaultsoccur, themodelwill bedenotedas

ḠP
i ¦ ­ Ā B̄P

i
C̄P

i D̄P
i ¯ ¦ ­ Ā B̄Σi · a

Σi · sC̄ Σi · sD̄Σi · a ¯ ³
ThecorrespondingLQG controllerfor themodelGi ª s« is

Ki ª s« ¦ ­ A ¥ BiFi
¥ LiCi

¥ LiDiFi
¤ Li

Fi 0 ¯ ´ (6)

wherexC · i µ�¶ n is its statevector, Fi ¦ Ŗ 1
i BT

i Xi is thestate
feedbackgainwith Xi thesolutionof theRiccatiequation

ATXi
¥ XiA ¤ XiBiŖ

1
i BT

i Xi
¥ Qi ¦ 0 ³

and Li ¦ YiCT
i V ¸ 1 is the Kalman filter gain with Yi - the

solutionof theRiccatiequation

AYi
¥ YiA

T ¤ YiC
T
i V ¸ 1CiYi

¥ W ¦ 0 ´

Thenthe autonomouspartof the closed-loopsystemis de-
scribedas¹

L ª Gi ³ Ki « : º2­ ẋi ª t «
ẋC · i ª t « ¯ ¦­ A BiFi¤ LiCi A ¥ BiFi

¥ LiCi ¯ ­ xi ª t «
xC · i ª t « ¯ ´ (7)

Wewantto reconfigurethecontrollerKi ª s« in thecasewhen
somepartial faultsof the remainingsensorsandactuators,
or somecomponentfaults,occur. The informationon the
presenttotal andpartial faultswill berepresentedby thedi-
agonalelementsof thetwo matricesΣi · a µ Σm andΣi · s µ Σp,
as explainedin section2. Note that BP

i ¦ BΣi · a ¦ BiΣi · a,
CP

i ¦ Σi · sC ¦ Σi · sCi , andDP
i ¦ Σi · sDΣi · a ¦ Σi · sDiΣi · a. Thus,

given the model ª A ³ Bi ³ Ci ³ Di « that correspondsto the i-th
combinationof total sensorandactuatorfaults,eachaddi-
tional possiblepartial and componentfault will be repre-
sentedby a modelwith state-spacematricesª Ā ³ B̄P

i ³ C̄P
i ³ D̄P

i « ¦ ª Ā ³ B̄Σi · a ³ Σi · sC̄ ³ Σi · sD̄Σi · a « ´
If we write thecorrespondingcontrollerof thissystemas

K̄P
i ª s« ¦ ­ Ā ¥ B̄P

i F̄i
¥ L̄iC̄P

i
¥ L̄iD̄P

i F̄i
¤ L̄i

F̄i 0 ¯ ³ (8)

then, the autonomouspart of the closed-loopsystembe-
comes¹

L ª ḠP
i ³ K̄P

i « : º2­ ˙̄xi ª t «
˙̄xC · i ª t « ¯ ¦­ Ā B̄Σi · aF̄i¤ L̄iΣi · sC̄ Ā ¥ B̄Σi · aF̄i

¥ L̄iΣi · sC̄ ¯ ­ x̄i ª t «
x̄C · i ª t « ¯ ´ (9)

Sincethe polesof the closed-loopsystems(7) and(9) are
theeigenvaluesof thematrices­ A ¥ LiCi 0

0 A ¥ BiFi ¯ and ­ Ā ¥ L̄iΣi · sC̄ 0
0 Ā ¥ B̄Σi · aF̄i ¯ ³

respectively, our aim will be to find the matricesL̄i and F̄i

thatsolve theoptimizationproblem:
minimizeover L̄i ³ F̄i the f unction»»»» ¼ A ½ LiCi 0

0 A ½ BiFi ¾�¿ ¼ Ā ½ L̄iΣi À sC̄ 0
0 Ā ½ B̄Σi À aF̄i ¾ »»»» F (10)

Lemma 3.1. Thesolutionof theoptimizationproblem(10)
is givenby

L̄i ¦ ª A ¤ Ā ¥ LiCi « C̄†Σ†
i · s ³

F̄i ¦ Σ†
i · aB̄† ª A ¤ Ā ¥ BiFi « (11)

Proof: The optimizationproblemcan be split into two
separateoptimizationproblems:

min
L̄i

J1 ¦ min
L̄i ÁÁ ª A ¥ LiCi « ¤ ª Ā ¥ L̄iΣi · sC̄« ÁÁ F



and

min
F̄i

J2 Â min
F̄i ÃÃ Ä A Å BiFi Æ�Ç Ä Ā Å B̄Σi È aF̄i Æ ÃÃ F

Denote

A Ç Ā Å LiCi ÂÊÉËÌ a1
...

an

Í ÎÏÑÐ�Ò n Ó n andL̄i ÂÊÉËÌ l1
...
ln

Í ÎÏ¨Ð�Ò n Ó p Ô
Thenthefirst optimizationproblemcanbewrittenas

min
L̄i

ÃÃÃÃÃÃÃ ÉËÌ
a1 Ç l1Σi È sC̄

...
an Ç lnΣi È sC̄

Í ÎÏ ÃÃÃÃÃÃÃ
2

F

Â min
L̄i

n

∑
j Õ 1 Ö a j Ç l jΣi È sC̄ Ö 22

Thus, we are looking for the leastsquaressolution of the
equationa j Â l jΣi È sC̄, which is l j Â a jC̄†Σ†

i È s. This solution
minimizesthevectornorm Ö a j Ç l jΣi È sC̄ Ö 22. Therefore

L̄i ÂÊÉËÌ l1
...
ln

Í ÎÏ Â×ÉËÌ a1
...

an

Í ÎÏ C̄†Σ†
i È s Â Ä A Ç Ā Å LiCi Æ C̄†Σ†

i È s
Now, denote

A Ç Ā Å BiFi ÂÙØ ã1 ÚÜÛ Û Û Ú ãn Ý Ð�Ò n Ó n, and
F̄i Â Ø f1 ÚÜÛ Û Û Ú fn Ý Ð�Ò m Ó n Ô

Thenthesecondoptimizationproblemcanberewrittenas

min
F̄i ÃÃ Ø ã1 Ç B̄Σi È a f1 ÚÜÛ Û Û Ú ãn Ç B̄Σi È a fn Ý ÃÃ 2F Â

min
F̄i

n

∑
j Õ 1 Ö ã j Ç B̄Σi È a f j Ö 22

Now, f j Â Σ†
i È aB̄†ã j minimizes Ö ã j Ç B̄Σi È a f j Ö 22 and

F̄i Â Ø f1 ÚÜÛ Û Û Ú fn Ý Σ†
i È aB̄† Ø ã1 ÚÜÛ Û Û Ú ãn Ý ÂÂ Σ†

i È aB̄† Ä A Ç Ā Å BiFi Æ
which completestheproof.

Remark 3.1. Whenno componentfaultstake place, theal-
gorithm guaranteesmin Ä J1 Æ0Â min Ä J2 Æ0Â 0, i.e. we have
exact matching of the two closed-loopsystemswhenonly
sensorand actuator faults occur. To seethis, note that in
this caseÄ Ā Ú B̄P

i Ú C̄P
i Ú D̄P

i Æ�Â Ä A Ú BP
i Ú CP

i Ú DP
i Æ . Thus,wehaveÞÞÞÞÞ L̄i Â LiΣ†

i È s
F̄i Â Σ†

i È aFi

If wenowsubstitutethesein (10)wegetß
J1 0
0 J2 à�áâââââ ß A ã LiCi 0

0 A ã BiFi à�ä!å A ã LiΣ†
i æ sΣi æ sC 0

0 A ã BΣi æ aΣ†
i æ aFi ç âââââ

F

SinceΣ†
i È sΣi È s modelsonlythetotal sensorfaults,andΣi È aΣ†

i È a
modelsonly thetotal actuatorfaults,wecanwriteÞÞÞÞÞ Σ†

i È sΣi È sC Â Ci

BΣi È aΣ†
i È a Â Bi

which makes è
J1 0
0 J2 é Â 0 Ô

Unfortunately, in the case when componentfaults are
present,thematricesF̄i andL̄i donotassureclosed-loopsta-
bility in general.Thesectionthatfollowspresentsapossible
solutionof this problemby trying to do thesamematching
while maintainingthestability of theclosed-loopsystem.

4 Assuring Stability in Casesof ComponentFailur es

For thecaseof componentfaults,the ideais againto solve
(10),but now undertheconstraintthatthesystem(9) is sta-
ble. In otherwords,our goal in casesof componentfaults
will beto find thematricesL̄i andF̄i thatsolvethefollowing
two constraintoptimizationproblemsÞÞÞÞÞ min

L̄i ÃÃ Ä A Å LiCi Æ�Ç Ä Ā Å L̄iΣi È sC̄Æ ÃÃ 2subjectto Ä Ā Å L̄iΣi È sC̄Æ Ð�ê!ë ∞ Ú (12)

and ÞÞÞÞÞ min
F̄i ÃÃ Ä A Å BiFi Æ�Ç Ä Ā Å B̄Σi È aF̄i Æ ÃÃ 2subjectto Ä Ā Å B̄Σi È aF̄i Æ Ð2ê!ë ∞

Ô (13)

One way to solve theseproblemsis to representthem as
linearobjectiveminimizationproblemssubjectto LMI con-
straints. For this purpose,let us first notethat the stability
conditionsabovecanberewrittenasÞÞÞÞÞÞÞÞ

ì
X1 Â XT

1 í 0 Ú andL̄i Ú suchthat
X1 Ä Ā Å L̄iΣi È sC̄Æ Å Ä Ā Å L̄iΣi È sC̄Æ TX1 î 0ì

X2 Â XT
2 í 0 Ú andF̄i Ú suchthatÄ Ā Å B̄Σi È aF̄i Æ X2 Å X2 Ä Ā Å B̄Σi È aF̄i Æ T î 0

or, equivalently, by substitutingY1 Â X1L̄i andY2 Â F̄iX2, asÞÞÞÞÞÞÞÞ
ì
X1 Â XT

1 í 0 Ú andY1 Ú suchthat
X1Ā Å ĀTX1 Å Y1Σi È sC̄ Å C̄TΣi È sYT

1 î 0ì
X2 Â XT

2 í 0 Ú andY2 Ú suchthat
ĀX2 Å X2ĀT Å B̄Σi È aY2 Å YT

2 Σi È aB̄T î 0

Let usfirst observe that,in general,theunconstrainedmini-
mizationproblem

min
x Ö Ax Ç b Ö 2 Ú

with A Ð!Ò n Ó n, x Ð!Ò n, andb Ð!Ò n, canbe restatedasan
LMI optimizationproblemthefollowing way [4]ÞÞÞÞÞÞÞ min

x È t t subjectto:è
tI Ax Ç bÄ Ax Ç bÆ T t é�ï 0



Parameter: Symbol: Value:

gearboxratio N -260.6
motortorqueconstant Kt 0.6
thedampingcoefficient β 0.4
inertia of theinputaxis Im 0.0011
inertia of theoutputsystem Ison 400
springconstant c 130000

Table1: Thenominalvaluesof theparametersin thelinearmodel
of onejoint of theSRM.

Thus,substitutingð 1 ñ A ò Ā ó LiCi and ð 2 ñ A ò Ā ó BiFi,
the initial two optimizationproblems(12) and(13) canbe
rewrittenasôôôôôôôôôôô

min
X1 õY1

t1 subjectto:ö÷÷ø t1In X1 ð 1 ò Y1ΣisC̄ 0 0ð T
1 X1 ó C̄TΣisYT

1 t1In 0 0
0 0 d1 0
0 0 0 X1

ù úúû¨ü 0

(14)
whered1 ñ ò�ý X1Ā ó ĀTX1 ó Y1ΣisC̄ ó C̄TΣisYT

1 þ , andôôôôôôôôôôô
min
X2 õY2

t2 subjectto:ö÷÷ø t2In ð 2X2 ò B̄ΣiaY2 0 0
X2 ð T

2 ò YT
2 ΣiaB̄T t1In 0 0

0 0 d2 0
0 0 0 X2

ù úúû¨ü 0

(15)
whered2 ñ ò�ý ĀX2 ó X2ĀT ó B̄ΣiaY2 ó Y2ΣiaB̄þ .
Giventhe optimalsolutionsX ÿ1 , X ÿ2 , Y ÿ1 , andY ÿ2 , the recon-
figuredcontroller(8) is parametrizedbyôôôô L̄i ñ ý X ÿ1 þ � 1Y1

F̄i ñ Y2 ý X ÿ2 þ � 1 (16)

5 A CaseStudy

In this sectionwe aregoing to presentthe resultof a case
study, in which we considera linearmodelof onejoint of a
real-lifespacerobotmanipulator([3]). Its state-spacerepre-
sentationis givenby

ẋ � ����� 0 1 0 0
0 0 c

N2Im
0

0 0 0 1
0 � β

Ison
��� c

N2Im � c
Ison 	 � β

Ison


 ���� x � ���� 0
1

N2Im
0� 1
N2Im


 ��� NKt u

y ��
 0 1 0 1
0 N 0 0 � x

(17)
where the nominal valuesof the physical parametersare
givenin table1.

In this experimentthe bankof controllersconsistsof only
two controllers:onefor the nominalsystem,andonefor a

modelrepresentinga total fault of sensorNo. 2. With this
total fault thesystemis still controllable.It is alsoassumed
that the necessaryinformationfrom the FDD part is avail-
able,exactandwithoutdelay.

In this casestudywe have thefollowing scenario:
a) Modelsin effect� for t � ý 0 � 30� the nominal model is in effect, i.e.

Σ1 õ s ñ I2, andΣ1õ a ñ 1.� for t �Ñý 30� 60� a faulty model, correspondingto si-
multaneoustotal fault of sensorNo.2andpartial40%

fault of sensorNo.1, i.e. Σ2 õ s ñ�� 0 � 4 0
0 0 � , and

Σ1 õ a ñ 1.� for t � ý 60� 100� a componentfault (Nf ñ 2 �N ñò 521� 2) takes placein addition to the total fault of
sensorNo.2 and the partial 40% fault sensorNo.1.
faults

b) ReferenceSignal� for t �!ý 0 � 40� , r ý t þ ñ�� 1 � 0� T .� for t �!ý 40� 70� , r ý t þ ñ�� ò 1 � 0� T .� for t �!ý 70� 100� , r ý t þ ñ�� ò 2 � 0� T .

� � � � �  ! " # $ % & ' ( ) * + , - . / / 0 1 2 34 5 6 57 8 9 :; < = >
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Figure 2: Thereferencer ¯ t ° , themeasuredoutputym ¯ t ° , andthe
“real” outputy ¯ t ° .

In thetime interval t �!ý 30� 60� no componentfaultsareac-
tive. Then (seeRemark3.1 the reconfiguredclosed-loop
systemexactly matchesthe closed-loopsystemwith only
the total fault of sensorNo. 2 active. However, for t ü 60
a componentfault occurs.With this componentfault there-
configurationprocessusedequation(16) to parametrizethe
controller as the parametrization(11) did not stabilizethe
close-loopsystem.

Figure2 shows the faulty measuredoutput,the “real” out-
put, and the referencesignal. The figure depictsthe mea-
surementof thefirst output,denotedym ý t þ , the“real” value



of the first output, denotedy ± t ² , and the referencesignal,
plottedin dottedline. We couldseefrom thefiguretheabil-
ity of the systemto swiftly reconfigurethe controller ap-
propriatelyafter eachfault occurrenceso that the fault is
accommodated.

6 Conclusions

In this paperwe proposeda multiple-modelbasedapproach
for controllerreconfiguration.It consistsof a bankof LQG
controllers,eachdesignedfor thesystemwith only (a com-
binationof) total faultspresentin thesystem.Switchingbe-
tweencontrollersis invokedwhenever certaincombination
of total faultsoccur. Any additionaloccurrenceof partialor
componentfault leadsto reconfigurationof thecurrentlyac-
tive controllerfrom thebank. Theassumptionis madethat
all faultsthatoccurin the systemareswiftly andprecisely
detectedanddiagnosedby theFDD partof theFTS.In ad-
dition, a sufficiently accuratenominalmodelof the system
is requireddue to the lack of robustnessin the LQG con-
trollers. The approachwasillustratedby a casestudywith
a linear model of one joint of a real-life spacerobot ma-
nipulator, in which total and partial sensorfaults, as well
asa (gearboxratio) componentfault, weresimulated.The
experimentalresultsshow fast reconfigurationand perfect
referencetrackingof thereconfiguredsystem.
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