A Bank of ReconfigurableLQG Controllers for Linear Systems
Subjectedto Failur est

S.Kaney, M. Verhagen

Faculty of Applied Physics,
Universityof Twente,
PO.Box 217,7500AE EnschedeTheNetherlands
tel. +31534892882,+31534893181
S.K.Kanev@TN.UTwente.NL and M.Verhaegen@TN.UTwente.NL

Abstract

In this paperan approachfor controller reconfigurationis

presentedThestartingpointin the analysiss a sufficiently

accuratecontinuoudineartime-invariant(LTI) modelof the

nominal system. Basedon a bank of reconfigurabled.QG

controllers,eachdesignedfor a particular combinationof

total faults, the reconfigurationconsistsin two operation
modes. In the first mode a switching is invoked towards
oneof the pre-designed. QG controllerson the basisof the

informationaboutonly the combinationof total faultsthat
is in effect. In the secondmode,which is activatedin cases
of partial andcomponenfaults,a dynamiccorrectionpro-

cedureis initiated which tries to reconfigurethe currently
active controllerin sucha way, that the failed closed-loop
systenremainsstableandits performances ascloseaspos-
sibleto the performancef theclosed-loopsystemwith only

total faults presentin the system. In casesof partial faults
the secondmodeis practically an extensionof the modi-

fied pseudo-imersemethod. In casesof componenfaults
the secondmodeis basedon an LMI optimization prob-

lem. Theapproachis illustratedusinga modelof areal-life

spacerobot manipulatoyin which total, partialandcompo-
nentfaultsaresimulated.

Keywords: Reconfigurableontrol, Fault-tolerantsystems,
Multiple-Model Control,LMI.

1 Intr oduction

The increasingcompleity of moderncontrol systemsre-
quire their ability for operationover long periodsof time,
without humanintervention. Thesesystemsshouldpossess
the capability to accommodatdaults, i.e. they shouldbe
fault-tolerant. Typical examplesof suchsystemsare sys-
temsthatoperaten space3, 9, 16] sincethey have prede-
fined scheduledasks,requiringtimely completion. Other

1Thiswork wassponsoredy the Dutch TechnologyFoundation(STW)
underprojectnumberDEL. 4506.

examplesareaircraftsystemd15, 5, 1, 2] which will in the
coming future operateautonomouslhywith the requirement
of highly increasedurvivability. Thefuturefully automated
traffic control (FATC) [10] having the purposedo reducethe
humaninvolvementin highway traffic asmuchaspossible,
is yetanotherxampleof systemsn which theissueof fault
accommodatiotis of critical importance.

The problemof reconfigurablecontrol hasbeenaddressed
in the literaturein differentforms. In generalthe follow-
ing categoriescan be distinguished:multiple model adap-
tive control [1, 13, 9], the pseudo-irersemethod[7, 14],
adaptve control [2], predictve control [11, 12], control-
allocation reconfiguration[5], eigenstructureassignment
[17], input-outputlinearization[6]. However, mostof the
existing techniquesare eitherbasedon the assumptiorthat
the possiblesystemfaultsareknown a priori, i.e. only an-
ticipatedfaultsare“allowed”, or considemnly agivenclass
of the possiblesystemfaults. The currentpaperaimsat the
developmentcontrollerreconfiguratiol CR) methodology
allowing stabilizing control in all casesof (sensor actua-
tor andcomponentfaults,underwhich the systemgemains
stabilizableand detectable. By sensorand actuatorfaults
we meanlinear faultsthat canbe modeledby re-scalingof
the inputs and outputsof the system. By componenfault
a deviation of a physicalparametef the systemfrom its
nominalvalueis meant.

A fault-tolerantsystem(FTS) in generalconsistsof two
main parts. The first partis a fault detectionand diagno-
sis(FDD) mechanisnj8], having thetaskto detectfaultsin
the systemaswell asto distinguishthe origin andthe mag-
nitude of the detectedaults(diagnosis).The secondpartis
controllerreconfigurationwhich aimsat maintaininga sat-
isfactorylevel of closed-loogperformancén casesf faults
in the system. This paperfocuseson the CR part of the
FTS system.Theinformationaboutfaultsis assumedo be
preciseandtimely, suppliedby the FDD part of the fault-
tolerantcontrol system.Nowadays,a lot of differenttypes
of algorithmsfor faultdetectioranddiagnosisxist, someof
which could beinterconnectedavith the proposedechnique
to yield a completefault-tolerantsystem.Readersvho are



interestedn schemedor FDD are referredto [8] andthe
referencesherein.

In general,given a linear system,the optimal performance
of thenominalclosed-loopsystemcanalwaysbe presered
when the systemundegoesonly partial faultsin its sen-
sorsandactuators. Thenthe CR simply consistsof input-
outputscaling.However, thisperformanceouldnot,in gen-
eral,beachiezedwhenthe systemexperiencedotal (sensor
andactuator)or componenfaults. Thus, it is desirableto
have differentperformancenbjectvesfor the differenttotal
andcomponenfaults. Unfortunately the setof all possible
componentfaultsis not finite, which makesit impossible
andimpracticalto constructdifferent performancecriteria
for them. Thereis, however, a finite numberof possible
total sensorandtotal actuatorfaults. Therefore,we could
attribute a differentcostfunction to the differentcombina-
tions of total faults,and we could designan optimal LQG
controllerfor eachmodelthat representsucha combina-
tion of total faults. Then,whenever a total fault occurswe
only needto activatethe correspondingontroller Givenan
active controllerwe couldtry to reconfiguret in the casea
partialor acomponenfaultoccurs.

The paperis organizedas follows. The next sectionin-
troducesthe modelrepresentationf faultsthatis assumed
throughoutthe paper Section3 presentghe mainideabe-
hind the proposedalgorithmfor controllerreconfiguration,
which guaranteestability in casesof (both partial andto-
tal) sensorandactuatorfaults. In section4 the algorithmis
extendedo assurahe stability in caseof componentaults
aswell. The proposednethodologyis illustratedin section
5 by a casestudywith a real-life spacerobot manipulator
in which differentfaults are simulated. Finally, section6
presentghe conclusions,and section7 - the acknavledg-
ments.

2 Modeling Sensorand Actuator Failures

Thenotationis standard® # ,, will denotethespaceof real
rational stabletransfermatrices. The pseudo-inerseof a
matrix A is denotecasA'. 7 (e,e) will representhelower
linear fractionaltransformationLFT). The transfermatrix
of asystemwill bedenoted

S= [%’%] =C(sl-A)"B+D.

Considerthe nominalmodelof the system:

JX®) = AXO)+But) +TE()
S.{ y(t) = Cx(t)+Du(t)+n(t) (2)

wherex(t) € R" is the systemstate,u(t) € R™ is the input
to thesystemy(t) € RP is theoutputof thesystem £ € R"

andn € RP areprocesandmeasuremerntoisesvith means
& andn, andcovariances/ andW, respectiely. Sincethe

algorithmdevelopedin this paperis basedon LQG control,
which haslimited robustnesgropertiesit is assumedhata
sufficiently accuratenominalmodelof the systemis given.

In whatfollows we will modeleachactuator(sensor) fault,
eithertotal or partial, by multiplication of the correspond-
ing column(row) of the nominalB (C) matrix by a positive
scalarin theinterval [0, 1), wherezerocorrespondso total
fault.

Thus,if we definetheset
' ={z:3=diag{o1,.,0r },0i €R,6; €[0,1],i = 1,...,r}  (2)

thenall possiblesensorandactuatorfaultscanbe modeled
as

A x:(0) Axt (t) + BZau(t) + TiE(t)
Sf{ WO = soa®+spramine @

with 25 € 2™, andZs € XP. In thecasewhen(t) is additive
totheinputu(t), wehave T = B andT; = BZ,.

We will make the assumptiorthatthe pair (A,BZ,) is stabi-
lizable,andthe pair (A, ZC) is detectableOtherwise there
existsnocontrollerthatcanstabilizetheclosed-loogsystem.

In generalmodelsrepresentingomponentaultscannotbe
describedn sucha convenientform. Dependingon the lo-
cationof thefailedcomponentit couldaffectany oneof the
system(A, B,C, D) matrices.

3 A Bank of ReconfigurableLQG Controllers

The controller reconfigurationapproachthat will be pre-
sentechereconsistof abankof LQG controllers,eachcor

respondingo a particularcombinationof total (sensorand
actuator)faults (figure 1). Then, when a total fault (or a
combinationof total faults)takes place,the controllerthat
is designedo be optimalfor the currentmodelof thefailed
systemis activated. If afterwardssomepartial faultoccurs,
the transfermatrix of the currentlyactive controlleris pre-
andpost-multipliedby two gainmatricessothatthe optimal
performanceof the closed-loopsystem thatwasactive be-
fore the occurrenceof this partial fault, is presered. Thus,
no performancedegradationof the closed-loopsystemcan
be expectedasa resultof (both sensorandactuator)partial
faults.

However, the situationis differentin caseof component
faults. Suchfaultsmay; in generaljeadto changesn all of
the matricesin the statespacemodel. Wheneer a compo-
nentfault occursour primary goalwill beto assurehe sta-
bility of the closed-loopsystem.Oncethe stability require-
mentis fulfilled, we will try to reconfigurethe controllerin
suchaway, thattheresultingclosed-loopsystemis asclose
aspossibleg(in somesensejo theclosed-loopsystembefore
the occurrenceof the componenfault.
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Figure1: Interconnectiomf thebankof reconfigurablé.QG con-
trollerswith the othercomponent®f the fault-tolerant
system.

Let N bethenumberof possiblecombination®f total faults
for which the systemis still stabilizableanddetectableWe
designanLQG controllerfor eachmodelthatrepresentsne
of thesecombinationsof total faults. The numberof con-
trollersin the bank,in generaljs N < 2™P_—2M_ 2P 4 1,
Thus,we have asetof N costfunctions

3= 715w uT(t)][%‘ Fi][ﬁ((tt))]dt @)

with @ > 0andR; > 0,Vi = 1,...,N, andabankof N opti-
mal LQG controllersK;(s), eachoptimizingits correspond-
ing costfunction J;.

Now, considerthe transfermatrix of the modelthat corre-
spondgo thei-th combinationof total faults

Gi(9) = [%’%] , (5)

with statevectorx; € R".

Given this model of total faults,ary modelrepresentinga
subsequentccurrenceof partial faultswill be denotedby
an uppersufix “P” (GiP), while modelsfor occurrencesf
componenfaults- by abar(G;). If bothpartialandcompo-
nentfaultsoccur, themodelwill bedenotedas
@o:[ AI%P]:[ A_| B%a ]
! CiP | DiP 2 C | %D |’

Thecorrespondind.QG controllerfor themodelG;(s) is
o | A+BiR+ LG+ LiDiF | —L;
<= A et
wherexc; € R" is its statevector F; = R™*B X; is the state
feedbaclkgainwith X; the solutionof the Riccatiequation
ATX +XA-XBR B X +Q =0,

andL; = Y\,CTV~1 is the Kalmanfilter gain with Y; - the
solutionof theRiccatiequation

(6)

AY; +YAT —YCTvVicY, +wW=0.

Thenthe autonomougpart of the closed-loopsystemis de-
scribedas

FLGLK): {[ o ] -

ORI S

We wantto reconfigurehecontrollerK;(s) in thecasewhen
somepartial faults of the remainingsensorsand actuators,
or somecomponenfaults, occur The informationon the
presentotal andpartialfaultswill berepresentetdy the di-
agonalelement®of thetwo matrices¥; ; € 2™ andZj s € ZP,
asexplainedin section2. Note that BY = BEj 5 = B 5,
CP =5, =75, andD} = 5; D% s = 5 sDiZj 2. Thus,
given the model (A, B;,Ci, D;) that correspondso the i-th
combinationof total sensorand actuatorfaults, eachaddi-
tional possiblepartial and componentfault will be repre-
sentedby a modelwith state-spacenatrices

(A_\a B—ipaéipa 5|P) - (A_\a B_zi,a, zi,sC: zi,SEZi,a)-

If we write the correspondingontrollerof this systemas

AL BPE LT .(CPLi.PPFE | _i_
KjiD(S):[A+BII=.+I;:._IC|+L. , .I oLI]’ ®)

then, the autonomouspart of the closed-loopsystembe-
comes

rie - {[ 50 ]-

xci(t) |-
A B 1[sn ] ©
-Li%C A4+BIF+Li%C xci(t) |

Sincethe polesof the closed-loopsystemg(7) and (9) are
the eigervaluesof the matrices

A+ LG 0 0o
0 A+ B3, oF

0 A+BiF

respectiely, our aim will beto find the matricesL; and F
thatsolve the optimizationproblem:
minimizeover L, F the fundion
A+LC 0 A+Lz L _ 0 _
H{ 0 A+BiF }_{ 0 A+BS; 4F }HF (10)

Lemma 3.1. Thesolutionof the optimizationproblem(10)
is givenby

L= (A-A+LC)C's,

- 11
F =3 Bl(A-A+BF) (11)

Proof:  The optimizationproblemcan be split into two
separat®ptimizationproblems:

minJ; = min|(A+LiG;) - (A+LiZi,C) |



and
mind, = min | (A+ BiF) - (A+B3iaF)||

Denote

ap l1
© | €eR™andLi= | :
an In

A—A+LC = € R™P,

Thenthefirst optimizationproblemcanbe written as

~ 2
ap—112C

n —
min : =min'{ |la;—1;Z |13
: ! ;1 i~

an— |nzi,56 E

Thus, we are looking for the Ieastsquaresolutlon of the
equationa; = | <C, whichis |j = a,C Z . This solution

m|n|m|zesthevectornorm||aJ —1;ZiCl|3. Therefore

l1 a
L=|:|=|: |Clg=(A-A+LC)CTs],
n an
Now, denote
A-A+BFR=[4&, -, & ]€R™" and
F=[f, -, fn]eR™N

Thenthe secondptimizationproblemcanberewritten as

m_in||[ 8- BZiafi, -, &—BYaf ][ =
manHaJ BZiafj[2
R=
Now, f; = =T B4 minimizes||&; — BX; 4fj||3 and
F o= [f, -, fn]5B'[&, -, &]=

= 3 B'(A-A+BF)
which completeghe proof.

Remark 3.1. Whenno componenfaultstake place the al-
gorithm guaranteesmin(J;) = min(J) =0, i.e. we have
exact matding of the two closed-loopsystemsvhenonly
sensorand actuator faults occur To seethis, notethat in
this case(A, BP,CP,DP) = (A, BP,CP,DP). Thus,wehave

Li=L 5
F==2.R

If we nowsubstitutethesein (10) we get

J 07
0 X |~
A+LG 0 | A+LslEic 0
0 A+BiR 0 A+B3; a3 F

=

SmcezI <2i,s modelsonly thetotal sensoifaults,and; az, a
modelsonly thetotal actuatorfaults, we canwrite

Z, SZ. SC G

Bz az = B;
which males

J O ~0

0 X |

Unfortunately in the case when componentfaults are
presentthematricess andL; donotassureclosed-loopsta-
bility in general. Thesectionthatfollowspresentspossible
solutionof this problemby trying to do the samematching
while maintainingthe stability of the closed-loopsystem.

4 Assuring Stability in Casesof ComponentFailur es

For the caseof componenfaults,theideais againto solve
(10), but now underthe constrainthatthe system(9) is sta-
ble. In otherwords,our goalin casesof componenfaults
will beto find thematriced. andF thatsolve thefollowing
two constraintoptimizationproblems

m|n|| (A+LC) - (A+Li%L0), 12)
subjecIIo (A+ Lisi SC) eERH,,
and - _
m|n|| (A+BiR) - (A+BZi aF)|,
(13)
subjectto (A+ BS; aF) € RH .

One way to solve theseproblemsis to representhem as
linearobjective minimizationproblemssubjectto LMI con-
straints. For this purpose let usfirst notethat the stability
conditionsabove canberewritten as

X, = Xl >0, andL., suchthat

X1(A+ Li%iC) + (A+ Lis; SC) X1 <0
X, = Xz > 0, andF;, suchthat

(A+ B, aF)Xo+ XZ(A+ BS; aF) <0

or, equialently, by substitutingy; = X1Li andY; = F_.Xz, as

X1 = X! >0, andYy, suchthal
XiA+ATX + Y15 C+CT5 Y <0
3X, = XJ > 0, andY>, suchthat
sz + szT +B3aY2+Y, % BT <0

Let usfirst obsenethat,in generalthe unconstrainednini-
mizationproblem

mXin||Ax— bl|2,
with A€ R™" x € R", andb € R", canbe restatedasan
LMI optimizationproblemthefollowing way [4]
rr)gitnt subjectto:

tl Ax—b

(Ax—-b)T  t 20



| Parameter: | Symbol: || Value: |
gearboxratio N -260.6
motortorqueconstant Kt 0.6
thedampingcoeficient B 0.4
inertia of theinput axis Im 0.0011
inertia of the outputsystem| lson 400
springconstant Cc 130000

Table 1: Thenominalvaluesof theparameters thelinearmodel
of onejoint of the SRM.

Thus,substituting?; = A— A+ LiG; and4, = A— A+ BF;,
the initial two optimizationproblems(12) and (13) canbe
rewrittenas

mint; subjectto:

X1, _
taln Xi41-Y12sC 0 O
AT X +CTEigY] taln 0 0 0
0 0 & 0|~
0 0 0 X
(14)

whered; = —(XiA+ATX; +Y1ZisC+ CTZisY]T), and

mint, subjectto:

X2,Y2 _
toln X —BXpY. 00
X0 — Y, ZiaBT taln 0 0 | _,
0 0 d O
0 0 0 X
(15)

whered, = — (A_Xz + XzA_T + B_ZiaYz + YzziaB_).

Giventhe optimal solutionsX7, X3, Y;, andYy, therecon-
figuredcontroller(8) is parametrizedby

Li=(X})"'v,

F = Ya(xg) 1 (16)

5 A CaseStudy

In this sectionwe are going to presenthe resultof a case
study in which we considera linearmodelof onejoint of a
real-life spacaobotmanipulator([3]). Its state-spaceepre-
sentationis givenby

0 1 0 0 0
0 o0 c 0 1
. N2| N2Im
X=1 9 0 Om 1 X+ 0 NKiu
B c c B __1
0 —ry (@ntie) ~a i
01 0 1
Y=lo N o0 o [|*¥
(17)

where the nominal valuesof the physical parametersare
givenin tablel.

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

modelrepresenting total fault of sensoMNo. 2. With this
total fault the systemis still controllable.lt is alsoassumed
that the necessarynformationfrom the FDD partis avail-
able,exactandwithoutdelay

In this casestudywe have thefollowing scenario:
a) Modelsin effect

¢ for t € (0,30 the nominal model is in effect, i.e.
Zl,s: I2, andzl,a =1.

e fort € (30,60 a faulty model, correspondingo si-
multaneoudotal fault of sensoNo.2 andpartial40%

0.4 O],and

fault of sensorNo.1, i.e. 3p5 = [ 0 0

Zl’a — 1

e for t € (60,100 a componentfault (Ns = 2.N =
—521.2) takes placein additionto the total fault of
sensorNo.2 and the partial 40% fault sensorNo.1.
faults

b) Referencesignal

e forte (0,40, r(t) =[1, 0]".
e forte (40,70, r(t) =[-1, 0]".
e forte (70,100, r(t) =[-2, O]".

Transient Response
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Figure 2: Thereference (t), the measuredutputym(t), andthe
“real” outputy(t).

In thetime interval t € (30,60 no componenfaultsareac-

tive. Then (seeRemark3.1 the reconfiguredclosed-loop
systemexactly matchesthe closed-loopsystemwith only

the total fault of sensoMNo. 2 active. However, for t > 60

acomponentaultoccurs.With this componentaultthere-

configurationprocesaisedequation(16) to parametrizeéhe

controller asthe parametrizatior{11) did not stabilizethe

close-loopsystem.

Figure 2 shaws the faulty measuredutput, the “real” out-
put, andthe referencesignal. The figure depictsthe mea-
suremenof thefirst output,denotedym(t), the “real” value



of the first output, denotedy(t), and the referencesignal,
plottedin dottedline. We couldseefrom thefigurethe abil-
ity of the systemto swiftly reconfigurethe controller ap-
propriately after eachfault occurrenceso that the fault is
accommodated.

6 Conclusions

In this paperwe proposedh multiple-modelbasedapproach
for controllerreconfiguration It consistof a bankof LQG
controllers,eachdesignedor the systemwith only (a com-
binationof) total faultspresenin the system.Switchingbe-
tweencontrollersis invoked wheneer certaincombination
of total faultsoccur Any additionaloccurrencef partialor
componenfaultleadsto reconfiguratiorof thecurrentlyac-
tive controllerfrom the bank. The assumptioris madethat
all faultsthat occurin the systemare swiftly andprecisely
detectecanddiagnosedy the FDD partof the FTS.In ad-
dition, a sufficiently accuratenominalmodelof the system
is requireddueto the lack of robustnessn the LQG con-
trollers. The approachwasillustratedby a casestudywith
a linear model of onejoint of a real-life spacerobot ma-
nipulator, in which total and partial sensorfaults, as well
asa (gearboxratio) componenfault, were simulated. The
experimentalresultsshaw fast reconfigurationand perfect
referencarackingof thereconfiguredsystem.
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