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Abstract

Obsenrer-basedfault detectionand modelling are considered
for the drive-trainof a Jaguarcarwith anautomatictransmis-
sion. Testdatais usedfor the modellingand useis madeof
nonlinearpolynomials,wherevariousstructuresarecompared
andassessedA robustfault detectionobserer (RFDO), con-
sistingof anobsenrer which generates residual for the class
of nonlineamodelsemeging from the modelling,is proposed
consistingof polynomialnonlinearitiesup to degreethreeand
a cubictermwith respecto the stateandinput. The obsenrer
andthe residualare decoupledirom unknawn inputs. Three
faultscenariosreconsideredeachwith adifferentsetof mea-
surementsto testthe effectivenesof the RFDOdesign.

1 Introduction

Automotive emissionregulationsandthe requiremenfor im-
provedfuel economyhave driveninnovationin powertrainde-
sign and control for morethanthreedecades.Low Emission
Vehicle(LEV) Il regulations runningfrom 2004until 2010,re-
quire on-boarddiagnosticdo be moresophisticatedgdetecting
emissionproblemsrelatingto ary sensomr componenbf the
enginel2]. A meanof detectingoroblemsearlyis to make use
of a fault detectionmethodbasedon a systemmodel([7, 9]).
This forms part of the theory of FDI recentlyintroducedin
mostmoderncarsto controlanddiagnoseenginemalfunctions
(I8, 4]). Of the greatvariety of methodsusedin the literature
wheresystemknowledgeis available,the mostcommonis the
model-basednethodfor generatingesidualsandforming de-
cisionlogic ([3]).

This paperconsidersmprovementsn theform of bettermod-
elling and a new FDI methodfor a completecar drive-train.
Section2 considerghe modellingof the drive-trainof the car.
Section3 developsa RFDO stratgy for fault detection. Sec-
tion 4 is an applicationof sections2 and3. Variablesusedin
this paperaredefinedin Tablel.

2 Drive-train model development

Themodellingof the drive-trainof the caris considered. The
dynamic equationsdescribingthe manifold pressurethe en-

Description units  scalingunits

u;  Throttleangle,d [deg] w1y = uq/50
uy  Brakingforce Fi,qking [kN] Ugny = Ug /2.5
uz  Massof carmyep, [tons]  usy =ug/2.5
us  Roadgradientr, [deg]  wan = ua/30
us  SparkAdvanceo [deg]  usn = us/50
ug  Air/Fuelratio A/F -] ugn = ug/26
uy;  Gearratio Ry, -] ury = Uy /4
USN UINUTN

z1  Manifold pressurep,, [bar] iy = 21/1
z2  Enginespeedw, [rad/s] xan = z2/500
z3  Wheelspeedw,, [rad/s] a3y = x3/150
y1  Man. press.meas. [bar] yiv = y1/1
y2  Enginespeedmeas. [rad/s] yan = y2/500
y3  Wheelspeedneas. [rad/s] ysn = y3/150
R; Ratioof differential -]

R, Rolling radius [m]

Ry Torqueratioof TC -]

ne  Efficiencgy of differential  [95%)]

J.  Inertiaof engine [kg.m?]

J,  Inertiaof vehicle [kg.m?]

T,  Torqueof engine [N.m)]

T; Loadtorque [N.m]

Tablel: Nomenclature.

gine speedandthe wheelspeedare expressedisingnonlinear
polynomials. Figure (1) shavs a realistic Simulink model of
thedrive-train,which is derived by breakingeachof the mary
dynamicand passie enginecomponentsnto blocks. Those
correspondingo the torquecorvertetr gearbox anddifferen-
tial do not have equivalent explicit differential equationsfor
their description. For example,the gearratio ;.. is linkedto
R, andW,, throughtwo tables,whereoneof which s logical
in form, andthe differentialrelationshipis not thatof a simple
explicit differentialequation.Theproblemis partly avoidedby
assumingthat R, is a measurednput (sinceits information
is known). Inputswus anduy are similarly taken asmeasured
values. In Fig. (1), they are derived from classifiedcontrol
algorithmsandarenot availablein explicit form. Thus,theac-
tual inputsthat canbe manipulatedn Fig. (1) arew; andw,.
The carcanbe drivenautomatically(simulated)y varying
andus. Themodelin Fig. (1) hasbeenverifiedto beaccurate
comparedvith datacollectedfrom roadtests.An objectie for
JaguarCarsis, assuming-ig. (1) representsiow arealcar, to
determineif a RFDO is effective. Sincethe Simulink model
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ST1-1 ST1—2 5X1-3 ST1—4 STo—1 STo—2 ST2-3 SX2_ 4
RZ 0.9977 0.9970  0.9995 0.8538 R% 0.8599 0.8825 0.9019 0.9632
IAE 0.0060 0.0065 0.0024 0.0495 IAE 0.0244 0.0249 0.0204 0.0118
YIC -8.2833 -9.4690 -13.1617 -1.8389 YIC -6.5001 -5.3882 -6.9622 -7.7050
TIN TIN TIN TIN T2N T2N Ta2N T2N
UIN UIN T2N T2N UsN UsN TIN TIN
uly uly uiN uiN X3 ugN UeN  UINTIN  Tiy
Xiv U?N U?N U%N U?N TN TN TINT2N
T2NTIN UINTIN Ui N u‘;’N UTNTIN  UTNI3N UTNIT3IN
2 2 2
ToNT1n UINTINy UINTIN  UINTIN UTNT3N UsNT2N
TINTIN  TINTIN  UINTIN UsN TN
l‘zNﬁ?%N T2NTIN . .
a2y Tan Table 3: Comparisonof polynomial structuresfor (2),
N
ninTiy TN X 02
Table 2: Comparisonof polynomial structuresfor (1):

N
T1,N+1 = X7 01

is not appropriatefor obsener design,alternatve polynomial
modellingis considered.

Consideredirst is the stateequatiorfor the manifold pressure,
obtainedby applying conseration of massinsidethe volume
of themanifold. Thepressurés drivenby »1 andzs, asshovn
in [5] and[10] as,

. RT
X1 — —
Vin

flur,z1) = h(z2,21) |, 1)

wheref(.) andg(.) aresomenonlinearfunctions.Equation(1)
is discretized.A restrictedcomparisorof modellingstructure
is shavn in Table2. Parametewectord, wasestimatedising
a Least-SquaréLS) algorithmappliedon half of the dataset
andtestedon thefull set,wherethefithesswasassessedsing
threecriteriaindices,wherex?' is definedin Table2. Three
comparisorindicesareusedto assesshe model: the integral-
absolute-erro(IAE) divided by the numberof samples(the
smallerthe better), the multiple correlationcoeficient (R?3)
(the closerto 1 the better)andthe Young Criteria (YIC) (the
smallerthe better). The structuresz; s gives betterresults,

accordingto the indices,for which #;=[ 1.014,0.093,-0.034,
2.163,-1.701,1.134,-1.451,-0.6410.188,-0.289].

Theoutputtorqueof the engineis characterizedby the driving
torqueT, resultingfrom the comhustion,andthe externalload
from thetorquecornverter, 7; [5]:

1

7 )

T = Te(us, us, w1, x2) — Ti(uz, ur, x2, x3)
Equation(2) is discretizedandfitted with polynomialsusinga
LS algorithm. A restrictedsetof structuress shovn in Table3.
Polynomialsstructureszs_, shavsthebestfit, asindicatedby
all criteriaindices,for which #5,=[0.968,0.017,0.036,-0.118,

0.118,-0.065,0.243];

The transmissiorof the torque and revolution speedthrough
thetorqueconverteris expressedy a comples nonlinearrela-
tion, dueto thefluid coupling[6], andrepresenteth Fig. (1).
3)

Wy = —

R Tou _Tv y
Jv|: dL out?]df z}

with 7, the outputtorqueof the gearbox. Equation(3) in
stateform is writtten

1

T3 T (us)

{T(U%ﬂ?z,ﬂ?s) —Tvl<u2,u3,u4,m3)} @)



ST3—1 ST3-2 ST3-3 ST3-4
Ré 0.8484 0.9879 0.9915 0.9977
IAE  0.0447 0.0132 0.0105 0.0052
YIC -5.1696 -9.0063 -5.5145 -6.8980
T3N T3N T3N T3N
TaN TaN TaN ToN
U2 N U2N U2N U2N
U2NT2N  UNT2N U2NT2N U2NT2N
X3 UINT3IN UINT3IN UaNT3IN
UTNT3IN UTNIT3IN UTNIT3IN
USNIT3IN USNIT3IN
USNT2NTIN USNT2NT3N
U%N“/'BN
UFNTINTIN

Table4: Restrictedcomparisonof polynomial structuresfor
system(4).

whereJ,(.), r(.) andT,,(.) arenonlinearfunctions. Equation
(4) is discretizedandfitted usingpolynomials. A comparison
of stuctureds showvn in Table4. Attentionis dravn to struc-
tureszs_ o, giving thebestpolynomialfit with respecto Y IC,

and also structureszs_, actually the bestfit with respectto

both RZ. andI AE. Structureszs_, wasthereforeselectedor

which #3=[1.000,0.006,-0.002,0.004,-0.002,-0.021,-0.137,
0.245,1.912,-3.662].

Combiningmodelsin (1), (2) and(4) togetheracompacipoly-
nomialmodelfor the S| enginewith automatidransmissionn

derived. 2 3 nT
Uy = [ulNaulNaulNau2N3u5Nau7N7u8N7 (U’SN) ] 3

Ty = Azy + Eadi + Ko fx + By,
+ up (1) ALz, + ur(4) Az, + ue(5) Az,
+ un(6) A,z + ur(T) ALz, + uk(8)AS sz
+ 2k (1) Aguzy
+ ug (D) (1) AL
+ uk () ar (2) ALy, + uk(8)zk(2) Ay
+ ap(Dar(1) Agpoy, + 21(2)2k(2) A7 o2y,
Y, = Cxp + K fie.

urzLk + ug (5)mk (2)Aiaza:£k

(%)
(6)
3 Nonlinear robust fault detection observer

Here, the polynomialmodeldevelopedin section2 is usedto
designa nonlinearfull orderobsener. Thework is a develop-
mentof thatin [9] and[1], wheredifferentnonlinearmodels
wereused.Considetthe discrete-timenonlinearmodel

= Az, + Eydy + Ko fo, + By,

m n
20 Ato i1 A1
+ Z Uy, Auxgk + Z Ty Aa:argk

Tpiq

ig=1 ir=1
m n n n
E E 20,81 Atot1 E E i1 .02 Ad1d2
+ Up Ty, Auazazgk + Ty Ty, Aa:a:azzka (7)
20=141=1 21=112=1

gk = C@k + stskaa (8)

with statez;, € R”, inputy,, € R™, outputy, € R? anddis-
turbanced, € R%. Here, 4, B, C, K,, K., E,, A%, A%
A and A2 are constantmatricesof appropriatedimen-
sions.A nonlinearstateobsereris designedof theform

zky1 = Pz + Jup + Hyp + Z uZOHi%:gk

ig=1

P P P
T HRLY, YD wut iy,

=1 ig=1d1=1

r r
+ 0 yryr HI2y,

i1=149=1

C)

wherez, € R? is alinear estimateof 7'z,. A fault detection
signal,alsocalledresiduallinearin both z; andyy, is defined
asey = Lizi, + Loyg, Wheree, € R%®({dg,d} > 1), 1 €
R(%*9) and L, € R(%*%  The obserer erroris given by
er = 2z — Txy. Withoutlossof generalityit is assumed> =
[, On_p).

Result:Let (10-21)hold true:

TA—-FT = HC, (10)
J=TB, (11)

TE, =0, (12)

LT + L2C =0, (13)
HDC —TA® =0yig=1,...,m, (14)
HXC —TA% —=0;iy = 1,....p, (15)
TAZ =04 =p+1,..,n, (16)

Hoe —TAR — 040 =1,...,m,i1 = 1,...,p, (17)

T Alon

UTT

=0;59=1,...m,i1 =p+1,...,n(18)

TALE =0, {ir, iz} =p+1,..,n, (20)
|\ ()] < 1. (21)

Thene, ande, aredecoupledrom d, andsatisfytheform

(22)
(23)

ex1 = Fep + TKyfr + Wi(ug, Yk, far)
er = Lieg + LoK, fey,

whereW (ug, yx, 0) = 0 (W) notdetailedhere).

The following numericalalgorithmis given for solving Equa-
tions(10)-(21).For corveniencewithoutlossof generalitythe
constanmmatricesin (7- 8) arepartitionedas

A=[4; A, (24)

Al =AY, AL, (25)

Al = AL, AR, (26)

Aol — (AT ADTL, 27)

Al — AR AR (28)

where{4;, A%, A7, Al A%2 1 € R™P and {4,
A% AR ARR AR L e RO,



Matrix 71" is alsopartitionedinto theform

T =T Ty (29)

whereT; € R¥? andT, € R¥*("~P). The equationg10),
(13),in additionto (14),(15),(17)and(19) arecorrespondingly
partitionedinto theform

TA, —FT'=H (30)
TAy —FT5 =0 (31)
LT — L, =0 (32)
11175 =0 (33)
TAY,, = Hy, (34)
TAY, =0ig=1,...m (35)
TAY,, = Hi (36)
TA’ZIM =0;21=1,...,p (37)
TAS:, = Hits (38)
TAYY  —0;ig=1,...,mi1=1,...,p  (39)
TAYya, = Hyi? (40)
TAY2, = 0;{ir,ia =1}, .,p (41)

Equations(31), (35), (37), (39) and (41) canbe meigedinto
oneequation,
A’igil

Al
2z < Ruxx)

TAS..,

Abie B =TZ=0

2zxx>

(42)

Matrix 7' is solvedin (42)as[Ty  Tz] = MUL,, whereU,» is
obtainedfrom the SVD of 7,

Ezl T

Z=[Un Us) ol Va1 Vo], (43)

andM is anarbitraryd x r matrixwith r, the orderof theleft
null spaceor 7, beinggivenas

r=mn—rank{Z}, (44)

wherer > 1 is needed. The obsenrer order d, is chosenas
d = r. UL is partitionedinto two matrices
Ul

(N1 No, (45)

whereN; € R*? and N, € ®"*("~P) Thenequation(29)
is equivalentto the following two equations/; = M N; and
T = M N». If thefollowing conditionsaresatisfied,

TAy(I, — T, T5) =0,
MUZL A5 (L, — (MN2) T (MNs)) =0,

(46)
(47)

the obsener matrix F' hasthefollowing generaform suchthat
(31)is satisfied,

F=TAy(Ty)" (48)
= MUZL A2 (MN2)* + W (Is — MNo(MNo) ™) (49)
= A* + WC*, (50)

whereW is ad x d arbitrarymatrix. The eigervaluesof W
aredesignedsuchthat R is stable.(.)" representshe pseudo

inverseof (.).
The matrix H is calculatedrom (30) andJ from (11). Equa-
tions(32) and(33) have solutions,

Ly = WUy, Ly = —I1 T4, (51)
wherelU,,; is from the SVD of 15
Yin T
Ty = [Unl UnZ] |: 0 [an VnZ] ) (52)
whereW; is a® x r,,, choserarbitrary with
rn =d —rank{T>} > d— (n — p). (53)

Thedimensionof theresidualvectoris chosen;D =Tn. Giyen
d,® T, F, L; and L, thematricesJ, H, H*® , H* A H*°"

andH:2 areobtainedrom (30), (32), (34). (36)(38)and(40).

Detectability:In orderthatey is affectedby faults,the follow-
ing sufficient conditionsarederiveable,

Vi, i <d, (far, #0, for, = 0)
Vi, i <d, Vk(far =0, fop, #0)

Remark:The sizeof Z increasewvith respecto the comple-
ity of the system.The freedomfor obtainingrobustnesf the
RFDOdecreasewith theincreaseof the numberof thenonlin-
earterms.

I \F'TK, #0,
L F'Wy, # 0,

4 Applications

For models(1) and (2), datawas taken from an Jaguarcar
model”XJ8 Saloon”,normallyaspiratedt litre, V8 engineau-
tomatic gearbox,for a generaldriving cycle andwith normal
atmospheriaconditions,and temperature.The samplingrate
was50ms. Datafor (4) waspartially simulatedin Simulink as
somerealdatawaslacking (gearselectionprakingforce).

4.1 Computational algorithm

Theflow-chartin Fig. 2 representthecomputationaglgorithm
describedn Section3. Threeclasse®f output,with p < n, are
consideredfor each,n = 3, p = 2 andE, = 0. Theform of
C affectsthe partition of matricesA, B, Ay., Aye, Ay and
A, andthusthe constructednatrix 2.

Class 1: only z; and 2, measured. y = [z, =, 0]. For
thiscasejn (42), rank{Z} = 2 andthe obserer andresidual
canbedesigned.

Class 2: only x5 and 23 measured. y = [z2 =3 0]'. For
thiscasejn (42), rank{Z} = 2 andthe obserer andresidual
canbedesigned.

Class 3: only z; and 23 measured. y = [z3 21 0]’. Here,
(42) and (44) imply an obserer cannotbe designed.A novel
recovery solutionis proposedor this (seeFig. 2). It consistof
reducingtherankof Z by resettingjudiciously) certaincoefi-
cientsin thematricesn (42). Thishopefullyensures > 0 and
aresidualcanbe designed.The downsideis thatthe designed
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Figure2: flowchartfor RFDO.

residualis affectedby anincreasan modellingerror. For the
applicationhereit is seerthat

0 0.0036 0 000 0
Z=10 0 0 000 —-06413 ...
0 0 —004770 0 0 —0.2419
0O 0 00 0 0O
.0 0 000188700 (54)
00222200 0 00

In equation(54), Z(; 2) is the only elementin row 1, andis
identifiedasfs(4). Thelatteris resetandds refittedasin Table
4 as@io,=[1.0004,0.0046,-0.0007,0, -0.0023,-0.0180,-0.1043,
0.1825,2.1824,-4.207]. Thenrank{Z} = 2 andfrom (44),
r=2.

For all classesheapproximatiorof themodelby apolynomial
leadsto somemodellingerror andoffset. The modellingerror
hereis consideredasnoiseandis filtered with a low-passfil-

Outputs ¢  meanvalueof residualqoffset)
Y1, Y2 612 -2.4991e-5

Y2, Y1 621 +2.4991e-5

Y1, Y3 513 -0. 0135

Ys, Y1 531 +0. 0135

Y2, Y3 €93 -5.9247e-4

Y3, Y2 €32 -5.9247e-4

Tableb: Offsetfor residualdor differentclasse®f y.

ter. An offsetis inevitable, however, andwill not vanish. Its

amplitudecanbe estimatedrom the meanvalueof non-faulty

residuals,as shavn in Table5. An offsetis heresubtracted
from the correspondingesidual.

4.2 Results

For eachclassdescribedn section4.1, the constructionof 2
leadsto afirst orderobsenrer. Condition(13) is satisfied,and
(53) holdsfor eachcase.

Threemultiplicative sensordaults were createdon measure-
ment, with an amplitudeof 30%. f; wasaddedto y, for
t € [50 : 150], f3 toyan fort € [200 : 300], and f3 t0 ysn
for t € [400 : 500] asshowvn in Fig. 3. A leak, a compo-
nentfault f{, correspondingo a hole (¢3mm) in the mani-
fold andanactuatorfault f5, correspondingo alossof 50Nm
in thetorquecorverterwerealsosimulatedn a Simulink envi-
ronment,wherethe Simulink modelwastaken asthereal car.
Modified datawassavedto afile. f and f5 wereappliedfor
t > 500, asrepresentedéh Fig. 3. The meanvaluewastaken
off, &€ =| ¢ — € |, wheree =mean value (off-set). Thene¢; was
filtered usinga low-passdfilter with a cut-off frequeny at 1Hz,
to attenuatenigh frequeny effectsdueto badmodelling. The
level of thresholdsverefixedat 5% of eachsensofault. Figure
4 shawvs the non-faulty measuredcaledvaluefor the manifold
pressuretheenginespeedandthewheelspeed.

Scenario 1: class 1 and residual €12. Two sensorfaults f7,
f5 andan actuatorfault, fi* areapplied. Fig. 5 (top) shows
the residualafter computationwhich respondso both sensor
faultsandthe leak. However, the leakis not alwaysdetected,
especiallyfor low enginespeedsandhigh manifold pressures,
wheremodellingnoisemasksthefault.

Scenario 2: class 3 and residual €;3. Two sensorfaults f7,
f£ andanactuatorfault, fi* areapplied.In Fig. 5 (middle),the
obsereraimsto estimatgheenginespeedisingys. Modelling
errorsaretoo big andtheleak cannotbedetected Theresidual
respondgo f3, but notto f;. A spike appearsaatt = 200s.
Thisis notcausedy afaultbutis awrong-flagginglcausedy
modellingerror).

Scenario 3: class2 and residual e»3. Here, f5, f3 and f3 are
applied. Fig. 5 (bottom)shaws the responseof the residual.
A spike appearglueto modellingerrorattime ¢ = 200s (not
causeddy a fault). Evidenceshaws that f5 (400 < t < 500)
and f3 (¢ > b500s) are detectedfor high wheeland engine
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speedsTherersidualis oscillatoryin naturefor ¢ > 500.

CommentnFig. 5. The horizontal lines indicated are not
thresholdlines but are placedfor readability For senariol
the effect of modelling error is smallerandall faults are de-
tecable. For senario®2 and 3 the effect of modellingerroris
muchlarger, deemedmnainly dueto unmodelledhonlinearities
within the torquecornverter thus contributing to spikesin the
residuals(t=200s). The residualperformanceshovn arethe
samefor otherdatasets.

IO TS

400

300 500 600 700 800

| | | |
500 600 700 800

|
400

300 900
time
Figure5: Filteredé: o, €13 andéss, respectrely €155, €137 and
€azf. (€12 =| €12 — €12 |, €13 =| €13 — €13 | and éaz =|
€23 — €23 |).

5 Conclusions

Effective modellingis shavn by usingrealdata,usingpolyno-
mial nonlinearitiesandusinga judiciousrelabellingof certain
gquantitiesasknown measurednputs. Theoryfor residualde-
signis given for a discretizeddrive-train model, including a
novel designmodification. The applicationof the designthe-
orytoaJaguarcarshavstheimportanceof accuratanodelling.
Threefaultsenariosgachwith a differentoutputclass(p < n),
are consideredandresidualsare generatedor five faults (not
simultaneous).Originality of the work consistsin improved
modellinganda new FDI designfor systemsof the from (5).
The RFDO herecanbe usedto isolatefaults,asin [9], usinga
bankof obserers.
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