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Abstract

Traditional diagnosis has been performed with hardware redundancy and limit
checking. The development of more powerful computers have made a new kind
of diagnosis possible. Todays computing power alows models of the system to
be runin real time and thus making model based diagnosis possible.

The objective with this thesis is to investigate the potential of model based diag-
nosis, especially when combined with active diagnosis. The diagnosis system has
been applied on amodel of the JAS39 Gripen fuel pressurization system.

With the sensors available today no satisfying diagnosis system can be built.
However, by adding a couple of sensors and using active model based diagnosis
all faults can be detected and isolated into a group of at most three components.

Since the diagnosis system in this thesis only had amodel of the real system to be
tested at thisthesisis not directly applicable on the real system. What can be used
isthe diagnosis approach and the residual s and decision structure developed here.
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Chapter 1

Introduction

This chaptergivesanintroductionanddescribeghe objectie of this thesis.The
backgroundo the assignmenits presentedogetherwith thelimitations. An out-
line for the reader is alsowgin.

1.1 Introduction

SaabAB is aninternational high technologycompa, active bothin civil and

military industry SaabAerospacas a businessareawithin SaabAB, specialized
in the developmentand productionof the Gripen combatfighter. Gripenis the

first operationalfourth generationaircraft, it usesintegratedcomputerizedsys-
temsin orderto getair superiority Informationis gatheredirom all partsof the

aircraft which provides new possibilitiesto useinformation for diagnosispur-

poses.Theseinformationsystemsare crucial for a safeflight andthereforeit is

very importantto supervisehem.This thesisinvestigatesthe possibilitiesto use
model-based diagnosis in order to analyze the systems.

Thework of this masterthesishasbeenperformedat the sectionfor systemsim-
ulation andthermalanalysisof generalsystemsunderthe businesaunit Gripen,
Linkoping, Sweden.
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1.2 Objectives

The objective with this thesisis to investigatethe potentialof model-basedliag-
nosis,bothin a future UnmannedAir Vehicleaswell asin Gripen.The useof

active diagnosiswill alsobe presentedThe maintaskis to exemplify diagnosis
conceptsby building a diagnosissystemfor the fuel tank pressurizationin

Gripen.An overview of the diagnosissystemsausedtodaywill be presentecnd
nev methods within diagnosis will beviesticated.

1.3 Background

Thegenerahircraftsystems comple, dynamicandnonlinear Theseareall fac-
torsthatmakesdiagnosiscomplicated A combatfighteralsocontainsmary sub-
systemsoften crucial for the aircraft performancelt is thereforeimportantto
supervisethesesystemsin orderto detectandif possibleisolateary malfunc-
tions. Traditionally, systemof this kind are supervisedvith sensoredundany,
limit checkingor trendchecking.In asmallaircraftit is desirableto useaslittle
hardwareaspossiblein orderto reduceweightandsare spaceThis is why new
methoddik e model-basediagnosishave becomemoreinterestingModel-based
diagnosiss an approactthat usesmore software thantraditional diagnosissys-
tems.In model-basediagnosisamodelof thesystemis built in softwareandthe
valuesfrom the modelarecomparedvith the valuesfrom the system Tradition-
ally software is only usedfor diagnosis,not model building. This thesiswill
investicate the potentialof usingmodel-basedliagnosisasa complemento, or
instead of, hardare redundancin aircraft systems.

Thefocusis held on the fuel systemwhich hasoriginally beendevelopedby a
subcontractoibut is nov maintainedand developedby SaabAerospaceThis
opensthe possibility to add new functionality and to investigate how model-
based diagnosis can be used to imprte diagnosis in an aircraft system.

1.4 Limitations

Sinceno datafrom the real Fuel Systemwasavailable, the systemwasreplaced
with amodel.Saabhadalreadybuilt amodelof the Fuel Systemin Easy5,asim-
ulation software provided by Boeing. The fuel systemcontainsfew sensorsand
in orderto build aworking diagnosisystemmoresensorsvereaddedo the sys-
tem. The fuel systemas also simplified into only wvtanks.
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The main objective is to exemplify how a model-basedliagnosissystemcanbe
built, so the modelin this systemis not optimizednor are the thresholdsopti-
mized with statistic methods.

Sinceit is supposedo be unlikely for morethanonefault to occurat the same
time anda diagnosissystemfor multiple faultswould be complex the diagnosis
system is limited to singladfilts.

The diagnosissystemis alsonot automatedthatis, the faults mustbe detected
and isolated by observing the residual results manually

1.5 Outline

The theoryconcerningdiagnosismodel-basediiagnosisandactive diagnosiss
presentedn Chapter2. In Chapter3 the fuel pressurizatiorsystemis presented
andall componentsaredescribedboth physically andhow they aremodelled.In
Chapter4 the diagnosissystemfor the fuel pressurizatiorsystemis presented.
All faultmodesaredescribedandtheresidualsarepresentedChapters contains
theconclusiorof theverificationof the systemtogethemwith themostinteresting
results.In Chapter6 theresultsarediscusse@ndsuggestion$or futurework are
made.In AppendixA all resultsfrom the verificationexperimentsarepresented.
AppendixB containsa descriptionof the diagnosissystemasit is built in Sim-
ulink.
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Chapter 2

Theory

This chapterintroducesthe theory and methodsusedin this thesis.The back-

groundandmotivation of diagnosisarepresentedSomeof the terminologyused

in the areaof diagnosiss describedn orderto simplify both the understanding
and the reading.

2.1 Diagnosisbackground

Technicalsystemshave beenmanuallydiagnosedaslong asthey have existed.
When computersbecameavailable and more powerful, automatic diagnosis
becamepossible As the computingcapacityimproved more advancedsoftware
couldbeused.In for examplemodel-basedliagnosisan entiremodelof the sys-
temis built in software.Thefirst reportsin theareaappearedh the 70’s andauto-
matic diagnosisis still an active researcharea.Fewv generaltheoriesexist and
much work is still to be done.
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2.2 General diagnosis theory

In orderto unify theterminologythe InternationaFederatiorof AutomaticCon-

trol, (IFAC), hassuggestedomecommonbasicterms.Thesetermsarepresented
below with a short explanation.The explanationsare basedon the definitions

made by IRC.

. Fault

A faultis anunpermitteddeviation of atleastonecharacteristigpropertyor vari-
able of the system from acceptable/standardbeha

. Failure

A fault that implies permaneninterruption of a systemsability to performa
required function under specified operating conditions.

. Fault Detection

To determineif faultsarepresentn the systemandusually alsothe time when
the fault occurred.

. Fault Isolation

Determinationof the locationof the fault, i.e. which componenbr components
that hae failed.

. Fault Identification

Determination of size and timexnant behaior of a fault.

*  Fault Diagnosis

Two commonviews exists, the first includesfault detectionjsolationandidenti-
fication, the other only includeadlt detection and isolation.

»  Active Diagnosis

Whena diagnosids performedby actively exciting the systemto reveal possible
faults.

»  Passve Diagnosis

To passiely obsere the systemin order to detectand isolate faults without
affecting its operation.
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In all kinds of diagnosisthe systembehaior is comparedwith its expected
behaior. If the systemdoesnot act as expectedthe conclusionis dravn that
somethingis wrong. Thereare several ways of comparingthe systemscurrent
behaior and its &pected behaor.

Traditionally, diagnosishas been performedby limit checking, sensorsare
checledagninsta setof datawhichis predefinedIf asensowalueleavesits nor-
malrangeanalarmis generatedT his methodhasa coupleof dravbacks the sys-
temmightbehae in differentwaysdependingntheoperatingconditions If this
is the casethe datasetmight have to be very large in orderto cover all possible
working conditionsor the thresholdsusedmight have to be generousThis way
of diagnosingthe systemis alsovery closely connectedo one specificsystem.
Sincethe setof datais adaptedo a specificsystemit might be hardto reuseon a
similar system.

Anotherway of diagnosinga systemis to usemultiple sensorsThis approachs
calledhardwareredundang. Hardwareredundang hastheadwantagehatevenif
one sensorfails the systemmight still be able to function normally, usingthe
working sensorsThedravbackis thatin orderto identify thefailing component,
andnot just that some components failing, at leastthreesensorsneasuringhe
samevalueis neededThe extra hardwareis expensve, addsweightandrequires
space. Extra hardave also increase the comyptg of the system.

Model-baseddiagnosisis the latest contribution to diagnosistheory Model-
baseddiagnosisoffers an opportunityto improve traditional diagnosisbasedon
limit checkingandhardwareredundany. It couldbe usedonits own, but alsoas
a complement to the a® mentioned methods.

2.3 Mode-based diagnosis

An alternatve to the traditional approachess model-baseddiagnosis. This
approachmight be usedon its own or as a complementto other methods.In
model-basediagnosisa software modelof the systemis built andthe systemis
comparedvith themodel,seeFigure2.1.If themodelis correctthe systemsut-
put shouldbe equal,or closeto, the outputfrom the model,giventhe sameinput.
Thesevaluescanthenbe comparedandfaultscanbe detectecandin somecases
also isolated and identified.

Comparedto the traditional methodsmodel-basedliagnosishas potentially a
couple of adantages.
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Smaller awults can be detected and the detection time is shohisris due
to thefactthatthethresholdsanbekeptcloserto theoptimalcasesincethe
model should be designed to function under altking conditions.

It is valid for the entire wrking range.
It can be performed passiy as well as aately.
Isolation and sometimes identification becomes possible.

Disturbances can be compensated for whichasdipossible to diagnose
faults in spite of the presence of disturbances.

Compared to hardave redundancmodel-based diagnosis is suitable for
more kinds of components. Some components might not be possible to
duplicate and other components than sensors might be modelled.

Model-based diagnosis alsderfs the opportunity to re-use models or
model components, in some cases only parameter changes or some other
smaller adjustments hato be made.

If a model for the control system is alreadylty which is often the case,
that model could with small adjustments be used also for diagnosis.

faults disturbances

lﬂ—» < Process >
y(t)

- (o
Y
Test quantity
generator

Decision
logic

Diagnosis statement

Figure 2.1: Basic diagnosis system
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The problemwith model-basediagnosigs the needof areliablemodelandper-
hapsalsoa morecomplex designprocedureln orderto build a satisfyingmodel
goodsystemknowledgeis neededThelimiting factorof the performances usu-
ally theaccurag of themodel.Muchwork mustbedonein orderto geta satisfy-
ing model. Model-baseddiagnosissometimesalso requires more computing
capability

Therearealsosituationswvheremodel-basediagnosisiotfully canreplacehard-
wareredundang. Critical componentsn for examplean airplanemight have to
be duplicatedso thatit is possibleto switch from a failing sensorto a working
one. Model-baseddiagnosisdoes on the other hand offer the opportunity to
switch to the modelif the hardware fails. If the diagnosissystemfor example
identify a sensorasthe failing componentt is possibleto keeprunningthe sys-
tem, usingthe valuesfrom the modelinsteadof the valuesfrom the sensorThis
approach is referred to aawt Tolerant Control, (FTC).

2.4 Fault models

In adiagnosissystennotonly the systemhasto be modelled alsothefaultsneed
to bemodelledin orderto bedetectedA faultmodelis arepresentationf possi-
ble faultsandhow they affectthe systemIf anunmodelledaultoccursthediag-
nosissystemwill not be ableto give a correctdiagnoseAll faultsmight not be
possibleto model and which onesto model requiresgood systemknowledge.
Thereare severalwaysto modela fault, seeNyberg and Frisk [8], but theseare
the most commorafilt models.

 Fault signals

A fault can be modelled as an additsignal, typically:
Yobs() = Yeorr(D) +1(1) (2.1)

where

Yobdt) = obsered \alue
Yeordt) = correct alue
f(t) = fault signal

This is the most generalway of modelling a fault, it can describeall types of
faults.It is oftenusedfor sensoifaultsof the type “off sets”.Unfortunatelygen-
eral fault models maés fawult isolation dificult.
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* Deviationsin constant parameters

A fault can also be modelled as @id&on of a constant parametéypically:

y(t) = (k+f(0)u(t) (2.2)

where

y(t) = Measured alue

k = constant

f(t) = Fault signal, zero in theatilt free case.
u(t) = Input

(o - 0 {NF}

K {NF}©

I
T rir

Sensorfaults are often modelledthis way if they are of the type “gain errors”.
Thisfaultmodelis alsousefulwhenthesignalin thefault free casehasalow and
constanwariancej.e. the deviationsfrom the meanvalueof the signalaresmall.
Whenafaultis presenthevarianceis still constanbut higher i.e. thedeviations
are bigger Thereare also somefaults that consistof a deviation of a physical
parameterthese dults are also suited for this kind aiuft model.

A faultmightbehae in mary differentways,usuallythe fault canbe cateyorized
into one of the follving groups, also sk in Figure 2.2.

* Incipient faults

Incipient faults are faults that gradually develop to a larger and larger fault. It
mightoccurfor examplewhena components worn outor developingcalibration
errors of a sensor

. I nter mittent faults

Intermittentfaultsarefaultsthatoccuranddisappearepeatedlytypically aloose
connection.

*  Abrupt changes

When a variablesuddenlychangests value, a typical exampleis a component
that suddenly breaks.

10
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______ incipient fault
____ abrupt change
_ _ _ intermittent ault

0.9 r

=

fault amplitude
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Figure 2.2: Diferent fwult behaior

25 Test quantities

Test quantitiesare relations betweenthe measuredvalues and data from the

model. The ideais that when a fault is not presentthe test quantity shouldbe

smallandwhenafaultis presenit shoulddeviate significantlyfrom zero.A test

guantityshould,in orderto make fault isolationpossible be designedn sucha

way that someof the faultsare decoupledThata fault is decoupledneansthat

the fault doesnot effect the testquantity in ary way. By decouplingdifferent

faultsfrom differenttestquantitiest becomegpossibleto isolatefaults. Thereare

a numberof waysto constructtest quantitiesand someof them are presented
below.

251 Consistency relation
A consisteng relationis a directrelationbetweeractuatorandmeasuremersig-
nals.It is the mostcommonlyusedtestquantitydueto its simplicity. Whencom-

paringthe valuesfrom the modelwith the measurementhe differencebetween
the \alues is called a residual.

11
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If we for examplecomparethe measuregressured,c,sWith the modelledpres-
sure R,oqthe residual R is recstd as:

R=P P (2.3)

meas” ' mod

It is alsopossibleto comparewo valuesfrom themodel,if therearetwo waysto
receve the samevalue,i.e. two functionswith differentvariablesthat give the
same result. & example:

R = P;(xq) = P;(X5) (2.4)

TheresidualR is whatlater canbe usedto isolatethe fault with hypothesigests
in a decision structure. The residual has to fulfith important demands.

The residualthat describeghe physical relationsmustbe zeroin the fault free
caseandthe residualhasto be non-zerowhena fault is present.Theserequire-
ments are important if the residual is to be used in a decision structure.

Example.l

Considerthe massM below, affectedby the two forcesFg;ction @ndF. Newtons
equations gies the folleving consisteng relation:

F = Ma+ I:fric:tion

Rewritten as:

F=Ftriction—Ma =0

< I:friction

12
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F is anactuatorsignal,andtheactuatorsignalis known in thefaultfreecaseThe
accelerations a sensorsignalandF;ction iS @ known disturbancelf theactuator
signal F is to be supervised, and the actuator signal canibdedias:

F = F, +fault

Then the residual can be written as:

fault = Ma—F; + F¢iction

In this xample the tw requirements are fulfilled.

In thenonlinearcaseit is usuallyharderto form residualgeneratorsvith desired
decouplingproperties.Thereareno generaltheorieslik e therewerein thelinear
case.lf higherorderderivativesare presentit might be a goodideato decouple
themsincethey areusuallyhardto measureOneway of dealingwith derivatives
and compute the residual is to approximate tHeraiftiated ariables.

S
sTd+1

% = y (2.5)

This methodmay not always be sufiicient and other stratgies then have to be
chosenTheproblemcanalsobe solvedby transformingthe consisteng relation,
for reasonablypmallsystemghisis possibleto do by hand,but for morecomplex
systemghis might be very difficult. The methodis bestpresentedby anexample.

Example.2
Consider a system described by the feitg differential equation.

—sin3(x) [u +f)?
X+ (u+f)

X
y

In theseequationd is anactuatorfault thathasto be supervisedBy differentiat-
ing the measuremengquationand eliminating x a consisteng relationis pro-
duced.

3
y+sin (y—u) [2—u = h(y, u, f)

13
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h(u,y, f) = f—sin>(y —u—f) u + )%+ sin(y —u) (L2

In theseequationghetime derivativesareassumedo be unknown, thereforesta-
ble first-order dynamics is added to these equations.

3
r+o(F = y+sin (y—u) [L2—u

By rewriting this equation the foll@ing relation is receed.

'—_E_l B L3 2
Z= 3 O((y u) +sin(y—u) [u
-z2.1_
r=s+s0-u

The internal form of this filter is:

r+af = h(u,u,f)

This example vas talen from Frisk [1], page 73.

As mentionedearlierthe theorybehindnon linear consisteng relationsis com-
plicatedandwill notbe coveredfurtherin this thesis for amorecompleteexam-
ination of this theory see Frisk [1], or Nygeand Frisk [8].

25.2 Observers

Anotherway of generatinga testquantity is to usean obserer. Obserersare
more powerful thanconsisteng relationsbut arealsomore comple< andharder
to work with. It canbehardto getaintuitive feelingof how the obsereris work-
ing, seeGustafssoret al. [5] or GladandLjung [3] for moreinformation.Some
major difiiculties with obserers are:

*  Obserer structure and to ensure stability
*  Decoupling of &ults and disturbances.

A numberof differentobsererscanbe generatedconsiderfor examplethe sys-
tem belov.

14
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Xx=AX+Bu (2.6)
y = Cx
x(0) = X

ThematrixesA, B andC areknown andu andy canbe measured is theinitial

valueandx is unknovn. Oneway of estimatingx would be to simulatethe sys-
tem using the real signal u.

X = Ax+Bu 2.7)

This estimationwill not be perfectsincethe equationshave differentinitial val-
ues.This systenis alsovery sensitve to disturbancesOneway of improving this
obsenrer would be to usethe informationin y. If the simulationwas perfectthe
estimatedutputwould be equalto the outputfrom therealsystemThus,thefol-
lowing signal can be used to impeothe obsermr.

% = AX+Bu+K(y—CX) (2.8)

In this equationK is a[n x m]-dimensionaimatrix which feedsbackthe estima-
tion quality. Thereare severalwaysof choosingK but onegoodway is to usea
Kalmanfilter, seeGustafssoret al. [5]. The Kalmanfilter ensurestability in the
linear case.Thereis no generalway of doingthis in the non-linearcasebut one
approachs to linearizethe systemarounda numberof working pointsandthen
uselinearmethodsThis givesanobsenerwhichis likely to work in a surround-
ing of the working points.

The obserer canthenbe usedto comparehe estimatedraluewith the measured
value, producing a residual in the sanay\was for a consistepcelation.

Consistenyg relationsare bettersuitedfor linear systemswhere simple models
canbebuilt. In thelinearcasethe systemcanbemodelledasafilter whichis easy
to transforminto a consisteng relation. Filters arewell suitedfor realtime sys-
tems since the calculations are simpler then when an @osgructure is used.

Obseners are better suited in the non-linearcase,wherefilters are harderto
design,especiallyin combinationwith linearization.The dravbackwith observ-
ersis the additionalcalculationsthat have to be madein orderto estimatethe

15
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future value of the signal. SeeNyberg andFrisk [8] or Frisk [1] for moreinfor-
mation about nonlinear residual generation.

2.6 Hypothesistests

Formally the hypothesigesthastwo regions. Thenull hypothesigest,HC, is that

the fault modepresentn the processbelongsto the setM of fault modesH? is
the alternatve hypothesis,and it meansthat the presentfault mode doesnot

belongto M. Thatis, if H? is rejectedandH! acceptedhe fault mustbelongto

the complemenbf M, i.e. M€, Eachhypothesigestgivesadditionalinformation
of which fault modesthat can be present.Togetherwith the decisionlogic this
information is used to form a diagnosis statement.

The null typothesis and the alternatihypothesis can formally be written as:

HO: Fo M “The faults in M can explain data”
H%: F, 0 M®“No fault in M can explain data”

It is importantto remembetthe corventionthatwhenHC is rejectedwe assume
that H is true, it when H is not rejected we do not assumgtaimg.

Eachhypothesistestshouldcontaina rejectionregion, a subsetwherethe null
hypothesigs rejected Thetestquantities,T(x), arecomparedvith somethresh-

old J,. If Ti(x) = J thenHO is rejected.This statementould actually also be
usedasthedefinition of therejectionregion.A setof hypothesigestscanthenbe
usedto form aninfluencestructureor a decisionstructure.The influencestruc-
ture describesow the faults ideally affectthe testquantitieswhile the decision
structure describes how the fault diagnose depends on the test quantities.

2.7 Decision structure

By using test quantitiesthat decoupledifferent setsof faults and performing
hypothesistestson thesethe fault can be detectedand hopefully alsoisolated.
Eachtestquantityhasa correspondindnypothesidest.Whenafaultis decoupled
in a testquantitythis meansthat the hypothesistestwill not be sensitve to that
particular ault.

16
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It is usefulto setup aninfluencestructurein orderto seehow the faultsideally
affect the test quantities.Ideal in this casemeansthat no unmodelleddistur-
bancesxist andthereis no noisepresentAn influencestructures a matrix, built
up with O:s, 1:s and X:s. Belois an @ample of an influence structure.

Table 1: Influence structure

| NF F1 F2 F3

T1(%) 0 0 1 0
To(X) 0 0 1 1
TS(X) 0 X 0 1

A 1in thek:th row andj:th columnmeanghatT,(x) will beaffectedof all faults
belongingto the fault modeof thej:th column.A 0 in thek:th row andj:th col-

umnmeanghatif thefault modepresenin the systemis equalto thefault mode
of thej:th column,thenT,(x) will notbeaffected,i.e.thatfaultis decoupledAn

X in thek:th row andj:th columnmeanghatfor somebut notall faultsbelonging
to thefaultmodeof thej:th column,T,(x) will beaffected.TheX:s couldbeseen
as “dont care”.

Unfortunatelytheideal cases rarely presentthereforeit is necessaryo relaxthe
conditionsandreplacethe influencestructurewith a decisionstructureln reality
someof thel:sin theinfluencestructuremightappeain suchaway thatit is bet-
ter to replacethemwith an X, in ordernotto draw falseconclusionsThe influ-
encestructureabove can then for example be transformedinto the following
decision structure.

Table 2: Decision structure

| NF F1 F2 F3

01(x) 0 0 X 0
35(X) 0 0 X 1
d3(x) 0 X 0 X

Fromthedecisionstructureit is possibleto seewhichtestswill respondo a par-
ticular fault. For examplein Table2 it canbe seenthatif no fault, NF, is present
no test will respond,u if F2 is present bot®,(x) andds(x) may respond.

17
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Example.3

Giventhe decisionstructurein Table2, assumeahatd,(x) andd,(x) react,show-

ing thatHganngare rejected. The folMang diagnosis is then reseid:

S={FR}n{FyF3} nQ=F,

In this equationQ is the setof all faults.Obviously thefaultis isolatedto befault
mode 2.

2.8 Thresholds

Whencomparingthe valuesfrom the modelwith the valuesfrom the systemone
cannot expectthe valuesto be exactly the same Due to modelerrors,measure-
mentnoiseanddisturbanceshe residualcannot be expectedto be exactly zero.
This forcesusto usethresholdsn orderto avoid falsealarms.If Ty (x) is thetest

quantity and WJis the threshold this can be written:

HO is not rejected if T < J,
HO is rejected if T = J

Thetestquantitycanalsobebasednthelikelihoodfunctionandin thatcasethe
relations are neersed, see Nybgrand Frisk [8].

It is not obvious how to setthe thresholdsn suchaway thatfaultseasilycanbe

detectedat the sametime asthe numberof falsealarmsareminimized.Oneway

of settingthe thresholdds to performa large numberof simulationsNo simula-
tionswill give exactly the sameresultsincenoiseis presentThe noiseis chosen
aswhite noise.Thethresholds thensetaccordingto a worstcasescenarioThis

will give a systemthatis unlikely to fire falsealarmsbut unfortunatelythereis a

risk for misseddetectioninstead.The thresholdsmight be set so high that an

alarm is not een generated when auit is present.

Thelevel of theconstantandtime invariantthresholdsanalsobe calculatedwith
statisticmethods By runningthe systemand obsene the varianceof the signal
the thresholdcanbe setto a valuewheretherisk of falsealarmsis for example
5% or the risk for missed detection is faample 3%.

18



Theory

Whenonly white noiseis presentconstaneandtime invariantthresholdss appli-

cable but thisis howeverrarelythecaselt is thereforeusuallybetterto useadap-
tive thresholdsThesethresholdsarebasedon knowledgeof modeluncertainties
and adaptthemseles to the current operatingcondition. When known model

uncertaintiearesmallthe thresholdsanbe keptsmallandwherethe uncertain-
tiesarelargerthethresholdsareenlagedin orderto avoid falsealarms.No gen-

eral methodfor adaptve thresholdsexists but a commonlyusedstructureis the

one presented in equation (2.9), see Nylaerd Frisk [8].

Jadp(® = KHLp(P)([Hep (PU(V)] +©) (2.9)

The ideawith adaptve thresholdds to adaptthe thresholdto the modeluncer-
tainties.Hgp andH, p arelinearfilters, k andc areconstantsndp is thedifferen-
tiating operator The filter Hzp handlesweighting in frequeny domain, the
thresholdis madelarge for the frequenciesvherethe modelis more uncertain
and small wherethe modelis more accurateFilter H, p is a low passfilter for
handlinghigh frequeng disturbancesThe constant is determinecdby measure-
mentnoise and also preventsthe thresholdfrom equalingzerowhenthe input
signal is zero. The constant k controlsvigenerous the threshold should be.
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Figure 2.3: Adaptie threshold
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In Figure 2.3 the function of an adaptve thresholdis shovn. The threshold
becomesnoregenerousvhenthe systemis dynamicsincethe modelin this case
is lessaccuratdn the systemsdynamicpartsbut very accuratan steadystate.lt

is actuallyoftenthe casethatthe modelis uncertairfor high frequenciesandthus
Hepis often designed to makhe threshold generous in these cases.

As wasmentionedabore thereis no generaimethodto constructadaptve thresh-
olds.By usingstatisticmethodst is possibleto seewhatmodeluncertaintieshat

affect the diagnosissystemthe most. By using Monte Carlo simulationsbetter
adaptve thresholdscanbebuilt. Theideais to performalot of simulationseach
with slightly differentvariablesandwith sensomoisepresentandthenusesta-

tistic methodsto calculatethe level of the thresholdsn orderto minimize false

alarmsand maximizethe systemsability to detectand isolatefaults. Sinceno

hardware component$iave an exact valuethis methodmalesit possibleto con-

structthresholdswith betterperformancehanif just one simulationwascom-

paredto thereal systemin orderto find out for which frequencieghethresholds
should be more generous.

Sincethe simulationsarevery time consuminghis methodhasnot beenusedin
this thesis,the systemhasonly beencomparedwith the modelin one caseand
the thresholds are constructed ad. hoc. according to equation (2.9).

29 Mod€ds

In model-basedliagnosismodelbuilding is essentialThe resultsfrom the diag-
nosissystemaredirectly dependenon how accuratehe modelis. Sincetheval-
uesfrom the modelwill be comparedwith the valuesfrom the physical system
they mustbehae in thesameway if notunacceptablyargethresholdseedto be
used.There are several ways of building a software model and two common
wayswill bepresentedhere.For afull descriptionof differentmodeldesignssee
Glad and Ljung [4].

2.9.1 Parametric model

Oneway of constructinga modelis to ignorethe systemsphysical structureand
only obsene the input and output. By using someidentification software, for
examplethe SystenidentificationToolbox (SITB) in Matlab, the systemcanbe
parameterizedheseparametergsanthenbe usedwhenbuilding a mathematical
modelof the system.The adwantagewith this kind of modelis thatthe userdoes
not have to botherwith theinternalbehaior of the systemonly inputandoutput
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matters.Sometimeghe systemis so comple thatit is impossibleto setup arny
othermodel. This kind of modelis sometimegeferredto asa black box model.
Parametricmodelscanbe very hardto build if the systemis nonlinearor regu-
latedsincetheidentificationsoftwaredoesoften not supportidentificationof non
linearmodels.Whensomebut not all of the systemsnternalbehaior is known,
thisinformationcould be addedio the model,giving uswhatis calledagrey box
model.

A common linear model is the Box-Jenkins model in (2.10).

v = Fdutt—ng + e (2.10)

where e(t) is white noise and:

B(q) =by+bog ... +hyg ™t
C(a) = 1+qq ™+ 4G g
D(a) = 1+dq ™+ +chgo ™
F(q) = 1+ . g™

Box-Jenkingmodelcanbe simplified by for exampleignoringto modelthenoise,
i.e. to saythat C(q)/D(q)=1. Thereare also other variationsof this model but
these will not be presented here.

Whenbuilding this kind of modelthe systemsn- andoutputneedto beobsenred.

It is importantto choosenput sothatthe systemsehaior is revealed.Thusthe

input hasto excite the systemasmuchaspossible This is not alwayseasysince
it might be a working systemandthenonly ordinarysignalscanbe used.Much

work shouldbe putin the choiceof input, somecommoninputsarenoiseor tele-

graphsignals.SeeGlad and Ljung [4] for more information about parametric
models.

2.9.2 Unique model

If thesystemsphysicalbehaior is easyto understanéndthe systemis notto big

or comple it mightbeagoodideato build auniquemodel.In thiskind of model
building every physical relationshipis modelledas equationsn somesoftware
languagefor exampleSmulink in Matlab. Naturally this demandgjoodsystem
knowledge and good understandingof how each elementwithin the system
works.It hastheadwantagehatthe modeldoesnotwasteary parametersn esti-
matingredundantnformation,which might bethe casewith a parametrianodel.
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A uniquemodel also makes it easierto estimatewhetherthe resultsfrom the
modelareaccurateor not. Sinceevery physicalcomponents consideredt is also
easierto understandhow a faultinfluenceghe systemandthefaultis alsoeasier
to model.

If auniqueor a parametrianodelshouldbe usedoftendepend®n theidentifica-
tion softwareavailableandif the systemcontainsnonlinearelementsor is regu-
lated in some ay.

Below is a unique model of the earlier mentioned maasnple.

10
|.>*

Actuator force
) » X 0.018
1 . —> ’

Friction force Product Acceleration
500

Mass

Figure 2.4: Massx@ample
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Chapter 3

Fuel system

In this chapter the Gripen Fuel System will be described. The system will be
described both on a general level and also with focus on the fuel tank pressuriza-
tion and its components. The mathematical description of these components will
be presented in section 3.2 and in section 3.3 the complete fuel pressurization

model will be presented.

Figure 3.1: JAS 39 Gripen fuel system
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3.1 System description

The Gripenfuel systemhasseveraltasks,of which the mostimportantis to pro-
vide fuel to the engine but the systemis alsohelpingthe aircraftto optimizethe
centerof gravity by moving fuel betweertheinternaltanks.Fuelis alsousedasa
coolingmediumfor someof the electronicson board.The fuel tankshave to be
pressurizedor several reasonsijf the fuel is not kept underpressurehereis a
risk of cavitation problemsespeciallyat higheraltitudes.The pressurizatioralso
helpswhenmoving fuel betweerthe tanks.Anotherimportanttaskis to helpthe
engineto suckin fuel if thefuel pumpshouldbreakdown. In thisthesisthefocus
is on fuel tank pressurizationThe entire fuel systemwith all fuel tankscanbe
seen in Figure 3.1.

The air that suppliesthe fuel systemis provided by the ervironmentalcontrol
system,ECS. The air is dry, cold, and hasbeencleanedby the ervironmental
control systembeforeit entersthe fuel system As the air entersthe fuel tanksit
passes pressurgegulator This regulatoris setto keepthe pressuren the Con-
trolled VentUnit, CVU, at 25 kPa over ambientpressuratall times.Theair then
flows throughanair ejectorwhich addsextra airflow into thetanks.Theair ejec-
tor also helpswith ventilating the tanksat refueling or fuel transfer It is con-
nected to aent tank, kept at ambient air pressure at all times.

Figure 3.2: Pressurization System Principle
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As the air leavesthe air ejectorit entersthe CVU, the CVU is responsibleor
dividing the airflow to the differenttanks.The CVU hasthreedifferentpositions,
All, Partial, and Medium. Position Medium is only usedduring refueling. All
tanksarethenventilatedinto the venttank, makingroomfor the fuel. Whenthe
CVU is in position All, all tanksare pressurizedWhenin position Partial, all
tanksexcepttank 1 arepressurizedThereasorwhy tank1 is notalwayspressur-
izedis becausehe fuel pumptakesthe fuel from tank 1 andthereforeall other
tanksshouldbe pressurizedn orderto helpwith the fuel transferto tank 1. The
fuel tank pressurization principle can be seen in figure Figure 3.2.

3.2 Components

For a betterunderstandingf how the systemis operatingand how it hasbeen
modelled,eachcomponentvill herebe describedBoth the functionalityandthe

mathematicalexpressionof the componentsperformancewill be presented.

Below is afigureof therefuelandfuel transfersystemwith all tanks,pumpsand
the most importantaives.

inl T T Fuselage Tanks

T2 TIF TIA
RCS
heat exchanger
R R O} ~ !
7 ™ o
Heat exchangers T
HS1 MG HS2 AGB
— NN

NGT

T

Wing Tanks

nnnnnnnnnn

Figure 3.3: Refuel and fuel transfer system
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Noticethatonly oneboostpumpis usedaratheruniquesolutionin orderto save
spaceandweight. This alsomakesthefuel pressurizatiomoreimportantwhenit
comesto the aspectof fuel transfer Notice also the air to air refueling probe,
designed for thexport version of AS 39 Gripen.

321 Pipes
Thepipesin thefuel systemaremodelledasorifices.An orifice is aflow restric-
tion in a duct. Orificesarewell suitedwhenmodellingturbulentairflows, which

is generally the case in the fuel system.

Orifice

air flow J
)

Figure 3.4: Orifice

The flav through an orifice is modelled by:

m = ARy D;lJ (3.1)
JROT d

where

m = mass flo [kg/s]

A = orifice area [rf]

P, = upstream pressuregdP(abs)
Py = dovnstream pressure &P (abs)
T = temperature [K]

R = gas constant = 287 [J/(kgK)]
K(P,/Py) = look-up-table [-]

The valuesof K(P/Py) from the look-up-tabledependson the valuesof P/Py,

the geometricshapeof the flow restrictionandon the fluid flowing throughthe
orifice.
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3.2.2 Pressureregulator

The pressureegulatorhastwo mainassignmentslo regulatethe pressuren the
tanksto 25+5 kPaoverambientair pressuravhenthetanksareto be pressurized
andto cuttheairflow to thetankswhentheyarenotto be pressurizedThe pres-
sureregulatoris fed with air by the ECSandthentheairflow passeshe air ejec-
tor. Therearealsotwo otherconnectionsOnefor referencepressurdrom CVU
and one for the surroundingair pressureThe pressureregulator works like a
valve. A valve is modelledasanorifice with variablearea.Thevalvesusedin the
model of the fuel system are of the same principal typewtetfly valves”.

Airflow )
—>
Duct
—>
—_— /
Shaft PO R Disk

Figure 3.5: Butterfly alve

Theflow throughthe butterfly valveis controlledby anactuator regulatingthe
angle¢. When$=0" the valveis completelyclosedandwhen$=90" thevalveis
completelyopen.The flow throughthe valve canbe calculatedby using (3.1).
Alternatively the follaving formula might be used.

. _ALC
m=="=/P2-P3 (3.2)

G

where

C = constant of proportionali{)Nﬁiﬁ}
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The areais however asmentionedearliernot constant.The effective areaof the
valve has to be calculated by measuring angle position of the shaft using:

Agis = Ag(l—cosp) (3.3)

where

A = effective area [rf]

A= maximum efective area [rfl
¢ = valve angle {]

The actuatorthat regulatesthe angleis controlledby an ordinaryPI-regulatorin
themodel. The proportionalityandintegral constantave beenadaptedo fit the
“real system”.The pressureegulatoris an actve componentthatis, it canbe
controlledin orderto excite the system.This makesit possibleto createaddi-
tional residuals and thereby enhance the ability to diagnose the system.

3.2.3 Volume

Thevolumein thetanksaswell asthetemperaturare consideredo be constant
atthetime of measuremerandcalculation.This mightseemto bealimiting fac-
tor but the measuremenand calculating processis so fast that ary volume
changes due to fuel consumption etc. agligibdle.

T

Figure 3.6: dlume

Sincethevolumeis constanandthe gasmassflow into the volumeis known the
pressure can be calculated using the idasliav.

PV = mRT (3.4)

where

P = pressure &

V = volume [n7]

m = gas mass inMume [kg]

R = gas constant = 287 [J/(kgK)]
T = temperature [K]
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Sinceall variablesexceptthe gasmassare constanthe ideal gaslaw caneasily
bedifferentiatedThetemperaturés in factnot constanbut it canbe setconstant
sincethe temperatures known at all timesandthereforeeasily canbe putinto

the equation.According to the simulationsmadethis solution is satisfyingly
accurate By differentiatingwe get the rate of changein air pressurewhich is

usedas feed backto the pressureregulator The masschangeis calculatedas
mass flav in minus mass fle out.

m = m, —mg (3.5)
The diferentiation of the idealas lav now gives us:

5 _ RT, . :
P = V(min—mout) (3.6)

3.24 Controlled Vent Unit

The ControlledVent Unit, CVU, is animportantpart of the fuel pressurization
system. It has the folwng assignments:

*  Ensure that the tanks arentilated during refueling.
+ Keep all tanks>xept T1 pressurized during flight.
* Keeping T1 pressurized when ordered.

»  Protect the tanks agnst lage pressure diérences.

* Send out an alert if the pressure is to high orwo lo

The CVU is basicallyworking like a switch, it hasthreepositions,All, Partial
andMedium.Whenthe CVU is setin positionAll, it keepsall tankspressurized
by allowing air to flow from the pressureegulatorout into the tanks.Whenit is
setin position Partial the CVU cuts off the flow to T1 and therebyall tanks
exceptT1 getspressurizedPositionMedium is usedduring refueling. Whenin
position Medium the CVU allows all tanksto be ventilatedand thus making
room for the fuel. The CVU also hastwo pressureswitches,indicating if the
pressuras to high or to low, theseswitchesarein the modelreplacedwith pres-
suresensorsn thetanks.In additionto this it hasa relief valve that protectsthe
tanks aginst high pressure @&rences.

The CVU is in Simulink modelledas a switch with threepositions.The relief
valve is modelled as an orifice connected to surrounding air pressure.
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3.25 Air gector

Theair ejectoris asimpleconstructiorwith acomplicatedbehaior. Its maintask
is to feedthe CVU with air during pressurizatiorof the tanks.The primary flow
from the pressuraegulatordrivesthe secondaryflow from the ventilationtank.
Whenthe air pressurdrom the regulatoris higherthanthe pressuren the tanks
air flows from the regulator throughthe air ejector inducing a secondaryflow
from the vent tank. Theseairflows then mix andflow throughthe CVU to the
tanks that are to be pressurized, see Figure 3.7 and equation (3.7).

Whenthe air pressuran the tanksis higherthanthe pressurérom the pressure
regulatorthe ejectorcutsoff the flow from the pressureegulatorin orderto pre-

ventfuel from enteringthe pressureegulator The secondarylow openingstays
open at all times, alwing the tanks toentilate also this ay.

FlowToCVU = PrimaryFlow + SecondaryFlow (3.7)

Secondary fl

\\
Flow to CVU

> e

7/

Secondary fh

Primary flav

Figure 3.7: Air ejector

The Simulink model of the air ejectoris basedon the behaior of the ejector
ratherthanon the physical equationsdescribingit. It is modelledasa low pass
filter togetherwith aleakagefrom the tanks,correspondingo the leakagewhen
the pressureregulator is deactvatedor the pressurdas higherin the fuel tanks
than in the pressuregelator

3.2.6 Flamearrestor

The flame arrestoris basicallyan orifice to ambientair, andit is alsomodelled
like an orifice. It is designedo prevent externalfire to spreadnto the fuel sys-
tem. That is, the fuel or fuel gasesthat leak out from the vent pipe might be

30



Fuel system

ignited andthe flame arrestorcontainsa device that prevent the flamesto reach
the venttank. Massflow equation(3.2) is usedto calculatethe pressurdossout
to ambient air

3.2.7 Pressurization system

Thetwo mostcritical partsof thefuel pressurizatiorsystemarethe pressureeg-
ulatorandthe ControlledVentUnit, CVU. They controlthelevel of the pressure
andalsowhich tanksthat areto be pressurizedThe pressureegulatorandthe
CVU are alsothe mostcomplex componentsn the fuel pressurizatiorsystem
andthustheonesthatarehardesto build anaccuratenodelof. Figure3.8 shawvs
amoredetailedfigure of the fuel pressurizatiorsystemwith extra attentionpaid
to the CVU.

Vent Pipe
CVU Controlled /

Vent Unit
T2A Vent Tank H TIF TIA T3
1T

= S

Air Ejector —_| |

TF | L

|/ | NGT

Pressure Regulator T H

Air Cleaner r — -1 DropTank

| s |
L — 4J

SAAB
J1-A-370000-G-S3627-72398-A-01-2

Figure 3.8: Function of the ControlleéM Unit
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Chapter 4

Tank pressurization diagnhosis

In this chapterthe diagnosissystemfor the tank pressurizations describedAll
residualsarepresentedogethemwith the decisionstructurethatmakesfaultisola-
tion possible.Eachfault modeis testedagainstthe Easy5modeland presented
togetherwith their thresholdsFirst a generalsolutionis presentedandthenthe
systemwill belimited to the numberof sensorsnostlikely to beaddedandthe
useof model-basedliagnosisn this caseis alsodiscussedIn this chapteronly
the theoreticalbehaior of the systemis discussedthe validatedsystemis dis-
cussed in Chapter 5.

4.1 Fault categories

Thecombatfighter Gripenhasbeenflying for overtenyearsandduringthis time
statisticsover all faultsthathave occurredhave beengatherecandsavedin order
to continuouslyimprove the system.This statisticsis unfortunatelynot public.
Thereforethe following discussiorhasbeenmade.The tank pressurizatiorsys-
temhasbeenchoserfor testingactive diagnosissinceit is ratherlimited andcon-
tainsonecomplex moving part,thesocalledCVU. Thefaultsthatcanoccurcan
be divided into four categyories,moving parts, sensors, solid objects andfunc-
tionality.
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As for all systemsomecomponent@aremoreerrorpronethanother In general,
moving parts, suchasvalves,have shavn to be errorprone.Somesensors, like

pressuresensorsbasedon a thin membranecan be sensitve. Sensorghat are
exposedo hightemperaturessibration,i.e. canalsobeunreliable. Sensorsome
times also have the possibility to diagnosethemseles and in thosecasesthe
diagnosissystemcanbe mademuchmorereliable. As mentionedearlier pipes,
tanksandothersolid objectsarenot very likely to fail. Sometimegunctionality

faults canbetreatedthe sameway ascomponentaults.In the caseof tank pres-
surizationthe incoming pressurdas importantto monitor. If this pressuras too

low the entirediagnosissystermwill beuncertairsinceit is designedvith alower

limit for incoming pressure.

4.2 Fault modes

In this sectionthe 15 fault modesfoundin thetankpressurizatiosystemarepre-
sentedThetwo fault modesleakageandblocking hasbeensetasonly two fault
modesalthoughtherearemary placeswherea pipe canleakor beblocked. This
is donein orderto limit thesizeof thedecisionstructurejf afaultcanbeisolated
asaleakageit is left up to the mechanicdo find out wherethe leakages. In all

diagnosissystemghereis alsothe statein which the systemis supposedo be,
the no &ult state.

Below the faults considered are listed.

Moving parts

Fault 1: Pressure gelator &iling.
Fault 2: Controlled ¥nt Unit filing.

Sensors

Fault 3: Pressure sensor in tank ailifmg, (Prq).

Fault 4: Pressure sensor in tank Redirfg, (Fres)-

Fault 5: Pressure sensor in ambient aiirfg, (Pximosphere-
Fault 6: Pressure sensor in the ECS systghng, (B=c9.

Fault 7: Temperature sensaaifing, (T).
Fault 8: \blume sensor in tank T&ifing, (V11).

Fault 9: \blume sensor in tank Restiling, (Vgres)-

Fault 10: Position sensor for pressurguiator filing, (A).
Fault 11: Position sensor for Controlleént Unit filing, (CVUyeasured-
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Solid objects

Fault 12: Leakage.
Fault 13: Blocking.

Functionality

Fault 14: Lav pressure from Bsironmental Control System.
Fault 15: No Rult, referred to as NF

Most of thefaultsaremodelledin the sameway andthereforet mightbein place
to onceagain presenthe mostgeneralway of modellingafault, which alsois the
model that is generally used in this thesis, equation (2.1).

This meanghatthe obseredvalueequalsthe correctvalueplusafault signal.In
the fault free case thadlt signal equals zero.

Below the fault modes and their d#rent ways of &iling are presented.
4.2.1 Pressureregulator and Controlled Vent Unit

The pressureregulator is, as mentionedin section “Pressureregulator” on
page27, modelledasa Pl-controller Thereareseveralreasonsvhy the pressure
regulator might fail. Sinceit is supposedo be a controllabledevice thereis of
coursethe possibility of bad connectionto the controlling device. Thereis also
the possibility that someinternal partis jamming or that the pressureregulator
itself jamsin someway. The fault wherethe connectiorto the controllingunit is
failing, i.e. the pressureregulator doesnot assumethe correctmode, active or
closed,is modelledwith a switch. Regardlessof which of the otherreasondor
thefaultit is simulatedoy addinga constanto the P- or I-values,or by changing
the @in, i.e. the maximum area.

Sincethe ControlledVentUnit, CVU, is basicallyworking asa switch, all faults
are modelledso that the CVU is in the wrong position comparedto the one
orderedby the controlling system.lt is also possiblefor the CVU to get stuck
betweenthesepositionsandthis fault modeis simulatedby changingthe outlet
areas from the CVU.
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4.2.2 Sensors

Sensorganbreakin differentways,but it is hardto know exactly how they will
fail in every single caseso the generalfault modelfrom equation(2.1) is used.
Bias faults were simulatedby adding a constantvalue to the valuesfrom the
Easy5 model, to simulate a sensor that breaks a random sagabided.

4.2.3 Leakageand Blocking

All leakagesaresimulatedwith a new orifice leadingto ambientair, with a vari-
ableareaAlso in this casethefault modelfrom equation(2.1) wasused Whena
pipeis blockedit is simulatedoy changingthe pipe areasj.e. equation(2.1) was
used agin.

424 LowECSpressure

Low pressurdrom the ECSwassimulatedsimply by usinga smallinput signal.
The modelworked alsounderthesecircumstancesut it is a fault casesincethe
airplanedoesnot meetthe requirementstatedin the specificationif the input
pressure is too e

4.3 Diagnosissystem

Thediagnosissystemthathasbeenimplementedor the tank pressurizatiorsys-
temis basedon a numberof fictive sensorsThis way eleven testquantitiesare
producedandfrom thesethe onesthatare possibleto realizeare selectedEach
testquantityis describedn detailbelow. For eachtestquantityafaultthatexcites
that specificquantity is simulatedand the thresholdedesultis presentedThe
thresholdsare dashedandthe measuredaignalsolid, exceptwhenthe measured
valueis comparedo a constanievel whenboththe constanievel andthe mea-
suredsignal are solid. Eachtest quantity is also describedmathematicallyIn
orderto getasmuchinformationaspossiblefrom the presentedesultsdifferent
faultsareusedto excite theresidualsvhenpossible Sinceit is possibleto excite
thesystemandthusperformactive diagnosistheresidualslependntheordered
position for the pressuregelator and the CVU.

Thediagnosissystemwastestedduring threedifferentworking conditions pres-
sureregulatoractive with CVU in positionAll, pressuraegulator passive with
CVU in positionAll, andpressureegulatoractive with CVU in positionPartial.
The fourth possiblecombination,pressureregulator passive, CVU in position
Partial, was also consideredibdid not contrilate with aly additional residual.
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4.3.1 CVUin position All, regulator active

Whenthe pressurgegulatoris setin positionactive andthe CVU in positionall,
the followving six residuals can be calculated.

ECS pressure check

Sincethe pressurdevel deliveredby the ECSis critical for the tank pressuriza-
tion it is importantto superviseThis relationis an exampleof traditional limit
checkingwherethe measuredaluesarecomparedvith a predefinedimit. If the
measured alue is belw the limit an alarm is generated.

The residual is calculated as:

Rl = IDECSmeasured - IDlimit (4.1)

Thelimit is setto 200kPa over ambientpressureTheresidualR; is usedto test
the typothesisHY:

0.

HYF, D{NF, Fy, Fy, Fy, Fy, Fs, Fyy Py Fo, Fyg Fig, Fip Fgh
1.

HEF, O{Fg F1g)

This meanghatR; is sensitve for low pressurento the systemor if the pressure

sensoifor ECSis failing. In orderto determinewhich faultsthateffect a certain
residualtheresidualitself is studied All sensorsignalsin theresidualmustnatu-
rally affect its behaior. If thereareary physical relationsin the residual,con-
tainingvariablesof somekind, onemustalsoconsidemwhetherthesemighteffect
the residualif one of them changesPhysical constantdik e the molar gas con-
stant,etc.canof coursenotchangeheir valuesandthusdo not effecttheresidual
in ary otherway thanparticipatingin the equationsin this casethe only things
thataffecttheresidualarethe sensosignalandthe physicalbehaior of the ECS.
sotheresidualis sensitve for fault modeskg andF 4. In Figure4.1aninputsig-
nalthatinitially is underthethresholds shavn. Obsenre thatit is duringtheini-
tial 50 secondghattheresidualin this casewould signalfault, after 50 seconds
the pressure rises almthe threshold.
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Figure 4.1: Thresholded input pressure

It is importantto remembethatevenif H(l) is notrejectedthefault modesin H%

arenot excludedaspossiblefaults. This is dueto the nomenclaturg@resentedn
chapter2, wherethedon' care symbolX wasintroduced.SinceX is usedin the
decisionstructureit is not possibleto saythatsincethe null hypothesisvasnot
rejectedit is true, one must insteaddrav the conclusionthat since the null
hypothesisvasnotrejectedall fault modesarepossiblejncludingNF. Thedeci-

sions corresponding tg/pothesis tesk; are presented belo

S, = Q if HYis not rejected.

S, = {Fg Fy 4} if HYis rejected.

Pressure check Tank 1, (T1)

Betweenthe pressuresensoifor ECSandthe pressuresensoiin tank T1 thereare
mary componentsamongthesethe pressureegulatorandthe CVU, both with
moving partsandthuserror prone.The pressurdn tank T1 is simulatedin the

fault free caseand then comparedwith the measuredvalue from the Easy5
model.

t
_ TR (ALC /7
0
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Equation (4.2) uses the nomenclature from equation (3.1) and (3.2).

The residual Ris used to test theypothesing:
0.
H2,Fp O{NF, F,, FlO’ Fiq}

1.
H3F, O{Fy, Fy Fg Fg Fg Fo Fg Fo Fio Frg Frgh

ThismeanghatresidualR is sensitve to all faultsexceptthe sensoisignalsgiv-
ing the pressuren tank Restandthe positionsfor the pressuragegulatorandthe

CVU, thus all other sensors orysical relations are embedded in the equation.

This residualis an exampleof model-basedliagnosisthe pressuresimulatedin
Simulink is comparedwith the measuregressurdrom EASY-5. Sincemodel
faultsareimpossibleto avoid adaptve thresholdgrove very useful.Herethefirst
example of how an adaptve thresholdmight be usedis presented Adaptive
thresholds hae previously been presented in“Thresholds” on pafe

Below in Figure4.2is thethresholdegressuren tank T1, the pressureegulator
heregoesfrom active to closedafter 70 secondsi.e. one of the regulatorsfault
modes.
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Figure 4.2: Thresholded pressure tank T1
It is clearly shovn how the thresholdsare more generousn the initial, more

dynamiccase,and how they getcloserto the measured/alue whenthe system
reachesa region wherethe modelis more accurate Faults during the dynamic
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stagesarethusharderto detectthanfaultsthatoccurduringsteadystate.Thisis a

limitation but not asbig a limitation asone might think. During dynamicstages
of the flight high stressis put on all partsof the aircraft, making sensordess
accurateandalsomakingothersystemshanthe diagnosissystemgo into special
modeslt canthereforebe discussedvhetheror not arny diagnosisshouldbe per-

formedduringthesestager if the diagnosissystemshouldbelimited to steady
flight, or at leastallowed to leave lessaccurateresultsduring dynamicstages.
This alsoshows the benefitsof usingadaptve thresholdsthe resultsarerelevant

during the entire wrking range if the thresholds are constructed correctly

Pressure check Rest

ResiduaB is very similarto residual2, the pressuralifferencebetweerthe simu-
lated and measuregressuran tank Restis calculated.The differencebetween
these residuals is only the use ofaliént sensors.

The residual looks li

t
_ TR AL 7 2
R3 = Prest— E.r_ﬁ JPEcs ~PRestdt * Patm (4.3)
0

Thenomenclatures like beforetakenfrom equation(3.1)and(3.2). Theresidual
R3 is used to test theyhothesisH:

0.
H$:F, D{NF. Fy Fyo Fy))
1.
H3F, U{Fy, Fo Fy F5 Fg Fy Fg Fo Fio Frg Frgh

Comparedo R,, R is sensitve for F4 insteadof F3, andapparentlynot sensitve
to F,. Thereasonwhy Rj is notsensitve for faultsin theCVU is thattank Restis
pressurizedothwhenCVU is in positionPartial andin positionAll. Shouldthe
CVU fail in sucha way thatthe passagé¢o tank Restis blockedin ary way this
would countasa blockingandnot a failing CVU. In Figure4.4 thethresholded
pressuren tank Restis shavn. The solid line shavs the measuregressureand
thedashedine is theadaptedhresholdln this casea sensoifault with the sizeof

40



Tank pressurization diagnosis

5 kPa was introducedafter approximately50 secondscausingthe measured
value to break the threshold shortly aftards.
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Figure 4.3: Thresholded pressure tank Rest

Sincethe samemodeluncertaintiesre presenin this casea similar thresholdas
for R, was used.This examplealso illustratesthe needof both an upperand

lower threshold,the faults can naturally causedeflectionsboth to higher and
lower values.

Area check

Theregulatedareain the pressureegulatorcanbe simulated.This simulationis
usedwhenconstructingR,. In R4 thesimulatedareais comparedo themeasured
area.Thefactthataregulatoris presenin the systemactuallymakesdiagnosisof
the systema lot harder The regulatorhasthe capacityto hide otherfaults,like a
leakagefor example. The only way to getaroundthis problemis to have a resid-
ual that actually checks thegidated area.

The residual looks li

R4 = Ameasured_AsimuIated (4.4)
The function that describeghe simulatedareais rathercomple, actually more

like asmallprogram,sothedetailsof how the areais simulateds left to Appen-
dix B.
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The residual Ris used to testy(p)othesing:

0-
H’F D{NF,F,F,F’F ’F }
.
H1F D{F’F,F,F’F’F,F ,F ’F }

In Figure4.4thethresholdedreahasbeenaffectedby afailing temperatureen-
sorThe size of the fault was large, 1000 K, which was necessaryn order to

achieve a significantchangeof the area.The solid line shavs the measuredirea
and the dashed line is the threshold.

Area [%]

L L L L L L
20 40 60 80 100 120

Time [s]
Figure 4.4: Thresholded area

This examplealsoshows an otherinterestingeffect. Sincethe pressureegulator
is controlledwith mechanicafeedbackin the real systemi|t is not affectedby a
failing sensarin this caseit is insteadthe modelthatis giving the wrongvalue,
sincethe softwaremodelof courseis dependingon sensorsandthe thresholdis
alsogeneratedrom the model. The falsetemperatureaffectsthe simulatedarea
but the mechanically controlled area remains correct.

This meanghatthe measuredalueof theregulatingareaactuallyis correct,and
thatthethresholdhasbeendisplacedTheresidualhowever still givesthe correct
result,during the fault free stateit is zeroandwhena fault is presentt is non-
zero.
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CVU check

When checkingthe ControlledVent Unit the measuregositionis simply com-

paredwith the positionthathasbeenorderedby the control system A measure-
mentsequencevherethe CVU is orderedn differentpositionsandthe positions
are measuredould reseal ary faults.

The residual looks li

Rg = CVU 4—CVU (4.5)

measure ordered

The residual Ris used to check theypothesing.

0.

HOF) O{NF, Fy, Fy Fy, Fg, Fg, Fr Py, Fo, Fi Fip Fig Figl
1.

HLF, O{Fy Fpq)

Sincethe sensorghat measurghe CVU:s position actually are switches,there
will be no uncertaintiesn the measuredraluesandthus no thresholdis neces-
sary Below a figure wherethe CVU leavesits position after 50 secondsthe
residual is zero in thaldlt free case and signals one whaultfis detected.
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Figure 4.5: CVU residual
Whenthe CVU is checledin this way the systemis not in the samestateall the

time. It is alsopossibleto build oneresidualfor eachcasebut hereonly this one
is presented.
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Pressure check T1, Rest
Whenthe pressuraegulatoris active andthe CVU in positionAll, the pressure
shouldbethe samein bothtank T1 andtank Rest.The measured/aluesin these
two tanks are compared and used to form residglal R
The residual looks i
Re = Pr1—Prest (4.6)

The residual Ris used to check theypothesing.

0.
HG,FIO O{NF F,, F5, Fe F7 Fg Fo: F10 F11 F1 Fra)

1.
H&F, O{Fy Fy Fy Fogh

In Figure4.6 the thresholdegressuran tank Restis shovn. The sensorin tank
Restis herefailing afterapproximately0 secondsThesizeof thesensoffaultis
5 kPa.

Pressure [&)]

Time [s]
Figure 4.6: Sensor check T1 Rest

By usingthevaluesfrom the sensoiin tank T1 to form athresholdjn this casea
thresholdwith constantvalue, faults canbe detectedA constanthresholdwas
choserthistime sincethevaluesaresupposedo be exactly the samefor the two
sensorsThe reasonwhy the thresholdappeardo be so closeto the measured
value during the transientstageis only a visual effect, the thresholdis equally
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large during the entire measurement. If the sensor in tank T1 had failed instead of
the sensor in tank Rest it would have been the threshold that had been displaced
but the result would have been the same anyway, an alarm would have been gen-
erated since the values differ to much.

In Figure 4.7 the thresholded residual is shown instead of the thresholded pres-
sure. It can here be seen how the residual is approximately zero in the fault free
case and how the residual clearly deviates from zero and crosses the threshold
when afault isintroduced.
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Figure 4.7: Thresholded residual tank Rest

4.3.2 CVU in position All, regulator passive

By keeping the CV U in the same position but turning the pressure regulator pas-
sive, four of the residuals are possible to use again. Since the working conditions
now are different the residuals will be sensitive to an other set of faults. All these
residuals are sensor checks, i.e. hardware redundancy or limit checking. It could
though be argued that hardware redundancy is the same thing as model-based
diagnosis, only that in this case the relationship between the two sensorsis one to
one.
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Pressure check T1, Rest

Thisresidualis very similar to the previous one,but sincetheregulatoris passve
andall tanksshouldhave atmospherigpressurefaultsin the CVU doesnot affect
this residual.This is becausevenif the CVU shouldcomeinto the wrong posi-
tion, i.e. position Partial, the tankscan still be ventilatedand thus should still
have the same pressure.

The residual looks i
R7 = P11~ Prest (4.7)
The residual Ris used to check the/pothesisHQ.
H?;Fp O{NF, Fy, F2, F5, Fe F7. Fg Fo F10 F11 F12 Fiat
H$:F, O{F3 Fy Fg}

Theresidualis testedby introducinga failing sensorafter 50 secondsasbefore
thesizeof thefaultis 5 kPa. Also in this figurethe measuredignalis solid while
the threshold is dashed.
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Figure 4.8: Sensor check T1 Rest

Thetwo following residualsarevery similar to this onesono figureswill bepre-
sented for them.
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Pressure check T1, Atmosphere

Sincethetanksaresupposedo have thesamepressurastheambientair thetank
pressureouldalsobe comparedvith theambientpressureThisis donein order
to form residual B

The residual looks lig

Rg = P11 =Patmosphere (4.8)

The residual Ris used to check theypothesisl—lg.

0.
H8'Fp O{NFF,, F4, Fe F7 Fg Foo F1o F11 F1o Frat

1.
HS,Fp O{Fy, Fg Fg, Fyg}
Pressure check Rest, Atmosphere

The same test can of course also be done for tank Rest, forming regjdual R

The residual looks li

Rg = Prest—Pa (4.9)

Rest ~ " Atmosphere

The residual Ris used to check theypothesing.

0.
H$F, O{NF, Fy, F_, Fg, F7, Fg, Fo, F1g Fip, Fip Figd

1.
Hg;F, O{Fy, Fy Fs Fyg)
Area check

Sincethe pressureegulatoris passve theregulatedareashouldbe zero.It is pos-
sibleto form yet anotherarearesidualin orderto checkthis. The adwvantagewith
thisresidualcomparedo the otherareacheckis thatherethereis norelationto a
model, only limit checking.This is thus anotherexample of how to usetradi-
tional approachestogether with new methods like model-baseddiagnosis,
together the give a better result than ghevould have if used on theirwn.
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Theresidual Ryq looks like:

R10 - Ameasured (4'10)

Theresidual Ryq is used to check the hypothesis H 90 :
0.
Hlo,FIO O{NF, F,, F3, Fy Fs, F6, F- Fg Fg F11: F19 F13 F1a}

1.
HipiF, O{Fy, Fig}

In this case it is not possible to check the residual without a threshold, as when
the CVU was checked. The reason why thisisimpossible is that in the case with
the CVU switches were used to measure the position, but the pressure regulator
uses an ordinary linear sensor, and therefore there is a risk for sensor distur-
bances. Below a thresholded fault is presented, the pressure regulator here
becomes active after 50 seconds. The constant threshold is dashed and the mea-
sured valueis solid.
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Figure 4.9: Thresholded area

Obviously the failing pressure regulator makes the area go outside its thresholds
and thus generating an alarm.

4.3.3 CVUin position Part, regulator active
When the CVU isin position Partial, tank Rest is completely cut off from tank

T1. This means that the sensor values from tank T1 does not affect Rz like they
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did before.This meansthat also theseresidualsare sensitve to differentfaults
than before.

Pressure check Rest

The following residual is formed:

t
T[R (AT
Ry, = P ——EJ'— P2 —P2__dt+P (4.11)
11 Rest V Rest ] JT ECS " Rest Atm

The nomenclatures like beforetaken from equation(3.1) and(3.2). The differ-
encecomparedo Rj is thatthe simulatedpressureloesnot usethe volumesen-

sorin tank T1. Sincethe two tanksarenot connectedhereis no needto usethis
sensolin orderto simulatethe pressuren tank Rest.Only the volume sensorin
tank Rest is needed.

The residual R is used to test thQ/bothesisH?l:

0.
HO3F, O{NF, Fy, Fg F1 Fyy}

1.
Hll’Fp 01 Fl’ I:2’ I:4’ l:5’ FG’ I:7' I:9’ I:12’ I:13’ I:14}
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Figure 4.10: Pressure check Rest

Sincethisresidualdecouples sensothatR; did notdecoupldt is agoodexam-
ple of how to useactive diagnosisn orderto receve residualssensitve to differ-
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ent faults. In Figure 4.10 the thresholdedpressurein tank Restis shavn. As
earlierthe thresholdis dashedand the measuredralueis solid. After approxi-
mately50 seconds leakageoccursin tank Restandthe pressurelropsto alevel
close to ambient air pressure, clearly outside the thresholds.

44 Decision structure

Thehypothesigdestspresentedhn the previoussectioncanbe usedto form adeci-
sionstructure At first thefull decisionstructurewill be presentedthenasmaller
for the Gripen project more retgnt, decision structure will be deed.

In Table3 thefull decisionstructureis presentedR; to Rg arerecevedwhenthe
pressureegulatoris active andthe CVU in positionAll, residualsR; to Ryg are

recevedwhenthe pressureegulatoris passive andCVU in positionAll. Resid-
ual Ry, is receved whenthe pressureregulatoris active and CVU in position

Partial.

Table 3: Decision structure

o <l N o™oF <

TANETi [NTicS TR INTol AT Tl o IRVl T T INTA T T -
Re]o JoJo [0 [0 [X ][O o [0 [0 O fo O [X |O
Re [ X [ X |X |O [X X |[X X |X |0 [0 |X[X]|X]O
Re [ X [ X ]O |X [X X |[X X |X |0 [0 |X[X][X]O
Re X |0]O |0 [ X |[X [X X |X |0 |0 [X|X]|X|O
R |0 | X |0 |0 |0 |0 O |0 |0 |O [X|O |O]O |O
Re JO | X |X [X [0 |0 0 |0 |0 |0 OO0 [X]O |O
R 10 Jo|[X [Xx [0 ]|o o |o o [o o o [X]O |O
Re |[X |O|X |0 |[X |0 O |0 |0 |0 OO |X]O |O
Re |X |0 ]O |[X |[X |0 [0 |0 |0 |0 OO [X]O |O
Rio|X |0 ]O [0 |0 |0 [O |0 |0 [X O fo O ]O |O
R [X [X O [X [X [X [X |0 [X |0 [0 [X [X][X]O

As mentionedearlierin chapter2 a “X” meansthat the fault might affect the
residualanda“0” meanghatthefaultcannotaffecttheresidual.This meanghat
if aresidualreactswherethe fault hasa “0” in the columnthatfault cannot be
the reasonwhy the residualis failing. With a good model and cleverly chosen
thresholdsand measuremendreastogetherwith the initial statementhat only
singlefaultsareconsideredt is possibleto changemostof the X:sinto 1:s.This
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would meanthatif a fault occursall residualswith an X in that columnshould
react.

It is of courseimpossibleto saythatthe X:s could alwaysbe exchangedo 1:s,
but togetherwith experimentsit is possibleto get an ideaof how likely it is.
Experimentshave shavn thatin steadystatethe modelis very accurateandthat
the residualsreacteven to very small faults, more aboutthe model verification
further on. With this in mind the decisionstructurecan be studiedand usedto
give averylikely diagnosisjn orderto helpthe mechanicgo repait or to inform
the pilot of any hazardougaults.Whenworking asexpectedthe residualshould
react to the X:s.

When the decisionstructureis studied,one can seethat the columnfor Fg is
equalto thecolumnfor F, 4 andthatthe columnfor F,, Fg andF;, alsoareequal.

This meanghatthe faultswithin thesetwo groupsareimpossibleto isolatewith
this setof testquantities.Thatsomefaultsarepresentcanthoughbe detectedas
well as which group of faults that should be investigatedfurther This is very
importantsincetheremightbetestdataor informationaboutthe componentsis-
tory which indicateswhich of thefaultsin oneof the groupsthatis mostlik ely to
have occurred.Togetherwith the diagnosissystemthis information gives the
mechanic a good starting point for isolating and repairingatie. f

As canbe seenin the decisionstructureactive diagnosissignificantlyimproves
the capability to detectand isolate faults. Without the possibility to use actve

diagnosisno more than seven residualswould have beenpossibleto construct,
(R1, Ry, R3, Ry, Rs, Rg, Rp9), but sinceseveral differentworking conditionscan

be usedthe decisionstructurecan be madelarger. Without active diagnosisF;

would have beenimpossibleto detect.F; andFg would form a groupwith F7, Fq

andF;, andwould thusbe impossibleto isolate.With active diagnosisboth F;

andFg arepossibleto isolate.If the systemhadbeenrunningunderthesediffer-

ent conditionswithout interferencefrom the diagnosissystem,active diagnosis
would not hae been necessary

The two mostimportantcomponentsthe pressureregulator and the CVU are
both possibleto isolatewhenusingactive diagnosisin Chapters the diagnosis
systemwill bevalidatedandtherethe performanceof the diagnosissystembuilt

in this thesis will be presented.
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45 Limited diagnosis system

The diagnosissystemin the previous sectionss an exampleof how a diagnosis
systemcould be designedn general.The specifictank pressurizatiorsystemin
Jas39 Gripendoeshowever not have all thesesensorsin the following sectiona
more limited diagnosissystemwill be presentedThe sensorghat alreadyexist
will be usedand somesensorswill alsobe added,sensordhat arelikely to be
included if the system is to be upgraded in the future.

Thesystemis alsonot quiteascontrollableashave beenassumedhn the previous
sections.The CVU usesthe fuel pressuren orderto changeits position, this
meansthat the fuel pumphasto be runningin orderfor the CVU to changeits
position.In the following sectionit is first assumedhat the diagnosissystemis
usedwhen no fuel pressuras available and then with fuel pressureavailable.
When no fuel pressure isailable the CVU is in position All.

45.1 Current sensors

The sensors that alreadyis in the tank pressurization system are:

*  Temperature sensor

e Volume sensorintank T1

e Volume sensor in tank Rest

e Pressure sensor in ambient air
e Position switch for CVU

With thesesensor®nly residualRsg is possibleto constructMore sensordiave to
be added in order taudd a model-based diagnosis system.

452 Added sensors

The sensotthatis absolutelymostcritical for the model-basedliagnosissystem
is thesensomeasuringhe pressurdrom the ECS.Sincethis signalis usedasan
input signalto the diagnosissystemalmostall residualsareimpossibleto build

without this sensor

In orderto setup ary pressureelationit is necessaryith morethanjust one
sensoythe pressuresensorsn tank T1 and tank Resthave thereforealso been
added.Thesethree sensorsare usedtogetherwith the alreadyexisting onesin
order to design a memodel-based diagnosis system for the tank pressurization.
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45.3 Decision structure?2

Wheninspectingthe residualsn section4.3 thefollowing residualsarepossible

to construct with the limited set of sensors and without fuel pressure:

Residual R
Residual B
Residual R
Residual R
Residual R
Residual R
Residual
Residual B

Whenthe CVU only canbesetin positionAll, theonly informationtheseresidu-
alscangive aboutthe CVU is thatit is notin positionPartial whenit is supposed
to be in position All. Nothing can be said aboutwhat position the CVU is in

when it is supposed to be in positicartal.

When fuel pressure ivailable also residual R is possible to construct.

Thus we get the folleing decision structure:

F
F

F

Table 4: Limited decision structure
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When observing this decision structure it is clear that a couple of groups can be
formed but also that some of the faults are possible to isolate. The column for Fq

isequal to the column for Fs, these faults can therefore not be isolated more than
to a group of faults. The column for Fg is equa to the column for Fy4 SO also
these two faults form a group. The third group consists of the columns for F,,Fg,
Fg and Fq5. All of the other faults can be directly isolated. It is also clear that
when adding the possibility to change the position of the CVU aso Fg can be iso-

lated. As mentioned above more information about the CVU also can be gath-
ered. When the CVU:s position can be changed the fault mode where the CVU
stands in position All but is ordered to position Partial can be revealed. Thus,
without this possibility all information about the CVU can not be gathered, only
that it does not stand in the wrong position when ordered to position All is
revealed.

Without the possibility to use active diagnosis but with fuel pressure, Fy, Fs, F7,
Fg and F1, would form one large group. Fg would like before be equal to F,4 and

the rest of the faults would be unique. Also in this case active diagnosis improves
the diagnosis capability.



Chapter 5

Verification

In this chapterthe diagnosissystemis validatedandthe resultsobtainedarepre-
sented.Someof the faults are presentedogetherwith the residualsbehaior, a
completepresentatiomf thefaultswith theresidualdbehaior is givenin Appen-
dix A. It is shavn thatthe systemis not behaing exactly accordingto thetheory
At theendof this chaptemrmethodgo improve the systemin orderto make it per-
form according to the theory are discussed.

Thereare a numberof factorsthat affectsthe ability of the diagnosissystemto
detectandisolatefaults. The mostimportantoneis the modelitself, in orderto
usea model for model-basedliagnosisthe model hasto be accurateat least
underthe circumstanceghatthe diagnosissystemis supposedo work. It is also
importantthatthethresholdsrewell adaptedo the modelfaultssothatthereare
few falsealarmsandsothatevensmallfaultscanbe detectedTheresidualsand
decisionstructurealsohave to be correct,otherwisethereis arisk of isolatingthe
wrong components.

Sincethis masterthesisusesa “model of amodel” to build the diagnosissystem
the focushasnot beenon optimizing neitherthe modelnor the thresholdsThe
main objective wasto exemplify the principlesof model-basedliagnosisnotto

build an optimal diagnosis system for the model.
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The diagnosismodel is however rather accurateand the thresholdsare well
adaptedalthoughnot optimal.Below Figure5.1is shaving how well thediagno-
sis model follavs the Easy5 model.

As canbeseenin Figure5.1the Simulink modelis very accurateat steadystate
while during the dynamic phaseit differs a lot from the Easy5model. This
behaior is rathertypical, usuallyit is easierto build amodelthatis accuratedur-
ing steadystate than during the dynamic phase.This is also when adaptve
thresholds pree to be most useful.

Pressure [&)]

— —  Simulink

—— Easy5 :

L L L L
60 80 100 120 140

Time [s]
Figure 5.1: \lidation of Simulink model

In thefollowing sectionthe decisionstructurethatthe diagnosissystemactually
deliveredwhenthe systemwas provoked with the differentfault modeswill be
presentedSomeof the faultswill be presentedogetherwith the residualsthat
reactto thatparticularfault, this in orderto validatethatthe decisionstructureis
working in practiceaswell asin theory andif not, to explain why the systemis
not working asexpected.The decisionstaken by the diagnosissystemare how-
ever taken with help of the decisionstructurein Table 3. This since although
someresidualsare not working as expectedit is not possibleto saythatthis is
alwaysthe caseonly onetestwasperformedandthe diagnosissystemmight be
valid under other wrking conditions.

56



Verification

5.1 Achieved Decision structure

The decisionstructureachiezed when running the systemwith faults addedis
presented indble 5.

Table 5: Achiged decision structure

al | o < v o ~ o o 2 4 S 3 3w

LL | L LL LL LL LL LL LL LL LL LL LL LL LL Z
R O |O]JO |O |O |2 /O |O |O |O |O]JO |O]1 (O
R 12 |121{J1 (O |2 |2 /O |O |O |O |O 1 |2 ]1 O
R 112 |20 (1 |2 |2 /O |O |O |O |O |1 |2 ]1 O
R {12 |0 JO |O |2 |2 |12 |[O |O |O |O 1 |2 ]1 0O
R |1O /2 ]0 |[O |O /O OO |O O |1]0 |00 |O
R |O /22 |12 |O /O OO |O O |O]O |2 1]0 |0
RO |OJ1 (1 (O |O O |O |O |O |O]JO |2 ]O |0
R 12 |0 |1 (O |2 |O (O |O |O |O |O]JO |2 ]O |O
R 12 |OJO |1 |2 |O (O |O |O |O |O]JO |2 ]O |O
Roj12 |OJO O |O |O (O |O |O |2 |O]JO |O]O |O
Rey212 |20 (12 |2 |2 /O |O |O |O |O 1 |2 ]1 |0

Whencomparingthis decisionstructurewith the decisionstructurein Table 3 it
is clearthatthediagnosisystemdoesnot behae asexpected Thefivefirst faults
canbe detectedandisolatedjust asin Table 3 and Fg forms a group with Fq 4.
WhenF; occursonly residualR, reactsgiving aninconclusve answerThediag-
nosissystemdoesnot reactat all for fault modesFg andFg, indicatingNo Fault.
The rest of thedult modes gie the &pected results.

Thediagnosisystems obviously notworking aswell asmightbeexpectedrom
atheoreticalviewpoint. It is however still useful. Thefaultsthatgive unexpected
resultsarepresentedelav togethemwith an explanationto why the systemdoes
not behae as gpected.
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Verification

Fault 1: Pressureregulator failing
In Figure 5.2 the pressureregulator is turning passve after 60 secondsObvi-

ously all residualsreactthe way they are supposedo, someare zeroandsome
indicate ault. The diagnosis statement is:

Diagnosis statemenSl;Fp O{F;}

R1 R2 R3
15 15 15
1 1 — 1 —
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
0 50 R4 100 150 0 50 Rrg 100 150 0 50 Re 100 150
15 15 15
1 — 1 1
0.5 0.5 0.5
%2}
(] 0 o o—
C
D -05 -0.5 -0.5
7 0 50 R7 100 150 0 50 pg 100 150 0 50 Rg 100 150
= 15 15 15
3
e ¢ 1 — 1 —
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
0 50 R0 100 150 0 50 Ry 100 150 0 50 100 150
15 15
1 — 1 —
0.5 0.5
0 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time [s]

Figure 5.2: Residual reactions tp F
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Verification

Fault 7: Temperature sensor failing

Figure5.3 shavs theresultsof a failing temperaturesensorin this caseresiduals
Ry, Rz andRy; arenotreactingasexpected.Thereasorwhy they arenot giving

the correctresultis the pressurgegulator In thesethreecasegshe pressuragegu-
latoris “hiding” thefault, sincethe pressureegulatoris controlleddirectly by the
pressuralifference the pressuran the tanksare correctaryway. Only initially
arethe residualsreactingasthey should.This meansthat a failing temperature
sensomight be hardto isolate,but an experiencedmechaniciarcould perhaps
aryway draw the correctconclusionby inspectingthe fault signals,anautomatic
systemwould thoughbe hardto build. The restof the residualsarereactingas

expected and the diagnosis statement is:

Diagnosis statemen8;;F, O{F,, F5, Fg, F7, Fg, Fo, F o, Fy3 Fy )

R1 R2 R3
15 15 15
1 1 1
05 05 05
o 0 0
-05 -05 -05
0 50 pRs200 150 O 50 g5 100 150 O 50 pg 100 150
15 15 15
1 1 1
05 05 05
%
< 0 o 0
5 -0s -05 -05
D 0 50 r7 100 150 0 50 pg 100 150 0 50 Rg 100 150
= 15 15 15
I 1 1 1
LC
05 05 05
o 0 0
-05 -05 -05
0 50R100 150 0 50 Ry1100 150 50 100 150
15 15
1 1
05 05
o 0
-05 -05
0 5 10 150 0 50 100 150
Time [s]

Figure 5.3: Residual reactions tg F
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Verification

Fault 8: Volume sensor in tank T1 failing

Theresidualsignalswhenthevolumesensoiin tank T1 is failing arepresentedn
Figure5.4. Justasin the casewith the failing temperaturesensorthe pressure
regulatoris hiding this fault. This meanghatalsothis fault might be very hardto
isolate,or evento detect.With a bettermodelandbetterthresholds|arge faults
might still be possibleto detectandisolatebut small faultswill still be hardto
both detect and isolate. In this case the diagnosis statement is:

Diagnosis statemenSS;Fp O{NF}

RL R2 R3
15 15 15
1 1 1
05 05 05
o 0 0
-05 -05 -05
0 50 Rg100 15 0 50 g5 100 150 O 50 pg 100 150
15 15 15
1 1 1
" 0.5H— 05 05
© - .
S 0 0
2 s -05 -05
D o S0 gy 100 15 0 50 pg10 150 0 50 pg 100 150
S 15 15 15
E o 1 1
05 05 05
o o 0
-05 -05 -05
0  50Rpl00 15 0 50 gy100 15 0 50 100 150
15 15
1 1
05 05
o 0
-05 -05
0 5 10 150 0 5 100 150
Time [s]

Figure 5.4: Residual reactions tg F
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Verification

Fault 9: Volume sensor in tank Rest failing

Whenthe volumesensoiin tank Restis failing the residualsignalsin Figure5.5
arereceved. Justasfor a failing volumesensolin tank T1 the residualsare not
respondinghe way thatthey would have if the pressure@egulatorwasnot hiding

the pressureaiilt. The diagnosis statement is:

Diagnosis statement:~’9;Fp O{NF}

R1 R2 R3
15 15 15
1 1 1
05 05 05
0 0 0
-05 -05 -05
0 50 pq 100 150 0 50 Rs 100 150 0 50 g 100 150
15 15 15
1 1 1
P 05 05 05
S 0 o 0
C
D -05 -05 -05
7} 0 50 g7 100 150 0 50 pg 100 150 0 50 Rpg 100 150
e
S 15 15 15
$ 1 1 1
05 05 05
0 0 0
-05 -05 -05
0 50 R1p100 150 0 50 R11100 150 50 100 150
15 15
1 1
05 05
0 0
-05 -05
0 50 100 150 0 50 100 150
Time [s]

Figure 5.5: Residual reactions tg F

61



Verification

5.2 Validation conclusions

In the previous sectionthe reactionof the systemto someof the possiblefaults
werepresentedOverall the systembehaed asit wassupposedo but it wasalso
clearthat someof the sensorsignalswould be hardto detectandisolate. This
problemcanbe resolhed by usingself diagnosingsensorsSelf diagnosingsen-
sorsuseatestsignalto checkwhetheror notthey arefunctioning.If selfdiagnos-
ing sensorswere usedand the results from those checkswere addedto the
decisionstructureall faultswould be possibleto detectandisolate. Theway the
systemis currentlydesignedault Fg andF;4 would be hardto differ from each

other F; gives a resultin which Fy, Fs, Fg, F7, Fg, Fo, F15, F13 and Fy4 are
pointedout as possiblefaults.Fg and Fg areimpossibleto detect,the diagnosis
systemactuallyindicatesNo Faultin thesetwo casesThis might seemvery lim-
iting but all thesefault modesare non critical for the pressurizatiorand also
ratherunlikely to appearAs mentionedearlierthe problemcould alsobe helped
with anextendeddiagnosissystem Thetwo mostimportantfaults,F, andF, are
however possibleto both detectandisolateso the diagnosissystemstill proves
useful.
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Chapter 6

Conclusions

The objective with this thesisis to investigatethe potentialof model-basedliag-
nosisin combinationwith active diagnosis.The diagnosissystemis exemplified
onthefuel pressurizatiosystemon JAS 39 Gripen.In orderto do thisamodelof
thefuel pressurizatiorsystemin EASY-5 is usedastherealsystemanda diagno-
sissystemis built in Simulink. Thenumberof faultsthatcanbedetectedandiso-
latedis investigatedunderdifferentassumptionsThe useof active diagnosisis
shavn and a number of necessary sensors are pointed out.

6.1 Discussion
6.1.1 General approach

In orderdo designa diagnosissystemmuch knowledgeaboutthe systemitself
have to be gathered.The history of the systemhasto be studiedin orderto find
out which faultsaremostcommonandwhich faultsthataremostcritical for the
performanceof the system.Studiesof old fault reportsandinterviewvs with engi-
neerswho have the “silent knowledge” aboutthe systemarenecessaryf a good
diagnosis system is to be designed.
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Conclusions

Thedesignof themodelusedin the model-basediagnosissystemis critical and
mucheffort shouldbe putinto makinga satisfyingmodel.If thediagnosisystem
is to be usedin realtime the processingime alsohave to be consideredcandthe
model might hee to be simplified in order teekep the time constraints.

Whendesigningthe testquantitiesmucheffort shouldbe putinto examiningthe
systemin orderto find all possiblefaults.If it is possibleto simulatethe process
the testquantitiesshouldbe testedbeforethe decisionstructureis designedn
order to mak sure that theare performing asxpected.

6.1.2 Diagnosis system for the fuel pressurization

With the sensorsvailablein the fuel pressurizatiorsystemtodayit is not possi-
bleto build anaccuratenodel-basediagnosisystemAt leastthreenew sensors
have to be added,one sensormeasuringthe pressurento the system,and two
sensorsmeasuringhe pressurdall over the CVU. With thesesensorsa limited
diagnosissystemcanbe built. The mostimportantfault modesthe pressureeg-
ulatorandthe CVU, (F;, F,), canbe detectedandF, canalsobe isolatedusing

thesesensorsWhenaddingthe possibility to useactive diagnosisF, canalsobe
isolated.

The bestresultsare possibleto achiaze whenaddinga fourth sensormeasuring
thepositionof the pressureegulator Thefourth sensodoesnotimprove thesys-

tem without using active diagnosis,actually additional fault modesare added,
increasingthe compleity of the system.However, whencombiningthis fourth

sensomwith the possibility to useactive diagnosisall faultscanbe detectedand

isolated completely or to a group of no more than three posailitenfiodes.

Whentestingthediagnosisystenthetheoreticakresultswerenotquiteachieved.
The mostimportantfault modescould still be both detectedand isolated but

faultsaffecting the temperaturesensorandthe two volume sensorgF, Fg, Fg),

werefoundto be hardto isolateor evento detect.The reasonawhy the system
did notwork aswell in practiceasin theoryis analyzedn Chaptei5. Thediagno-
sissystemis however alsowith thesdimitationsvery usefulsincefaultsaffecting
all moving parts can be detected and isolated.

The use of active diagnosisin combinationwith model-basedliagnosisobvi-
ously improvesthe capacityto both detectandisolatefaults. Whenfew sensors
are available active diagnosiscan be usedto increasethe size of the decision

structure and thereby making the diagnosis system perform significantly better
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Conclusions

6.2 FutureWork

Shoulda diagnosissystemlike the one suggestedn this thesisever be imple-
mentedn JAS 39 Gripenor ary anotherirplanemanufcturedoy SaabAB there
is still muchwork to be done.From this thesisthe principlesto designa model-
baseddiagnosissystemandhow to useactive diagnosigo make it moreefficient
canbeused.Sincethe diagnosissystemin this reporthave beendesignedo fit a
modelof theaircraft,all parameterdave to beredesignedndtestedagainstthe
aircraft in question.

The diagnosissystempresentechereis also calculatedin continuostime plane
andif it is to be implementedt hasto be redesignedo work in discretetime.
Someof the componentsn the diagnosismodel might have to be simplified or
redesignedn orderto cut the computationtime sincethe computersin the air-
planemostlikely arenot aspowerful asthe onesusedin this thesis.The system
hasto runin realtime which canbe complicatedor nonlinearcomplex systems.

The possibilitiesto addthe sensordave not beeninvestigatedhere,but at least
threenew sensorsarenecessaryo addin orderfor the diagnosissystemto per-
form well.

It would be very interestingto investigate the possibility to implementthis sys-
temin realtime andto redesigrnthe modelusedin the diagnosissystemin order
to cut the computation time.

It would alsobe of interestto furtherinvestigatethe potentialof usingself diag-
nosingsensorsn orderto increasehe decisionstructureandimprove the capac-
ity to detect and isolatadilts.
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Appendix A

Verification

In this appendixall resultsfrom the verificationwill be presentedogethemwith a
shortexplanationof the resultsandthe diagnosisstatementaken by the diagno-

sis system.

The diagnosissystemdid not performaccordingto the theoreticalassumptions
and possiblexplanations of the bekieor for each residual are presented here.

The conclusions of theevification tests are presented in Chapter 5.
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Appendix A

Fault O: No Fault, (NF)

Whenno faultsare presentoneof the residualsshouldreact,ascanbe seenin
Figure 1 all fault signalsare zero, thatis, no measuredignal leavesits thresh-
oldedareaandthusno faultsignalis generatedThisis thefirst indicationthatthe
residualsare correctly designedat leastthey fulfill the first requirement.The
diagnosis in this case is:

Diagnosis statemen&SlS;Fp O{NF}

R1 R2 R3
15 15 15
1 1 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
0 50 R4 100 150 0 50 Rs 100 150 0 50 Rg 100 150
15 15 15
1 1 1
o 0.5 0.5 0.5
© 0 0 0
c
2 -05 -05 -05
n 0 50 Ry 100 150 0 50 Rg 100 150 0 50 Rg 100 150
e
g 15 15 15
L 1 1 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
0 50 R10 100 150 0 50 Rrp1 100 150 0 50 100 150
15 15
1 1
0.5 0.5
0 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time [s]

Figure 1: Residual reactions to Nauk
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Appendix A

Fault 1: Pressureregulator failing

In Figure 2 the pressureegulatoris turning passve after 60 secondsObviously
all residualgeacttheway they aresupposedo, somearezeroandsomeindicate
fault. Obsenre thatevenif all fault signalsarepresentedogetherin the following
figuresthey werenot generategimultaneouslySinceactive diagnosids usedin
order to receve more residualsthe systemis in different statesdependingon
which residualsthat are generatedthe statesare presentedn Chapter4. The
diagnosis statement in this case is:

Diagnosis statemenSl;Fp O{F}

R1 R2 R3
15 15 15
1 1 — 1 —
05 05 05
0 0 0
-0.5 -0.5 -0.5
0 50 R4 100 150 0 50 Rg 100 150 0 50 Rg 100 150
15 15 15
1 — 1 1
05 05 05
n
o] 0 on— o—
c
D -05 -0.5 -0.5
n 0 50 Rr7 100 150 0 50 Rrg 100 150 0 50 Rrg 100 150
—
c:é 15 15 15
s 1 1 — 1 —
05 05 05
0 0 0
-0.5 -0.5 -0.5
0 50 R10 100 150 0 50 R11 100 150 0 50 100 150
15 15
1 — 1 —
05 05
0 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time [s]

Figure 2: Residual reactions tg F
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Appendix A

Fault 2:CVU failing

In Figure 3 the residuals when the CVU isfailing are presented, the CVU is here
in the wrong state. Which state that is wrong depends as mentioned earlier on
which state the system is supposed to be in, but here all fault signals are pre-
sented together. All residuals are reacting according to the theory. Residual 4 is
indicating fault initially, during the dynamic state the measured signal is appar-
ently outside its threshold but in steady state the residual is delivering the correct
result. The following diagnosis s received:

Diagnosis statement: SZ;FIO O{F,}

R1 R2 R3
15 15 15
1 1 1
05 05 0.5
0 0 0
-0.5 -05 -0.5
0 50 R4 100 150 0 50 Rs 100 150 50 Rg 100 150
15 15 15
1 Y e — 1
05 0.5 0.5
% 0 0 0
c
o -05 -0.5 -0.5
‘B 0 50 R7 100 150 0 50 Rrg 100 150 50 Rg 100 150
= 15 15 15
L% 1 1 1
05 05 0.5
0 0 0
-0.5 -05 -0.5
0 50 Rr10 100 150 0 50 Rry1 100 150 50 100 150
15 15
1 1
05 05
0 0
-0.5 -05
0 50 100 150 0 50 100 150
Time[s]

Figure 3: Residual reactions to F,
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Appendix A

Fault 3: Pressure sensor in tank T1 failing

The residuasin Figure 4 show the results when the pressure sensor intank T1is
failing. A fault with the size of 5 kPa was added to the sensor signal. Residual R,
is not responding immediately but after about 30 seconds, when the system isin
steady state, also this residua is giving the correct response, thus, the diagnosis

statement is:

Diagnosis statement: 83;Fp O{F5}

R1 R2 R3
15 15 15
1 1 1
0.5 0.5 0.5
0 0 0
-05 -05 -0.5
0 50 g 200 150 0 50 g5 100 150 0 50 pe 100 150
@ 15 15 15
S
B 1 1 1
= 05 0.5 0.5
,f 0 0 0
-05 -05 -05
0 50 g7 100 150 0 50 pg 100 150 0 50 Rg 100 150
15 15 15
1 1 1
05 05 05
0 0 0
-05 -05 -05
0 50 Rp100 150 0 50 g1100 150 50 100 150
15 15
1 1
05 0.5
0 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time[s]

Figure 4: Residual reactions to F3
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Appendix A

Fault 4: Pressure sensor in tank Rest failing

Figure 5 shows the residuals when the pressure sensor in tank Rest isfailing, also
in this case was the size of thefault 5 kPa. In steady state all the residual s give the
correct response. In this case the pressure sensor was failing from the start, had
the fault occurred after more then 50 seconds all the residuals would have given
the correct result immediately since al transients would have died off by then. In
this case the diagnosis statement is:

Diagnosis statement: SgiFp 0 {F,}

R1 R2 R3
15 15 15
1 1 1
05 05 05
0 0 0
-05 -05 -05
0 5 pe 100 150 0 5 g5 100 150 0 50 g 100 150
15 15 15
1 1 1
05 05 05
0 0 0
(7]
T 05 -05 -05
s 0 5 p7 100 150 0 5 pg 100 150 0 50 g 100 150
‘D15 15 15
3 1 1 1
3
05 05 05
0 0 0
-05 -05 -05
0 50 R1p00 150 0 50 Re1100 150 0 50 100 150
15 15
1 1
05 05
0 0
-05 -05
0 50 100 150 0 50 100 150
Time[s)]

Figure 5: Residual reactionsto F,
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Appendix A

Fault 5: Pressure sensor in ambient air failing

When the pressure sensor in ambient air isfailing the following result is received.
The size of thefault is5 kPa. As can be seenin Figure 6 al residuals give the cor-
rect result in steady state, although residual Rgq reacts a bit slow. In steady state

the diagnosis statement is:

Diagnosis statement: S5;Fp O{Fg}

R1 R2 R3
15 15 15
1 1 1
0.5 0.5 05
0 0 0
-05 -05 -05
0 50 Rg 100 150 0 50 g5 100 150 0 50 Rg 100 150
15 15 15
1 1 1
0.5 0.5 05
0
g 0 0 0
[
S -05 -0.5 -05
T 0 50 g7 100 150 0 50 g 100 150 0 50 Rg 100 150
% 15 15 15
g 1 tfp—— 1
05 05 0.5
0 0 0
-05 -05 -05
0 50 R1p100 150 0 50 11100 150 0 50 100 150
15 15
1 1
05 05
0 0
-05 -05
0 50 100 150 0 50 100 150

Figure 6:

Time[s]

Residual reactions to Fg
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Appendix A

Fault 6: Pressure sensor for pressurefrom ECSfailing

The results when the pressure sensor measuring the pressure from ECSisfailing
are presented in Figure 7. Residual R; is not giving the expected result during the

entire measurement period. Thisis due to the fact that the pressure from ECSisa
bit lower at the beginning of the period and is slowly getting larger and larger.
This means that a small sensor fault only brings the residua under the threshold
at the beginning of the measurement period. If the sensor fault had been positive
in stead of negative the residua would not have reacted at all. This shows the
importance of using X:sin the decision structure, thisis an example of aresidual
that does not always react to this kind of fault.

Diagnosis statement: SG;Fp O{Fg F14}

R1 R2 R3
15 15 15
1 1 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
0 50 Rrg 100 150 0 50 Rs 100 150 0 50 Re 100 150
15 15 15
1 1 1
0.5 0.5 0.5
[%2]
< O 0 0
C
o -05 -0.5 -0.5
D 0 50 g7 100 150 0 50 gg 100 150 0 50 Rg 100 150
% 15 15 15
L 1 1 1
0.5 0.5 0.5
0 0 0
-0.5 -0.5 -0.5
0 50 R1p100 150 0 50 11100 150 0 50 100 150
15 15
1 1
0.5 0.5
0 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time[s]
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Appendix A

Fault 7: Temperature sensor failing

Figure8 shaws the resultsof afailing temperaturesensorA fault signalof 1000
K wasaddedto the sensorsignal.In this caseresidualsR,, Rz andR; arenot

reactingasexpected.Thereasonwhy they arenot giving the correctresultis the
pressure@egulator In thesethreecaseghepressureegulatoris “hiding” thefault,
sincethe pressuraegulatoris controlleddirectly by the pressuraifferencethe
pressuran thetanksarecorrectanyway. Only initially arethe residualsreacting
asthey should.This meanghatafailing temperatursensomightbe hardto iso-
late, but an experiencedmechaniciancould perhapsarnyway draw the correct
conclusionby inspectingthe fault signals,an automaticsystemwould thoughbe
hard to lild. Following, inaccurate statement is reves:

Diagnosis statemeng;;F, [ {Fy F5 Fg Fo Fg Fg Fio Fia Fpat

R1 R2 R3
15 15 15
1 1 1
05 05 05
] — 0 0
-05 -05 -05
0 50 pg 100 150 0 50 ps 100 150 0 50 g 100 150
15 15 15
1 1 1
P 05 05 05
© 0 o o
[
D -05 -05 -05
7y 0 50 p7 100 150 0 50 pg 100 150 0 50 Rpg 100 150
-
c—% 15 15 15
e 1 1 1
05 05 05
] — o 0
-05 -05 -05
0 50 R1p100 150 0 50 R11100 150 0 50 100 150
15 15
1 1
05 05
] — 0
-05 -05
0 50 100 150 0 50 100 150
Time [s]

Figure 8: Residual reactions te F
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Appendix A

Fault 8: Volume sensor in tank T1 failing

Theresidual signals when the volume sensor in tank T1 isfailing are presented in
Figure 9. Just asin the case with the failing temperature sensor the pressure regu-
lator is hiding this fault. This means that also this fault might be very hard to iso-
late, or even to detect. With a better model and better thresholds, large faults
might still be possible to detect and isolate but small faults will still be hard to
both detect and isolate. In this case a false statement is delivered.

Diagnosis statement: SS;Fp O{NF}

R1 R2 R3
15 15 15
1 1 1
05 05 05
o 0 0
-05 -05 -05
0 50 pg 100 150 0 50 g5 100 150 0 50 Rg 100 150
15 15 15
1 1 1
05 05 05
m H—
® 0 o— o—
c
D 05 -05 -05
7y} 0 50 R7 100 150 0 50 Rg 100 150 0 50 Rg 100 150
% 15 15 15
I 1 1 1
05 05 05
o - 0
-05 -05 -05
0 50 Rp100 150 0 50 R11100 150 0 50 100 150
15 15
1 1
05 05
o 0
-05 -05
0 50 100 150 0 50 100 150
Time[s]

Figure 9: Residual reactions to Fg
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Appendix A

Fault 9: Volume sensor in tank Rest failing

When the volume sensor in tank Rest is failing the residual signals in Figure 10
are received. Just as for a failing volume sensor in tank T1 the residuals are not
responding the way that they would have if the pressure regulator was not hiding
the pressure fault. Also in this case a false statement was given by the diagnosis
system.

Diagnosis statement: Sg;FIO O{NF}

R1 R2 R3
15 15 15
1 1 1
05 05 0.5
o 0 0
-05 -05 -05
0 50 pg4 100 150 0 50 gs 100 150 0 50 e 100 150
15 15 15
1 1 1
0.5 05 0.5
% 0 o———mm o————
87 -05 -05 -05
B 0 50 g7 100 150 0 50 Rpg 100 150 0 50 Rpg 100 150
= 15 15 15
L% 1 1 1
0.5 05 0.5
o o 0
-05 -05 -05
0 50 R10 100 150 0 50 R17 100 150 0 50 100 150
15 15
1 1
05 05
o 0
-05 -05
0 50 100 150 0 50 100 150
Time[s]

Figure 10: Residual reactionsto Fq

79



Appendix A

Fault 10: Position sensor for pressureregulator failing

In Figure 11 the residual signals when the position sensor for the pressure regula-
tor isfailing are presented. A fault signal adding 10% to the measured value was
introduced. All residuals are reacting as they are supposed to, and since only one
residual isreacting to this fault the isolation would be very ssmple. The diagnosis
statement is:

Diagnosis statement: SlO;FIo O{Fo}

R1 R2 R3
15 15 15
1 1 1
0.5 0.5 0.5
0 0 0
-05 -0.5 -0.5
0 50 Rg4 100 150 0 50 Rs 100 150 0 50 Re 100 150
15 15 15
1 1 1
0.5 0.5 0.5
[%2)
®© 0 0 0
c
D2 05 -05 -0.5
2] 0 50 Rr7 100 150 0 50 Rg 100 150 0 50 Rg 100 150
—
% 15 15 15
LL 1 1 1
0.5 0.5 0.5
0 0 0
-05 -0.5 -0.5
0 50 R1g 100 150 0 50 R11 100 150 0 50 100 150
15 15
1 1
05 0.5
0 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time[9]

Figure 11: Residual reactionsto Fq
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Appendix A

Fault 11: Position sensor for the CVU failing

When the position sensor for the CVU is failing the residuals in Figure 12 are
received. In this case all residuals are reacting correctly, and just as in the previ-
ous case the fault i easy to isolate since only oneresidual is reacting. The diagno-
Sis statement is:

Diagnosis statement: Sll;Fp O{Fq}

RL R2 R3
15 15 15
1 1 1
05 05 05
0 0 0
-05 -05 -05
0 50 pg 100 150 0 50 R5 100 150 0 50 Rg 100 150
15 15 15
1 1 1
05 05 05
0
© 0 0 0
C
D -05 -05 -05
§7] 0 50 R7 100 150 0 50 Rg 100 150 0 50 Rg 100 150
% 15 15 15
L 1 1 1
05 05 05
0 0 0
-05 -05 -05
0 50 R1g100 150 0 50 R11100 150 0 50 100 150
15 15
1 1
05 05
0 0
-05 -05
0 50 100 150 0 50 100 150
Time[s]

Figure 12: Residual reactionsto Fq;
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Appendix A

Fault 12: L eakage

In Figure 13 a leakage occurs after 50 seconds. The residuals are reacting as
expected, residual R, is indicating fault also initially, during the dynamic state
where the model isless accurate. This behavior could be prevented by making the
threshold even more generous during the dynamic state but as was mentioned
earlier it is the behavior during steady state that is most interesting. In steady
state the diagnosis statement is:

Diagnosis statement: Sy,;F, [ { F;, Fg, F15}

R1 R2 R3
15 15 15
1 1 —— 1 ——
0.5 0.5 0.5
o— 0 0
-0.5 -0.5 -0.5
0 50 Ry 100 150 0 50 Rg 100 150 0 50 Rg 100 150
15 15 15
1 —— 1 1
0.5 0.5 0.5
% 0 o o—
%) -0.5 -0.5 -0.5
‘B 0 50 Ry 100 150 0 50 Rg 100 150 0 50 Rg 100 150
= 15 15 15
L% 1 1 1
0.5 0.5 0.5
o o 0
-0.5 -05 -0.5
0 50 Ry 100 150 0 50 Rq11 100 150 0 50 100 150
15 15
1 1 ——
0.5 0.5
- 0
-0.5 -0.5
0 50 100 150 0 50 100 150
Time (s

Figure 13: Residual reactionsto F;»
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Appendix A

Fault 13: Blocking

Figure 14 shows the residual signals when some ain the tank pressurization sys-
tem isentirely blocked. All residuals react as expected, only residuals Rz and Ry
are a bit slow. It should however be mentioned that this fault is very unlikely
sincetheair is cleaned beforeit isled into the pressurization system and the pipes

are rather thick. The diagnosis statement is:

Diagnosis statement: 813;Fp O{F3}
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Figure 14: Residual reactionsto F3
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Fault 14: Low pressurefrom ECS

Whenthe ECSsystemdoesnot deliver a pressureabove the specifiedevel both

therealsystemandthe modelbecomes bit unreliable atleastnoneof themper-

form asgoodasthey aresupposedo. As canbe seenin Figure 15 theresiduals
reactascanbe expected the reasorwhy residualR; doesnot indicatefault dur-

ing the entire periodis that after 60 secondghe pressuregisesabore the thresh-
old. That none of the other reactingresidualsindicate zero at the sametime

indicateghatthethresholdshouldbeabit higher In theinitial statethediagnosis
statement is:

Diagnosis statemen8, 5;F [ {Fe Fia
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Appendix B

Simulink models

In this appendix some of the Simulink models used in the diagnosis system are
presented. A short explanation of how they are working is given together with a
motivation of why they were implemented this way. The entire tank model is pre-

sented in Figure 16.
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Figure 16: Tank model
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6.3 Pressureregulator

Thepressureegulatoris modelledin Simulink accordingo Figurel7.A Pl-con-
troller controlsthe areaandthenthe outletflow andsimulatedareais calculated.
The Pl-controlleris trying to keepthe pressureat 25 kPa over ambientair pres-
sureatall times.Theoutletflow is usedasaninputsignalto theejectorwherethe
outlet pressure is calculated.
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Figure 17: Pressuregelator
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6.4 Areacalculation

Insidethe pressureegulatorblock the outletflow is calculated Sincethe Pl-con-
troller actuallycontrolsthe inlet areato the systemthe areais whatdecideshow
high the pressurean tankswill be. The Pl-controllercontrolsa normalizedarea
between0-100%. This areais thenrecalculatedasis shavn in Figure 18. The
normalizedareais recalculatedy a cosinefunctionaccordingto equation(3.3).
Theangleis limited to 0°-90°. Therateat which the anglecanchanges alsolim-
ited.
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Figure 18: Area calculation
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6.5 Ejector

Theejectoris actuallya blackbox model,shavn in Figure19. Theinlet andout-
let signalswereobseredanda gain andafilter wasdesignedo fit thesesignals.
An attemptto modeltheejectorwith amorephysicalapproactwasmadebut was
found hardto implement.Sincethe only interestingvaluesfor the diagnosissys-
temarethe onesthatcanbe measuredhe useof a blackbox modelwasnot lim-

iting in any way. Theinternalstatesn the ejectorcould not be measuredgoonly
the outlet signal as of ay interest.
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Figure 19: Ejector
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6.6 Tank system

The tank system is consisting of the tanks and a leakage out to ambient air. The
leakage could also have been added to the gjector model since it actually the
effect of the counter pressure form the tanks to the gjector that is simulated but it
was found easiest to implement this way. The fuel tanks have volumes that are
possible to change depending on how much fuel that isin the system. No engine
was simulated so the fuel level is constant during each simulation. The tank sys-
temis presented in Figure 20.
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Figure 20: Tank system
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6.7 Thresholds

The thresholds were designed according to Figure 21. The thresholds were cal cu-
lated according to equation (2.9) or just simply by adding a constant level to the
simulated signal. The measured signal is then compared with the simulated signal
and the difference is compared to the threshold. If the compared signal is higher
than the threshold an alarm is genrated.
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Figure 21: Threshold generator

When constructing a model in for example Simulink good system knowledge is
needed and throughout the implementation of this model the regulating theories
from Glad and Ljung [2] were used.
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