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Abstract

Throughout recent years, legislations concerning emidsieels for vehicles
have become more restrictive and will be even more resteiéti the future.
In the recent European environmental standards, EURO 4§20@ EURO
5 (2008), further requirements have been added on top of foigséon de-
mands. All heavy duty trucks have to be equipped with an OB&esn.
Scania CV AB has today an existing OBD-system that consisteeeral
tests. Typically, a test is designed to check if a signals&ia specified limits
or thresholds. To improve the system, Scania CV AB and Véddicsystems
at Linkoping University have developed a method to design diagnes-
tems in an automatic way, implemented in a toolbox called DIEA

In this thesis, an automatic designed OBD-system has besatect with
DSAME and the corresponding parts in a manually designed -Gilem
have been identified. The two systems have been comparede3tileshows
that both systems are equally at detecting faults but thensatic designed
OBD-system is a lot better to isolate the faults than thetiexjOBD-system.

Keywords: Model based diagnosis, Diagnosis performance, Evaluation
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Chapter 1

Introduction

Throughout recent years, legislations concerning emidsieels for vehicles
have become more restrictive and will be even more resteiati the future.
In the recent European environmental standards, EURO 46§20@ EURO
5 (2008), further requirements have been added on top of fisston de-
mands. All heavy duty trucks have to be equipped with an omcbdiagnosis
(OBD) system. The purpose of the OBD-system is to detectunetions
leading to emissions above the permitted limits, and isvat#d by the fact
that the majority of vehicle emissions today are caused bijumaioning
emission control systems [8]. Another benefit by having arD&gstem is
the possibility to discover small faults before they cawsdosis damage. It
may also simplify troubleshooting at workshops and theeefmprove re-
pairability.

At Scania CV AB, the existing OBD-system consists of sevisis. A
test is a small system supervising a limited part of the emngiocess. Typ-
ically, a test is designed to check if a signal is inside dptiimits, called
thresholds. A more sophisticated test is to check if a mealssignal devi-
ates from an estimated value of the signal. To improve the @fdem, Sca-
nia and Vehicular Systems at Liaging University have developed a method
to design OBD-systems in an automatic way. Through seveasten the-
ses ([2], [3] and [5]), a Matlab toolbox called DSAME (diagtic structural
analysis and modeling execution toolbox) has been develépethis pur-
pose. Based on an existing engine model, DSAME finds caredidat tests,
evaluates them and constructs a diagnosis system. In [3jp@Eesevalua-
tion has been done of the automatically generated OBDsydésigned by
DSAME with the conclusion that the system seemed to work.wdlvever,
a full evaluation has not been done.



2 Introduction

1.1 Problem Statement

The existing OBD-system used by Scania is constructed baseshgineer
knowledge. Studies have shown that it is able to detect fanges but many
smaller faults may not be detected. The problem is that ewsll $aults
might cause too high emissions, for example by injectioroofrhuch fuel or
that the control system does an incorrect change to a ditfeantrol mode.
Further, since the OBD-system is manually constructedstth be manually
adapted to different engine types. If one small detail inethgine is changed,
the OBD-system has to be changed manually. The problem isdafit if it
may be possible in the future to enhance the developmenggsaf diagnosis
systems using DSAME.

1.2 Obijectives

The objective with this thesis is to compare an OBD-systetoraatically
generated by DSAME with the existing Scania OBD-system avelastate-
ment of the possibility to use DSAME in future OBD-systemides This
objective can be parted into:

¢ Construct a diagnosis system for the engine using the DSAddEbOX.
¢ |dentify the corresponding part in a manually designed G§Btem.

e Create a method for evaluating the diagnostic performahaa ©@BD-
system.

e Use the evaluation method to do a comparison between the Bi»> O
systems.

e Draw conclusions about advantages and disadvantages wfdhsys-
tems and suggest how DSAME should be used in the future.

1.3 Thesis Outline

Chapter 1 gives an introduction to the thesis.

Chapter 2 gives a short introduction to principles of diagnosis.
Chapter 3 presents the diesel engine.

Chapter 4 describes a manually designed diagnosis system.

Chapter 5 describes the main principles of Scanias method for auiomat
design of an diagnosis system.

Chapter 6 presents the evaluation method that will be used in thigghes
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Chapter 7 describes how the measurements will be done.

Chapter 8 gives a comparison and analysis of the different diagnoss s
tems.

Chapter 9 concludes the thesis and discusses suggestions to pdssilyke
work.

1.4 Contributions

e Corresponding parts in the manually designed OBD-systara baen
identified.

e A method for evaluating OBD-systems concerning detedtghitola-
bility and detection time has been created.

e A comparison between an automatic designed OBD-system anacha
ually designed OBD-system has been done.



Chapter 2

Principles of Diagnosis

In this chapter a short introduction to traditional diageosill be given and
to a more recent model based approach, which is used in DSAMiSO

treats how information from many tests can be used to isdéaiks, i.e. to
exactly point at one fault from other faults. This infornuatiis gathered from

8.

2.1 Traditional Diagnosis

Traditionally in heavy vehicles, diagnosis, i.e. to deciflthere is a fault
and if so identify the fault, was focused on safety criticadgesses but with
restrictive laws the diagnosis has become more importahé principle of
diagnosis can be divided into three parts that is shown iargig.1. The first
part is to observe the process, i.e. collect data from sereswd actuators.
The observations will then be preprocessed in differernsteEhe final part
is to calculate a diagnosis statement, i.e. which faults ¢ha explain the
observations, from the test results. This is done by antisolanit.

This thesis will focus on the second part where the commogndisis
approaches that have been used are:

Duplication or hardware redundancy. A fault can for example be detected
by having more than one sensor measuring the same value.Vithes
deviate then the conclusion that there is a fault can be drawis ap-
proach is common in safety critical systems like aeroplamespower
plants. The drawbacks with this approach is the cost of lggeitra
sensors and the need of three sensors to isolate the fan#grse

Signal in range check tests.This type of tests checks if measured signals
are in a specific range. If not, a fault has occurred. A draklveith
this approach is that the signal might show similar valuethéfault
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f

Diagnosis Statement

Isolation unit

Test results:

Test1l Test2 [es s oo o Testn

Observations

Process

Figure 2.1: Overview of a general diagnosis system.

free case compared to the faulty case. The faulty case ntigtefore
be hard to detect.

Active diagnosis. In this approach the process is controlled into working
points where correct outputs are known. If the known valugades
from the measured value, a fault has occurred. A drawbadhaisit
is often needed to interrupt the process which can be coatpticand
expensive.

2.2 Model Based Diagnosis

A recent approach in diagnosis is model based diagnosis. iddse with
model based diagnosis is to create a model over the systemeasured
value can then be compared to its corresponding estimataed aad if they
deviate, a fault has occurred. By, at tirhecomparing a measured value ,
y(t), with a estimated valugj(t), the residualy(t), can be formed

r(t) = y(t) — 9(t). (2.1)

A residual,r(t), is a function that is ideally zero in the fault free case. Goo
candidates for residuals are analytical redundancy oeidiiARRs. An ARR
is a relation that always holds in the fault free case. Inityeadsiduals will

10ther terms often used in literature are consistency relatio parity relations
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not be zero because of noise and model errors, instead autadity can be
a better choice for diagnosis purpose.

2.3 Test Quantity

A test quantity is a functio'Q(z) that from the observations, calculates

a scalar. The test quantity will be used to determine if tieeeefault present

in the process. If the test quantity is above (or below) thvemgithresholds

(J1 andJs), the test will respond. Test quantities can be designedanym
ways. In this thesis, test quantities are based on the méam calculated for

the residual-(t) over N + 1 samples where the observations are sensor and
actuator values used to estimg{e) and measureg(t).

N
TQE) = 5 Sl (2.2)
t=0

The test should respond if a fault has occurred but not resiidhere are no
fault. This means that the probability of false alarm shdwtdlow and the
probability to respond, if there is a fault, should be higly.iBtroducing the
power function,3, the behavior of a test can be examined. Let the size of the
fault in the process be, which is zero in the fault free case, then the power
function can be formalized as

B(8) = P(TQ(2) > J1 or TQ(2) < J|6) (23)

The power function should be low fér= 0 and large foi9 # 0. Figure 2.2
shows a typical power function where it can be seen that thbatility for
the test to respond is low in the fault free caées 0, and higher when fault
is presentd # 0.

2.4 Decision Structure
To investigate which faults each test might respond to, astecstructure

can be used. A decision structure for a diagnosis systemtinidle tests); ,
0o andds, and three fault$’, F», and F5 can look like

| P B R
0| X X
. Y X (2.4)
5 X

where an "X’ on rowi and columny means that test; may respond to fault
F;. If there is no "X’ the test will not respond to this fault.



2.5. Isolation 7

091

0.8F

0.7

0.6

@ 05

041

0.3F

0.2

0.1r

Figure 2.2: Typical power function.

2.5 Isolation

When a couple of tests have been constructed, each testwelagest result
to an isolation unit, see Figure 2.1. By combining the déferinforma-
tion from the test results, the isolation unit will give a giisis statement,
a diagnosis. A diagnosis is a possible explanation of thervhsons pre-
processed in the tests. The diagnosis statement can bdatettin different
ways, for example as described in [9], and the basic ideaddyme a diagno-
sis statement is that different tests will respond to défferfaults. Therefore
conclusion about which faults that can explain the obsematcan be drawn.

By using the decision structure, a isolation structure,steicture over
which faults that can be isolated from each other, can baulzdbd. The
isolation structure for the decision structure given idhecomes

| FL F, Fy
F [ X X
Fy X (2.5)
Fs X

The isolation structure should be read as follows: an X' owt and
columnj means that faul#; can not be isolated from faulf;. In (2.5) it
can be seen that if faulf; occur, then it can be concluded from the isolation
structure thatf’;, can not be isolated fronr,. However, if faultF, occurs,
then it can be isolated because there is only one "X’ in thersgcow.



Chapter 3

Background to Diesel
Engines

In this chapter the principles of the diesel engine and thim malutions to
decrease emissions will be presented.

3.1 Diesel Engine

The fundamental principle of a diesel engine is simple. &taken in through
the inlet manifold into the cylinder. The working cylindesropresses the air,
diesel is injected and immediately set on fire by the highgures Two things
are controlled, the injection angle, i.e. the time when the fuel is injected,
and the amount of injected fuel, To have an efficient engine with high
performance, it is necessary to pre-compress the inletyartarbo charger.
The compressor is driven by the exhaust pressure.

One environmental problem with diesel engines is dischafgetrogen
oxides (NOx) which are created when the combustion temyer& too high.
Today there are two main solutions to reduce this kind of simis. One so-
lution is to use an SCR (Selective catalyst reduction) systhich aftertreats
the exhaust gases in a catalyst. The other solution, whiaked in this the-
sis, is the use of exhaust gas recirculation, EGR. With E@Riesexhaust
gases are lead back to the inlet manifold and lowers the anufuwxygen
in the combustion. The combustion temperature thereforeedses and the
amount of NOx in the exhaust gases is reduced.

To get a satisfying combustion, the EGR-flow has to be cdetiolThe
EGR-flow mainly depends on two things, the position of the EaRe and
the pressure difference between exhaust manifold andrirdeifold. To im-
prove the control of the pressure difference it is possiblenange the flow
through the turbine by changing the geometry of the turhieeto use a vari-
able geometry turbine, VGT. Control of EGR-flow is complezhtand might
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be impossible if some sensor or actuator is malfunctionedgisis of gas-
flow components is therefore necessary to guarantee lowsiEmss A figure
of a modern diesel engine with EGR and VGT is shown in Figute he

figure shows the fundamental parts of the diesel engine. sA&ken in and
compressed by the compressor. Then the compressed air ésl mjxwith

EGR-gases. Finally, The turbine, which drives the commrness driven by
the exhaust gases.

EGR

cooler
Weg,.
LGy
Valve Wes

_'>
Turbine

Exhaust ﬂ

manifold /

pem % ‘Tem ”l‘g!‘

(_1 Mg

Inlet
manifold

Py T,

im

;D[oooooo«—m

e

\ A
compressor

B ——

W

omp

Figure 3.1: Schematic figure of the gasflow of a diesel engitle MGT and
EGR.

3.2 Engine Control

The principle for an engine with control system is shown igufe 3.2. In

the figure, it is shown that the engine control unit (ECU) usgsits from

the driver, and by using measurements from the sensorgtactalues are
calculated.

The control system optimizes the combustion to minimizegiméssions
while maintaining engine power. If a sensor or actuator istyathe control
system will not work satisfactory and the emissions willreese. The ob-
servations, i.e. engine sensors and actuators, used ith#ss are listed in
Tabl€ 3.1.



10 Chapter 3. Background to Diesel Engines

Environmental disturbences

Driver inputs,
i.e pedal angel etc—|

ECU — Control signals— Diesel engine

Engine measurements

Figure 3.2: Principle of engine with control system.

Table 3.1: Sensors and actuators included in the comparison

Sensor Unit Description
tamb [K] Ambient temperature
tim [K] Temperature in the intake manifold
Damb [Pa] Ambient pressure
Dim [Pa] Pressure in the inlet manifold
Pem [Pa] Pressure in the exhaust manifold
Wemp [ka/s] Air mass flow after the compressor
Ny [rps] Turbine speed
Neng [rps] Engine speed
Uegr [volt] The EGR actuator
Ungt [volt] The VGT actuator
1) [mg/stroke] | Injected fuel
« degrees | Fuelinjection angle

3.3 Engine Model

To be able to use model based diagnosis a model is neededks thehkis, the
engine model described in [1] and [10] is used. This modeseditogether
with DSAME to create an automatic designed OBD-system, raboait this

in Chaptef 5. The tests in the diagnosis system based on al wam@ot

become better than the model it is derived from, i.e. notadarilts smaller
than model errors and noise.



Chapter 4

Manually Designed
OBD-system

In this chapter, different types of tests in the manuallyigiesd OBD-system
are described. A deeper description of tests that are Bitegefor compari-
son between the manually designed OBD-system and the atitaeaigned
OBD-system will be presented. The manually designed systamsists of
tests that have been handmade by engineers. Each test iy usigned
with the purpose to discover only a few faults. The tests &ssified into
electrical tests and plausibility tests.

4.1 Electrical Tests

Electrical tests are designed to detect electrical faikiésdhort and open cir-
cuit. These faults are easy to detect because of their $fmhavior. The
common way to do these tests is to check if the electricalevalas been
equal to a maximum or a minimum value for a longer time. If be,compo-
nent is assumed to be broken. Electrical tests for openitand short circuit
will not be investigated further in the thesis.

4.2 Plausability Tests

Plausibility tests check if a sensor takes reasonable véfiedoes not, the
sensor is assumed to be faulty. The plausibility tests catfiviéed into five
different types:

e Duplication tests

e Signal in range check tests

11
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e Adaption tests
e Control error tests
o Model based tests

Each type will be described in the following sections. Inkeaection the
specific tests of interest for the evaluation will be presdnt

4.2.1 Duplication Tests

In some working points, some sensors placed at differerattitmes are ac-
tually measuring the same value, for example all pressursoss when the
engine is shut off. Tests can be constructed by comparirggteensors to
each other at these specific working points.

Another way to construct duplication tests is to add extresses in the
system for duplication purpose. The main drawback with thithe extra
cost. The duplication tests considered in this this thes#sstatic pressure
sensors tests and a temperature sensor test.

Static Pressure Sensors Tests

Static behavior of the pressure sensors can for examplesbtetitevhen the
driver turn on the vehicle with the key. The three pressunsses, inlet man-
ifold pressurep;,,, ambient pressure,..,, and exhaust manifold pressure,
Pem, €CaN then be pairwise compared. When the engine is shutldfigaden-
sors should show the same value. In this thesis three statésyre sensors
tests are considered. These tests are from now on deSa@t&q;, SPT.;,
SPT,. (static pressure teshsor1sensor2). The faults affecting these tests
will be faults in the pressure sensors.

Temperature Sensors Test

Another duplication test can be made by comparing the arhi@erperature,
T.mp, and the temperature at the mass flow seriBgr, If they deviate, the
test responds. In this thesig,, is assumed to always be fault free. This test
is from now on denoted 7T’ (ambient temperature test).

4.2.2 Signal in Range Check Tests

A common way to construct a plausibility test is to check ifgnal is above
(or below) a static threshold. If so the test will respond.ypital signal in
range check test can be to check if the turbine speed is abmrg aigh static
threshold. As explained in Section 2.1, these kind of tagtaasumed to have
low performance compared to other tests and are not funtivestigated in
the thesis.
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4.2.3 Adaption Tests

When time goes by, many sensors can get small deviations wtitheing
faulty. Sensors might also be affected by different enviments e.g different
levels of humidity. Some sensors are therefore adjusted aftnodel or an-
other sensor which is assumed to be more reliable. Thisstlesisider two
relevant adaption procedures affecting the engine.

Adaption of Pressure Sensors

The pressure sensors,, andp;,,, might have a small bias. To make the
sensors usable anyway, the sensors can be adapted. Thmads this
thesis made by comparing the sensars andp;.,, with the p,,.,-sensor. If
they deviatep..,,, andp;,, are adapted tp,,,,. Because of its close measure
range and that it is not exposed to such a strenuous envirdraaehe other
pressure sensors, the,,,-sensor can be considered more reliable than the
others. Some tests can be constructed to alarm if the adapticomes to
large. These tests are from now on denaofdeAT,; and SPAT,. (static
pressure adaption test..-1sensor2). Faults affecting the tests are faults on
the pressure sensors.

Adaption of Mass Flow Sensor

The characteristics of the mass flow sensor normally chawghghe envi-

ronmental conditions. Therefore, measured mass flow idadgwompared
to an estimated value, if they deviate too much, the mass #ms@ will be

adapted to the estimation. In this thesis, a test is cortstluo respond if
the adaption become to large. This test is from now on denbfeld” (Mass

flow adaption test). The signals affecting this test are tlassiflow sensor
and the signals used to estimate the mass fgw,.andT;,,.

4.2.4 Control Error Tests

Consider the system given in Figure }4.1. Control error testapares the
reference valug,..(t) with a measured feedback valyg&). If they deviate
the tests will respond. This thesis will handle two contnobetests. These
are EGR-damper test and EGR-flow test.

+
Y F(s) G(s) y(@®

Figure 4.1: A system like the one in the control error tests.
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EGR-damper Test

In this thesis, a test comparing the reference value of thR-@&mper po-
sition with a measured EGR-damper position will be congderThe con-
troller used in this test will be an ordinary PID-controll&ris test is from
now calledE DT (EGR-damper test) and will respond on faults in the EGR-
damper.

EGR flow Test

In this thesis, one test comparing the EGR flow referenceevadith an es-
timated EGR-flow will be considered. The estimated flow icakdted by
the model shown in (4]1). In this thesis, the controller thiditbe used is an
ordinary PID-controller. A feed forward from the referensi also affect
the system. This test will respond to the signals into the@hd€l. we.,p, Pim
andT;,, and to the control signal to the EGR-dampey,,.. This test is from
now on denoted F'T" (EGR-flow test).

weg'r' = f(wmnpvpima Tim) (41)

4.2.5 Model Based Tests

There are some model based tests in the manually designeds@&em.
They are, with some modifications, constructed as desciib&ection 2.2,
i.e. a measured value is compared to an estimated value ollbwihg tests
will be considered, two dynamic pressure sensors testsradGT test.

Dynamic Pressure Sensors Tests

This thesis considers two dynamic tests on the pressurersgns, andpe, .
These tests compare the dynamics of the signals with modteaimics If
the dynamics deviate, the tests respond. These tests aeuwmiad to detect
dynamic faults in the pressure sensors like gain faultsms@s get stuck. A
schematic figure is shown in Figuire 4.2. These tests are foywom denoted
DPT; andDPT,. (DynamicPressureTest,s.-). These tests are affected by
the signals in the models for estimating the pressure valndthe measured
pressure values. The models used in this thesis are shol®2inand((4.3).

ﬁim = f(pema Tamba Tiﬂh Wemps uegr) (42)
ﬁem = f(pim;pamb7 Tamb7 T%n’m Wemps Uegr uvgt) (43)
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Figure 4.2: Schematic figure over the principle for the dyitgmessure tests.

VGT Test

This thesis consider a model based test for the VGT. Thisct@sipares a
estimated and a measured value of the turbine speed. If thegtd, the test
responds. The equation for estimating the turbine speeskisis [(4.4). This
test is from now called’ MT (VGTModelTest).

Nrp = f(pa,mbapinu Tombs wcmp) (44)

4.3 Decision and Isolation Structure

As described earlier, it is sometimes hard to find out whiaht$aaffects a
certain test. The tests should respond to faults at the Isigis®d as input
to each test, i.e sensors used for estimating signals andeheured signals.
This is summarized in a decision structure, Table 4.1.

Table 4.1: Decision structure for manually designed OBBtay.

Testname| pamb Pem Pim Tamb T; Wemp Nrb Uegr Uygt
ATT X
SPTge X X
SPT,; X X
SPT.; X X
VMT X X X X X
MAT X X X X
DPT; X X X X X X
DPT, X X X X X X X X
EFT X X X X
EDT X
SPATqe X X
SPAT,; X X

Tabl€ 4.1 shows which faults each test will respond to. Mdrthe tests
will respond to several kinds of faults. This decision stawe will lead on to
a isolation structure as in Table 4.2. The isolation stmgctn the manually
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designed OBD-system shows that it is not possible to is@htaults. For
examplew., can not be isolated from,, .

Table 4.2: Isolation structure for manually designed OBBtam.

Pamb Pem Pim Tamb T; Wemp Ntrb Uegr Uygt

Pamb X

Pem X

Tomb X

T; X X X X
Wemp X X

Nirp X X X X X

Uegr X

Uvgt X X X X X X X X




Chapter 5

Automatically Designed
OBD-System

In this chapter a brief description is given of how the auttoadly gener-
ated diagnosis system is constructed from a Simulink mog&8I®AME. An
OBD-system will be created and presented at the end of tlaigteh

5.1 DSAME

Scania and Vehicular Systems at Lamkng University have developed a method
for designing OBD-systems in an automatic way. The procasde divided
into five steps:

1. Structural analysis

2. Finding realizable residuals

3. Stability check of the residuals
4. Setting thresholds

5. Evaluation and selection of tests

These steps will be presented in the following sections andifmore
detailed description see [2], [3] and [5].

5.1.1 Structural Analysis

The first step is to make a structural analysis of the modet dijjective of
structural analysis is to find ARRs that potentially can bedus diagnosis

17
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tests. This is done by finding relations between equatiodsvanables. This
is illustrated with Example 5/1.

[ 1
Example 5.1

Consider a system/ with two sensor signalg; andy., one actuator signal

u, two statesr; andx,. The system is described by the model equations,

€1—4

€1: T1=U
€a . T2 =21
€3 Y1 =21

€41 Y2 =17T2

M

This can be represented structually with a biadjacencyixatr

Equation| Unknown Known
X1 T2 U Yy Y2
e1 x x

5.1
es T T (5.1)
es T T
ey T T

The biadjacency matrix can now be used to find potential ARRsiding
structural methods described in for example [6]. In thisnegke, it can be
seen that; andes can be used to form the ARIR — u = 0, ez, e3 andey
can formy; — y2 = 0. e1, e5 andey can form the ARRy; —u =0

| |
However, it is not always as simple to find ARRs as in Example Some-
times the equation system is to large that the calculatiomsygossible to do
by hand. With structural analysis the ARRs can be found byesalgorithms,
see for example [6], but the calculation ways found with tlgathms are
not always possible to do. The next step in DSAME is to find tiRRA& in
the ARR-set from structural analysis that can be realizable

5.1.2 Finding Realizable Residuals

ARRs from the structural analysis are not necessary pessilealize. In fact
many equations used in the engine model are not invertibl@JAME, all
derivatives are said to be not computable because of thégondo estimate
derivatives in a noisy environment. Saturations, maps dheramot strictly
monotonous functions are also said to be not invertibleidRess containing
these kinds of expressions that must be inverted are remtefed a set of
realizable residuals.



5.1. DSAME 19

5.1.3 Stability Check of Residuals

Realizability is a necessary but not a sufficient propertyafoesidual to be
usable. It must also be stable, at least for regions it isesgbto be used in.
Investigation of stability for residuals can be made in seM&ays. Some are
linearization or Lyaponov theory [7]. These both methodsgkfor non-linear
models but are difficult to implement in an automatic way. 8ese of this,
in [3] an ad-hoc algorithm for stability check was implenehin DSAME.
The algorithm regards following aspects:

Model drift. Check that the residual cross their own mean-value more than
a certain number of times, depending on input data.

Feasibility. Check that the residual are inside feasible regions dutieg t
entire simulation.

Correlation. Check that cross-correlation between input and the rekisiua
below a prespecified threshold.

Mean-error consistency. Check that the mean-value of the residual does
not change too much with different data.

This method has been investigated in [3] and is assumed tio satisfac-
tory. When realizable and stable residuals are found, it $sipe to design
tests by thresholding the residuals appropriately.

5.1.4 Thresholds

The test quantity is calculated by using (2.2) with N=20008e Thresholds for
each test are then set by estimating the probability of fallsen for the test
quantity that it is within a specific area when using faudtefimeasurements.
In this thesis the probability for false alarm is 0.01% i.e.

P(Jy < TQ(2) < J1|0 = 0) = 99.99% (5.2)

wheref is the fault level.

5.1.5 Evaluation and Selection of Tests

The final step is to select those tests which together givbekeperformance
regarding detection and isolation. This selection is donéirbt making test

candidate sets, i.e. pick those tests that can separatdagdictnom the other

with the highest probability. The diagnosis system will beated by choos-
ing the minimal set of tests that have an intersection witthaltest candidate
sets, i.e. the minimal set of tests which give maximal pdssgwlation. For

further description, see [3].
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5.2 Decision and Isolation Structure

When the design of the diagnosis system is done, the decisiarige for the
automatic designed OBD-system becomes as in Table 5.1 witespond-
ing isolation structure in Table 5.2. The isolation struetis decent but the
system can e.g not isolate any other fault frpgp,;,. This can be explained
by the decision structure, see Table 5.1. It is seengthat is a signal in all
tests and therefore can no other signals be isolated Q.

Table 5.1: Decision structure of the automatic designed @g&lem.

Test Pamb Pem Pim Tamb T; Wemp Ntry Uegr Uygt

Test 1 X X X X X

Test 2 X X X X X

Test 3 X X X X X X
Test 4 X X X X X X
Test5 X X X X X X
Test 6 X X X X X X X

Test7 X X X X X X X

Test 8 X X X X X X X
Test9 X X X X X X X

Test 10 X X X X X X X
Test 11 X X X X X X X
Test 12 X X X X X X X
Test 13 X X X X X X
Test 14 X X X X X X

Table 5.2: Isolation structure of the automatic designed&Bstem.

p Pem Pim Tamb Tim Wemp Nirp Uegr Ungt

amb

Pamb X

Pem X X X X

Pim X X

Tomb X X

T; X X X
Wemp X X

Ntrp X X

Uegr | X X X

Ungt X X X X

5.2.1 Correction of the Decision Structure

To improve the isolation the power functions for the residaae investigated.
Figure 5.1a shows a power function for a residual with higtiqeenance for a
certain fault. The probability of false alarm is low compéte the probability
to detect small faults. This can be seen in the figure becaagedbability for
the test to respond is lowest for fault wheéa= 0. However, for the residuals
of the automatic generated system, it was found that the pfumetions for
some faults in several residuals appeared such as the pametioh in Figure
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5.1b. The figure shows that the probability for the test tpoesl is equal even
when a fault has occurred.

Power function Power function
1 _— 1r

0.9 091
0.8 081
0.7 071
0.6 0.6
05 051
0.4 041
03 031
0.2 0.2

0.1 0.1r

0 L L L L L L
-0.4 -0.3 -0.2 -0.1 0.1 0.2 03 C -0.4 -0.3 -0.2 -0.1

oo
o
a
e
[Ny
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o
=

6
(a) Typical power function for a signal. (b) A typical constant power function.

Figure 5.1: Two different power functions for residuals le tautomatic de-
signed OBD-system.

Thus the residual will not respond to the fault although il due to
Tablg 5.1. A deeper analysis shows that residuals with puvetions as in
Figure/ 5.1b will not be affected for larger faults either. ifigestigate this,
gain-faults up to 10 times has been used, and it is not prekihht faults in
the sensors become larger. One explanation of the behavtbai the en-
gine model has some equations where one of the input sigilalsotvaffect
the output signal. By removing 'X’ in Table 5.1 where the povienction
is constant, the isolation structure can be improved. Theastetl decision
structure is seen in Table 5.3 and the corresponding isalatructure is seen
in Table'5.4. By comparing the new isolation structure inl@&b4 with the
old isolation structure given by Table 5.2, it can be seen tiha isolabilty
is significantly improved. For example, it is now possibleigolate some
faults from faults inp,.,,,. This is possible because some tests now will not
be affected byy,.;, see Tablg 5]3.

5.2.2 Model Complexity

When comparing the isolation structure of the automaticgiesi OBD-
system given in Table 5.2 with the system generated in [8]ldtter is better.
The only difference between this thesis and the previousighe the engine
model used as input to DSAME. The model used in this thesii® mom-
plex since more details are modeled. Examples of theselslatai a model
over the temperature exchange in the EGR-pipe, an extrayeestate has
been used and that some maps has been extended to includeamnabdes.
The purpose of the extended complexity is to improve the mqdality. A
more exact model leads on to less model errors in the residual therefore
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Table 5.3: Decision structure of the automatic generatetesy after correc-
tion.

Test Pamb Pem Pim Tamb Tim Wemp Niry Uegr Uygt

Test1 X X X X X

Test 2 X X X X X

Test 3 X X X X X
Test 4 X X X X X
Test5 X X X X X
Test 6 X X X X X X X

Test7 X X X X X

Test 8 X X X X X X
Test9 X X X X X X X

Test 10 X X X X X X X
Test 11 X X X X X X
Test 12 X X X X X X
Test 13 X X X X X
Test 14 X X X

Table 5.4: Isolability of the automatic generated systeteraforrection.
Pamb  Pem Pim Tamb T; Wemp Ntrb Uegr Uygt
Pamb X

Pem X

Pim X

Tormb X X

T; X

Wemp X

Nirb X X

Uegr X

Upgt X
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a better detectability. The drawback with a more complex ehiglthat the
isolability may decrease when using it with DSAME. More riovertible
equations have been introduced in the complex model, makimayder to
find realizable residuals. An accurate model is not enoughijrivertability
of the equations has to be considered as well.



Chapter 6

Comparative Values

In this chapter the comparative values used when compdratio diagno-
sis systems are described. From specific test cases, dabanilChapter 17,
the comparative values will be calculated. The result froe ¢comparison
can then be read in Chapter 8. In this thesis four comparasikess will be
used.

Value of detectability level

Value of isolability

Value of detection time

Residual performance

To make a comparison of detectability and isolability footdiagnosis
systems possible, they must have equal probabilities e falarm. The prob-
ability of false alarm has to be very low to avoid false alamd & measure
such low probability, a very large amount of process dateesded. Since
these amounts are impossible to get for this thesis the pildaigawill not
be measured. Instead, the probability of false alarm fortwesystem are
approximately set equal.

6.1 Value of Detectability Level

The value of detectability level describes the ability af thagnosis system to
detect a fault that has occurred. It can be measured in $eliffieaent ways.
In this thesis it is defined as the level for which a certairltfeaidetected
by the diagnosis system. In practice, this means the fawét fer which the
diagnosis system responds.

24
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6.2 Value of Isolability

Value of isolability describes the ability of the diagnosistem to correctly
isolate a specific fault from other possible faults. Theabdity, I;, of a
diagnosis system for a faulf; with a certain fault level;, will in this thesis
be measured by the number of faults it can not be isolated. fiicedi possible
faults have equal probability to be chosen, the isolabdléy be calculated as

(14n) (6.1)

—L - If F;isinthe diagnosis
I(F;) = .
0 Otherwise

wheren is the number of fault$; can not be isolated from. The total isola-
bility, I, for a fault ' can then be calculated as

| X
I(F) = N ZII(Fi) (6.2)

wherel;(F;) is the isolability for a fault with fault sizéand N is the number

of fault levels. The value of isolability is calculated foaig faults with the

fault levelsi = 10%, i = 20% andi = 30% . If the fault is not detectable for
a given fault level, the isolability for this fault level igsto zero.

6.3 Value of Detection Time

Detection time describes the time from when a fault occusstien it is de-
tected for a detectable fault level. For non-detectableltethis time will go
to infinity. Detection time is visualized in Figure 6.1. Iretfigure, a fault
occurs after 240s. After 260s the test quantity is below theet-threshold
and the test responds. the detection time for this faultda 20s. The detec-
tion time will then be normalized with the length of the timbewn the fault is
present, In this thesis 180s, to get the value of detectioa.ti

6.4 Residual Performance

Consider the residuals in Figure 6.2. These residuals feetafl by faults in

Wemp-
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Figure 6.1: Detection time for a certain fault.
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(a) Residual 1. (b) Residual 2.

Figure 6.2: Two different residuals when a 30% gain faulbir,, occures at
time 195s.

Without using any thresholds, residual 1 has intuitivelyedtdr perfor-
mance than residual 2. The difference in mean value befaleaéter the
fault has occurred, is larger relative to the signal noisesiéual 1 has there-
fore higher probability of detection for a given probalyildf false alarm. To
compare residual performances for certain faults, wittsaiting a thresh-
old, it would be convenient with a function describing thauitive feeling of
"better performance”. Consider the distributions of a fétde process and a
faulty process in Figure 6.3.
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Figure 6.3: Distributions of residuals of a fault free pregand a faulty pro-
cess.

A measure of how a residual(t), performs at a faultF;, is the probabil-
ity to detect the fault given observations collected wigrs actually present,
data(F;) i.e.

P(r(t) > Jldata(F;)) (6.3)

If two residuals have thresholds corresponding to the saoteapility of false
alarm, the performances of the residuals can be compareg piability
to detect the fault can either be calculated numericallynahaically by as-
suming the residuals to be normal distributed. These caiomis give curves
which can be compared to each other.

When assuming the residuals to be normal distribudé@,, o1 ) for the
fault free residual an@V (u2, o2) for the faulty residual. For a certain proba-
bility of false alarma, a threshold will be set ag = ko;. Using the mean
value change: = us — 1, (6.3) can be calculated as

)2

1 ey _(”"*Lé
P(r(t) > J|data(F;)) / e 2 dr=

B V2mog Jko,
=/y= x_u,dxzﬁazdy/=
V20,
G 2 (6.4)
= — 2¢e Y dy =
2V Jrgpe

1 koy —
= 5erfc(T’) whereT’ = ~2L— 1

\/502
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Due to this, a residual performance functidgd/{F") will be used to evaluate
residual preformanceR PF, for a given residual with distributioV (u1,01)
in the fault free case ami (12, 02) when fault has occurred can be calculated

as
/1 _ koi—p

V20 (6.5)
H= 2 = M1
This function is easy to calculate since tef c-function is computable in
Matlab. Expectation valuegy;, and standard deviatiow,, are easy to esti-
mate. However, in some cases the assumption of normalkdison is poor.
Then (6.3) will be numerical calculated with differeit This will be called
numerical RPF. Drawbacks with numericaRPF is that the threshold
must be estimated and the computational load will be higher.

If having two residuals, residuals said to perform better than residyal

RPF(k) = %er fe(T") where {

if
RPF;(k) > RPF;(k) for all k. (6.6)

If 6.6/ does not hold for alk, the detection probability slightly above 0,5
is the most interesting part. It is for that level a test gitgriiased on the
mean value is above the threshold.

RPFs calculated for the residuals in Figure 6.2 are seeryun&6.4. The
residual performance for residual 1 is better than for tedi@. This make
sense and follows the intuitive feeling of which residualogterforms the
best.

Residual 1
09F — — — Residual 2

051 '

Detection probability [-]

0 5 10 15 20
k-]
Figure 6.4: Residual performance for the residuals in FEiguP.
Alternative measures of residual performances

The power function defined earlier also measures residutdmpegance. The
difference between the two methods is that RPF is a funcfidimeathreshold
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and the power function is a function of the fault level. Thiakas it easy to
use RPF for faults without a fault level, e.g. when sensarsarck. RPF can
also be used to investigate how sensitive the detectalsilibr changes in the
thresholds. The derivativd™> ) can be used for this purpose.

Another possible measure of residual performance singlRRF is ROC
(Receive Operating Characteristics) which is used in dietetheory. ROC
and RPF measure almost the same but present the result in a diffemnt
ROC has the false alarm probability at the x-axis while RP-tha threshold
there. Since the probability of false alarm depend on thestiwlds, the differ-
ence between the two methods might seem insignificant. Baiifteresting
area in RPF, wherg < k£ < 10 corresponds the aré®.5 < o < 99.9999.
Thus, RPF has for the purpose a better scale at the x-axis. iR@@her
described in [4].
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Test Cases

In this chapter, possible measurement methods to get test aae described.
To get relevant test cases faults have to be simulated. Hofatht simulation
will be done is described in this chapter. Also how the cdrsystem affects
the diagnosis is discussed. An evaluation is done in the étideochapter
showing it necessary to have a control system in the evaluafherefore,
all the measurements methods that have been investigaiedés a control
system.

7.1 Measurements

There are several ways to collect data to be able to evalbatéiagnosis
system. In this thesis three methods have been investigdisthg a test
bench, i.e. connecting an ECU to a computer with an enginesinading a
real vehicle and using PC-simulation, i.e. simulating tb#hengine and the
ECU on a computer. These methods will be described furthéslliowing
sections.

7.1.1 Using Test Bench

A test bench is a simulation tool for the engine. A Simulinkdabis run by
a computer in real time. To make the real time execution péssihe engine
model is simplified. An ECU unit is electronically connectedthe model.
The big advantages using the test bench is the possibilitg &l simulations
and measurements with sensor and actuator faults aut@thatit drawback
is that many of the tests in the manually designed OBD-syarenmdone when
the vehicle starts and this is not simulated in the test besnath can therefore
not be evaluated. Another problem is that the engine modklenest bench
is unexecutable for high torques.

30
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7.1.2 Using a Real Vehicle

By driving a real vehicle on a test course, the manually desigDBD-system
can be evaluated in a more complete way. Faults can be imptechdy

connecting a computer to the ECU. With a computer, signadsvamiables

can be logged to evaluate the both systems off-line. Adgastavith the

method are that the measurements are realistic, and thathdiaces and
model errors have a realistic affect. Drawbacks are thattite consuming
and laborious, and that it is not possible to reiterate expmrt. To test the
OBD-systems on process faults like leakage, things has tiesieoyed, they
can not be simulated. A similar method of using a real vehigl® use a
test cell. Additional advantages with the test cell is th# easy to reiterate
experiment, many disturbances can be controlled and marenes tests can
be done. However, the test cells are not available for ttasigh

7.1.3 Using PC-Simulation

The point with using complete PC-simulation instead of gghre test bench
is that the control system is implemented in a PC, insteach ¢hé ECU.
Therefore real time execution is not needed, and the siionlaan be done
with exactly the same model as the one used to design theadisgsystem
in DSAME. Testing a model based diagnosis system on a moai@l fvhich
the system is derived is equivalent with having an ideal rhofithe engine
and measure at a real vehicle. This focus the evaluatioretdekign method,
model errors should not affect the result. Another advantaghat process
faults, e.g. leakage, can be modeled and tested. A drawhigttkhis method
is that it is very complex to connect the control system toragiree model.

7.1.4 The Choice in This Thesis

All methods has been investigated for use. The model siroglitins in the
test bench affected the model to much. The PC-simulationneapossible
to implement inside the scope of this master thesis. The unea®nts has
therefore been done using a real vehicle. It has been qhiteitaus but the
resulting measurements are of high quality.

7.2 Fault Simulation

To make this thesis relevant the treated faults should Hesfenat really may
occur. However, the faults that can really occur is not catgy investigated
and very difficult to find out. What is known is that the autoroaliy gener-
ated system should perform well for sensor and actuatotsfaelcause of the
fact that they are explicitly modeled in the engine modehddfaults affect-
ing the engine can maybe be detectable but not isolable wiittenstructing
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a model over the fault. This thesis treats sensor and acttaitts, it also
tries to investigate some cases of leakage.

7.2.1 Simulation of Faults in a Vehicle

In a vehicle itis possible to connect to the ECU when driviflge ECU con-
tains transformation curves from voltage to physical gitaifor the sensors
and vice versa for the actuators. These curves are destybsume interpo-
lation points which can be adjusted to manipulate the seraaes into the
control system. Figure 7.1 shows the idea by simulatingtdainl the vehi-
cle. In this thesis three different types of faults are sated. These are gain
faults, bias faults and stucked sensors.
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Figure 7.1: By changing the electrical curve a fault can beutated.

7.2.2 Leakage Simulation

To evaluate the diagnosis system for leakage real holes toake imple-
mented in a vehicle. Since resources for these kinds of erpats are not
available, it will be done in a model off-line. Therefore thiéect of for ex-
ample model error will not be seen.

Leakage Model in the Inlet Manifold

In the engine model, air mass flow into the cylindét,,; is modeled as

mcyl = Wemp + megr (71)
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wherew,,, is the mass flow through the compressor @ng.. is the amount
of EGR-gases. When there is a leakage in the inlet manifoll athmass
flow into the cylinder will be changed as

mcyl = Wemp + 'r.negr — Myeak (72)
where the leakage of air mass flaw;.,;, can be modeled as

Mieak = k(pim - pamb) (73)

wherek is a constant describing the properties of the hole. Theasigh,; is
an input value to the engine model amg, is an available state in the engine
model. Ifk is introduced as a signal in the model used for diagnosigsyst
generation the isolability of leakage can be investigatBg. changing the
level of k, different leakage flow can be simulated. The modeled leakamp

is then available in the model during the simulation.

7.3 Affect of the Control System

In earlier evaluations, e.g [3], the affect of the contrateyn has not been
considered. As seen in Example 7.1 the control system simmtldffect the
residuals. Instead, problems might occur when a fault ma&eke control
system controls the engine to other working points wherentbdel is bad
or to working points where the faults become undetectableo Ather con-
trol strategies like adaption (see section 4.2.3) mighsearoblems for the
diagnosis system.

[

Example 7.1

Assume the syster@¥(s) with a control systen¥'(s) as in Figure 7.2. The
systemG(s) has one input. and one outpug.

> F(s)

U—> G(s)

y

Figure 7.2: A general system.
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An ARR can be constructed as

r=y—G(s)u

If having a control system, the faufton the output-signa} would affect the
residual such as

r=y—G(s)ju=(G(s)u+f)—G(s)u=f

This means that the control system will not affect the resiidThis result
suggests the possibility to ignore the affect of the corgystem.
L

To evaluate this, residuals when faults are simulated itrtlek are com-
pared to residuals when faults are simulated off-line. Tejpeats have been
considered for the residuals when a fault occurs, diffezeénstandard devi-
ation and difference in mean value change.

7.3.1 Difference in Standard Deviation

Difference in standard deviation tends to become largemnvihelts are sim-
ulated off line for gain faults but tends to be equal for beagls. This can be
explained by that the measurement noise is amplified whegahrefault is
added off line.

7.3.2 Difference in Mean Value Change

The difference in mean value changes in per cent are sumeddrizable 7.11.

Table 7.1: Differences in mean value changes for differem gaults and
fault levels.
Fault level
10% 20% 30%
Wemp | —20%  —4% 5%
Dem 1% —3% 34%

For two different faults, 10% fault iw.,,, and 30% fault inp..,, there
is a large difference that can not be explained by noisy neasents. For
the fault inw.,,, there are no differences for larger faults which indicates
that the difference for 10% is caused by model error whicbci$f more for
small errors. This hypothesis makes even more sense bytigatsn of the
residual in Figuré 7J3, the residual is noisy and affectechbygel errors.
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Figure 7.3: Residuals therela% gain fault inw,,, are simulated.

A residual with a large fault inp,.,, is seen in Figure 7.4. One expla-
nation for the large mean value changes is that the measoteshg,.,,, is
very important for the EGR and VGT control. Therefore it makense that
large faults in this sensor affects the control system thstrawd therefore af-
fects the residuals the most. For the other faults in Talletie mean value
changes can be explained by noise and model errors.

7.3.3 Conclusions

The affect of the control system must be considered whematiag diagno-
sis systems. This is because the control system might dahr@ngine to
working points where the residuals will not respond equaiywhen simu-
lating the fault off-line and without a control system. THéeat tends to be
larger for large faults ipe, .
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Figure 7.4: Residuals where faults are simulated in differeays. When
200s < Time < 400s the fault is simulated off-line without a control sys-
tem. When670s < Time < 930s fault is simulated on-line with a control
system. The thin dashed curves are raw residuals and thdihesdare the
test quantities.



Chapter 8

Analysis and Results

In this chapter the main results from the comparison of the diagnosis
system and an analysis of the results are presented. Theacatinp values
described in Chapter 6 are used and to get the diagnosisrsyateequivalent
as possible to be able to make a fair evaluation, the thrdstiolthe tests are
set so the two diagnosis systems have the same probabilitplé® alarm.
The thresholds are calculated as described in Section 5.1.4

In Section 8.1, the correctness of the assumption of relsicagproxi-
mated as normal distributions is investigated. Sectiorl8822.4 will present
the diagnosis performance for faults in pressure sensass ritow sensor,
temperature sensors and EGR. These results are summarizablé 8.1 on
page 47. Leakage is evaluated for the automatic designed-€y8tem and
will be presented in Sectidn 8.3. Due to the poor performdocthe manu-
ally designed OBD-system compared to the automatic dedigfD-system
shown in Sectioh 8/2, an analysis of specific tests in the mindesigned
OBD-system will be presented in Section[8.4. The affect ot strategies
like adaption may decrease the performances on an OBDrsy#terefore
consequences of using adapted values as inputs to an OB&vysgse evalu-
ated in Sectioh 8]5.

8.1 Assumption of Residuals Approximated as
Normal Distribution

The correctness of the RPF, see Section 6.4, is dependemvwogdod the
assumption of normal distribution of the residuals are.réfoge this must be
evaluated.

To evaluate the correctness of assumption of normal digioib of a
residual, a histogram of the collected data is plotted tugyetvith the prob-
ability density function (PDF) corresponding to the estiethexpectation

37
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value and standard deviation of the residual. If the higtogfollows the
PDF, the approximation is good, if it does not, the approxiomais bad.

The normal distribution will be evaluated for fault freeicksals, for resid-
uals with gain faults, and for residuals when a sensor ikstlibis investi-
gation is important when using RPFs for evaluation of resiigherformance.
The more normal distributed the residual is, the more comaee the RPFs.
The evaluation of the normal distribution assumption isadfmor many faults,
but only faults inp;,, are presented, the results are similar for the other sen-
sors. The residual performance will be evaluate for thedweds in D PT;,
DPT,, VMT and the best residual frofd.S AM E for each fault.

Fault Free Residuals
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Figure 8.1: Comparison of measured histogram and the poeresity func-
tion from estimatedV (u, o) for fault free residuals.

The distributions for fault free residuals are shown in Fég8.1. For the
DPT;, and theDSAM E-residuals the normal distribution approximation
seems to be good, for the PT,-residual, the approximation is a bit worse.
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The distributions all have one sided tails, elgPT; to the right andD PT,

to the left. TheV M T-residual is bimodal distributed. After investigation of
the residual and the EGR-damper position, this seems tondepe the fact
that the residual changes expectation value when the dacigsas, which
probably depends on model errors.
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Figure 8.2: Comparison of measured histogram and the pogresity func-
tion from estimatedV (u, o) for residuals with30% gain fault inp;,,. The
dashed lines are the distribution from the fault free casedgh residual.

The distributions for residuals when a 30% gain faulpjp, is present are
shown in Figure 8.2. The shape of the distributions offth&T;-residual and
the D PT.-residual have small changes compared to the fault free &age
since also the changes in expectation value and standaiatidevare small,
the tests would not respond to the fault. Thé&/T-residual and the DSAME-
residual have larger changes in expectation value and $ite weéll respond
to the faults. The shape of the distributions of the resilhave changed.
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TheV M T-residual is more normal distributed than previous and tdwedard
deviation has decreased. The gain fault seems to make thahdistribution
approximation better. The DSAME-residual is less normstriiuted and has
became bimodal because of the fault.

Sensor got Stuck
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Figure 8.3: Comparison of measured histogram and the pogresity func-
tion from estimatedV(u, o) for residuals wher;,, is stuck. The dashed
lines are the distributions from the fault free case for easiidual.

The distributions for residuals whe,, is stuck are shown in Figure 8.3. The
expectation values of thB PT;, V MT and DSAME-residuals have changed
because of the fault. The changes are larger than for thefgalits shown
in Figure 8.2. The expectation value BfPT, has not changed significantly.
The shape of the distributions of the residuals are all &dfeby the fault,
more than for the gain fault. For the residuals with largengfes in expec-
tation values, the standard deviations have increased i Htiecause when
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a sensor got stuck it will in some points measure correctevahd in some
points not. The residuals will therefore depend on the waykioints. Thus,
the normal distribution approximation is worse for faultkem sensors got
stuck than for other faults.

Conclusions about Normal Distribution

None of the residuals are perfect Gaussian processes,shwil be seen in
the following sections, the conclusions will not change wiising the as-
sumption instead of doing a numerical calculation. Anothgyortant notice
is that all residuals (more or less) have one sided tailss Téans that the
disturbances of the residuals are larger at one side andthttese sides, the
thresholds can be set closer to the mean value of the redithrathe others.
It also means that the performance will be different for pesiand negative
faults.

8.2 Comparative Values

8.2.1 Faultin Pressure Sensors

Results of detectability, isolability and detection tinte aummarized in Ta-

ble8.1.

Detectability The detectability levels for both systems are 0.1 for hgth
and pg.p. Faults inp.,, can not be detected with the manually designed
OBD-system if the fault level is lower than 0.5. The automatesigned
OBD-system has a detectability level of 0.2 for this fault.

Isolability The isolability is a lot better for the automatically desgrOBD-
system. Itis 1 for both positive and negative faultpjn andpg..,, and 0.33

for negative and positive faults jm.,,,. The manually designed OBD-system
has the isolability 0.22 for positive and negative fault®in andpq.,.,, and

0 for faults inp.,,,. This is poor and is because the lack of tests responding to
small faults on the pressure sensors in the manually desi@B®-system.

Detection Time The detection time is small, 0.08, and equal between the
two OBD-systems for almost all the detected faults. Qnly, for the man-
ually designed OBD-system has worse, 1. This is because déneially de-
signed OBD-system detects the fault when the engine is $hut o

Residual Performance The RPF's for 30% gain fault irp;,,, is seen in Fig-
ure/8.4. The RPFs for the DSAME-residual and th&/ T-residual crosses
each other. The residuals perform about equally arounddtection proba-
bility 0.5. The residuals can therefore be said to perforomakfpr the fault. If
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a high false alarm probability can be accepted, the T-residual performs
the best. The residual® PT; and D PT, both have very low performances

for the fault.
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Figure 8.4: Residual performance for 30% gain faulbjp .

The RPF's for 30% gain fault inp,.,,, is shown in Figure 8.5. The DSAME-
residual performs well for the fault since it has a high detecprobabilitiy
for high thresholds. It is also not very sensitive for changéthe thresh-
old. The residuals from the exisiting OBD-system perfornonboand are
not usable for detection of this fault. Altough thePT,-residual performs
the best among the residuals from the manually designed &BEBm, its

performance is still bad.
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Figure 8.5: Residual performance for 30% gain faulsp,.

The residual performance when,, is stuck at atmosphere pressure is
shown in Figuré 8.6. The DSAME-residual performs the beste WM T-
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residual also performs well and is clearly the best amongehieluals from
the manually designed OBD-system.
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Figure 8.6: Residual performance whgp, is stuck.

The residual performance whep,, is stuck is seen in Figufe 8.7. The
DSAME-residual performs the best, at least for high thr&dhorheD PT, -

residual performs the best among the residuals from the afigrdesigned
OBD-system, which it was designed to do.
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Figure 8.7: Residual performance when, is stuck.

8.2.2 Faultin Mass Flow Sensor

Results of detectability, isolability and detection tinte aummarized in Ta-
ble/8.1.



44 Chapter 8. Analysis and Results

Detectability Both systems will have the same detectability level for posi
tive faults in the mass flow sensor, 0.1. The Automatic designBD-system

is also able to detect negative faults @p,,, at 0.1, the manually designed
OBD-system only at 0.2.

Isolability Since there are only a few faults responding to small faults i
Wemp IN the manually designed OBD-system, its isolability is pd@n22 for
positive faults and 0.15 for negative faults. The automdésigned OBD-
system has better isolability, 1 for both positive and niegafaults. This
means that the automatic designed OBD-system is able toletatypisolate
positive and negative faults from 0.1 and abovevig, .

Detection Time The detection time is small, 0.08, and equal between the
two OBD-systems for the detected faults.

Residual Performance The RPF's for 30% gain fault inw.,,, is seen in
Figureg 8.8. Itis clear that the automatic generated resithsthe best perfor-
mance. Thé/ M T-residual is best among the existing residuals. AlEBT;

has high propability to detect the fault but has low perfanoea D PT, has
very low probability to detect the fault and the performaigbad. For this
fault, there is a difference between the numerical and tladytical calcula-
tion for the V M T-residual. This is because the residual is not normal dis-
tributed when it is affected by fault im,y, .
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Figure 8.8: Residual performance for 30% gain faultir,,,.

The residual performance when,,,, is stuck is seen in Figure 8.9. The
DSAME-residual performs the best. The\l T, -residual performs the best
among the residuals from the manually designed OBD-systdsu. for this
fault, there is a difference between the numerical and tladytical calcula-
tion, at least for low probabilities of detection. The difface is even bigger
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than for thew..,,, gain fault. An explanation of this was presented in Section

8.1,
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Figure 8.9: Residual performance whep,,,, gis stuck

8.2.3 Faultin Temperature Sensors

Detectability Faults in temperature sensafs,,,;, andT;,, is hard to detect
for the automatic designed OBD-system. This is becauselaifaa tem-
perature sensor has to be very large to affect the gas flowh I&uge faults
are obviously unreasonable before a test from the gas flovehiedble to
detect it. This problem is exemplified in Example 8.1 The nzdlywlesigned
OBD-system would be able to detect faultiy,,; if the duplication test had
low thresholds.

Isolability  Since the faults can not be detected, the isolability is.zero

Detection Time Since the faults can not be detected, the detection time
goes to infinity.

[
Example 8.1

Imagine that the temperature &@°C' in the intake manifold and’;,,got a
positive gain-fault on 30% = 1.3, then the affect will be

T, = 0T — Tiy = 6° (8.1)

M fault
The corresponding fault in Kelvin will be

T'v',m wlt +Em
0 = + = 1.0220 (8.2)



46 Chapter 8. Analysis and Results

This fault level is to small to detect for the automatic OBtem.
|

8.2.4 Faultin EGR

Detectability Faults in the EGR-actuator seems to be hard to detect. Both
the automatic OBD-system and the manually designed OBEesysannot
find faults in the EGR-actuator up to 0.3. One reason to thaatitomatic
designed OBD-system does not detect faults in EGR is bedhessignal
does not affect the model behavior so much.

Isolability  Since the faults can not be detected, the isolability is.zero

Detection Time Since the faults can not be detected, the detection time
goes to infinity.

Residual Performance The residual performance when the EGR-valve is
stuck open is seen in Figure 8]10. TR T;-residual performs the best. The
DSAME residual performs decent. Th&ePT; performs much better than the
DSAME-residual. This is because thePT;-model depends more arggr-

-
-

—— DSAME residual —— DSAME residual
o _uMT 0.9 - - -VMT

DPT,
- - DPT
e

o
©

DPT,
" — — DPT
e

o
®

3

o

Detection probability [-]
>

© o o o o o
N ow o

o
[

o
I

15 20 0 5 10 15 20
k[-]

(a) RPF. (b) NumericalRPF'.

10
k[-]

Figure 8.10: Residual performance wheg; r got stuck.

8.2.5 Conclusions from the Comparative Values

The comparative values in Section 8]2.1-8.2.4 can be usdddige which
diagnosis system that is the best. By taking the mean valire@omparative
values detectability, isolability and detection time aattalate a comparative



Table 8.1: Summary of the result from measurements. Systisrthg automatic designed OBD-system and system 2 is theatignu
designed OBD-system. Component describes which compdrenbeen investigated. Fault type describes which kinduf fae
component has. Detectability level describes the valuestdalability level for each fault. Isolability describé®tvalue of isolability
for each fault type. Detection time describes the value tdct®n time for each fault type.

Component| Faulttype | Detectability level Isolability Detection Time
DSAME man | DSAME man| DSAME man
Dim positive gain 0.1 0.1 1 0.22 0.08 0.08
Dim negative gain 0.1 0.1 1 0.22 0.08 0.08
Dem positive gain 0.1 0.5 0.33 0 0.08 1
Dem negative gainj 0.1 0.5 0.33 0 0.08 1
Pamb positive gain 0.1 0.1 1 0.22 0.08 0.08
Pamb negative gain 0.1 0.1 1 0.22 0.08 0.08
Wemp positive gain 0.1 0.1 1 0.22 0.08 0.08
Wemp negative gain 0.1 0.2 1 0.15 0.08 0.08
T; positive gain - - 0 0 - -
T; negative gain - - 0 0 - -
Tomb positive gain - - 0 0 - -
Tomp negative gain - - 0 0 - -
UEGR positive gain - - 0 0 - -
UEGR negative gain - - 0 0 - -
Mean valu@ 0.1 0.2 0.83 0.16] 0.08 0.31

aMean value for the detected faults, 28, Pem, Pamb aNdwemp.

sanjep aniesedwo) ‘zZ'g

Ly
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scalar(C'. The system with lowest' will be the system that performs the best.
This scalar(C' can be calculated as

C = 1 4 mean(detectability level — mean(Isolability) + mean(detection time¢

(8.3)

where the mean values will be taken over the detected faul{gi.eecm, pams and
Wemgp- BY Using 8.3 the manually designed OBD-system got the v@lue 1.35 and
the automatic designed OBD-system got the valuie= 0.35. The values showing
that the automatic designed OBD-system performs the best.

8.3 Leakage

Leakage was evaluated only for the automatic designed OBD-systensifmbkated
leakage was implemented as in section 7.2.2. Table 8.2 shows the rémileakage
is in the table described by, mean leakage flow and maximum leakage flow during

the simulation.

Table 8.2: Detection for leakage.

k Mean leakage flowy Max leakage flow| Detection
0.5-1076 11% 17% No
1-107¢ 17% 27% Yes
21076 25% 39% Yes

Table[ 8.2 shows that holes leading to 17% mean leakage flow was possible to
detect, at 25% it might be possible to isolate the leakage. Experiences gaivthe
manually designed OBD-system needs over 30% mean leakage for @rwndor
detection. As described in Section 7.3, it may also be possible to deteatjkeak an
engine with control system.

Diagnosis Performance for Leakage

The results showed that it was possible to detect leakage from a levalEt$ of the

air mass flow into the cylinder. To investigate possibilities to isolate leakageuke fa

is introduced in the original decision structure. The decision structureisieelable

[8.3 and the theoretical isolability is seen in 8.4. The isolability for leakageniptede.

The isolability ofp,, has decreased. It can not be separated from leakage. By using
the new decision structure, leakage will be isolated for a detection levet 2586

mean leakage.

8.4 Analysis of Manually Designed OBD-system

Due to the poor performance shown by the manually designed OBDrsgstepared
to the automatic designed OBD-system, an analysis of specific tests willdessiésd
in this section. The analysis will consider which faults that can be detectedheith
specific tests and how good they are. Duplication tests and signal in raegk ®@st
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Table 8.3: Decision structure of the DSAME system when lgakaas been
modeled.

Test Pamb Pem Pim Tamb T; Wemp Nirp Uegr Uygt leakage

Test1 X X X X X

Test 2 X X X X X

Test3 X X X X X X
Test4 X X X X X X
Test5 X X X X X X
Test 6 X X X X X X X X
Test7 X X X X X X
Test8 X X X X X X X
Test 9 X X X X X X X X
Test 10 X X X X X X X

Test 11 X X X X X X

Test 12 X X X X X X

Test 13 X X X X X X
Test 14 X X X X

Table 8.4: Isolability of the DSAME-system when leakageltesn modeled.

Pamb Pem Dim Tamb Tim Wemp Nirp Uegr Uygt leakage

Pamb X
Pem X X
Tomb X X
T; X
Wemp X
Ntrd X X
Uegr X
Uy gt X
leakage X
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will not be considered because these tests work as expected andooed to be
evaluated.

8.4.1 Static Pressure Tests

It can be concluded that it is not necessary to use both static presnger gests,
SPT (SPT,:, SPT,. andSPT.;), and static pressure sensors adaption t8§esAT’
(SPAT. andSPAT;), because these groups of tests are similar and will respond to
the same faults. ThereforeP AT should be removed becauS&T consists of one
more test and will isolate the specific pressure-sensor when a faultsocc

8.4.2 VGT Test

The VGT model test-residual origins from a gas flow model through ¢inepcessor.
This is a similar part of the engine model used to the residual in test 1 in tAM/BS
system. The difference is that residual 1 compares measured alededo....,, where
the estimatedv.n,,, is calculated byi.,,. IN VMT, ny,p, has been modeled by,
and necessary simplifications to make the residual executable in real aisnieclen
done. The lower residual performance for #h&/T-residual seen in Figures §.4-8.10
is probably caused by the simplifications made to make the residual elskcinaeal
time. If the residual from test 1 is executable in real time without simplificatibis
better than thé” M T-residual.

8.4.3 Dynamic Pressure Sensors Tests

The residuals in the dynamic pressure sensor tests are created byfehendi be-
tween measured and modeled pressure values. They were desigiegelctodynamic
faults in the pressure sensors. As expected, among the tests in thelgndasigned
OBD-system,D PT. seems to perform the best for dynamic faultgip, and D PT;
seems to perform the best for for dynamic faultgn . However, their performances
are still low and the DSAME-residuals detects the faults better, buixkg; has
excellent performance when the EGR-valve is stuck, even better thdDSAME-
residuals.

8.4.4 Mass Flow Adaption Test

In this thesis the mass flow sensar,..,, is adapted. The adaption was performed
every 4 minutes to make the evaluation of the mass flow adaption test passifde
limited amount of time. The modeled air mass flow ,which is used for adaptioimis
thesis is linear dependent pf,,, andT;,,. Faults of 30% gain fault ip;,, andT;,,
was implemented in the truck and the adaption behaved as expected. aptmad
was affected equivalent for each of the faults and the adaption mdtshiareshold
after 7-9 adaptions. Therefore the faults are detectable by the testebdeétiction
time depends on how often the adaption is made. More about the massifiptice

in Section 8.5.
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8.4.5 EGR-damper Test

From the measurements of the residual created by the EGR-dampédr ig8t, it is
clear that the only fault affecting the residual isuifcr gets stuck. The residual is
seen in Figure 8.11. The figure shows three different simulations wireift faults.
The residuals in Figufe 8.11a and Figure 8.11b seem to be unaffectet/fault. If
we instead look at Figufe 8.11c, this residual seems to be affected EgulheFor an
explaination, consider the following example for a linear system.

[
Example 8.2
Consider the system in Figure 812

f

.
— ) F(s) G(s) 6y«)—%

Figure 8.12: A system like the one in the EGR-damper test.

A residual is created by the control errof) = yrer(t) — y(¢t) as in the EGR-
damper test. A constant fauftis added to the outpuf(¢) simulating a bias fault in
the sensor. The transfer function for the residual become
7(t) = yres () — y(t)

Y =F(s)G(s)(Yrer =Y + [) + f = F(s)G(8)Yres — F(s)G(s)Y — f
Y

f

Vel T TR (s)
1 1

7 T TIEeee Y T I FeIe)

1T F(5)G0) /

If F(s) is a Pl-controllerF'(s) = Kp + % the transfer function fronf to R is

1 s

T 1+ F(s)G(s) s+ sKpG(s) + KiG(s)

Gry(s)

and whenf is a constant error, the step response will go to

lir% SGrf(S)i = lim sf 5
s— s

s S T sKpG(s) T KiGs) ~ °

due to the final value theorem see e.g. [7]. A constant faidttherefore not strongle
detectable [8], i.e can not be detected static, in the residual based antha error.
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(c) uggr got stuck.

Figure 8.11: The residual for EGR-damper test with différdault-
simulation. The faults are added at time=220s.
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(a) fault free. (b) 30% gain fault inwe,p occurs when t=195s.

Figure 8.13: The residual in EGR-flow test.

The EDT could not detect small gain faults in the EGR-damper, since the con-
troller compensates for the fault as in Example 8.2. But, when the damgteick, the
reference value is not reachable. Faults that are detectable in thisedsbae who
make the reference not reachable, such as when the damper is ssark® serious
fault onuggr.

8.4.6 EGR-flow Test

From the logged data of the residual created by the EGR-flow E&B1T, it is clear

that some of the faults significantly affects the residual. The faults thaidladfect

the residual ar@cmp, pim andT;,,. The residual in the fault free case an8Dés gain

fault in w.n, are seen in Figufe 8.13. It can be seen in the figure that the residual will
be affected by a fault in..,,, but the mean value of the residual seems to be zero. This
can be explained in the same way asBDT'. The residual fo? F'T" is similar as in
Examplé 8.2 but the controller also has a feed forward from the referealue. When
both the reference and actual values are modeled from other méasgmeals, faults

in these signals will affect the residual and make it harder to reachfégrenee value.

The feed forward seems to make the controller slower when faults haered.
Slower means that the controller will take longer time to reach the refereaioe
because the feed forward is incorrect. It can be seen in Figuré &ibhthoth cases

the residual will go to zero but in the case with faultig,., it will take much longer
time. EF'T does not seem to detect all EGR-faults. Small faults in the EGR-damper
are compensated by the controller and therefore not strongly detectabtée other
hand, small faults are probably not necessary to detect, as long aSfdl@&v can

be controlled to the reference value. More serious faults as when theda@®Rer is
stuck is not either detected. Probably because the ERG-flow refasemaehable by
changing the exhaust pressure with the VGT.
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8.5 Consequences When Using Adapted Values
in OBD-systems

When having an OBD-system, a problem can be that control strategiesdégion
can affect the tests. Therefore this will be investigated in this section. déatian
of some sensors described in Section 4.2.3 has some possible affg¢htsdiagnosis
that has been investigated. Assume that residuals in a diagnosis systgrserssor
values as input where two of them at@sor; andsensors. Assuming thatensor;
is adapted tgensors, the following scenarios can then be considered:

e Residuals sensitive to faults in botlensor: and sensors responds when
sensory gets faulty. It might be possible that the detectability decreases if
sensor; is maladjusted by the adaption.

e Residuals sensitive only to fault k&@nsor; might respond to faults igensors
because of the adaption. This might decrease the isolability.

e Residuals sensitive to fault isensors but not tosensor; should not be af-
fected by the adaption eknsor;.

e Residuals sensitive to neither faultdansor; nor sensors should not be af-
fected by the adaption at all.

Mass Flow Adaption

The hypothesis that adaption affects the diagnosis performance willdstigated for
the adaption of the mass flow sensor. Consider the residuals in Figdre/840%
gain fault inp;,,, which probably will affect the adaption, has occured when Time =
0, several adaptions has then been done during the measuremenesithals are
containing different combinations @f;,,, andw., corresponding to the scenarios
mentioned above.

e The residual in Figurle 8.14a is containipg, but notw.., and is responding
to the fault. The change at time=1000s of the measurement may beldause
the adaption.

e The residual in Figure 8.14b is containing bth, andwc.,. This residual is
responding to the fault and the fact that,,,, is included in the residual does
not disturb the detection.

e The residual in Figurg 8.14c is containing.,, but notp;, and is not re-
sponding to the fault before the adaption. But after some adaptiongdideal
changes and goes below the threshold.

e The residual in Figure 8.14d is containing none of the signals,,, nor p; .
It does not respond to the fault in,,, and is not affected by the adaption.

A similar result can be found for the other signals affecting the adagfign,
This result indicates two things.

e The detection is not affected so much by the adaption. Probably betwise
model used in the adaption is different to the model used in the residuzs. T
adaption of the mass flow sensor does therefore not compensate ébrathges
in the residuals.
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Figure 8.14: Residuals affected by adaption. A fauli;ip is present through
the measurement. The bold lines in the middle of the residara the mean

valued test quantities.
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Table 8.5: Decision structure of an DSAME system after niraécorrec-
tion, see Section 5.2.1, and correction for using of adayaéee ofw.;,,,.

Test Pamb Pem Pim Tamb T; Wemp Niry Uegr Uygt

Test1 X X X X X X

Test 2 X X X X X X

Test 3 X X X X X
Test 4 X X X X X X
Test5 X X X X X X
Test 6 X X X X X X X

Test7 X X X X X

Test 8 X X X X X X
Test9 X X X X X X X X

Test 10 X X X X X X X
Test 11 X X X X X X
Test 12 X X X X X X
Test 13 X X X X X
Test 14 X X X X X

Table 8.6: Isolability table of an DSAME system after nurnaticorrection,
see Section 5.2.1, and correction for using of adapted \adlug,,,,.

Pamb Pem Pim Tamb T; Wemp Ntrb Uegr Uygt

Pamb X

Pem X X

Pim X X

Tamb X X

T; X
Wemp X X X

Nirp X X

Uegr X

Uy gt X

e The isolability is affected by the adaption. The possible faults affecting the
residual in Figuré 8.14c is increased ty,,,, and the isolation structure does
therefore change. The decision structure in Table 8.5 and the isolatictuse
in Table 8.6 shows decreased isolability compared to earlier.

However, if the fault has occurred and become detectable, it is possilsielate
the fault before the adaption is done. The problem is that the diagnosimsetete
can be changed when the adaption then is done. If the fault is an incipightife.
gradually developed from no fault to larger and larger, it might be rdiffieult to do a
correctisolation. This problem could be solved by having some tests usadppted
values that are only run after a detection, to increase the isolability.

Pressure Sensors

The pressure sensofs,, andp.., are adapted after,.,, when the engine is shut off.
Thus, as long as the,+,, measures correctly, the others will be measuring atmosphere
pressure correct. Other faults as gain fault or changed sensarctr@stics can not

be eliminated by the adaption.
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Figure 8.15: Residuals during pressure adaption. The iflaylt,,, occurs
after 180s. Then the adaption is simulated so after 37Qs.andp.,, are
adapted.

The patm-sensor has no plausibility diagnosis at all. Therefore, if a bias fault
occures in the sensor it will be propagated to the other pressure semabthen to
wemp through the adaption. This behavior is tested in the truck and some typical
residual behavior from the DSAME-system is seen in Figure 8.15. @iduals first
change mean values when the faultpin,. occurs at time = 180s. Whemn,,, and
pem are adapted tp,.,» at time = 370s. For both residuals the mean value changes
decrease which makes the faults harder to detect. For the residual e F&gyli5a,
the residual almost gets below the threshold after the adaption. Thusidpé&am
might decrease the detectability but the faults seems to be still detectablemén s
cases, the fault may become not detectable. The isolability decreasasegiduals
wherep.ms is not included respond to the fault because of the adaption. As in the
case with the adaption of the mass flow sensor, this could be solved byghsrime
tests using unadapted values as input to increase the isolability. If adabted are
used as input to the test it seems to be a good idea to supervise the adsyntioag
SPT andSPAT).
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Conclusions and Future
Work

In this thesis an automatic designed OBD-system of the gas flow of a disgielee
has been designed using DSAME. The system was quite easy to designmdiies
it easy to redesign it if the engine model changes. The corresponditg)ip a man-
ually designed OBD-system have been identified and a comparison Ipetinetvo
systems has been done. The results show advantages and disagtvavitaghe two
OBD-systems. The main conclusions are:

e The tests in the automatic designed OBD-system have higher residuad-perf

mance than the manually designed OBD-system for almost all the evaluated

faults. The comparative scalar which weighted together detectability, isolab
ity and detection time, and should be as low as possible, be6dtidor the
automatic designed OBD-system ah@5 for the manually designed OBD-
system. This result together with the residual performance show thautbe
matic designed OBD-system is the best.

e Both OBD-systems have problems to detect faultgdg- and the temperature
sensors.

e With the ad hoc approach to design a diagnosis system used in the manually

designed OBD-system, components might be tested several times dadithe
for which a test responds to is often unknown. This makes it hard toatealu
the test and even harder to isolate the faults.

e OBD-systems can be used with adapted values as input. The adaptiamdoes
seem to affect the detectability. Whereas, the isolability is decreased a bit.

e It was shown in the thesis that leakage is possible to isolate with DSAME
which indicates that also other faults can be detected if they are modeled. Th

manually designed OBD-system can not detect leakage.

58
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9.1 Future Work

This thesis has shown that a diagnosis system with good performantdze ate-
sighed by DSAME. Even better then the manually designed OBD-systdras klso
discussed possible improvements that can be made. Work that magdednis:

e It should be possible to improve the model to get a model better fitted fdemo
based diagnosis instead of total engine simulation as it is today. This should
lead to a model based diagnosis system even better than the one creaigd in th
thesis.

e The automatic generated OBD-system should be implemented in the real en-
gine. The performance in real time is not investigated in this thesis and there
fore needs to be evaluated.
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Notation

Abbreviations
ARR Analytical redundancy relation
ATT Ambient temperature test
DPT Dynamic pressure test
DSAME Diagnostic structural analysis and modeling execution toolbox
ECU Engine control unit
EDT EGR-damper test
EFT EGR-flow test
EGR Exhaust gas recirculation
MAT Massflow adaption test
MSO Minimally structural overdetermined
OBD On-board diagnosis
SCR Selective catalyst reduction
SPAT Static pressure adaption test
SPT Static pressure sensor test
VGT Variable geometry turbo
VMT VGT model test
VOT VGT overspeed test
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