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Preface

During the last decades internal combustion engines have developed to rather com-
plex systems through an increasing number of components and variabilities. There-
fore, more actuators, sensors and many more electronic control functions were im-
plemented. This resulted together with constructive and thermodynamic designs in
a considerable improvement of performance and reduction of fuel consumption and
emissions. However, because of the increased complexity improved monitoring and
troubleshooting is a well-known challenge.

The increasing requirements on the coverage and precision of fault detection and
diagnosis for internal combustion engines and powertrains therefore need system-
atic procedures for the development. Compared to the classical on-board diagnosis
(OBD) for emission-related faults advanced methods with signal models and process
models allow a considerable expansion of the detection and localization performance
for engine component faults.

Advanced engine diagnostic methods support also the workshop-based diagnosis
(off-board) to find the root causes of faults more quickly and to reduce vehicle down-
time. It also opens remote access to be used by service stations and manufacturers.
Hence, these methods enable 1o improve the engines reliability, maintenance and
lifetime.

After an introduction to current developments for powertrains, on-board and off-
board diagnosis systems and some failure statistics the book gives in Part I a brief
survey on advanced supervision, fault detection and diagnosis methods. Part II first
describes structures for combustion engine control and diagnosis. Then, model-based
diagnosis methods for gasoline and diesel engines are treated for the main compo-
nents, like the intake system, fuel supply, fuel injection, combustion process, tur-
bocharger, exhaust system and exhaust gas aftertreatment. In general, series produc-
tion sensors arc used.

The fault diagnosis of electrical DC, AC and PMSM motors, electrical, pneu-
matic and hydraulic actuators is compiled in Part IIl. Theoretical as well as experi-
mental results from test benches are shown and many experimental studies display
the applicability and the diagnosis quality for implemented faults. In the last part IV
on fault-tolerant systems, fault-tolerant sensors and actuators are considered.
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The book is dedicated to graduate students of mechanical. electrical and mecha-
tronic engineering and computer science and is especially focused for automotive
engineers in practice.

The author is grateful to his research associates, who have performed many the-
oretical and experimental research projects on the subjects of this book, among them
S. Leonhardt, C. Ludwig, M. Willimowski, F. Kimmich, A. Schwarte, E. Hartman-
shenn, M. Leykauf. S. Clever, C. Eck. A. Sidorow and P. Kessler.

Without their continuous work on new methods and building up and maintaining
the combustion-engine test bench, measurement and computer equipment many re-
sults of this book would not have been obtained. Great appreciation goes also o our
precision mechanics workshop guided by A. Stark.

‘We also would like to thank the research organization Forschungsgemeinschaft
Verbrennungskraftmaschinen (FVV), within the Arbeitsgemeinschaft industrietler
Forschungsvereinigungen (AiF) who supported many projects. Several results were
obtained in cooperation projects with industrial companies. Among them are Adam
Opel AG, GM Europe, and Volkswagen AG. We appreciate these cooperations
strongly as they contributed positively to our own research.

Finally, I would like to thank Kerstin Keller, Moritz Neeb, Lisa Hesse and es-
pecially Brigitte Hoppe for the laborious and precise text setting, Sandra Schiitz for
drawing many figures and Springer Verlag for the excellent cooperation.

Darmstadt, February 2017
Rolf Isermann



Contents

Listof Symbols . ... ... . e b 4Y
I Introduction............. ... cciiiiiriirin i iiiiiiir e 1
1.1 Combustion engine control and diagnosis developments .......... 1

1.1.1  On the historical development of gasoline engines control .. 3
1.1.2  On the historical development of diesel enginescontrol .... 3

1.2 Currentenginedevelopments...............o it 5
1.2.1 Gasolineengines..............ooviviiiiinniinanneinn. 5
1,22 Dieselengines.........ovviiiiiiniiiiiiiiienans, P
123 Allernative drives . ........ooiiiiiiii it 10
1.3 On-board and off-board diagnosis . . .................ocvvinas, 10
1.4 Failure statisticS . ... ...... .. . i aann 14
1.5 Onthecontentsofthisbook................ oot 18
References . ..oouvvniiis ittt ittt iaiatia et 20

Part 1 Supervision, Fault Detection and Diagnosis Methods

2

Supervision, fault-detection and fauit-diagnosis methods - a short

introduction ............ ... ol Tooooich 25
2.1 Basic tasks of supervision ........... . c0iiiiiiiiiiii i 25
2.2 Knowledge-based fault detection and diagnosis ................. 26
2.2.1 Analytic symptom generation . ...............c.c0uiianns 27
2.2.2 Heuristic symptom generation ................cc0ineiens 28
223 Faultdiagnosis ...........cocciiuiiniiiinriinriirnninns 28
2.3 Signal-based fault-detectionmethods . ...............cc0vuvnnnn 29
2.3.1 Limit checking of absolute values ...................... 29
232 Trendchecking ..........civiviiiiiiiiiiiiiiin e 29
2.3.3 Plausibilitychecks .............ccoiiiiiiii i 30
2.34 Signal-analysismethods .............................. 31

2.4 Process-model-based fauli-detectionmethods .. ................. 32



vl Contents

2.4.1 Process models and fault modeling ..................... 32
2.42 Fault detection with parameter estimation .. .............. 35
2.4.3 Fault detection with state observers and state estimation . ... 36
2.44 Fault detection with parity equations .................... ki
2.45 Direct reconstruction of non-measurable variables. . ....... 40)
2.5 Fault-diagnosismethods .. ...... ... iiiiiiiiiiiii ... 42
2.5.1 Classificationmethods . . .............. ... 42
252 Inferencemethods .................. ... ...l 42
2.6 Fault detection and diagnosis inclosed loop .................... 43
References . ...t i e 45

Part 11 Diagnosis of Internal Combustion Engines

3 On the control and diagnosis of internal combustion engines . ....... 51
3.1 Electronicenginecontrol ............ ... . ... 5l

3.1.1  On the control of gasolineengines ...................... 53

3.1.2 On the control of diesel engines . ....................... 56

3.2 On-board and off-board diagnosis of engines. ................... 59

3.3 Control- and diagnosis-oriented subdivision ol combustion engines. 64

3.4 Model-based fault detection of combustion engines .............. 67
Relerencesrrrrrrr A I LR s T T b F s T e 69

4 Diunoas of gasolineengines . ............... ... ..ol 75
Intake system (air pathmanifold) ......................... ... 75

4.1.1 Fault diagnosis of the intake system with physical models .. 75
4.1.2 Fault diagnosis of the intake system with experimentally

identifiedmodels ................. .. .. ... ..., 80

42 Misfiredetection .............cciiiiiiii i 91

42.1 Enginespeedanalysis ............... oottt 92

422 lon-currentanalysis .........c ovviiiiinnniriinnanannns 97

4.2.3 Exhaust gas pressure analysis .......................... 98

4.3 Fuel supply and injection SyStem. .. .........couvieriinennienan. 101

4.3.1 Low-pressure supply system ..............coiiumvunnnns 102

4.3.2 High-pressure fuel supply and injection system ........... 104

433 Tank leak diagnosis ...................coiiiiiiiinna, 109

4.4 Ignition SYStem ..........outiiiniinint it Il

4.5 Combustion pressure analysis .............coviiiiinniererann. 113

4.6 ExhaustsyStem ..........ccoiiiiiiiinriinieiireeniioienns 114

4.6.1 Leaksandcongestions ...............covviiiuuinrninnns 114

4,62 Catalystdiagnosis. .............coovviiiiiiiiiinna.. 114

47 Cooling SYSIem .......oinninietiiniienarsinaeencrarnannen 116
4.7.1 Fault detectionof the cooling system with mechanical

driven pumps. .. ... 116

4.7.2  Fault detection with electrical driven coolant pumps ....... 117



Contents X

4.8 Lubrication SyStem .. ... i e e 119
4.8.1 Models of a lubrication circuit .............. ... 121
4.8.2  Moadcl-based fault detection of a lubrication circuit ... ..., 125

4.9  Overall gasoline engine fault diagnosis. ........................ 126

S T (] e D L Lt O O Ol P L e o 0 I A, 127

S Diagnosis of dieselengines . ... ... ... ... ... ... ... 133

5.0 IntaKe SYSIeM .. ot e 135

5.1.1 Modeling of the intake system with semi-physical
nonlinearmodels .......... ... ... i 136
5.1.2  Fault detection with nonlinear parity equations and diagnosis 142
5.2 Direct injection system with distributor pump and combustion . .. .. 147
5.2.1 Fault detection with combustion features and speed
MEASUFEMIENL . . .\ ottt e rannrs s iniirassarenss 149
5.2.2  Fault detection with combustion features and excess air
MEASUTEMENL . . ..\ e e ettt a e e sibaaaanans 153
5.2.3 Combined diagnosis for injection and combustion . ........ 156
5.2.4 Combustion pressure measurement analysis .............. 158

5.3 Common-rail injectionsystem . ..................coiireuinnnen, 161
5.3.1 Analysis of the rail pressure signal ...................... 162
5.3.2 Model-based fault diagnosis .....................0un.nn 167

5.4 ‘Turbochargers with wastegate and variable geometry . ............ 173
5.4.1 Modelsof VGT turbochargers .................c.00000 174
5.4.2 Model-based symptom generation ............. .. uiuas 180
5.4.3 Wastegateturbocharger ..................c0iiiiiiin 181

5.5 ExhaustSyStem .........uuuuuiuoraanaeeroianiereanananian 184
5.5.1 Analytical redundancies forairmassflow..............., 184
5.5.2 Combined fault detection for wastegate turbocharger and

airmassflow..........oo e 185

5.5.3 Particulate filterandcatalyst . .......................... 185

5.6 Overall diesel engine faultdiagnosis........................... 187
References .. .......ooveiiiiiiii i i e e it 187

Part II1 Diagnosis of Electric Drives, Motors and Actuators

6 Diagnosisofelectricmotors ......................0coiiiiiiiinn, 193
6.1 Direct-currentmotor (DC) . ..ottt iiiiiiiaineanns 195
6.1.1 Models of a DC motor withbrushes..................... 195

6.1.2  Fault detection with parity equations . ................... 197

6.1.3  Fault detection with parameter estimation . ............... 198

6.1.4 Experimental results for fault detection .................. 199

6.1.5 Conclusions. . .......c.vvvuiiinirriiiriiiiiiiiinianin, 202

6.2 Alternating-current motor (AC) .. .....cvvininii i niananns 202

6.2.1 Models of induction motors (asynchronous motors) ....... 203



X Contents

6.2.2 Signal-based fault detection of the power electronics. . . ..
6.2.3 Model-based fault detection of the ACmotor ...........
624 Conclusions.........oeviiiiiinniininiinnrarenieanens
6.3 Alternating-current synchronous motors (SM).................
6.3.1 Types of three-phase synchronous motors . .............

6.3.2 Models and control of permanent magnet synchronous

motors (PMSM) ... o e
6.3.3 Model-based fault detection of a PMSM motor .........
References .. ... o it e e

7 Diagnosisofactuators .............. ... ... ... ... ..0iiiia...
7.0 Electric actualors . .. .....ovinner i
7.1.1 Electromagnetic actuator . . . .........................
7.1.2  Electrical automotive throttle valve actuator . .............
7.1.3 BrushlessDCmotor....... ... oiiieninnan..

7.2 Pneumatic actUalors ... ......covivuranerueniiernnnnonenen,
7.2.1 Design of pneumatic actuators .......................
7.2.2 Models of pneumatic actuators . .............ooeiuan
7.2.3 Fault detection of pneumatic acluators. . .. .............

7.3 Hydraulic actualors ... .....oivuei i iineiiiiiaiiainianas
7.3.1 Camshaftphasing ..................................
7.3.2 Models of a hydraulic camshaft phasing system.........
7.33 Faultdetection ........... .. ... ...iiiiiiiiiiion..
RefOIENMCES . .\ttt i ittt

-----

.. 248
.. 248

Part IV Fault-Tolerant Systems

8 Fault-tolerantcomponents ....................c.o0vuviennnnenn,

8.3 Fault tolerance for control systems ..............ccoeivvueuns
84 Faultmanagement...........ouuiiniuunrnnninnoneninnrains
8.5 Fault-tolerant sensors .............c.ovivinniorrnenrinnnins
85.1 Hardware sensorredundancy .................... ...,
8.5.2 Analytical sensorredundancy ........................
8.5.3 Fault-tolerant position sensor for an electrical throtle .. . .
8.5.4 Fault-tolerant air intake sensorsystem.................
8.6 Fault-tolerant actuators and drive systems .. ..................
8.6.1 Fault-tolerant hydraulic systems ......................
8.6.2 Fault-tolerant electrical actuators and drives . ...........







