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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 to 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 are used.

The fault diagnosis of electrical DC, AC and PMSM motors, electrical, pneu-
matic and hydraulic actuators is compiled in Part III. 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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1

Introduction

The increasing electrification and electronification is a dominant feature of modern
automotive developments. This is demonstrated by an increasing part of electrics/elec-
tronics (E/E) of the manufacturing costs from about 20 % in 1995 to 35 % in 2014.
The electrics comprise primarily the electrical energy flows to the consumers through
the energy board net. Frequently, former mechanical, pneumatic or hydraulic actu-
ated components of chassis and powertrain are replaced by electrical ones. The elec-
tronics are primarily used for many control functions. However, they enable also to
implement advanced diagnostic functions.

1.1 Combustion engine control and diagnosis developments

Many automotive developments in the last three decades have been possible through
an increasing number of mechatronic components in the powertrain and the chas-
sis. Figure 1.1.1 gives some examples for engines, drive trains, suspensions, brakes
and steering systems. Mechatronic systems are characterized by an integration of
mechanics and electronics, where the integration is between the components (hard-
ware) and the information-driven functions (software). This development has a con-
siderable influence on the design and operation of the powertrain consisting of the
combustion engine and the drive train and the chassis with suspension, steering and
braking systems. In the case of hybrid drives this includes also the electrical motor
and the battery.

The mechatronic components replace formerly pure mechanical, hydraulic or
pneumatic parts and use sensors with electrical outputs, actuators with electrical in-
puts and digital electronics for control. The available electrical sensor measurements
open the access to internal functions and thus enable new possibilities not only for
control but also for fault detection and diagnosis.

In former time the supervision of internal combustion engines consisted of limit
checking of few variables such as the oil pressure, coolant temperature and board-net
voltage. The introduction of analog control in 1967 and digital control in 1979 then
opened new ways for on-board checks and electrical workshop testers. In 1988 an

© Springer-Verlag GmbH Germany 2017
R. Isermann, Combustion Engine Diagnosis, ATZIMTZ-
Fachbuch, DOI 10.1007/978-3-662-49467-7_1



2 1 Introduction

on-board diagnosis (OBD) was required by state regulations and emission laws in
USA and 2000 in Europe to monitor the emission related engine components. Since
then the allowable emission limit values have been reduced by law in periods of 4 to
5 years. This had a great influence on the design of the combustion engines and also
on the performance and extent of the on-board diagnostic functions. The combustion
engines obtained several variabilities such as variable valve trains, variable intake
systems, variable exhaust gas recirculation, variable turbo chargers and controlled
exhaust gas aftertreatment. Because of the increasing complexity and electronic con-
trol functions trouble shooting became a difficult task. Advanced engine diagnostics
therefore support to find the root causes of failures more quickly and reduce vehicle
down-time.

A further development of an advanced fault diagnosis is a remote access to detect
faults early, guide the customer and prepare maintenance and repair. In addition a
computer supported diagnosis system allows the manufacturers to obtain data from
the field and to improve the products continuously, see e.g. Alfes et al (2014).

The next sections looks at the development for gasoline and diesel engines in
more detail together with the legislative emission requirements, see also Isermann
(2014).

Mechatronic
vehicle components

Mechatronic Mechatronic Mechatronic Mechatronic Mechatronic
combpstlon dr{ve suspensions brakes steering
engines trains

- electric throttle - automatic - semi-active - hydraulic anti- - parameter-

- mechatronic hydrodynamic shock-absorbers  lock braking controlled
fuel injection transmission - active hydraulic ~ (ABS) power-assisted
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valve trains mechanic (ABC) stability control - electro-

- variable geo- shift transm. - active pneumatic  (ESC) mechanical
metry turbo- - continuously suspension - electro-hydraulic  power-
charger (VGT) variable trans- - active anti-roll brake (EHB) assisted
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emission control  control (ATC) control (DDC) (EMB) steering (AFS)

- electrical pumps - automatic speed  or roll-control) - electrical
and fans and distance parking brake
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) R

Fig. 1.1.1. Mechatronic components and systems for automobiles and engines.
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1.1.1 On the historical development of gasoline engines control

The historical development of gasoline (or spark ignition, SI) engines during the
last 50 years with view on their control and diagnosis is depicted in Fig. 1.1.2. Un-
til about 1965 the engines were mechanically controlled with transistor-triggered
electromechanical coil ignition. Fuel injection systems for the intake manifold with
electronic analog control began to replace the carburetors in 1967. Since about 1970
increasingly more functions are controlled electronically, first with transistor tech-
nology. This development required more sensors (knock sensors, air flow and air
pressure sensors) with electrical outputs and actuators with electrical inputs (fuel
injectors). A large influence on the developments had the state regulations and emis-
sion laws, for the United States the Clean Air Act (CARB) in California (1983) and
since 1993 for US states in different tiers. This resulted in laws for low emission
vehicles (LEV), ultra low emission vehicles (ULEV) and super ultra low emission
vehicles (SULEV). The corresponding European regulations are EURO 1 (1992),
EURO 2 (1996), EURO 3 (2000), EURO 4 (2005), EURO 5 (2009), and EURO 6
(2014). These regulations were supplemented by the requirements for an on-board
diagnosis in the United States OBD I (1988), OBD II (1994) etc. and EOBD (2000)
for Europe.

Gasoline engines received catalytic converters with A\-control (1976) and micro-
processor control in 1979. The electrical throttle was introduced in 1986, the direct
injection about 1999 and since 2000 gasoline engines are supplied with variable valve
trains for valve timing and lift control. Present gasoline engines are characterized by
electromagnetic or piezoelectric injectors, high-pressure injection pumps (120 bar),
homogeneous and stratified combustion, mechanical or turbo charging and increased
specific power (downsizing). Figure 1.1.3 depicts the development of sensors and
actuators for gasoline engines. Today’s SI engines have about 15-25 sensors and
6—-8 main manipulated variables and are controlled with a powerful microcomputer
control unit (ECU) with 80-120 look-up tables and many control algorithms.

1.1.2 On the historical development of diesel engines control

The historical development of diesel (or compression ignition, CI) engines with re-
gard to their control and diagnosis is shown in Fig. 1.1.4. Around 1960 diesel engines
had a swirl chamber, mechanically controlled piston injection pumps and fly-weight
overspeed control. Microprocessor control with direct injection and distributor pump
(900 bar) and wastegate turbo chargers appeared about 1989. Further steps were ex-
haust gas recirculation (EGR), oxidation catalyst and turbochargers with variable ge-
ometry (1992). First common-rail injection systems with direct injection (1500 bar)
with VGT turbochargers reduced further fuel consumption and emissions and re-
sulted in good dynamic torque generation. Today’s diesel engines are characterized
by high pressure (2000 bar), common-rail multiple injection, piezo-injectors, twin
turbochargers or VGT chargers, high EGR rates, DeNOy-catalyst, particulate filters
with regeneration, and selective catalytic reduction (SCR).
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Classical SI engine with
- carburetor <1960
- mechanical contact breaker
<«— transistorized (breakerless)
ignition
<«— clectric fuel pumps 1963
<— eclectronic-controlled carburetor
Fuel intake injection SI engine 1965
with mechanical control

<«— clectronic (analog) control of

fuel injection 1967
<— single point fuel injection
Clean Air Act (USA) 1968 — (mechanical)
first oil crisis 1973 — <— knock sensor and control 1969

<«— multipoint fuel injection 1973

<«— air flow measurement 1973

Fuel injection SI engine with 1973

electronic control

<— ) sensor and control 1976

<— catalytic converter

<— combined ignition and fuel
injection control 1979

Fuel injection SI engine with

microprocessor control 1979
- 2 — 5 manipulated variables

onboard diagnosis 1988 — | <«— camshaft control

(OBD I, USA) —> | <«— CAN-BUS system 1986
EURO 1 1992 — | <«— electric throttle 1986
OBD II 1994 — | <«— direct injection 1999

Direct injection SI engine

- with microprocessor control
- OBD diagnosis functions 1999
- > 10 manipulated variables
EURO 3 (EOBD) 2000 — | <— valve timing and lift control 2001
EURO 4 2005 — | <«— electromagnetic injectors

<— supercharger

<«— turbocharger

<— piezo injectors

Direct injection SI engine
- with microprocessor control
- stratified and homogenous

combustion
- variable valvetrain
- downsizing
EURO 5 2009 —
EURO 6 2014 —

Fig. 1.1.2. Historical development of gasoline engine control and diagnosis.

The development of sensors and actuators for diesel engines is summarized in
Fig. 1.1.5. Present diesel engines need about 15-20 sensors, 5-9 main manipulated
variables and an ECU with more than 100 look-up tables and many control algo-
rithms.
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Sensors Sensors and actuators for gasoline engines Actuators
engine speed (1967), . S
camshaft phase electronic fuel injection

(1967, D-Jetronic)
motor temperature (1967
P ( ) microelectronic-controlled

ignition and injection

manifold pressure, manifold (
(1979, Motronic)

temperature (1967)

knock sensor (1969) electronic throttle (1986)

air-mass flap (1973) exhaust gas valve

oxygen (lambda) (1976) secondary air valve (1994)

airmass hot-film (1981) variable camshaft timing

ambient pressure direct injectors (1999)

throttle and pedal position source: Volkswagen AG variable geometry manifold

(1986, E-Gas) . .
variable valve lift

tank pressure 15-25 measurements (2011)
— 6-8 manipulation variables
ion current — 80120 look-up tables turbocharging (2006)

combustion pressure

Fig. 1.1.3. Sensors and actuators for gasoline engines (SI).

1.2 Current engine developments

1.2.1 Gasoline engines

Current developments for the further improvement of gasoline engines are, for ex-
ample, variable valve trains, downsizing and modified combustion processes.
Variable valve trains (VVT: variable valve timing) permit the improvement of
the gas exchange. The conventional phase shifting of the inlet valves primarily in-
creases the torque through early or late opening in dependence on torque and speed.
In order to reduce the gas flow losses through the throttle the valves require variable
timing as well as variable lift. Then the fresh air mass can be controlled by the inlet
valves. In addition the residual gases can be influenced by changing the overlapping
of inlet and outlet valves to improve the emissions through internal exhaust gas recir-
culation. Manipulation of the valve lift in two steps or continuously gives more free-
dom for controlling the load without throttling, see, e.g. van Basshuysen and Schifer
(2004), Braess and Seiffert (2005), Kohler and Flierl (2012). A comparison of dif-
ferent designs of VVT, Schulz and Kulzer (2006), shows that the fuel consumption
can be improved with phase actuation by 3—4 %, lift switching by 8-10 %, contin-
uously variable lift by 8-10 %, and with full variable hydraulic or electrical VVT
by 14-16 %. However, the complexity is relatively high for the full variable VVT.
Therefore, the first mentioned three mechanical VVT's are a good compromise.
The reduction of the displacement, i.e. downsizing for a given well powered ve-
hicle leads to a smaller specific fuel consumption (less throttling) in part load, as
the consumption in the torque-speed diagram shows. However, in order to increase
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Classical diesel engine with
- swirl chamber 1960
- piston injection pump
- fly weight speed control
<— turbocharger with waste-

gate 1978
<«— electronic control
Diesel engine with
- direct injection (900 bar)
- turbocharger, waste-gate
- microprocessor control

1989

<— exhaust gas recirculation 1991
<— oxidation catalyst 1991
<— turbocharger with 1992

EURO 1 1992 — variable geometry
EURO 2 1996 — | <— four valves per cylinder 1996
pump-nozzle injection 1998

Diesel engine with

- common rail and unit pump
- direct injection (1500 bar) 1997
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- microprocessor control

<— electromagnetic injectors
<— pilot injection

EURO 3 2000 —» | <+ particulate filter 2000
EOBD 2003 — DeNO, catalyst
EURO 4 2005 — | 7 selective catalytic reduction

<— twin turbocharger
Diesel engine with

- common rail

- direct injection (2000 bar)

- twin turbocharger 2005
- exhaust gas treatment
EURO 5 2009 — | <— HP and LP exhaust gas recirculation
<— piezo injectors
EURO 6 2014 — | <— combustion pressure sensors

Fig. 1.1.4. Historical development of diesel engine control and diagnosis.

the torque for small speeds and to reach a certain power at higher loads and speeds
exhaust turbocharging or supercharging with a mechanical compressor is required.
This means, for example, to reduce the displacement from 2 1to 1.3 1 and an increase
of the mean pressure from 6 to 9bar. A comparison of different gasoline engines
shows that the downsizing factor should be at least 1.3 and should be combined
with a change of the operation point to higher torques by increasing the transmission
ratio in the drive train (downspeeding) to result in a fuel reduction of about 11 %,
Konigstein et al (2008).

The optimization of the combustion process has of course a large influence. Com-
pared to the conventional intake manifold injection and stoichiometric combustion
with A = 1 and three-way catalyst the direct injection into the cylinders allows con-
siderable saving of fuel consumption for SI engines. Together with a VVT a reduc-
tion of 10 % is possible. High pressure injectors (120 bar) with piezoelectric actua-
tion gives a better spraying and makes a stratified, lean combustion with A > 1 in part
load possible, resulting in about 15 % fuel saving, Weingirtner et al (2007), Berns
(2007). A homogeneous charge compression ignition (HCCI) with an increase of the
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Fig. 1.1.5. Sensors and actuators for diesel engines (CI).

gas temperature by increased residual gases can be obtained, for example, through
early closing of the outlet valve and early injection. The combination of early closing
the outlet valve and late opening of the inlet valve enables a recompression and a first
injection, which can be applied for part load up to 40 %, Alt et al (2008), Backhaus
(2008). However, this requires a combustion pressure measurement and control and
full variable VVT. A reduction of fuel consumption of about 13-19 % is expected
and a NOy-catalyst becomes unnecessary.

1.2.2 Diesel engines

Of current interest for the further development of diesel engines are a reduction
of fuel consumption, NO, and particulates. This can be reached by further im-
provements of the common-rail direct injection, combustion processes, charging and
exhaust-gas treatment.

Some steps for the common-rail direct injection are higher pressures (2200 bar)
and multiple injections in order to improve the combustion, emissions and noise.
Solenoid and fast piezoelectric injectors allow different combinations of pre-, main-
and post-injection pulses. An increase of the exhaust-gas recirculation rate with
strong cooling results in low NO, emissions. However, a too strong increase of the
EGR reduces the turbocharger power. Therefore a low pressure EGR after the par-
ticulate filter through a cooler to the compressor inlet can be added. Then high EGR
rates with a good mixture of fresh air and exhaust-gas and low temperature through
an intercooler may lead to a good cylinder filling, Berns et al (2004), Hadler et al
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(2008), Korfer et al (2014). This requires several catalysts and regeneration phases
and more sensors in the exhaust path, Bauer et al (2007).

A modification of the combustion process is the homogeneous compression igni-
tion (HCCI), which can, e.g. be realized by an early injection with a high EGR rate
in the part-load area. This leads to a strong reduction of NOy and particulates. How-
ever, it needs a combustion feedback control with combustion pressure measurement
because of the narrow possible operation limits and concentration differences in the
individual cylinders, see e.g. Alt et al (2008), Backhaus (2008).

The use of two turbochargers with a small and large diameter enables an opera-
tion with better efficiencies, a high medium charging pressure over a larger speed
range and results in improved acceleration at low speeds. The turbochargers are
switched with pneumatic flaps, Steinparzer et al (2007). Also diesel engines allow a
certain downsizing by increasing the specific power.

Especially large efforts go into the exhaust aftertreatment, for example, through
oxidation catalyst converters and particulate filters for minimization of CO, HC, NOy
and particulates. An alternative is the selective catalytic reduction (SCR) with the
injection of dissolved urea, especially for heavy duty vehicles. The combination of
oxidation catalyst, particulate filter, NO-storage catalyst and HyS-catalyst results
in a reduction of NOy by 90 % without additives, however requires model based
control and several additional sensors, and three different regeneration cycles, Hadler
et al (2008). See also a comparison of different exhaust aftertreatment systems in
Samuelsen et al (2014).

Summarizing, gasoline and diesel engines show several development lines, to
improve the torque generation and to decrease fuel consumption, emissions and
noise. Their present development can be characterized by:

reduction of fuel consumption and CO5 emissions

reduction of specific emissions (HC, CO, NOy, particulates, dust)
powerful exhaust gas aftertreatment systems

good driving behavior

increased specific power (downsizing, charging)

reduction of friction

auxiliaries: minimization of energy consumption

reduction of oscillations and noise.

With regard to the increasing variabilities and control functions the engines are sup-
plied with mechatronic components. Figure 1.2.1 depicts some of these components.
Examples are the electrical throttle in the intake system, the high pressure common-
rail injection system with solenoid or piezoelectric injectors, variable cam-shaft, vari-
able valve trains and variable geometry turbochargers. The mechatronic components
can be subdivided in actuators with electrical, pneumatic or hydraulic auxiliary en-
ergy, switching injection valves and solenoid valves and electrical drives, pumps and
fans. Some of them are decentralized mechatronic components with local integration
of sensors and electronics and some are centrally controlled by the engine control
unit (ECU), see e.g. Robert Bosch GmbH (2011), Isermann (2014).
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1.2.3 Alternative drives

A next step of the electrification of vehicles is the development of hybrid drives. One
reason for this combination of combustion engines and electrical drives is a further
saving of fuel consumption and emissions through the operation of the combustion
engines in the ranges of better specific fuel consumption, regenerative braking and
electrical driving. Micro hybrids have typically a starter/generator with one clutch
and start-stop control. Mild and full hybrids in parallel configuration are charac-
terized through a stronger starter/generator or a generator/motor with two clutches.
Serial configurations operate with a combustion engine driving a generator and a sep-
arated electric drive. Full hybrids with power split systems have a separated generator
and electrical motors coupled via a planetary gear. Depending on the hybridization
degree the hybrid drives require a high-voltage traction board net, a DC/DC con-
verter for the supply of the chassis board net, power electronics and a very capable
battery as energy storage.

All these developments mean a strong increase of electronics and electrics and
many control functions and imply a mechatronic overall design. A major influence on
the efficiency has the further improvement of specific capacity, lifetime, reliability,
safety and cost of the batteries, for example, in the form as NiMH or lithium-ion
types. The increase of components also underlines the significance of fault diagnosis
functions.

1.3 On-board and off-board diagnosis

The strong increase of sensors, actuators, mechatronic components and electronic
control units in modern vehicles have led to a considerable degree of complexity, of
both, the power train and the chassis. Therefore these developments were paralleled
by implementing supervision and diagnosis functions, both on-board during driving
and off-board for service.

The supervision and fault diagnosis performed in the electronic control units
can be divided in the diagnosis of electric and electronic (E/E) components and the
diagnosis of engine subsystems. The E/E components are attached to the ECUs and
can therefore be monitored and diagnosed directly. The fault diagnosis of engine
subsystems frequently needs special signal analysis methods or the evaluation of
several available signals.

An overview of supervision and fault diagnosis for automobiles is given in
Fig. 1.3.1. The ECUs of the various subsystems have programmed routines for fault
detection and, if possible, for fault diagnosis. Fault detection means that somewhere
in the considered component a fault is detected by measurements. If the fault loca-
tion and fault size is determined, this is called fault diagnosis, see the terminology in
the Appendix. Detected or diagnosed faults are continuously stored as a fault code in
the non-volatile part of a data memory, together with additional information on oper-
ating and environment conditions and on the fault status, e.g. permanent or sporadic.
Important faults are displayed to the driver.
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supervision and diagnosis of automobiles

diagnosis diagnosis
components electric/electronic thermod./mechan.
components subsystems
T [ |
|
fault
fault detection
diagnosis, methods
alarming,
storage
fault
indication diaﬁgiﬁlotsis fault
displ storage
isplay methods
T [
fault I I - - I I
classification comfort emission driving safety
relevant relevant relevant relevant
faults faults faults faults
1 [ [ [ |
actions I I I I I I
disconnection default emergency redun@ant
values function function

Fig. 1.3.1. Overview of automotive supervision and fault diagnosis, fault classification and
relevant actions.

Further actions then depend on the severity of the faults. If only the comfort is
influenced, the function may be disconnected or default values may be provided (e.g.
mirror control). Emission related faults must, according to the OBD legislation, be
indicated to the driver after the appearance in a third driving cycle (e.g. misfires
or catalyst aging) and default values (e.g. closing of the EGR valve) or emergency
functions (e.g. limitation of fuel injection) are provided. A consequence for driving
with relevant faults is an emergency function (e.g. limp home function with limited
fuel injection in the case of a non active electrical throttle or too low turbocharger
pressure). Safety-relevant faults are usually covered by a fault-tolerant design in us-
ing a redundant component (e.g. double position sensors for the electrical throttle,
the steering angle, the acceleration pedal or the two circuit principle of hydraulic
brakes).

A survey of conventionally applied methods for fault detection and diagnosis
of E/E components and vehicle subsystems is depicted in Fig. 1.3.2. The status of
sensors, connectors and connecting cables to the ECU are observed by an evaluation
of the input signals. Thus short-circuits to the battery voltage or ground or cable
interruptions can be detected immediately. The measured value is compared to a
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permissible range and the plausibility is checked by means of a comparison with
other related measurements. This procedure allows to check the sensor outputs.

Many diagnosis functions are implemented in the ECUs for so called self-
diagnosis. All components like the microprocessor, the storage and bus systems are
continuously checked. Some test procedures are already started when switching to
“ignition on” and also after “engine off”. Safety relevant microprocessors have a
parallel second processor to check the output of the first processor.

The actuators are checked with regard to short-circuits or interruptions, just as
sensors. Parameter offsets of the control error in the case of position control, or
monitoring of settling times give hints for actuator faults. Also plausibility checks
with other measurements and application of test signals and observation of the sign
and size of influenced outputs are applied.

The diagnosis of the communication between ECUs and some sensors and actua-
tors is part of the bus protocol. Thus a CAN bus protocol already detects transmission
errors. Additionally the time intervals between transmission can be monitored.

The board net including the generator, alternator and the battery is usually mon-
itored by a measurement of the voltage in the engine ECU. Fuses, which protect
against short-circuits and generators are usually provided with an overvoltage pro-
tection. A practice-oriented description of these applied OBD functions can be found
in Rokosch (2006) and Schiffer (2010).

The diagnosis functions of the vehicle subsystems can be divided into those for
the combustion engine, the transmission and the various chassis systems, like steer-
ing, braking, suspensions and tires. The most comprehensive diagnosis system is im-
plemented for the engine and takes up about 50 % of the ECU’s software. This is es-
pecially due to the always increasing legislative requirements to limit the emissions.
The on-board diagnosis OBD I by the Californian Air Resource Board (CARB) in
1988 required that all emission relevant electrical components of an ICE are moni-
tored and its faults are stored in the ECU and displayed by a malfunction indicator
lamp (MIL). In 1994 followed the second stage of diagnosis legislation, known as
OBDII. Since then all emission related components have to be monitored and the
diagnosis system has to be certified for a driving cycle. Other US states followed.
A European version is EOBD. It is based on OBDII and is required for passenger
cars and light commercial vehicles (<3.5t) with gasoline engines since 2000, with
diesel engines since 2003 (EU4) and for heavy commercial vehicles since 2005. The
used methods are testing of electrical circuits, limit checks of measured values and
plausibility checks.

The fault detection in automatic hydraulic transmissions has to be based on mea-
surements of the engine speed, the output shaft speed, selector-lever position and
positions of the program selector. Except testing of electrical circuits, limit value
checks and plausibility checks are applied. In the case of severe faults a hydraulic
emergency operation is provided.

The subsystems of the chassis frequently have their own ECUs and individual
diagnosis functions. They include the diagnosis routines from the E/E components.

Off-board diagnosis is carried out in service stations with special workshop
testers. These testers are connected to a diagnosis plug on the driver side and operate
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over a serial interface. The communication protocols are standardized in ISO 9141-
2 for European passenger cars and SAEJ 1850 for American passenger cars. After
initiating the ECU, detection of the baud rate and reading of the key bytes of the
transmission protocol, the fault memories of different ECU’s are read out. The fault
storage can be deleted and actuators can be triggered.

A software standardization for the information in vehicle diagnosis systems was
introduced by ASAM in 2004 as Open Diagnostic Data Exchange (ODX). It de-
scribes the data communication for diagnosis and software programs as a common
basis for manufacturers, suppliers, development and after-sales service. ODX is spec-
ified with UML (Unified Modeling Language) and uses XML (Extensible Markup
Language) for the diagnosis data. Because ASCII-code is used, the data is easily
portable. The readable information is also important, see e.g. Marscholik and Subke
(2011). According to the ISO 22901-1 the data protocols like UDS (ISO 14229) are
standardized. A standardization of the diagnosis functions is in development, and
called OTX (Open Test sequence eXchange), see Chap. 3.

1.4 Failure statistics

Failure statistics of automobiles are published from automobile clubs and similar or-
ganizations. As an example Table 1.4.1 shows causes of breakdowns of passenger
cars. They are based on about 2.5 millions breakdowns and service helps per year for
2005 and stem from the service personnel. About 45.5 % belong to the power train
(engine, tank system, exhaust system, clutch and gear), 35 % to general electrics,
12.7 % to the vehicle (chassis 4.2 %, brake system 1.4 %, suspension 0.6 %, steering
system 0.3 %) and 6.8 % to others. Most frequent are (and increasing from 2000 to
2005) failures of the electrics, like battery, generator, V-belt, starter blockage, loos-
ened cables or burned fuses. The ignition system showed defects frequently because
of the immobilizer (theft protection), ECU"s, spark plugs or marten bites. Detected
failures of the engine were broken belts or chains of the camshaft, oil pump defects,
too less oil and overheating.

Table 1.4.1. Breakdown of passenger cars, ADAC Pannenstatistik 2005, ADAC (2005).

wheels,
tires

fuel
injection

fuel
system

general
electrics

cooling

components
system

ignition {motor

percentage of

failures [% | 35.0 ‘ 14.6 ‘ 7.7‘ 5.6 ‘ 5.5 ‘ 6.0 ‘ 6.2

clutch . |exhaust| brake . _|steering

components chassis suspension others
system |system system

percentage of| - | ‘ 4.2 ‘ 2.0 ‘ 1.4 ‘ 0.6 ‘ 0.3 ‘6.8

failures [% ]
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Table 1.4.2. Failures of the cooling system of passenger cars, ADAC Pannenstatistik 1999,
ADAC (2002).

flexible pipes |cylinder| water |coolant|thermo-| cooler
components || V-belt| (heating, head |pump| liquid | stat |expansion
cooling) seals vessel
percentage of
failures [% | 29 ‘ 20 ‘ 16 ‘ 10 ‘ 6 ‘ 6 ‘ 6

The cooling system shares about 4-6 % of all vehicle breakdowns. Table 1.4.2
indicates that most of the failures are caused by the V-belt, the flexible pipes for
heating and cooling, cylinder head (seals) and water pumps. Through coolant leak
detection almost half of all failures can be detected, e.g. by measuring the coolant
liquid level.

The statistics for causes of breakdowns and service helps in the year 2011 based
on 2.3 million events are summarized in Table 1.4.3 for the power train and in Ta-
ble 1.4.4 for the vehicle chassis with some more details. The documented percentage
of failures is 48.7 % for the power train and 47.4 % for the vehicle chassis. The
numbers are similar than that of Table 1.4.1 for 2005. Most failures of the power
train have their origin in the fuel system (8.8 % ), the ignition system (7.9 %) and
auxiliary drives (8.6 %). The electronic control system yields 5.5 % and the cooling
system (without V-belt) 4.1 %. The exhaust pipe with EGR and turbocharger, the
engine hardware and the drive train contribute with about 4 % each.

The largest groups of failures of the vehicle chassis stems with 36 % from
electrics and electronics with a major part 28.7 % from the battery, see Table 1.4.4.
Dominant failures in the suspension system are the tires with 7.5 %, the brake sys-
tem with 2.3 %, including the brake pads and the parking brake, and in the steering
system with 0.3 % the auxiliary power support.

Some of the failures are safety relevant and therefore very important with regard
to accidents. For example, hydraulic brakes of passenger cars in Germany (2000)
are responsible for about 900 accidents with injuries from a total of about 36000.
This means that 2.5 % of all accidents are due to technical brake failures. Accidents
during rain, snow and ice make about 48.5 %, Storey (1996), DEKRA Automobil
GmbH (2001). The reasons for technical hydraulic brake failures are leakages or
gas enclosures. 60 % are due to lacking maintenance (porous flexible brake tubes,
corroded brake lines, cut seals at cylinder pistons) and 10 % due to wrong assembling
and repair.

These numbers show that the supervision and fault diagnosis of engines and ve-
hicles should be improved. The increased numbers of sensors with electrical outputs
and actuators with electrical inputs give a much better access to important variables
and therefore chances to apply modern fault detection and diagnosis methods.

The lifetime requirements for the individual components of vehicles are rather
different. Table 1.4.5 shows some basic data usually used for reliability considera-
tions and Table 1.4.6 depicts the resulting events per lifetime of some components.
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1.4 Failure statistics
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Hence, the number of reliable functions per lifetime of a vehicle is about 50 for
airbags, 10000 for air conditioning, and 500000 for ABS.

Table 1.4.5. Basic data for vehicle life.

characteristic variables Hrequirements
time in service 10 years
operation time 3000 hours
mileage (in 10 years) 150, 000 km
average speed (oer 10 years) 50 km/hour
average number of rides per day (over 10 years, from private up to taxi)|| 10 times
number of rides (in 10 years) 50, 000 times
average mileage per ride (over 10 years) 3 km

Table 1.4.6. Estimated number of events per lifetime of some vehicle components.

relevance Hexample events per ride |events per life time
safety (rare use) [[short circuit, airbag, car alarm[10~> 50

safety ABS 10 5 x 10°

(often use) indicator 50 2.5 x 10°
seasonal window heating 0.2 10%

dependent Air conditioning ’

once per starting ||door locking, starting relay |1 5 x 10*

multiple per ride ||lighting, wipers, horn 5 2.5 x 10°

1.5 On the contents of this book

The book is divided in three parts. After this introduction, Part I gives a short in-
troduction and survey for the various supervision and fault-diagnosis methods. After
discussion of some terminology basic fault detection methods like limit and trend
checking, and plausibility checks are described. Then, advanced signal model and
process model-based detection methods like signal analysis, parameter estimation,
state observers, state estimators and parity equations are presented in a condensed
form. This is followed by approaches for fault diagnosis with classification and in-
ference methods.

FPart I1 is devoted to the fault diagnosis of internal combustion engines. Because
the diagnosis functions are strongly related to the engine control functions, the con-
trol structures of gasoline and diesel engines are considered, a subdivision of engine
components is provided, the conventional legally required on-board diagnosis (OBD)
functions are considered, and a first discussion of model based detection and diag-
nosis methods for combustion engines is sketched. This is followed by a systematic
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treatment of advanced methods for fault detection and diagnosis of gasoline engines.
The described procedure follows a modular structure for groups of engine compo-
nents, from the intake air system, fuel supply and ignition system, to the cooling
and lubrication system. Several methods were investigated and compared for misfire
detection. In all cases the available on-board sensor signals are used and dependent
on the kind of faults either signal-analysis methods or process-model-based methods
are applied.

Fault detection and diagnosis of diesel engines is also based on a modular struc-
ture. The considered individual engine components are the intake system, direct fuel
injection with distributor pumps, common-rail injection, turbochargers with waste-
gate or variable geometry, and the exhaust system including particulate filters and
catalysts. It is shown for these components how special fault-related features can be
generated with periodic signal analysis, parameter estimation and parity equations,
which lead to symptoms. These symptoms are then the basis for a fault diagnosis
by classification or fuzzy-logic inference methods. The results of these methods are
demonstrated by experiments with artificially implemented faults on test benches.

Part 111 describes results for the fault detection and diagnosis of electrical drives
and actuators in form of DC, AC and PMSM motors and of electrical, pneumatic and
hydraulic actuators, which are used at several places of the engines and the chassis.
In the last part IV on fault-tolerant systems fault-tolerant sensors and actuators are
considered. The used terminology for fault detection and diagnosis is summarized in
the Appendix.

The treated topics in this book enable a progress as follows:

e considerable expansion of engine fault diagnosis compared to conventional OBD
methods

e systematic procedures for fault detection by applying different process-model-

based and signal-based methods

modular structure of groups for the diagnosis of engine parts

fault diagnosis with classification or rule-based inference methods

validation with implemented faults on test benches

detection and localization of component, actuator and sensor faults to find faults

more quickly and to reduce vehicle downtime

support for trouble-shooting in service stations and during manufacturing

basic measurement evaluation and information fusion for

— online, off-line and remote diagnosis

— maintenance on demand

improvement of reliability, availability and lifetime of combustion engines

design of fault-tolerant actuators, sensors and component parts with regard to

safety-related applications

e applications for gasoline and diesel engines in passenger cars, commercial vehi-
cles, trucks, trains, ships and aircraft.
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Part 1

Supervision, Fault Detection and Diagnosis Methods



2

Supervision, fault-detection and fault-diagnosis
methods — a short introduction

Fault detection and fault diagnosis belong to the general area of supervision or con-
dition monitoring of technical processes. The task is to indicate undesired or not
permitted states and to take appropriate actions to avoid damage, accidents or envi-
ronmental pollution. This includes states of the powertrain and the chassis which are
dangerous (e.g. spinning vehicle), not economic (e.g. high fuel consumption or high
wear and tear) or not ecologic (e.g. too high emissions).

The basic tasks of supervision, fault detection and fault management are de-
scribed in detail in Isermann (2006) and Isermann (2011). Therefore, only some
remarks are given here as an introduction and basis for a systematic approach of
automotive diagnosis.

2.1 Basic tasks of supervision

A process (engine or chassis) which operates in open loop is considered, Fig. 2.1.1a).
U(t) and Y (¢) are input and output signals, respectively. Due to external or internal
causes a fault can now appear. Examples for external causes are environmental in-
fluences like humidity, dust, chemicals, electromagnetic radiation, high temperature,
leading, e.g. to corrosion or pollution. Examples for internal causes are missing lu-
brication and therefore higher friction or wear, overheating, leaks, and short circuits.
These faults F(¢) firstly affect internal process parameters © by A@(t) like changes
of resistance, capacitance or stiffness and/or internal state variables x(t) by Ax(t)
like changes of mass flows, currents or temperatures, which are frequently not mea-
surable. According to the dynamic process transfer behavior, these faults F'(¢) influ-
ence the measurable output Y (¢) by a change AY'(¢). However, it has to be taken
into account that also natural process disturbances and noise N (¢) and also changes
of the manipulated variable U (t) influence the output Y (¢).

For a process operating in open loop a remaining fault f(¢) (part of F(t)) gener-
ally results in a permanent offset AY (). In the case of a closed loop, Fig. 2.1.1b), the
behavior is different. Depending on the time history of parameter changes A@(t) or

© Springer-Verlag GmbH Germany 2017
R. Isermann, Combustion Engine Diagnosis, ATZIMTZ-
Fachbuch, DOI 10.1007/978-3-662-49467-7_2
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Fé external Fe
internal Fi faults K
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Fig. 2.1.1. Scheme of a process (engine or chassis) P influenced by faults F. a process in open
loop, b process in closed loop.

state-variable changes Ax(¢) the output shows only a somewhat shorter and vanish-
ing small deviation AY (¢) if a controller with integral behavior (e.g. a PI-controller)
is used. But then the manipulated variable shows a permanent offset AU () for pro-
portionally acting processes. If only the output Y (¢) is supervised, the fault may not
be detected because of the small and short deviation, furthermore corrupted by noise.
The reason is that a closed loop is not only able to compensate for disturbances N ()
but also to compensate for parameter changes A@(t) and state changes Ax(t) with
regard to the control variable Y (¢). This means that faults F'(¢) may be compensated
by the closed loop. Only if the fault grows in size and causes the manipulated vari-
able to reach a restriction value (saturation) a permanent deviation AY may arise.
Hence, for processes in closed loop the process input U (¢) should be monitored, as
well as Y (¢).

The supervision of technical processes in normal operation or the quality control
of products in manufacturing is usually performed by limit checking or threshold
checking of some few measurable output variables Y (¢), like pressures, forces, liquid
levels, temperatures, speeds, and oscillations. This means one checks if the quantities
are within a tolerance zone Yin < Y (t) < Yiax. If the tolerance zone is exceeded,
an alarm is raised. This is also called monitoring.

2.2 Knowledge-based fault detection and diagnosis

As fault detection and fault diagnosis are fundamental for advanced methods of su-
pervision and fault management, these tasks will be considered briefly. Fault de-
tection and diagnosis, in general, are based on measured variables by instruments
and observed variables and states by human technicians. The automatic process-
ing of measured variables for fault detection requires analytical process knowledge
and the evaluation of observed variables requires human expert knowledge, which
is called heuristic knowledge. Therefore, fault detection and diagnosis can be con-
sidered within a knowledge-based approach. Figure 2.2.1 shows an overall scheme.
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Fig. 2.2.1. Overall scheme of knowledge-based fault detection and diagnosis.

2.2.1 Analytic symptom generation

The analytical knowledge about the process is used to produce quantifiable, analyti-
cal information. To do this, data processing based on measured process variables has
to be performed to generate first the characteristic values by:

limit value checking of direct, measurable signals. The characteristic values are
the violated signal tolerances

signal analysis of directly measurable signals by the use of signal models
like correlation functions, frequency spectra, autoregressive moving average
(ARMA) and/or the characteristic values, for example, variances, amplitudes,
frequencies or model parameters

process analysis by using mathematical process models together with parame-
ter estimation, state estimation and parity equation methods. The characteristic
values are parameters, state variables or residuals.

In some cases, special features can then be extracted from these characteristic val-
ues, for example, physically defined process coefficients, or special filtered or trans-
formed residuals. These features are then compared with the normal features of the
non-faulty process. For this, methods of change detection and classification are ap-
plied. The resulting changes (discrepancies) in the mentioned directly measured sig-
nals, signal models or process models are considered as analytic symptoms. Fig-
ure 2.2.2 gives a more detailed survey of analytical fault-detection methods, which
are treated in following subchapters.
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Fig. 2.2.2. Survey of analytical fault-detection methods.

2.2.2 Heuristic symptom generation

In addition to the symptom generation using quantifiable information, heuristic
symptoms can be produced by using qualitative information from human drivers or
workshop personnel. Through human observation and inspection, heuristic charac-
teristic values in the form of special noises, colors, smells, vibration, wear and tear,
etc., are obtained. The process history expressed through performed maintenance,
repairs, former faults, life-time and load measures, constitutes a further source of
heuristic information. Statistical data (e.g. MTTF, fault probabilities) achieved from
experience with the same or similar processes can be added. In this way heuris-
tic symptoms are generated, which can be represented as linguistic variables (e.g.
small, medium, large) or as vague numbers (e.g. around a certain value), compare
Fig. 2.2.1.

2.2.3 Fault diagnosis

The task of fault diagnosis consists in determining the type, size and location of the
most possible fault, as well as its time of detection.

Fault-diagnosis procedures use the analytic and heuristic symptoms. Therefore
they should be presented in an unified form like confidence numbers, membership
functions of fuzzy sets or probability density functions after a statistical evaluation
over some time. Then, classification methods can be applied if a learned pattern-
based procedure is preferred, to determine the faults from symptom patterns or clus-
ters. If, however, more information of fault-symptom relations, e.g. in the form of
logic fault-symptom trees or if-then rules are known, inference methods (reasoning
methods) with forward and backward chaining can be applied, see Isermann (2006).
Figure 2.2.3 gives a survey of these methods.
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Fig. 2.2.3. Survey of fault-diagnosis methods.

2.3 Signal-based fault-detection methods

A fault detection based on single signal measurements is in simple cases performed
with limit checking or trend checking, or, in more complex cases, by operating
with special signal models, extraction of special signal features and change-detection
methods, see Fig. 2.2.2.

2.3.1 Limit checking of absolute values

Generally, two limit values, called thresholds, are preset, a maximal value Y;,,x and
a minimal value Y,,;,. A normal state is when

Ymin < Y(t) < Yma)u (231)

which means that the process is in normal situation if the monitored variable stays
within a certain tolerance zone. The exceedance of one of the thresholds then in-
dicates a fault somewhere in the process. This simple method is applied in almost
all process automation systems. Examples are the oil pressure (lower limit) or the
coolant water (higher limit) of combustion engines or the control error of a con-
trol loop. The thresholds are mostly selected based on experience and represent a
compromise. On one hand false alarms through normal fluctuations of the variable
should be avoided; on the other, faulty deviations should be detected early. Therefore
a trade-off between too narrow and too wide thresholds exists.

2.3.2 Trend checking

A further simple possibility is to calculate the first derivative Y = dY (t)/dt, the
trend of the monitored variable and to check if

Yiin < Y (t) < Yinax. (2.3.2)
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If relatively small thresholds are selected, an alarm can be obtained earlier than for
limit checking of the absolute value. Trend checking is, for example, applied for oil
pressures and vibrations of oil bearings of turbines or for wear measures of machines.

Limit checking of absolute values and trends can also be combined, see Isermann
(2006).

2.3.3 Plausibility checks

A rough supervision of measured variables is sometimes performed by checking the
plausibility of its indicated values. This means that the measurements are evaluated
with regard to credible, convincing values and their compatibility among each other.
Therefore, a single measurement is examined to find whether the sign is correct and
the value is within certain limits. This is also a limit check, however, with usually
wide tolerances. If several measurements are available for the same process then the
measurements can be related to each other with regard to their normal ranges by
using logic rules, like

IF [Ylmin < Yl (t) < Yhnax] THEN [YQmin < YQ (t) < YZmax] . (233)

For example, one expects for a centrifugal pump with rotating speed n and pressure

p
IF [1000 rpm < n < 3000 rpm] THEN [3 bar < p < 8 bar].

The plausibility check can also be made dependent on the operating condition, like
IF [Operating condition 1] THEN [Y3min < Y3(t) < Yamax] - (2.3.4)

One example is the oil pressure p,;; of a combustion engine with speed n and coolant
temperature Jgyp():

IF [n < 800rpm] AND [dfyp¢ < 50°C| THEN [3bar < poy < 5bar]. (2.3.5)

Hence, plausibility checks may be formulated by using rules with binary logic con-
nections like AND, OR. These rules and ranges of the measurements allow a rough
description of the expected behavior of the process under normal conditions. If these
rules are not satisfied either the process or the measurements are faulty. Then, one
needs further testing to localize the fault and its cause.

These plausibility checks presuppose the ranges of measured process variables
under certain operating conditions and represent rough process models. If the ranges
of the variables are increasingly made smaller, many rules would be required to de-
scribe the process behavior. Then, it may be better to use mathematical process mod-
els in the form of equations to detect abnormalities. Therefore, plausibility tests can
be seen as a first step towards model-based fault-detection methods.
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2.3.4 Signal-analysis methods

Many measured signals of processes and especially engines show oscillations that are
either of harmonic or stochastic nature, or both. If changes of these signals are related
to faults in the actuators, the process and sensors, signal-model-based fault-detection
methods can be applied. Especially for machine vibration, the measurement of posi-
tion, speed or acceleration allows one to detect, for example, imbalance or bearing
faults (turbo chargers), knocking (gasoline engines) and surging (drive train). But
also signals from many other engine sensors, like speed, flow and pressure, contain
oscillations with a variety of higher frequencies than the engine rotational speed.

The task of fault detection by the analysis of signal models is summarized in
Fig. 2.3.1. By assuming special mathematical models for the measured signal, suit-
able features are calculated, for example, amplitudes, phases, spectrum frequencies
and correlation functions for a certain frequency bandwidth wy,;n, < W < Wineer Of
the signal. A comparison with the observed features for normal behavior provides
changes of the features which then are considered as analytical symptoms.

faults

A S B

=P| actuators /3 process D> sensors

4 signal-model-based
signal fault detection

model

J

feature
generation

IR g --Yy, Sy , Ry features

normal change
behavior detection

@ S analytical symptoms

Fig. 2.3.1. Scheme for the fault detection with signal models.

The signal models can be divided into nonparametric models, like frequency
spectra or correlation functions, or parametric models, like amplitudes for distinct
frequencies or ARMA-type models. Signal-analysis methods exist for harmonic
oscillations, stochastic signals and non-stationary signals, compare the scheme of
Fig. 2.3.2.

For the analysis of stationary periodic signals band pass filtering or Fourier anal-
ysis can be used. Non-stationary periodic signals may be analyzed with, e.g. wavelet
transforms. The analysis of stochastic signals is frequently performed by correlation
functions, spectrum analysis and signal parameter estimation for ARMA models.
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Fig. 2.3.2. Survey of signal-analysis methods for signal-model-based fault detection.

2.4 Process-model-based fault-detection methods

Different approaches for fault detection using mathematical models have been de-
veloped in the last decades (see, e.g. Willsky (1976), Himmelblau (1978), Isermann
(1984), Isermann and Freyermuth (1991), Isermann (1997), Gertler (1998), Frank
(1990), Chen and Patton (1999), Patton et al (2000)), Blanke et al (2006). The task
consists of the detection of faults in the processes, actuators and sensors by using
the dependencies between different measurable signals. These dependencies are ex-
pressed by mathematical process models. Figure 2.4.1 shows the basic structure of
model-based fault detection. Based on measured input signals U and output signals
Y the detection methods generate residuals r, parameter estimates O, or state esti-
mates x, which are called features. By comparison with the normal features (nominal
values) changes of features are detected, leading to analytical symptoms s.

For the application of model-based fault-detection methods, the process config-
urations according to Fig. 2.4.2 have to be distinguished. With regard to the inherent
dependencies used for fault detection, and the possibilities for distinguishing be-
tween different faults, the situation improves greatly from case a) to b) or c) or d), by
the availability of some more measurements.

2.4.1 Process models and fault modeling

A fault is defined as an unpermitted deviation of at least one characteristic property
of a variable from an acceptable behavior. Therefore, the fault is a state that may
lead to a malfunction or failure of the system. The time dependency of faults can
be distinguished, see Fig. 2.4.3, as abrupt fault (stepwise), incipient fault (drift-like),
or intermittent (sporadic) fault. With regard to the process models, the faults can be
further classified. According to Fig. 2.4.4 additive faults influence a variable Y by
an addition of the fault f, and multiplicative faults by the product of another variable
U with f. Additive faults appear, e.g., as offsets of sensors, whereas multiplicative
faults are parameter changes within a process.

Now, lumped-parameter processes are considered, which operate in open loop.
The static behavior (steady states) is frequently expressed by a nonlinear character-
istic as shown in Table 2.4.1. Changes of parameters J; can be obtained by parameter
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Fig. 2.4.2. Process configuration for model-based fault detection. a SISO (single-input single-
output); b SISO with intermediate measurements; ¢ SIMO (single-input multi-output); d
MIMO (multi-input multi-output).
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Fig. 2.4.4. Basic models of faults. a additive fault, b multiplicative faults.

estimation with, e.g., methods of least squares, based on measurements of different
input output pairs [Yj, Uj]. This method is applicable for, e.g. valves, pumps, drives,
and engines. More information on the process can usually be obtained with dynamic
process models. Table 2.4.2 shows the basic input/output models in the form of a
differential equation or a state-space model as vector differential equation. Similar
representations hold for nonlinear processes and for multi-input multi-output pro-
cesses, also in discrete time.

Table 2.4.1. Fault detection of a nonlinear static process via parameter estimation for steady
states.

r ¢AB1_ f

RN = ¥

Measured signals: U(?), Y(f)
Basic equation:
2 q T
Y=By+tBU+BU +.+ ﬁqU_)Y:‘lls 6
T T 2
;=[P .. B] ws=[1UU ..U
Additive faults: f;, input fault; £, output fault

Multiplicative faults: AP, parameter faults
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Table 2.4.2. Linear dynamic process models and fault modeling.

Input/output model State-space model
Aa;  Ab,
fi ¥ %
u B(s Y
Gpls) = AES;

Measured signals:
W) = Y(1) = Yoo u(t) = U(t) — Uy,

Basic equations:

Y0 +a "0+t a,y"(0) X(1) = A x(0) + bu(?)
m —_ r

= bou(t) + b0 +..+ b u™ () | WO)=¢ x(0)

YO =v'(H)®

D 0 0 1
G)T—[al;;;a” bU...(fm] A=| 0 1 -
v=[2®.>"0 1 0

u(t) .. u" ()] b'= [ b, b -~ ]

¢=10 0 1]

Additive faults: /, input or state-variable fault
J/, input fault; f output fault /., output fault

Multiplicative faults:

Aa,, Ab, parameter faults AA, Ab, Ac parameter faults

2.4.2 Fault detection with parameter estimation

Process-model-based methods require the knowledge of a usually dynamic process
model in the form of a mathematical structure and parameters. For linear processes in
continuous time the models can be impulse responses (weighting functions), differ-
ential equations or frequency responses. Corresponding models for discrete-time (af-
ter sampling) are impulse responses, difference equations or z-transfer functions. For
fault detection in general, differential equations or difference equations are primarily
suitable. In many practical cases the process parameters are partially not known or
not known at all. Then, they can be determined with parameter estimation methods
by measuring input and output signals if the basic model structure is known. Ta-
ble 2.4.3 shows two approaches by minimization of the equation error and the output
error. The first one is linear in the parameters and allows therefore direct estimation
of the parameters (least-squares estimates) in non-recursive or recursive form. The
second one needs numerical optimization methods and therefore iterative procedures,
but may be more precise under the influence of process disturbances. The symptoms
are deviations of the process parameters A@. As the process parameters @ = f(p)
depend on physically defined process coefficients p (like stiffness, damping coeffi-
cients, resistance), determination of changes Ap allows usually a deeper insight and
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makes fault diagnosis easier, Isermann (1992). Parameter estimation methods oper-
ate with adaptive process models, where only the model structure is known. They
usually need a dynamic process input excitation and are especially suitable for the
detection of multiplicative faults.

Table 2.4.3. Fault detection with parameter estimation methods for dynamic processes.

Minimization of equation error Minimization of output error
u BG) v ou B(s) y
A(s) '
A [T e

N B >
B(s) |—>I1—| /?s) | B(s)

/\
6 . 5 A(s)
b PARAM. a )
ESTIM. PARAM. |
ESTIM. [~
Loss function: V=3 ¢’ (k) V=3 ¢" (k)
Method: ® nonlinear
® non-recursive parameter optimization

6= RAIRE ® recursive form

'A recursiv/s: A _A v
Ok + 1) = 60 + y(beth + 1) | PO T TOMHTMZGM)

Symptoms: @ model parameters A@(j) = é(]’) -0,
® process coefficients [A) :f-][®] Ap()) = ]AJ(]') - Py

2.4.3 Fault detection with state observers and state estimation

If the process parameters are known, either state observers or output observers can be
applied, Table 2.4.4. Fault modeling is then performed with additive faults fy, at the
input (additive actuator or process faults) and fy at the output (sensor offset faults).

a) State observers

The classical state observer can be applied if the faults can be modeled as state-
variable changes Ax; e.g., for leaks. Special design of the matrix W allows one to
generate structured residuals. In the case of multi-output processes special arrange-
ments of observers were proposed:

Dedicated observers for multi-output processes

e Observer, excited by one output: One observer is driven by one sensor output.
The other outputs y are reconstructed and compared with measured outputs y.
This allows the detection of single sensor faults, Clark (1990)
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Bank of observers, excited by all outputs: Several state observers are designed
for a definite fault signal and detected by a hypothesis test, Willsky (1976)
Bank of observers, excited by single outputs: Several observers for single sen-
sor outputs are used. The estimated outputs y are compared with the measured
outputs y. This allows the detection of multiple sensor faults, Clark (1990) (ded-
icated observer scheme)

Bank of observers, excited by all outputs except one: As before, but each observer
is excited by all outputs except one sensor output which is supervised, Frank
(1987).

Table 2.4.4. Fault detection with observers for dynamic processes.

State observer | Output observer

Process model:
x()=Ax()+Bu(@®) +Fv()+Lf()
y(#) = Cx() + Nn() + M 1,(?)

v(?), n(?): disturbance signals; f,, f,: additive fault signals

u x=Ax+Bu y u x=Ax+Bu y

Qbserver equations: é(z) =A, é(,) +B, u(r) + H, y(0)
X(1)=AX(1) +Bu(?) + He(r) THD:Q%M
e(n=y(®)-Cx(n & (1) =T, x(¢): transformation
Residuals: E() = é(t) T, X(?)

o Ax() = x(1) = x,(1) r(t) = C.&(1) — T,Mf,, (1)

o e(f) — independent of x(7), u(?), v(¢)
o r(t)=We() — dependent on f,(7), f,(¢)

Special observers:
— fault-sensitive filters
(H such that r(¢) defin. direct.) B
. B.=T,B
— dedicated observers T.V =0
. 1 -
(for different sensor outputs) C.T,-T,C=0

Design equations:

T,A-AT,=HC
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Fault-detection filters (fault-sensitive filters) for multi-output processes

The feedback H of the state observer is chosen so that particular fault signals f1,(¢)
change in a definite direction and fault signals f\;(¢) in a definite plane, Beard (1971)
and Jones (1973).

b) Output observers

Another possibility is the use of output observers (or unknown input observers) if
the reconstruction of the state variables x(¢) is not of interest. A linear transforma-
tion then leads to new state variables £(¢). The residuals r(¢) can be designed such
that they are independent of the unknown inputs v(t), and of the state by special
determination of the matrices C¢ and T'3. The residuals then depend only on the
additive faults fr,(¢) and fy;(¢). However, all process model matrices must be known
precisely. Hence, the observer-based fault-detection methods operate with a fixed
parameter model and correct the state variables by the feedback of output errors. A
comparison with the parity equation approach shows similarities.

¢) State estimation

Whereas state observers are designed for deterministic initial states x(0) and inputs u
and no disturbances, state estimators are optimized filters for stochastic initial states,
stochastic state disturbances v at the input and stochastic disturbances n at the output
with known covariances. In the case of continuous-time signals the Kalman—-Bucy
filter results and for discrete-time signals the Kalman filter. Table 2.4.5 shows the
signal flow and basic equations for the mostly used Kalman filter with discrete-time
signals, see also Isermann (2006), and the cited references.

The application of the Kalman filter is similar to that of state observers and should
only be applied if considerable stochastic disturbances act on the input and/or the out-
put signals. However, the covariance matrices of both disturbances must be known
for determining the filter gain K. This needs in many cases some trials to find appro-
priate values.

2.4.4 Fault detection with parity equations

A straightforward model-based method of fault detection is to take a fixed model G
and run it parallel to the process, thereby forming an output error, see Table 2.4.6:

' (s) =y(s) —ym = [Gp(s) — Gu(s)] u(s). (2.4.1)

If Gp(s) = Gu(s), the output error for additive input and output faults becomes,
Table 2.4.2:

r'(s) = Gp(s) fu(s) + fy(s). (24.2)

Another possibility is to generate an equation error (polynominal error) or an input
error as in Table 2.4.7, Gertler (1998).
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Table 2.4.5. Fault detection with state estimation and discrete-time signals (Kalman filter).

n(k)

[ - 7
11 R(kk1) 4!
¥ :
11
11

L L e LT !
/ VR(k+1]k) X(klk) \

prediction correction

State estimation (Kalman filter)

Process models:

x(k+1)=Ax(k) + B u(k) +V v(k)

y(k) = C x(k) + n(k)

v(k), n(k): stochastic disturbances with known covariance
matrices M and N

State estimation equations:
o prediction: X(k + 1k) = A X(k|k) + B u(k)
e correction : X(klk) = X(klk-1) + K[y(k) — C?&(k\k -1)]
e filter gain: K =P~CT[C P-CT+ NJ!
e error covariance matrix Riccati equation:
P (k+ 1) = AP(k) AT— AP (k) C'[CP(k) C+ NT'CP(kfA + VM V'

Residuals: Ax(k + 1|k)
Ay(k) = e (k)

In all cases, the residuals only depend on the additive input faults f,,(¢) and output
faults fy (t). The same procedure can be applied for multi-variable processes by using
a state-space model, see Table 2.4.7.

The derivatives of the signals can be obtained by state-variable filters, Hofling
(1996). Corresponding equations exist for discrete time and are easier to implement
for the state-space model. The residuals shown in Tables 2.4.6 and 2.4.7 left are
direct residuals. If the parity equations are formulated for more than one input and
one output, it becomes possible to generate structured residuals such that faults do
not influence all residuals. This improves the isolability of faults, Gertler (1998).
For example, the components of matrix W for the state-space model, Table 2.4.7
right, are selected such that, e.g., one measured variable has no impact on a specific
residual. Parity equations are suitable for the detection of additive faults. They are
simpler to design and to implement than output observer-based approaches and lead
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approximately to the same results. A comparison of fault detection with observers,
Kalman filter and parity equations is given in Isermann (2006), Sect. 11.4.

Table 2.4.6. Fault detection with different forms of parity equations for linear input/output

models.

Output error

Equation error

Input error

u B(s) y
A(s) + 7
By,(s) i
Ay (s)

u B(s) y
()

By(s) |-»_$;4 A,/(s)
!

u B(s) y
— >
o 1 LA®
i Ay(s)
By(s)

Parity equations:

P$) =)~ 40 u(s)

F(O) = (00,,+ v, ()8,
- ‘V/;I (GO

1(s) = Ay(s) ¥(s) = By, u(s)

r(t) = \I’ar(t) 0,, - Whr 0,

(9 =) (340

() = Wgr(t)(a;t;/:* ‘VuT(t)@Ma

B, (s)=b,+ bs +..+ b, s"
4,(s)=1+as+.+a,s
8, =[144a,.4q,

v =Ly y

®;\Tlh = [b(]bl bm]
e, =[la..a]
v, = [uud? . u™]

v, =y ™

nl ]
®M;:b—0[ 1 b b,... b,

T
\y'h' =[uuPu® .. ™

2.4.5 Direct reconstruction of non-measurable variables

State observers and Kalman filters reconstruct non-measurable variables contained in
the state-vector x(¢) and parameter-estimation methods reconstruct non-measurable
parameters @ from measured input signals u(t) and output signals y(¢). However,
process models or parts of it can also be directly used to calculate non-measurable
variables from measured variables, for example by using algebraic relationships. A
first example is the calculation of the torque M of a DC motor from the current [
by using M (t) = WI(t), where ¥ is the flux linkage. A second example is the re-
construction of the volume flow rate V of a centrifugal pump transporting a liquid
through a pipe from the rotor angular speed w by V() = xw(t) for steady-state op-
eration, Wolfram (2002). This kind of reconstruction via algebraic relations holds es-
pecially for transformers and converters whose behavior is expressed with the power
covariables effort e(¢) and flow f(t), Isermann (2005).

Figure 2.4.5 summarizes the principles of the most important model based fault
detection methods. Parameter estimation usually needs an input excitation. State es-
timation and parity equations can operate in steady-state conditions without special
inputs. they deliver relatively similar results. These and other methods are described
in Isermann (2006) and their applications to industrial processes in Isermann (2011).
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Table 2.4.7. Fault detection with parity equations and equation errors for dynamic processes.

Input/output model, equation
error

State space model

u B(s) ),

A(s) T
+

B(s) Hﬁ 4,0 |
]

u x=Ax+Bu y

Parity equations:
r (9) = AM(S).V(S) - BM(S)U(S)
r()=v, (00, -y, (08,

Y. ()=TX(®)+QUL

WY, ()=WTx (1)+ WQU,»)
WT=0

r(1)=W(Y (1) -QUL1)

B, (s)=b,+bs+.+b,s"
Afs)=1+as+..tas"
®,, =[byb,... b,]

0, =[1a,a,. a,]

n

v, =[uu"u?.. u"]

v, =" "]

Du=[uu"..u"]=U,
Dy=[yy".y"I'=Y,
T=[CCACA.T

0 0 0..

CB 00
Q=|c4B CB 0

M

u B(s) y
A(s)

process —>
B(s) u

X =Ax+Bu Yy
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Fig. 2.4.5. Main process-model-based fault-detection methods for dynamic processes with
output errors. a parameter estimation, b state estimation, ¢ parity equations.
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2.5 Fault-diagnosis methods

The task of fault diagnosis consists of the determination of the type of fault with as
many details as possible such as the fault size, location and time of detection. The
diagnostic procedure is based on the observed analytical and heuristic symptoms and
the heuristic knowledge of the process, see the schemes in Figs. 2.2.1,2.2.3 and 2.4.1.
The inputs to a knowledge-based fault-diagnosis system are all available symptoms
as facts and the fault-relevant knowledge about the process, mostly in heuristic form.
The symptoms may be presented just as binary values [0, 1] or, e.g. as fuzzy sets to
take gradual sizes into account.

2.5.1 Classification methods

If no further knowledge is available for the relations between features and faults,
classification or pattern recognition methods can be used, Table 2.5.1. Here, refer-
ence vectors S, are determined for the normal behavior. Then the corresponding
input vectors S of the symptoms are determined experimentally for certain faults £}
applying the fault-detection methods. The relationship between F and S is therefore
learned (or trained) experimentally and stored, forming an explicit knowledge base.
By comparison of the observed S with the normal reference S,,, faults F can be
concluded.

One distinguishes between statistical or geometrical classification methods, with
or without certain probability functions, Tou and Gonzalez (1974). A further possi-
bility is the use of neural networks because of their ability to approximate nonlinear
relations and to determine flexible decision regions for F in continuous or discrete
form, Leonhardt (1996). By fuzzy clustering the use of fuzzy separation areas is
possible.

2.5.2 Inference methods

For some technical processes, the basic relationships between faults and symptoms
are at least partially known. Then this a-priori knowledge can be represented in
causal relations: fault — events — symptoms. Table 2.5.1 shows a simple causal
network, with the nodes as states and edges as relations. The establishment of these
causalities follows the fault-tree analysis (FTA), proceeding from faults through in-
termediate events to symptoms (the physical causalities) or the event-tree analysis
(ETA), proceeding from the symptoms to the faults (the diagnostic forward-chaining
causalities). To perform a diagnosis, this qualitative knowledge can now be expressed
in the form of rules: IF < condition > THEN < conclusion >. The condition part
(premise) contains facts in the form of symptoms S; as inputs, and the conclusion
part includes events Ey and faults Fj as a logical cause of the facts. If several symp-
toms indicate an event or fault, the facts are associated by AND and OR connectives,
leading to rules in the form

IF <S; AND S; > THEN < Eq >
IF < FE; OR Ey >THEN < F; >.
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Table 2.5.1. Methods of fault diagnosis.

Classification methods Inference methods
REFERENCE- . -
PATTERN CAUSALITIES
= F s : F
INFERENCE-
—=| CLASSIFICATION—> — Sieaeey

Without a-priori knowledge on With a-priori knowledge on
symptom causalities symptom causalities
Mapping: Causal network:

S, F, e E
D~ Q &%

S2 FZ
Fault-symptom tre
NE,
T

S=[S.,S,..5,]
F'=[F.F,..F,] @ [IE;
Classification: Rules:
— statistical If <S8, AS,>Then<E, >
— geometrical Diagnostic reasoning:
— neural nets — Boolean logic: facts binary
— fuzzy clusters — Approximative reasoning:

— Probabilistic facts:
probability densities
— Fuzzy facts:
fuzzy sets

For the establishment of this heuristic knowledge several approaches exist, see Frost
(1986), Torasso and Console (1989). In the classical fault-tree analysis the symptoms
and events are considered as binary variables, and the condition part of the rules can
be calculated by Boolean equations for parallel-serial connection, see, e.g., Barlow
and Proschan (1975), Freyermuth (1993). However, this procedure has not proved to
be successful because of the continuous and gradual nature of faults and symptoms.
For the diagnosis of technical processes approximate reasoning is more appropriate.
For more details see Isermann (2006).

2.6 Fault detection and diagnosis in closed loop
The main goals for using automatic control loops are precise following of reference

variables (setpoints), a faster response than in open loop, compensation of all kind of
external disturbances on the controlled variable, stabilization of unstable processes,
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reduction of the influence of process parameter changes with regard to the static and
dynamic behavior, partial compensation of actuator and process nonlinearities, and,
of course, replacement of manual control by humans.
The performance of a SISO control loop with regard to the control error (devia-
tion)
e(k) = w(k) — y(k), (2.6.1)

i.e. the deviation of the controlled variable y(k) from the reference variable w(k)
depends on many facts, compare Fig. 2.6.1, like:

external disturbance w(k), uy (k), vi(k)

structure and parameters of the controller GG, and controller faults f,

changes of the structure and parameters of the process Gy, and process faults f;,
changes of the actuator G, and actuator faults f,

faults f in the sensor G and measurement noise 7.

v
_1>G

pvl

Vi
Gpvi

ey gy gh O g

o n.‘
oo G. —»i—» G, —»&G M G, —»(l)—cwy

c pu

controller actuator process sensor

Fig. 2.6.1. Control loop with variables and fault influences.

Y controlled variable w reference variable

Up manipulated variable e control deviation

Ui process disturbances N measurement noise

Uy process input disturbances fe,a,p,s faults of the controller,
Np sum of process disturbances actuator, process and
Yp process output to be controlled sensor

Hence, many changes and faults influence the performance of closed loops. Usu-
ally, only the control deviation e and the control variable y are monitored.

Small faults in the actuator and process, be they additive or multiplicative, will
usually be compensated by the feedback controller (with integral action) and they
will not be detectable by considering e(k) and y(k) only, as long as the control de-
viation turns back to approximately zero. Also small sensor offset faults will not be
detected. The controller will just make the wrong sensor signal equal to the refer-
ence variable. Only by a redundant sensor or other redundant information for the
controlled variable the offset fault can usually be detected.
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As shown in Isermann (2006), Chap. 12, several larger faults have a similar ef-
fect on the considered changes of closed-loop behavior such that it is not easy to
differentiate them. In addition, some of the behavior is also observed after external
disturbances under normal operation.

A first possibility for fault detection in closed loops is to analyze measurable
signals like the controlled variable y(t), the manipulated variable u(k), the reference
variable w(k) and the control deviation e(k). This is also known as performance
monitoring of closed loops. For example, the variances of these variables, steady-
state deviations, large overshoots or frequency spectra can be monitored. However,
it is very difficult to find the reasons for observed changes.

Process-model-based detection methods allow a deeper insight, as they relate the
manipulated variable u(k) to the controlled variable y(k). The application of param-
eter estimation in closed loops requires consideration of the identifiability conditions.
If no external measurable perturbations can be used, because the closed loop oper-
ates with constant reference variable w(k) = const and only compensates for dis-
turbances, special higher-order controller structures are required. With measurable
external perturbations, as for servo systems with continuously changing reference
variable, parameter estimation methods can be directly applied. Powertrains of ve-
hicles behave like servo systems. Also parity equations for the process are directly
applicable if the (fixed) process model agrees well with the real process. Especially
by combining several detection methods a large portion of faults in the components
of a closed loop (actuators, process, sensor, controller) can be detected and isolated.

Concluding remarks

The summary of basic fault-detection and diagnosis methods presented in this chap-
ter was limited to linear processes mainly. Some of the methods can also be directly
applied to nonlinear processes, e.g., signal analysis, parity equations and parameter
estimations. However, all the methods have to be adapted to the real processes. In
this sense the basic methods should be considered as “tools”, which have to be com-
bined properly in order to meet the practical requirements for the fault detection of
the considered real process.
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Part 11

Diagnosis of Internal Combustion Engines



3

On the control and diagnosis of internal combustion
engines

As the supervision and diagnosis functions of internal combustion engines are
strongly connected with the control functions, this chapter briefly presents the ba-
sic control tasks and some control functions. This is followed by a short discussion
of present on-board diagnosis (OBD) requirements and realized approaches. Because
of the complexity of the sensors, actuators and ECU control functions, the control-
oriented structure of the engines from Isermann (2014) is used, which also helps to
structure the supervision and diagnosis functions. Finally, an introduction to model-
based engine fault detection is given.

3.1 Electronic engine control

The electronic engine control unit (ECU) has the task to control, optimize and su-
pervise all relevant functions of an internal combustion engine (ICE). At first glance
this comprises:

torque generation according to the drivers accelerator pedal

low fuel consumption

low exhaust emissions and low noise (compliance with legislation)
good driving behavior.

With regard to the general assembly of internal combustion engines the control func-
tions can be dedicated to following engine subsystems or engine parts:

intake system (air system)

injection system

fuel supply

combustion and crankshaft drive, charging unit
lubrication

exhaust gas system, exhaust gas recirculation
cooling system.

Nk BN

© Springer-Verlag GmbH Germany 2017
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Fachbuch, DOI 10.1007/978-3-662-49467-7_3
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As the control functions are fundamental for the development of supervision and di-
agnosis functions, they are briefly described in the following sections, which lean
on Isermann (2014). A part of the subsystems is basically controlled mechanically,
as for example, the inlet and outlet valve timing and lift through the camshaft for
conventional four-stroke engines, the fuel pressure and oil pressure with overpres-
sure relief valves and the coolant temperature with thermostatic expansion valves.
Many other important variables are controlled electronically such as the air flow, fuel
flow, combustion, torque, speed, exhaust gas recirculation, and exhaust gas treatment.
However, also the camshaft can be controlled electronically in the case of variable
valve trains (VVT) and the fuel pressure for common rail direct injection systems,
as well as the oil pressure. Therefore electrically commanded actuators are state-of-
the-art, which operate with electrical, pneumatic or hydraulic auxiliary energy, and
sensors with electrical outputs.

The optimization of the thermodynamic, fluid dynamic and mechanical design
and construction of internal combustion engines has led to an increasing number of
actuators and sensors and to a strong increase of electronic control functions. The
electronic control unit (ECU) controls the start, idle, warm-up and normal operation.
The increase of control functions is demonstrated by the size of programs and data of
the digital microcomputer based system. Within the last 15 years the clock frequency
of the microprocessors has increased from 12 to 150 MHz, the databus width from
8 bit to 32 bit, program storage from 32 kbyte to 5 Mbyte, the computing time from
about 10 to 300 millions instructions per second (MIPS), and the calibration labels
from about 2500 to 30000. Within this time window of 15 years these characteristics
have increased by following factors: memory: 1:100, computer power (MIPS): 1:30
and calibration parameters 1:10, see Fig. 3.1.1.

This development was mainly influenced by the increase of variabilities to op-
timize the combustion and the exhaust-gas treatment. For gasoline engines this re-
flected first, for example, in the optimization of valve timing and lift in combination
with the injections, depending on load, homogeneous or stratified operation, and A-
control. In the case of diesel engines and partially for gasoline engines this resulted
in optimizing multiple injections, valve timing, turbo charging, exhaust-gas recircu-
lation and particulate filters and their regeneration cycles.

Figure 3.1.2 shows a simplified signal flow diagram for gasoline engines. The en-
gine control system has to be designed for 6-8 main manipulated variables and 5-8
measured output variables, leading to a complex nonlinear multiple-input multiple-
output system. Because several output variables cannot be measured in mass pro-
duction vehicles, like the torque and some emissions, as they are too costly or may
not be robust enough, some output variables of the engine are controlled by feed-
forward structures, also called open-loop structures. This requires that the driver‘s
pedal position, several influencing variables like the engine speed, air mass flow, air
temperature and pressure, oil and coolant temperature have to measured and feed-
forward control actions on the main manipulated variables have to be specified. In
the case of gasoline engines feedback control or closed-loop control is used for \-
control and knock control. Diesel engines use charging pressure, air mass flow rate
and overspeed feedback control, see Fig. 3.1.3. Both engine types have idling speed
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and coolant fluid temperature feedback control. The feedforward structures have the
advantages that they enable fast reactions and do not have stability problems, but
they need relatively precise engine models and sensors for the main influencing vari-
ables. The closed-loop structures compensate also not measured disturbances, but
their controllers must be precisely and robustly adapted to the engine’s nonlinear dy-
namic behavior. All the control functions depend strongly on the load and speed and
on the operating state such as starting phase, warm-up, normal state, idling, overrun
and shut-down.

The next sections give, as an overview, some details of basic control functions
for gasoline and diesel engines.
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Fig. 3.1.1. Development of ECU characteristics for engine control, ETAS (2010).

3.1.1 On the control of gasoline engines

Figure 3.1.4 illustrates the main components of a direct injection gasoline engine
with its actuators and sensors. To generate a certain torque at the crankshaft the gaso-
line engines require a very specific air-fuel mixture. For an optimal combustion they
need a close to stoichiometric mixture of air and fuel in the range 0.8 < A < 1.4 and
because of the mostly applied three-way catalyst the air/fuel ratio must be precisely
in the range of 0.98 < A < 1.02. Therefore the air is usually throttled for part-load
by a throttle valve so that the cylinders suck the air from the manifold with sub-
atmospheric pressure. The air mass (air charge) taken in by the cylinders determines
together with the fuel the resulting torque. It is measured by an air-mass sensor or
determined indirectly by a manifold pressure sensor. However, the conventional load
control of the engine by an upstream throttle generates charging losses, in contrast
to diesel engines. The control unit (ECU) commands the electrical actuated throttle
valve depending on the drivers accelerator pedal position and adjusts the injected
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Fig. 3.1.2. Simplified control structure of a gasoline engine with intake fuel injection. 6-8
manipulated variables, 5-8 measured outputs.

Tooot Py Ty 1
Y
Uped Mipj ‘}Weng
> Ping > vehicle
feedfotrw?rd P : combustion emissions l,:
contro Ui process
'hair -
U super charging ”
egr - V2]
> U, >
| feedback Ve
i R T,
control Ucool > cooling cool s

Fig. 3.1.3. Simplified control structure of a diesel engine with turbocharger. 6—8 manipulated
variables, 5-8 measured outputs.

fuel quantity with the fuel injection system by feedforward control. The fuel is in-
jected either in the intake manifold upstream the inlet valves (port injection) using a
low pressure pump (4—6 bar) or directly into the combustion chamber with controlled
high pressure fuel pumps (120-200 bar).

The injection into the intake manifold during the induction stroke of the cylin-
ders may consist of several injection pulses (multi-point injection) and is applied for
a conventional homogeneous combustion. The ECU converts the accelerator pedal
position into a desired calculated torque value. By using various correction functions
the air charge and the corresponding fuel injection mass per cylinder and an optimal
ignition angle relative to the top dead center of the crankshaft are calculated and the
manipulated variables throttle valve angle, fuel injection angle and duration and the
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Fig. 3.1.4. Schematic of a direct injection gasoline engine with actuators, sensors and ECU for
homogeneous combustion. (Bosch DI Motronic, A = 1, by courtesy of Robert Bosch GmbH).

ignition coil activation are set by feedforward control look-up tables. The injected
fuel mass is corrected by a (cascaded) lambda feedback controller with measure-
ments of A in the exhaust system before and after the catalyst in order to reach a
stoichiometric combustion for an optimal conversion of CO, HC and NOy in the
three-way catalyst.

The direct injection in the cylinders has as additional manipulation the high pres-
sure in the fuel rail and allows different types of combustion. At lower engine speed
and torque a stratified cylinder charge can be reached, where in one zone a com-
bustible air/fuel mixture cloud is generated and transferred to the spark plug. The
other zone contains excess air and residual exhaust gases. The zones are controlled
by a turbulence flap in the manifold. Thus, the throttle valve can be opened, avoid-
ing throttling and charging losses, resulting in better efficiency. The fuel is injected
during compression. However, the lean combustion generates larger NOy concentra-
tions and because of the excess air a three way catalyst cannot be used. Therefore
NOy is reduced by exhaust gas recirculation (EGR), manipulated by an EGR-valve
and a NO, accumulator-type catalytic converter is applied. At high speed and torque
the engine has to run in homogeneous mode, because the generation of stratified
conditions cannot be realized. Hence, this two-mode (also three-mode) combustion
requires precise control functions for several variables and operates by using univer-
sal (broad-band) lambda sensors with variable setpoints for the air/fuel ratio. A NO
sensor may also be used. In addition knock feedback control corrects the ignition an-
gle by using one or two knock sensors at the crankcase in order to prevent knocking
combustion which may lead to engine damages.
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Based on these main control tasks Fig. 3.1.5 shows a control-oriented block struc-
ture for a gasoline engine. Altogether seven main actuators manipulate the air flow,
the fuel flow and if provided the recirculated exhaust gas, and exhaust gas treatment
through different control modules. The control modules are torque control, injection
and air/fuel control, ignition control, knock control, air charge and EGR control for
normal operation of the warm engine. The speed of the engine results together with
the power consuming load, the transmission and the vehicle. In addition, there are
special control modules depending on engine operating states, such as for the start,
warming-up, shut-off and idling.

3.1.2 On the control of diesel engines

The main components of a diesel engine with turbocharger are shown in Fig. 3.1.6.
The air for diesel engines is sucked into the cylinders with slightly lower than atmo-
spheric pressure, if no turbochargers are used and the torque is manipulated by the
injected fuel mass. However, most of the modern diesel engines have turbochargers
to increase the torque and the power. The air charge then depends on the charg-
ing (boost) pressure, which is controlled by the charging pressure controller, e.g. by
changing the wastegate position or the position of a variable geometry turbocharger
(VTG). At low load, the diesel engine operates with large excess air, i.e. with large
air/fuel ratio expressed by the excess-air factor A. Only at high loads, A comes closer
to 1. If it gets too small, the diesel engine starts smoking. The relative high com-
pression ratio in the cylinders together with the low charging losses because of an
inactive throttle valve in the intake and therefore good air supply lead to a higher
efficiency compared to gasoline engines, especially at part load. However, the higher
the combustion temperature and therefore the higher the thermodynamic efficiency
the more NOy gases are produced because of the oxidation of nitrogen gas contained
in the air. In order to lower the combustion temperature and the NO, concentration,
the exhaust gases can be recirculated to the intake on cost of the fuel efficiency.

Modern diesel engines have either a common rail or a unit pump injection sys-
tem with pressures until 2200 bar. The ECU commands the injected fuel mass into
the cylinders according to the drivers accelerator pedal position. In order to influ-
ence the burning process with regard to optimized fuel consumption, NOy and soot
formation and the generated noise multiple injections are applied, with pre-, main-
and after-injection pulses. The air mass flow rate in the intake system is indirectly
controlled by the EGR valve (passenger car diesels mainly). Because the fresh gas
mixture taken in by the cylinders is about constant for a certain operating point, an
increasing EGR flow rate 77, results in a reduction of the air flow rate 7i,;,. This
means that the ratio 7eg /1. is changed. The control variable of the closed air
mass control loop is the measured mass flow rate, the manipulated variable is the
EGR-valve position, and the reference value is calculated from the desired reference
excess air factor A\..¢. A further feedback control is the charging pressure control
loop, which manipulates either a wastegate for fixed geometry turbochargers or the
guide vanes of turbochargers with variable geometry (VGT). Both closed control
loops are strongly coupled.
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Fig. 3.1.6. Schematic of a direct injection diesel engine with VGT turbocharger, actuators,
sensors and ECU. (Bosch EDC 16, by courtesy of Robert Bosch GmbH).

Diesel engines require a speed controller for the maximum speed in order to
limit the speed by reducing the fuel mass. Otherwise the engine could be damaged
by overspeeding. This is because a load control by intake throttling as for gasoline
engines is missing. Speed control is also applied for idling, but not during the normal
operating range for diesel engines in vehicles.

The exhaust after-treatment has the task of reducing HC, CO, NO, and particu-
lates. In most passenger car diesel engines HC, CO and some soot are removed by an
oxidation catalyst. This may be followed by an NOy, storage catalyst (NSC), where
in the loading phase NOj is stored within 30 to 300 s in a lean exhaust gas (A > 1).
Regeneration and removal of NOs take place in a rich exhaust gas (A < 1) within
2 to 10s. This removal or reduction of NO is performed with CO and Hs in a rich
exhaust gas by retarding the injection angle and throttling the intake air. The control
of the storage catalyst requires a temperature sensor and NOy-sensor or A-sensor.
An alternative is a selective catalytic reduction (SCR), where NOy is removed by
ammonia NHgs, which stems from a liquid urea. This process operates continuously
by injecting an urea/water solution (“‘add blue”) from an extra tank, and is feedback
controlled by using NOy- and NH3-sensors.

Emitted soot particulates can be removed by diesel particulate filters (DPF).
They consist of porous ceramics or sintered metal and must be generated by soot
burning with the oxygen in the exhaust gas and an increased temperature of mini-
mum 600°C, resulting in CO2. The regeneration is started when a criterion based
on a combination of difference pressure increase and calculated soot storage from a
storage model is exceeded. Then the exhaust temperature is increased by a retarded
main or extra late injection and intake-air throttling, depending on the operating state
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of the engine. This regeneration takes about 10 to 20 minutes and the engine is con-
trolled so that the torque is not remarkably reduced. The control of the DPF requires
a difference pressure and a temperature sensor.

Figure 3.1.7 depicts a block-oriented structure of a diesel engine with main actu-
ators and sensors. Seven actuators manipulate the air, the fuel, exhaust gas recircu-
lation and exhaust gas after-treatment. One can distinguish the control modules for
torque control, injection control, air charge and EGR control, and emission control
for the normal operation phase. These control functions are strongly interconnected.
Closed loop control is usually realized for the air flow, common rail pressure, charg-
ing pressure and in some cases for exhaust gas after-treatment. This is added by many
feedforward control functions. Most feedforward control functions are implemented
as grid-based three-dimensional look-up tables (3D-maps) or as two-dimensional
characteristics. This is because of the strongly nonlinear static and dynamic behav-
ior of the IC-engines, the good interpretation and the direct programming in micro-
processors with fixed point arithmetics. Some of the functions are based on physical
models with correction factors, but many of the look-up tables and control algorithms
are calibrated after measurements on engine test benches and with vehicles. How-
ever, as the complexity and the variants of the engines increase, engine-model-based
identification and control design methods are of growing importance, see Isermann
(2014).

Beside the main control functions several sublevel controls are required, such
as position control for throttle, injection pumps, camshaft, swirl and tumble flaps,
pressure control for fuel and lubrication oil. For special operating conditions or states
supplemental control functions are implemented, like knocking control (SI) or smoke
limitation control (CI), idling-speed control, cold start-up control and warming-up
control.

This concludes a first rough sketch of basic control functions for combus-
tion engines. As an introduction to the the basics of internal combustion engines
following books are recommended: Heywood (1988), Urlaub (1995), Cook et al
(1996), Jurgen (1999), Stone (1999), Ferguson and Kirkpatrick (2001), Stotsky
(2009), van Basshuysen (2009), Pischinger et al (2009), Mollenhauer and Tschoke
(2010), Robert Bosch GmbH (2012), Kohler and Flierl (2012), Merker et al (2012),
Pucher and Zinner (2012), Spicher (2012), Bargende (2013), Pischinger (2013),
Beidl (2014), Wachtmeister (2014).

Internal combustion engine control is treated in the following books: Kiencke
and Nielsen (2000), Isermann (2003), Johansson and Rantzer (2003), Robert Bosch
GmbH (2006), Guzzella and Onder (2010), Isermann (2010), Eriksson and Nielsen
(2014), Isermann (2014).

3.2 On-board and off-board diagnosis of engines
The enlargement of electronic functions in motor vehicles enables not only more

control functions but also allows to implement supervision and diagnostic functions.
This is necessary because the complexity of the engine, chassis and their components
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increased. Therefore, today’s vehicles have an on-board diagnostic (OBD) function-
ality. Its goal is to detect faults and to indicate them to the driver and to change the
operation of the engine e.g. by load reduction. The off-board diagnosis is carried out
in a workshop by connection with a test equipment, which allows to expand the fault
detection coverage. Its intention is to localize the faults down to the smallest possible
replaceable unit. Here additional measurements are possible, the inclusion of human
observations and use of guided troubleshooting software.

Until about 1979 the classical supervision of combustion engines consisted of
limit checking the oil pressure, the coolant temperature and board-voltage by alarm-
ing the driver through signal lamps. The implementation of microprocessor engine
control then allowed not only a more comprehensive engine control, but also much
more on-board diagnosis functions, see e.g. Robert Bosch GmbH (2012). Monitor-
ing and fault-diagnosis programs check the input and output signals and important
control functions during operation. For example, sensor outputs, plug connectors and
cables are monitored. This includes the sensor supply voltages, sensor measurement
ranges and plausibility checks by comparing different sensor outputs. The ECU out-
put signals to the actuators are monitored with regard to line breaks, short-circuits to
battery voltage or vehicle ground and open circuits. Also the actuator positions are
monitored with test signals or by plausibility checks. The ECU hardware and soft-
ware contains many monitoring functions, e.g. for the microcontroller and storages.
They may operate after start-up, during normal operation or after switch-off. The
communication between ECU’s is checked by the detection of transmission errors of
the buses like CAN.

After the fault detection fault-handling procedures are trigged. If the defective
component is detected, replacement values like the last valid value or a substitute
value is used allowing a further operation of the engine. The faults are stored in a non-
volatile part of the ECU memory by using fault codes and the operating condition at
fault occurrence. Warning lamps or text messages indicate severe faults to the driver.
Depending on the fault limp-home functions are switched which allow to drive with
limited power or speed.

The requirements of the CARB (Californian Air Resources Board) for an on-
board diagnosis (OBD 1) in 1988 extended the monitoring functions. First, only
the monitoring of sensors and actuators with the electronic control unit (ECU) was
required which influence the emissions. The legal regulations for On-Board Diag-
nosis II (OBD II) introduced by CARB in 1994 and the European On-Board Di-
agnosis (EOBD), introduced by the European Union in 1998, forced the develop-
ment of monitoring methods of all components that cause an increase of exhaust gas
emissions because of faults, see e.g. California’s OBD II (1996), European Parlia-
ment (1998), European Parliament (1999), European Parliament (2002), Achleitner
(1997), Stoss and Rupella (2007). EOBD is in operation for passenger cars with gaso-
line engines since 2000 and with diesel engines since 2003. Statistics have shown that
an increase in exhaust gas emissions and decrease in engine performance is in many
cases caused by faults in the injection or mixture preparation, by the combustion
and by faults in the aftertreatment of exhaust gases, e.g. in the catalytic converter or
particulate filter. Faults which pass the OBD limit values by factor 1.5 for USA or
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with additively given limits for the EU must be indicated to the driver after the third
driving cycle, see e.g. Siemens VDO (2007), DELPHI (2010). The OBD thresholds
may be different from the legal emission limits, Almstadt (2007).

The diagnosis functions according to the CARB-OBDII and partially EOBD re-
quirement in 2010 have to include for gasoline engines:

® Sensors e exhaust gas recirculation e cold start emission reduction
e actuators e NO, sensors e crank case ventilation

e catalysts e secondary air system e variable valve train

e tank ventilation e lambda sensors e air conditioning system

o fuel system e coolant thermostat e engine cooling system

e misfire

The on-board diagnosis system for diesel engines requires additionally

e oxidation catalyst e injection mass and timing
e SCR-DeNOx-system e exhaust gas cooler
e NO,-storage catalyst e charging pressure control
e particulate filter e charging air cooler

The supervision of sensors includes a check of the electrical circuit, detecting short
circuits to supply and ground, and cable breakage. In addition violation of mea-
surement ranges and plausibility checks are required. The plausibility checks are
performed by the comparison with other sensor measurements and signal changes
for definite stimulations with test signals. The supervision of actuators follows the
checks for the electrical circuits as for sensors. Additional functional checks are re-
quired as appropriate response to command variables with regard to static precision
and reaction time of the actuators.
Some examples for OBD-diagnosis functions are:

e Catalyst: A measure for the oxygen storage capacity is obtained by checking the
damping of the control generated oscillation amplitudes of the oxygen sensor
values before and after the catalyst.

e Misfire: the well resolved speed signal shows a decrease, which allows to indicate
a misfiring cylinder, e.g. by measuring the time intervals between strokes or parts
of them

e Secondary air: The oxygen content in the exhaust gases must increase after start-
ing the secondary air pump.

e \-sensor: the continuous range oxygen sensor before the catalyst is checked by
a richer fuel/air ratio. The oxygen content then has to decrease.

e Exhaust gas recirculation: for increased EGR rate the measured air mass rate has
to decrease.

o Tank leakage: The air ventilation is closed and a pressure build up by a special
diagnosis pump is observed.

Hence, the applied supervision functions operate by special changes of observed
signals after stimulation with an appropriate test signal or by comparisons of two
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different signals and their signs of signal deviations after stimulation of command
variables.

The exceeding of limit values is stored in the on-board-diagnosis system and is
indicated to the driver by the MIL-lamp (malfunction indication lamp, ISO 2575)
after the third driving cycle, if the threshold was passed again. The cars must have
a diagnosis plug on the driver side to connect a diagnosis scan tool. This scan tool
shows then e.g. readiness (activation of diagnosis functions and diagnosis events),
power train data for the fault event, pending and confirmed faults, and various vehicle
data. Different protocols are used for the communication, like ISO 9141-2 and ISO
14230-4 in the EU and SAE J 1850 for American passenger cars and SAE J 1708 for
U.S. commercial vehicles, Robert Bosch GmbH (2012). The state-of-the-art is e.g.
described in Knirsch and Klee (2002), Liicking (2003), Willimowski et al (2005),
Pedrelli (2007), SAE (2009), Schiffer (2010), Zimmermann and Schmidgall (2014),
Béker and Unger (2014).

The amount of software for these diagnosis functions presently takes about 50%
of the capacity of the engine electronic control units. Because of narrower legal limit
values for the tolerated exhaust emissions the efforts for engine diagnosis will in-
crease.

A software standardization for the information in vehicle diagnosis systems was
introduced by ASAM in 2004 as Open Diagnostic Data Exchange (ODX). It de-
scribes the data communication for diagnosis and software programs as a common
basis for manufacturers, suppliers, development and after-sales service. ODX is spec-
ified with UML (Unified Modeling Language) and uses XML (Extensible Markup
Language) for the diagnosis data. Because ASCII-code is used, the data is easily
portable. The readable information is also important, see e.g. Marscholik and Subke
(2011). According to the ISO 22901-1 the data protocols like UDS (ISO 14229) are
standardized.

UDS (Unified Diagnostic Services) standardizes specification of diagnosis ser-
vice requests and service responses with regard to the ISO/OSI layers of bios systems
like CAN. Hence, the UDS data protocols provide data in a standardized format and
are the inputs for ODX, which presents the actual measured data with dimensions in
a readable form and generates a diagnosis protocol. The standardization of the diag-
nosis functions is presently in development and is called OTX (Open Text sequence
eXchange), Georg et al (2010).

The off-board diagnosis is usually applied at service stations. By using special
workshop testers the information stored in the fault memory of the ECU is read out
over a serial interface. The faults are stored as an error code in the non-volatile area
of the ECU data memory.

As the OBD requirements require the supervision of selected functions by limit
checking of directly measurable quantities, the expression “diagnosis”, in the sense
of indicating the faulty component is not justified in all cases. Especially the work-
shops would like to know more details for troubleshooting. A future aspect is
the development of felediagnosis or remote-diagnosis systems, where an onboard-
computer or ECU is connected through communication links with capable off-board
computers and experts at service stations to support fault-diagnosis and relevant de-
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cisions for actions on a remote basis. Therefore more advanced diagnosis methods
of powertrain components are considered in the following chapters.

3.3 Control- and diagnosis-oriented subdivision of combustion
engines

The development of control and diagnosis functions for internal combustion engines
requires a subdivision into signal-flow-oriented parts with physical input and output
variables. Table 3.3.1 therefore distinguishes four engine groups:

A Basic engine hardware

B Electrical hardware

C Control hardware and software
D Auxiliary components

and subdivides corresponding engine parts and shows the dominating physical do-
mains. The engine parts are further detailed in Table 3.3.2 for gasoline engines and
in Table 3.3.3 for diesel engines and list the main components, actuators, manipu-
lated variables, sensor variables and auxiliary components for standard engine con-
figurations. The components for the cooling system, electrical system and electronic
control system, which are similar for both types of engines are given in Table 3.3.4.

Table 3.3.1. Engine groups and parts.

Engine group Engine parts Physical domains
A basic engine Al intake system fluid dynamics, thermodynamics
hardware A2 injection system fluid dynamics, mechatronics
A3 fuel supply fluid dynamics

A4 combustion and mechanics |chemistry, thermodynamics,
mechanics, materials
AS lubrication system fluid dynamics, heat transfer
A6 exhaust gas system, fluid dynamics, thermodynamics,
exhaust gas recirculation, |chemistry
emission after-treatment

A7 cooling system fluid dynamics, heat transfer
B electrical hardware |B1 electrical system low voltage electricity

B2 ignition system low & high voltage electricity
C control hardware C1 actuators mechatronics

and software C2 sensors physics, mechatronics
C3 electronic control unit computer technology, control
software, algorithms

D auxiliary components D1 filters fluid dynamics

D2 tank ventilation
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Control- and diagnosis-oriented subdivision of combustion engines

Table 3.3.2. Main components of gasoline engines.

65

Engine part Components | Actuators Manipulated |Sensors Auxiliary
variables components
Al intake - intake pipe |- el. throttle |- throttle pos.|- air mass flow |- air filter
system manifold - intake flaps |- flap pos. - manifold
- blow-by pipe temperature
- manifold
pressure
A2 injection |- high pressure |- metering unit|- valve pos. |- fuel or rail
system pump (direct |- pressure - injection pressure
injection control valve | duration
- injection - injection - injection
valves valve coils or| time
piezo actuat.
A3 fuel - low pressure |- canister - valve pos. |- fuel level - tank
supply fuel pump purge valve - fuel ventilation
(intake and pressure - tank
direct inj.) - tank diagnosis
- fuel filter pressure pump
A4 combustion|- combustion |- hydraulic - camshaft |- engine speed
and chamber actuators position - camshaft
mechanics |- pistons - swirl flaps |- flap pos. phase
- connecting |- tumble flaps |- exhaust gas |- knocking
rods - exhaust gas valve pos. accelerom.
- crankshaft recirculation |- inlet/outlet
- camshaft valve valve pos. |- pressures
- variable - wastegate - wastegate |- temperatures
valve train actuator position
- bearings
- turbocharger
- exhaust gas
recirculation
AS lubrication |- oil pump - oil pump - oil flow - oil pressure |- oil filter
- 0il channels actuator - oil temp.
- mechanics - oil level
- seals
A6 exhaust - exhaust pipes - exhaust gas |- exhaust gas
system - secondary air temperature| temperature
system - Lambda
- catalytic conv. - NOy
- muffler
B2 ignition - ignition timer |- ignition - ignition - knock
system - ignition coils | driver stage | time/ sensor
- spark plugs advance
- ignition lock angle
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Table 3.3.3. Main components of diesel engines.

Engine part Components Actuators Manipulated |Sensors Auxiliary
variables components
Al intake - intake - throttle - throttle - air mass - air filter
systems manifold plate plate flow
- blow-by position - air temp.
pipe - boost
- intercooler pressure
A2 injection |- high pressure |- metering - valve - fuel
system pump unit positions pressure
- glow plugs - pressure - injection
control duration
valve - injection
- injectors time
A3 fuel - low pressure - fuel level |- tank
supply fuel pump - fuel ventilation
- fuel filter temperature
A4 combustion |- combustion - hydraulic |- exhaust - engine
and chamber actuators gas flow speed
mechanics |- pistons - wastegate |- valve - camshaft
- connecting - turbine position phase
rods vanes - flap - camshaft
- crankshaft - exhaust position position
- variable recirculation - boost
valve train valve pressure
- bearings - swirl flaps
- turbocharger
- exhaust gas
recirculation
cooler
A5 lubrication |- oil pump - oil pump - oil flow - oil pressure |- oil filter
- oil channels actuator - oil
- mechanics temperature
- seals - oil level
A6 exhaust - exhaust pipes - exhaust gas |- gas temp.
system - catalytic oxygen temperature |- lambda
converter for - NOx
- particulate filter regeneration |- difference

- muffler

pressure
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Table 3.3.4. Components of cooling, electrical and electronic systems for combustion engines
(gasoline and diesel engines)

Engine part Components Actuators Manipulated Sensors
variables
A7 cooling - coolant radiator |- thermostatic - valve position |- coolant
system - coolant pump expansion valve |- fan speed temperature
- coolant passages |- air fan - speed of - coolant level
- flexible tubes - air inlet flaps electrical pump
B1 electrical |- electrical generator |- power transistors |- voltages - voltages
system - electrical starter |- overvoltage - currents - currents
- battery protection - switches
- harness
- fuses
- CAN bus system
C3 electronic |- ECU - electrical - electrical
control unit outputs inputs

3.4 Model-based fault detection of combustion engines

Fault detection methods which allow an access to the fault origins require component
specific measurements, if possible with input and output variables.

In the case of actuators the input variables are known from their command vari-
ables of the ECU if not directly measured, e.g. as a position or a current. Some
actuators, as the electrical throttle (already investigated in Isermann (2006)), injec-
tion pump with pressure measurement, hydraulic camshaft actuators and EGR valves
with position measurement have also output measurements. For other actuators no
corresponding output variables are measured usually, like flaps in the intake system,
injection valves and ignition coils. Then the actuators have to be considered together
with the engine components they are build in.

The listed components in Tables 3.3.2 and 3.3.3 indicate that several measurements
are available for the intake system, the fuel supply, combustion and mechanics, lu-
brication circuit, cooling system and exhaust system.

Input signal measurements which can be used for fault detection of the combus-
tion are air mass flow rate, manifold or charging air pressure and temperature, rail
pressure, camshaft phase and exhaust gas recirculation valve position. Additionally
known inputs are the manipulated variables from the ECU, like injection fuel mass,
injection angle, ignition angle (gasoline engines), positions of swirl and tumble ac-
tuators. However, their real physical values are not known, as they are usually not
directly measured. Only cylinder pressure measurement would allow to reconstruct
some of these commanded engine inputs.

Available output measurements for the combustion and the mechanical parts are
the angular speed of the flywheel, the excess air ratio A and, if measured, the exhaust
gas temperature, exhaust pressure and NO, concentration.

Some of the measured variables operate in closed loops, like the air flow or man-
ifold pressure, charging pressure, fuel pressure, rail pressure, excess air factor A and
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coolant water temperature. As discussed in Sect. 2.1 the fault detection in closed
loops is in general a difficult task.

These discussions show that with regard to the development of fault detection
methods for combustion engines the various engine parts have to be treated individ-
ually. Therefore, some fault detection modules will be defined in the sequel which
comprise connected engine parts with regard to the signal flow. Depending on the
physical properties, the available measurements, the signal changes and the operating
conditions, fault detecting methods like limit checking, parity equations, parameter
estimation and signal analysis methods can be designed, see Fig. 3.4.1.

faults
U combustion Y
actuators =D engine —>| sensors
signal or
p  process K
model fault detection
residual
generation fault diagnosis:
| r.@®. x - fault localization
] —’ ¢ - fault type
nominal change Symptoms | fault size
behavior detection S - etc.

Fig. 3.4.1. Schematic for the fault detection and diagnosis with signal- and process-model-
based methods.

For combustion engines linear and nonlinear multi-input single-output (MISO)
models are used either based on physical laws or on experiments with identifica-
tion methods, e.g. in form of polynomial models, special neural networks or look-
up-tables for stationary behavior and corresponding types for the dynamic behavior
as described in Isermann (2014). For the subsequent fault-diagnosis classification
or inference methods, including fault-symptom trees, fuzzy-rules etc. are possible
choices.

Publications on research activities for fault detection of combustion engines are,
e.g. Plapp et al (1990), Fiihrer et al (1993), Nielsen and Nyberg (1993), Ribbens
and Rizzoni (1990), Leonhardt (1996), Schiiler et al (1996), Gertler (1998), Bidian
et al (1995), Nyberg (1999), Willimowski et al (1999), Antory et al (2005), Isermann
(2005), Kimmich et al (2005), Beer et al (2006), Franchek et al (2007), Pedrelli
(2007), Joshi et al (2009), Eriksson and Nielsen (2014). A survey is given in Mo-
hammadpour et al (2012).
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Figure 3.4.2 shows the concept for developed model-based fault-detection and
fault-diagnosis systems of a diesel engine, Kimmich et al (2005). The engine is par-
titioned in several major subsystems as intake air system, injection system, combus-
tion and mechanics, exhaust gas system, lubrication and cooling system. The actua-
tors are commanded by the electronic control unit and act on different components
of the subsystems. Based on sensor outputs the fault detection modules detect faults
and abnormalities in the components by comparison with a normal status, and af-
ter special filtering, and generate symptoms. The symptoms are then combined and
processed with diagnosis methods to diagnose, i.e. localize the fault and the corre-
sponding component. This is described in detail in the next two chapters for gasoline
and diesel engines. These model-based fault-detection and diagnosis methods then
allow to expand the fault-diagnosis coverage of the classical, legislative OBD sys-
tems.
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4

Diagnosis of gasoline engines

The model-based approach for the fault diagnosis of gasoline engines follows a mod-
ular structure. The engine is divided in engine parts and their components, actuators,
standard sensors and additional sensors. Following fault-detection modules are de-
fined, compare Tables 3.3.2 and 3.3.3:

Al Intake system

A2 Fuel injection system

A3 Fuel supply

A4 Combustion system and mechanics

AS Lubrication system

A6 Exhaust gas system, emission aftertreatment
A7 Cooling system

B1 Electrical system

B2 Ignition system

C3 Electronic control.

The following sections describe a selection of advanced fault-detection and diagnosis
methods. These methods have to be considered in addition to the established OBD
functions, sketched in Sect. 3.2. As well signal-model as process-model-based fault-
detection methods are developed. The process models used for model-based fault
detection are based on physical laws or on experimental models, or on both, called
semi-physical models.

4.1 Intake system (air path manifold)

4.1.1 Fault diagnosis of the intake system with physical models

In the following, the detection of sensor faults, leakage and clogging in the intake
system is considered.

© Springer-Verlag GmbH Germany 2017
R. Isermann, Combustion Engine Diagnosis, ATZIMTZ-
Fachbuch, DOI 10.1007/978-3-662-49467-7_4



76 4 Diagnosis of gasoline engines

Air charge determination

As the air charge into the cylinders m,;; cannot be measured directly it has to be
reconstructed based on the measurements of other variables, like air flow rate iy
before the throttle, manifold pressure po or throttle position oy, see also Miiller
(2003a), Guzzella and Onder (2004), Isermann (2014).

Air flow measurement

The most direct method is to measure the air flow rate 1 before the throttle and
after the air filter, e.g. by a hot-film sensor HFM. In contrast to other flow meters,
the HFM sensor directly measures the mass flow rate, possesses a wide measurement
range of 1 : 50 and has a small time constant. In stationary condition it holds for the
air flow rate into the cylinders

M3 air(t) = murm(t) = ma (1) 4.1.1)

if no gases enter the manifold, i.e. for m,q9q = 0. In dynamic operation, however,
Mg air into the cylinders is delayed by the intake manifold pressure dynamics. This
can be taken into account by, Isermann (2014)

1~

. Vine dpa(t
m2,air(t) =ma (t) > p2( )

RT, dt 4.1.2)
where Vi, is the intake volume. Correcting the measured air flow rate by the first
derivative of the manipulated pressure allows to determine the air charge in dynamic
operation. Because of the included noise and periodicity in po(¢) this signal has to be
low-pass-filtered before the derivation, see Schwarte et al (2002). Further required
measurements are po, T5. If additional gases 1m,qq enter the manifold intake, the
manifold pressure p, does not only depend on 7i,irin but also on 7,44, see Iser-
mann (2014). Then, p,(t) and dpy/dt changes. However, the dynamic correction of
(4.1.2) is approximately applicable, if e.g. 7heg, is not very large compared to 71 (t).

Manifold pressure measurement

In order to save the air flow sensor, the charge air can be determined by the man-
ifold pressure po. The gas flow rate 7hgqs ¢y1 into the cylinders follows, taking the
additional gases with flow rate 7,44 into account

2: _ v (n,p2) VDn

mg’air(t) = 2RT2 pg(t) — madd(t). (413)

As the sucked gas directly depends on the dynamically measured po(t) the dynam-
ics of the intake manifold are already included. This air charge determination needs
the measurement of py and 7%, the calibrated volumetric efficiency 7y (n, p2), due to
(5.1.2) and determination of 771,44.

Measurement of throttle position

Another possibility to circumvent an air flow sensor is to base the air charge deter-
mination on the known throttle angle ayy,. Then, the flow equation of a throttle can
be used
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3~ 2 t Vit dpa(t
tia,aie(£) = e () A (@) pay | 57 (p;( )> - RT; p;f ) @14

where A(ayy) is the effective cross section. This method requires measurement of
Qiths Pasr Ta, D2, To and calibration of the loss factor ¢y, (cv¢n, 7). The final air charge
mass for one cylinder follows according to

Mair,cyl = m27air l . (4’ 1 5)
C

Table 4.1.1 shows a comparison for the required sensors of the three methods. In
all cases po, To are required. Using the manifold pressure ps is dynamically fast
but requires precise calibration of the volumetric efficiency and determination of
additional gas flows 7,44. The application of the throttle angle needs also ambient
pressure p, and temperature 7}, and precise calibration of the throttle loss factor cgy,.
The required measurements for stationary operating conditions only are summarized
in Table 4.1.2. Because the dynamic compensation is then not needed, p2 or 75 must
not be measured for some cases.

A comparison of the three ways of air flow determination was made by Miiller
(2003a). Most suited is the direct air flow measurement with dynamic compensation.
The accuracy of the other methods depends much on a precise calibration of the
correction factors. Average deviations of about 2.5% could be reached.

Table 4.1.1. Methods for the determination of the air flow rate into the cylinders with different
sensors and dynamic compensation of the intake manifold delay.

Basic sensor Additional sensors |Calibration
pa|Ta|p2|T2| n |1haaa of

air mass flow mal||l-|-|VIV]-] vV Vint
manifold pressure pll-|-|-|vVIV| V v
throttle angle anllv vl - e Vi
p2/pa 2 0.528 th th, Vint
throttle angle amllv|v|-lvlv] - conVine

p2/pa < 0.528

Sensor faults

If the intake manifold is equipped with sensors for air flow rate, pressure, temperature
and throttle angle, then there exists some analytical redundancy. The three methods
for air flow determination treated in Isermann (2014) can be used to formulate output
residuals of parity equations. This becomes straight forward for the case of stationary
behavior, 7heg, = 0, overcritical po /Da and negligible other mass flows 17,44, since
then different sensors are used. Three residuals can be determined:

. 1=

Tmairl = 11— M2,air (P2, 12) (4.1.6)
2 v 3 od

Tmair2 = 12 air (Pz, T2) — M2air (Pa, Ta)overcrit. 4.1.7)

. 3=
Tmair3 = M1 — T2 air (paa Ta)overcrit‘ 4.1.8)
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Table 4.1.2. Methods for determination of the air flow-rate into the cylinders for stationary
operation.

Basic sensor Additional sensors |Calibration
pa|Ta|p2|T2| 1 |1haaa of

air mass flow mall-|-|-|-1]-] v R
manifold pressure pil-|-|-|vVIV| V Nv
throttle angle

pz/p320.528 aml||[ V|V V|- V| - Cth
throttle angle
p2/pa < 0.528

oam|[V IV |-|- V| - Cth

The used measurements are depicted in Fig. 4.1.1. These residuals are becoming
symptoms of the air system (resp. intake system) Sint1, Sint2, Sints if they exceed
certain thresholds and are valid for the respective engine operating point. Table 4.1.3
lists the resulting changes of these symptoms for offset faults of six sensors. The
resulting patterns are different and therefore the faults are isolable. However, if one
of the three basic sensors 171, p2 and oy, for air flow determination is missing, only
one residual can be calculated and a unique determination of the faulty sensor is not
possible.

Table 4.1.3. Expected fault-symptom table for positive offset sensor faults, stationary engine
operation, overcritical flow through throttle, 7¢g; = 0 and no additional gas flows 1ivaqqa = 0.

Sensor Symptoms
faults Sint1 | Sint2 | Sint3
Tmairl [Tmair2 |"mair3
air mass flow Ay | + 0 +
manifold pressure | Aps — + 0
manifold temperature| ATy | — — 0
ambient pressure Apa 0 + 0
ambient temperature | AT, 0 — +
throttle angle Aagn| 0 — —

Leakages and clogging
As leaks are additive faults to the gas flows the parity equations (4.1.6) to (4.1.8) can
be used, as for offset sensor faults. Table 4.1.4 shows the resulting symptoms.

The residual 7,3 expresses differences between the measured air flow and the
calculated air flow through the throttle. Its increase indicates a leak between the
air flow sensor and the throttle. A leak between the throttle and the cylinder input
increases po and reduces 7i;. Therefore, residuals 7,31 and 7,53 become negative.
(A residual for the manifold pressure can also be formed. However, its information
is included in 7,i,2 as it depends directly on po due to (4.1.3)).

A further symptom for leakage can be obtained from the A-controller output.
Additional air flow with regard to the measured 771, which determines the injected
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Fig. 4.1.1. Used measurements for the fault detection of the intake system with parity equa-
tions by using the air mass flow rate. Basic measurements are: a mass flow rate. b manifold
pressure. ¢ throttle position.

fuel mass, leads to a larger correcting factor ¢y > 1 within the ECU. Therefore, the
residual
Texhl = Tx = ¢y — 1.0 4.1.9)

is an indication for a leakage after the air flow measurement, leading to symptom
Sexhl .

Partial clogging or pollution with deposits is typical for the air filter in front of
the throttle, at the throttle cross sectional area, in the manifold after the exhaust gas
recirculation connection and at swirl or tumble flaps. The main effect is generally
an increase of flow resistance which shows up in a change of the manifold pressure
and/or gas flow and reduces the volumetric efficiency. For a clogged air filter the
residual ryair0 and raies decrease because of the decreased pressure before the
throttle and for clogging within the manifold r,,,;,2 decreases because of reduced
volumetric efficiency 7.

The resulting patterns for the symptoms Sj,2 and Siygs in Table 4.1.4 are dif-
ferent and therefore the leakages and the location of clogging can be diagnosed. A
comparison with Table 4.1.3 shows, that for positive and negative sensor offsets the
patterns of the symptoms Sint1,Sint2 and Sints (with one exception) are different and
therefore isolable. The overcritical pressure ratio over the throttle was assumed, be-
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cause then the air flow equation for the throttle (4.1.4) is less dependent on calibrated
parameters.

Summarizing, the measurement of the signals shown in Fig. 4.1.1 allow to detect
and isolate sensor faults, leakages and partial clogging. However, this is no more
possible if one of the sensors air flow, throttle angle and manifold pressure is missing.

Table 4.1.4. Expected fault-symptom table for the intake system with physical models of the
air mass flow for leaks and clogging with overcritical flow through throttle and no additional
gas flows, rmadqa = 0.

Symptoms and residuals

Faults Sint1 | Sint2 | Sint3 | Sexn1
Tmairl |[T"mair2 |Tmair3 | TX
leakage before throttle - 0 — 0
leakage after throttle - + - +
clogging of air filter - 0 0 0
clogging within manifold| — — 0 0

4.1.2 Fault diagnosis of the intake system with experimentally identified
models

a) Case 1: fuel stratified direct injection gasoline engine

As treated in the last section the physically based models for the behavior of the in-
take manifold system require several experimentally determined parameters, correct-
ing factors in the form of at least two dimensional look-up tables. An alternative is
then to apply directly nonlinear models which are developed by identification meth-
ods. This was investigated by Hartmanshenn and Isermann (2005) and Leykauf and
Isermann (2008).

A direct-injection gasoline engine VW FSI 1.6 1 (max. power 81 kW, max. torque
155Nm) on a dynamic test rig was used for the experimental investigations. The
engine combustion changes, after the warm-up phase depending on the engine load,
between different operating modes: homogeneous (A = 1), stratified-homogeneous
(A =1.5) and stratified mode (A > 1). Figure 4.1.2 depicts the standard and some
additional sensors of the investigated engine. A scheme of the modular structure for
the diagnosis system is presented in Fig. 4.1.3.

Modeling with local linear net models

The intake system is experimentally modeled with local linear net models and a
multiple-input single-output (MISO) structure. The used output signals for the intake
system are air flow 1m,; and manifold pressure ps with the input signals shown
in Fig. 4.1.4. The identification and parameter estimation was performed with the
LOLIMOT method, Hartmanshenn and Isermann (2005), Isermann and Miinchhof
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Fig. 4.1.2. Scheme of the DI gasoline engine with sensors. VW FSI 1.61, 81 kW, 155 Nm.
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(2011). For each operating mode of the engine separate LOLIMOT models were
generated.

b)

Fig. 4.1.4. Nonlinear MISO-LOLIMOT models for a air flow, b manifold pressure.

With regard to a theoretical intake manifold model in Isermann (2014), Chap. 4,
the model a) corresponds to the throttle and model b) to the throttle and intake vol-
ume. The temperature 75 in the manifold is not applied. The used input test signals
for engine speed and pedal value for the measurements in the homogeneous mode
are shown in Fig. 4.1.5, and cover the speed-load-range ne,e = 1200...3700 rpm
and Mc,e = —10...110 Nm. They consist of a sequence of step and ramp func-
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tions. In stratified mode the operating area was limited to n¢ye = 1200. .. 3000 rpm
and M, = —10...60Nm.

The mean error of the identified LOLIMOT models between measured and simu-
lated outputs is maximum 3 percent of the maximum value for extra validation data.

4000
£l
£ 2000
2
g
0
50
S
=
=l
Q
o
0
0 200 400 600 800 1000 1200 1400
time [s]

Fig. 4.1.5. Test signals for the input signals engine speed and pedal position for the identifica-
tion in the fault free case.

Generation of residuals and symptoms with experimental models
Output residuals for the mass flow 721, the manifold pressure ps and the A-controller
output uy are used to establish parity equations, compare Fig. 4.1.6.

Tintl = Tmy,y, — ml - ml,mod
Tint2 = Tpy = P2 — P2,mod (4.1.10)
™ =T4 =C)\ — 1.

The residual rp,, is positive in case of a leakage after the throttle valve, as due to the
low pressure in the manifold air flows in and results in a higher manifold pressure.
Dependent on the residual a post-processing is applied. It consists of a low-pass
filter and masking if the residual is not valid in a certain operation area. This filtered
residual is then one input in a map for the thresholds with the additional inputs for
the operating mode, engine speed and torque, resulting in a symptom, Fig. 4.1.7.
In total, three symptoms were generated for the fault detection of the intake and
exhaust system: Sjy¢1: air mass flow; Sico: manifold pressure; Sexn1: output of the
A-controller in homogenous operation mode.

Operation-point-dependent fault detection

As the output signals po, m; and A-controller output c) depend on the operation
point [M;, n;] of the engine, the complete operation area was measured with differ-
ent fault cases. Measurements with small and large leaks before and after the throttle
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Fig. 4.1.6. Signal-flow diagram for the fault detection with parity equations of the intake sys-
tem (DI gasoline engine).
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Fig. 4.1.7. Generation of residuals, their filtering and masking and resulting symptoms.

model

valve and different restrictions before the first catalyst to simulate a higher EGR rate
were performed. Each measurement results in one static map for air flow and man-
ifold pressure, generated with LOLIMOT identification. For example the calculated
map of the manifold pressure in the fault free case in homogeneous mode is shown
in Fig. 4.1.8. The differences between the maps without and with faults are the resid-
uals in the complete speed-load-range of the engine. These maps were generated in
homogeneous and stratified mode. Figure 4.1.9 shows the size of the residuals of the
manifold pressure and the air flow caused by different leak sizes (d = 1...3 mm)
after the throttle valve in homogenous mode. Hence, the fault detection depends
strongly on the operating point.

Using a logic AND-combination of the two corresponding residual maps for the
same fault one obtains areas where the detection of the faults, depending on the
sizes of the residuals are possible. This will be later used for the final fault diagnosis
procedure. To increase the robustness the areas with residual deflection of minimum
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Fig. 4.1.8. Map of the manifold pressure p» in the complete speed-load-range for the fault-free
case in homogeneous mode (bold lines: measured data).
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10 percent compared to the fault free case were marked. Figure 4.1.10 depicts the
results for leakages after and before the throttle valve. By this procedure limit values
for the residuals are generated which depend on the operating point [M;, n;] of the
engine.

Best conditions to detect leakages after the throttle valve are in the low load area
in homogeneous mode. The detection of leakages before the throttle valve is better
possible in the higher load area. Generally, of course larger leaks are better detectable
than small leaks, see Fig. 4.1.9.

The residual maps from Fig. 4.1.9 can also be used to generate new limits de-
pending on the speed-load-range and the operation mode of the engine. This in-
creases the possible detection area in comparison to Hartmanshenn and Isermann
(2005). Figure 4.1.11 shows the residual of the manifold pressure for different sta-
tionary speed-load-range points in the MVEG driving cycle in stratified and homo-
geneous mode for a leakage with 3 mm-diameter after the throttle valve. The fault
was present during the complete measurement. In stratified mode the residual is only
in a short time higher as the limit, but in homogeneous mode the residual exceeds
the operating point dependent limit values significantly at low torques.
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leakage after throttle
20| d=1 mm detectable

»

0 0 0
a) 1500 2500 3500 1500 2500 3500 1500 2500 3500
e [1PM] Mepg [TPM] o [1PM]
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_ throttle d = 4 mm
g detectable
Z
g
=
10 10
0 0
b 1500 2500 3500 1500 2500 3500
) gy [rpm] epg [rom]

Fig. 4.1.10. Operating point dependent area for the detection of leakages with different di-
ameters before and after the throttle valve in homogeneous operation mode. a leakage after
throttle. b leakage before throttle.
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Fig. 4.1.11. Residuals of the manifold intake pressure for a leak of 3 mm diameter after the
throttle valve (MVEG driving cycle)

Diagnosis system for the intake and exhaust system
The fault diagnosis resulting in the kind and size of fault is based on all determined
symptoms and may use binary logic or approximate reasoning by fuzzy logic rules,
Isermann (2006). In both cases IF-THEN rules are applied. Binary logic in the sim-
plest cases uses only the signs of the symptoms (e.g. residuals exceeding a sharp
threshold). If fuzzy logic is applied, the symptoms are assigned to membership func-
tions p (S;). Figure 4.1.12 shows an example for the diagnosis of a leakage after
throttle valve. The three residual sizes 7y, , 7p, and r activate membership func-
tions and a UNION operator (minimum function) for the accumulation to determine
the kind of a certain fault. For a maximum change of one symptom value 80 per-
cent of the expected residual change is assumed to assign the membership function
“strong positive/negative”, based on the results of Fig. 4.1.9. Maps with the limits de-
pending on the actual operation point of the engine were calculated from the residual
maps as shown in Fig. 4.1.11.

The following rules were determined for the intake and exhaust system, based on
the results of Figs. 4.1.9,4.1.10 and 4.1.11.

o If Sjyt1 negative AND Sj,io neutral AND Seyp positive (hom. mode), THEN
leakage before throttle valve

o If Si1 negative AND S0 positive AND Sgypp positive (hom. mode), THEN
leakage after throttle valve (d = 2 mm)

o If Siy1 negative AND Siyio strong positive AND Seyn1 positive (hom. mode),
THEN leakage after throttle valve (d = 3 mm)
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Fig. 4.1.12. Example of the rule-based fuzzy logic reasoning for a “leakage after throttle”.

o If St negative AND Si,¢2 positive, THEN increased EGR rate.

These different fault-symptom-patterns enable the diagnosis of leakages before and
after the throttle valve and an increased EGR rate because of a restriction in the
exhaust system.

The symptoms and the resulting fuzzy-logic fault possibility are depicted in
Fig. 4.1.13 for the case of a leakage after throttle. If the singleton output exceeds
a value of 0.8, a leak is diagnosed. This is possible for stratified as well as for ho-
mogeneous operation of the engine. A fault-symptom table for this engine is given
in Sect. 4.4 together with other faults, which uses for simplification a binary logic
reasoning.

b) Case 2: homogeneous combustion gasoline engine

The fault detection in the intake system will now be considered for a conventional
gasoline engine with (only) homogeneous near stoichiometric combustion. The in-
vestigated engine is a three-cylinder engine 1.01, Opel ECO TEC, 40kW, 82 Nm
with intake-manifold-injection and electrical throttle, Hartmanshenn and Isermann
(2005). The instrumentation corresponds to Fig. 4.1.2. The modeling is performed
as depicted in Fig. 4.1.4 with nonlinear MISO-LOLIMOT static local linear models
for air mass flow and manifold pressure as outputs, however, without tumble flap
input. These identified models were obtained with appropriate input excitation as
described in the last section in the operating range 1000 — 4000 rpm and 5 — 75%
relative load. The resulting mean squared output error between measurements and
the model is about 3%, Hartmanshenn and Isermann (2005).

Based on these models for the normal behavior output parity equations are gener-
ated as (4.1.10), leading to the residuals 7in¢1 = 7w, and iy = 7rp,. Additionally,
deviations of the A-controller correcting factor ¢y yield the residual rey,1 = 7, a8
in (4.1.10). Therefore, three symptoms can be generated: Sip1: air mass flow, Sipto:
manifold pressure and Seyn1: correction A-controller.
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Fig. 4.1.13. Generation of the fuzzy logic possibility measure for a “leakage after throttle”,
using one if-then-rule for three symptoms for stratified and homogeneous operations.

Figures 4.1.14 to 4.1.16 depict the course of the three residuals for leaks of dif-
ferent sizes in front of the throttle, after the throttle and for a disconnected blow-by
tube and a leak in the exhaust pipe.

The manifold pressure residuals indicate large changes for leaks after the throttle,
especially near idling where the manifold pressure is small. Largest changes for the
air mass residual can be seen for leaks in front of the throttle and for part and high
load. The influence of the leak in the exhaust pipe is small. The residual for the A-
correction factor is large for leaks after the throttle and in the exhaust pipe, especially
for low loads. Hence, the three residuals react differently for the faults and therefore
they are well suited for the fault diagnosis. The results show also, that leaks of 0.5—
1 mm diameter are detectable after the throttle, those with 2 mm before the throttle
and leaks with about 5 mm diameter in the exhaust pipe.

The resulting symptoms are summarized in Table 4.1.5. Also changes of the
residuals for other investigated faults are listed. Hence, based on the identified air
flow and manifold pressure model and the correcting factor of the A-controller sev-
eral faults can be detected by using standard sensors. Five of them are isolable, be-
cause of different patterns of the deviation signs. If same or rather similar patterns
appear, as for leakage after the throttle and disconnected blow-by tube, these faults
are not isolable. But then groups of faults can be given for further investigation, e.g.
by inspection.
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Fig. 4.1.14. Residuals for the manifold pressure pa with parity equations for different leakages

in the air system.

Table 4.1.5. Fault-symptom table for the homogeneous combustion gasoline engine with ex-
perimental models

Symptoms and residuals Isolability
Faults Sint1 [Sint2|  Sexh1

Tmgi | Tpo T isolable [not isolable
leakage before throttle - 0 + v
leakage after throttle - | ++ ++ v
disconnected blow-by tube - | + ++ v
leakage in exhaust pipe before catalyst| 0 0 ++ v
clogging of air—filter - | = 0 v
EGR—valve stuck open - | + 0 v
EGR—valve stuck close + | - 0 v
injection mass too high (1 cyl.) 0 0 — v
injection mass too low (1 cyl.) 0 0 + v
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Fig. 4.1.15. Residuals for the air mass flow 7.i, with parity equations for different leakages
in the air system.

4.2 Misfire detection

As the measurement of the cylinder pressure is not standard in most gasoline engines,
a signal which follows immediately the burning process is the crankshaft speed. Due
to the acceleration and deceleration during the strokes the angular speed shows os-
cillations, Isermann (2014), Sect. 4.3.3. Their frequencies and amplitudes indicate
irregularities of the burning cycles, see Mauer and Watts (1989), Ribbens and Riz-
zoni (1990), Plapp et al (1990), Fiihrer et al (1993), Fehrenbach and Quante (1987),
Forster et al (1997). Therefore, the engine-speed analysis is an important basis for
fault detection of fuel injections, ignition, burning and mechanics. But also the analy-
sis of the ion-current or the exhaust pressure signal are suitable ways. Some methods
are described in the sequel.
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Fig. 4.1.16. Correction factor c, of the A-controller for different leakages in the air system,
see (4.1.9).

4.2.1 Engine speed analysis

Of special importance for combustion engines is misfire detection. When a cylinder
misfires, e.g. due to faults in the mixture preparation or ignition system with the
effect that no combustion or incomplete combustion occurs, unburned fuel enters the
exhaust system, which then burns in the hot catalytic converter. The released heat
may damage or destroy the catalytic converter by thermal overloading. If a given
misfire ratio is exceeded, the fuel supply for the misfiring cylinders can be cut off
in order to protect the catalytic converter from damage and to avoid exceeding the
emission standard. One way to detect misfiring cylinders is to evaluate the engine
speed signal at the engine flywheel.

The signal characteristics of a combustion engine are determined by the batch be-
havior of the combustion, which depends on the crankshaft angle ¢ cg. Each cylinder
of a four-stroke engine fires every 720°CS. This corresponds to one working cycle
and specifies the engine base period. All relevant signal components are multiples
of this base frequency. During a working cycle, each cylinder fires one time so that
for a four-cylinder engine a combustion results every 180°CS. If the engine angular
speed, measured at the flywheel, is denoted by weyg, the frequency of this oscillation
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In Fig. 4.2.1 a typical engine speed signal of a spark-ignition (SI) engine measured at
idle speed without misfiring is depicted showing speed oscillations with the ignition
frequency around the engine speed mean value (approx. 800 rpm).

If misfires or faults in the injection mass occur, the engine speed decreases sig-
nificantly. Figure 4.2.1 shows the measured engine speed of a four-cylinder engine in
the case of continuous misfiring of one cylinder. Then, additional low-frequency os-
cillations arise, as can be clearly seen from the low-pass filtered engine speed signal.
The appearing frequency components are harmonics of the engine base frequency.
Depending on the misfiring cylinders, different frequency patterns result. In the past,
methods have been investigated using the Fourier and the fast Fourier analysis to
evaluate these frequency components, see Ribbens and Rizzoni (1990). Figure 4.2.3
shows the Fourier transforms of engine speed signals with no misfire and with misfire
in cylinder 1. Without misfire, the ignition frequency means that only the fourth en-
gine harmonic appears in the spectrum. In the case of misfires, additional frequency
components arise. Evaluating these frequency components means that not only mis-
fires, but also the misfiring cylinder, can be detected and located.
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Fig. 4.2.1. Measured engine speed signal at idle speed of an SI engine (no misfires).

Another method to be considered, Fiihrer et al (1993), uses the real and imaginary
components of the discrete Fourier transformation (DFT) applied to the engine speed
signal. Thereby, a four-stroke four-cylinder engine shall be considered, whereas the
principle of the method was also successfully implemented in a six-cylinder spark-
ignition engine up to 6000 rpm and for loads higher than 20%.
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Fig. 4.2.2. Measured engine speed signal and low-pass filtered signal at idle speed with mis-
fires in cylinder 1.
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Fig. 4.2.3. Fourier transform of the engine speed signal without and with misfires in cylinder 1.

Since the engine speed varies with time, the data acquisition is performed crank
angle synchronously so that no sampling time adaptation is necessary. For calcula-
tion of the DFT, the data is sampled all at 90°CS. This corresponds to the double
ignition frequency, such satisfying the Shannon sampling theorem. The resulting
speed-dependent sampling time for a four-stroke engine then follows from the ig-

nition frequency:

1 m
= 4.2.2
2 f I 2 Weng ( )

Ty =
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The DFT evaluation can now be determined by using a few sampling points N > 8
(minimum one working cycle), which is an easy real-time application. To compute
the DFT, the amplitudes and the phase angle can be calculated as follows: compare
(8.17), (8.18) in Isermann (2006) and (5.3.1) to (5.3.8)

= 2mrms ’ = 2mmsi ’
A, = gwi cos ( N ) + ;wi sin ( N ) 4.2.3)

Y, wisin (2500)

iy wicos ()

(P = arctan “4.24)

whereas w; = Weng = 27Neng is the speed measured and m denotes the order of
the harmonics. Because of the usually non-cyclic combustion variations, an average
value for several working cycles can be calculated from the measured data.

Faults to be taken into consideration are misfires or combustion differences in one
or two cylinders. To locate the misfiring cylinders, only the first and second engine
harmonics (m = 1 and m = 2) have to be evaluated, see also Fig. 4.2.4. Repre-
senting the real and imaginary components of these two frequencies, values equal to
zero for no misfires and unequal to zero for misfires appear. For pattern recognition
and misfire detection respectively, comparisons of the amplitude values and the real
and imaginary components have to be performed. Six different patterns P have to be
distinguished for the relative location of the misfiring cylinders to each other:

PO: no fault

P1: one cylinder oversupplies

P2: one cylinder undersupplies

P3: two subsequent cylinders undersupply
P4: two oppositely cylinders undersupply
PX: undetectable.

Also, two thresholds T1, T2, which are dependent on engine speed and load, have to
be determined. The flowchart in Fig. 4.2.4 shows the signal flow of monitoring and
analyzing the possible fault patterns. Depending on the fault case, different vector
patterns arise, with which the defective cylinders can be detected. Thus, the fault
diagnosis is executed by a pattern-recognition method of the amplitudes and phases
of the DFT.

The performance of the proposed method is on one hand limited by faults in the
data acquisition (for example, error in measurements) and on the other by overlaid
disturbances on the measured signal. It can be used for misfire detection as well as
for monitoring smooth engine operation for the whole operation area, except for too
low loads and high speeds.

The speed analysis method for misfire detection with six-cylinder engines is de-
scribed in Fiihrer et al (1993).

For higher angular speeds the rotational oscillations of the vibrating system
formed by crankshaft, connecting rods and pistons influence the measured speed.
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Fig. 4.2.4. Scheme for detection of misfires and diagnosis of the faulty cylinders for a four-
cylinder engine by using the amplitudes, real and imaginary components of the discrete
Fourier transform (DFT).

However, compensation of the free moments of inertia allows to reconstruct the gas
forces responsible for torque generation see Kimmich (2004).

As the amplitudes of the crankshaft speed becomes the smaller the larger the
number of cylinders, there is a limit of the speed analysis from about eight cylin-
ders upwards, because the cylinder strokes then overlap resulting in a smooth run-
ning. Then ion-current analysis for each cylinder is an (expensive) alternative, see
Sect. 4.2.2. If multi-cylinder engines are arranged in two banks to three, four or five
cylinders exhaust pressure measurement, Willimowski (2003) can be applied, as de-
scribed in Sect. 4.2.3, or oxygen-content measurement at both sides, see Kimmich
(2004). Disturbing factors for the speed analysis are generally the influences from the
powertrain (more for manually shifted gears, less for automatic hydraulic transmis-
sions) and the torsional behavior of the crankshaft. These effects may need special
filtering.

The angular speed oscillation can also be used to calculate the indicated engine
torque, see Isermann (2014), Sect. 4.3.3.
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4.2.2 ITon-current analysis

Because of the chemical reactions and the high temperatures during the burning pro-
cess ions and electrons are generated which increase the electrical conductivity of
the burning gas in the cylinders. Figure 4.2.5a) depicts a measurement configuration,
which uses the spark plug electrodes to measure an ion current. During the current
flow for the ignition through the secondary coil the capacitor C1 is charged, until the
Zener-diode D Z,; reaches the breakthrough voltage of about 82 V. After the ignition
the capacitor C1 supplies the spark plug with this voltage and generates an electri-
cal field over the electrodes of the spark plug. The resulting ion current is measured
as voltage drop at the measurement resistance R,,,. As shown in Fig. 4.2.6 the ion
current is characterized by a first peak through the chemical ionization around 0 to
10°CS and a second peak through the thermal ionization around 15 to 20°CS. The
ion current shortly after the ignition shows strong oscillations, which cannot be used
for extracting useful information. The second ion-current peak is mainly due to the
high temperature of the burning gas, which increases the mobility of ions and elec-
trons. It correlates well with the measured cylinder pressure, see Fig. 4.2.6.

The evaluation of the ion current follows the block diagram depicted in Fig. 4.2.7,
which is the result of measurements with different multi-cylinder engines, Willi-
mowski et al (1999), Willimowski (2003). First, bursts and high-frequent noise di-
rectly after ignition are removed by median filtering. Then, the offset is eliminated
within a crank angle window @yef 1 - . . @ref,2, Where no burning appears. The result-
ing zero mean ion-current signal is then integrated within two windows 1 ... 2
and @3 . .. ¢4 leading to the features

P2
I = / Iy () do misfire detection 4.2.5)
©

1

P4
Iy = / Iy (@) dy late burning indicator 1 (4.2.6)
©

3

and the difference angle
Aps = Q5 — Pign late burning indicator 2 4.2.7)

The window angles are calibrated in dependence on speed and torque such, that the
values of the integrals become maximal values. If I; does not exceed a calibrated
threshold no burning took place, hence a misfire appeared, and if I> exceeds a thresh-
old a too late or partial burning happened. Agg additionally indicates a late burning.
The magnitude of the ion current Iy very much depends on speed and torque and
the signal is of course weak for low speed and low load, e.g. for idling. However, the
described ion-current analysis methods allows to detect misfires, partial or late burn-
ings and knocking in the whole drivable operating range for gasoline engines and
is especially suitable for multi-cylinder engines where misfire detection from speed
analysis is not reliable enough.

The information gained from the ion-current analysis can also be used to detect
knocking and to optimize the ignition angle and the peak pressure location from
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the thermal ion-current peak position, Willimowski (2003), see also Eriksson et al
(1996).
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Fig. 4.2.5. Ion-current measurement: Measurement system from Delphi, Willimowski (2003).
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Fig. 4.2.6. Measured ion current and cylinder pressure.

4.2.3 Exhaust gas pressure analysis

A further alternative for misfire detection is the analysis of the exhaust pressure os-
cillations. For each combustion cycle, each exhaust valve opens once in the gas ex-
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Fig. 4.2.7. Signal flow for the misfire detection with ion-current analysis.

change phase of the engine. The pressure waves in the exhaust manifolds are excited
by the sudden relaxation of the combustion gases and the piston movement as the
exhaust valves open. The exhaust gas pulsations depend on the combustion process
and therefore on the cylinder pressure when the exhaust valve opens. These exhaust
gas pulsations are measured dynamically. For the interpretation of the exhaust gas
pressure signals, both the multiplicity of phenomena occurring in coupled exhaust
pipes with mufflers and combustion-related influences have to be examined. The re-
sulting frequency component amplitudes of the exhaust gas pulsations are influenced
by the formation of standing waves caused by reflections and the propagation and at-
tenuation mechanisms.

The investigations were carried out on a BMW 750i test car with a V-12 engine.
This vehicle is equipped with a dual exhaust system, with one catalyst for each six-
cylinder bank. The exhaust gas pressure is measured by one pressure transducer per
exhaust strand. Thus, the primary oscillation frequency of the exhaust gas pressure
in each exhaust strand corresponds to the ignition frequency of a six-cylinder engine
(half of the ignition frequency of a 12-cylinder engine). This frequency corresponds
to the sixfold camshaft rotational speed (6th engine harmonic, abbreviated: 6th EH),
Fig. 4.2.8 shows the frequency spectrum of the exhaust gas pressure in the catalyst
mixing tube of one exhaust strand. It can be seen that especially the 6th EH and
multiples of it with a lower amplitude are dominant.

If a cylinder misfires, the exhaust gas pressure drops significantly, due to the
missing combustion. Compared to regular combustion without misfires, additional
frequency components of high intensity below the 6th EH arise, as shown by the
frequency analysis in Fig. 4.2.8b). The frequency components caused by misfires are
always multiples of the camshaft frequency and can be calculated from the angular
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Fig. 4.2.8. Measured exhaust pressure signal and Fourier analysis. a, b without misfire. ¢, d
with misfire in cylinder 2. (EH: engine harmonics).

speed weng of the crankshaft for four-stroke engines

Weng . .
— . 4.2.8
i A el ( )
and with Wepg = 2 ™ 1
n .. .
fi= ) i j 4.2.9)

where 7. is the number of cylinders, j the number of harmonics, n the engine speed

in rounds per second. The ignition frequency is obtained for j = 1 and the first

engine harmonic is defined as the ignition frequency for a one cylinder engine
 Weng M

h=-"8=3 (4.2.10)

The intensity of these engine harmonics essentially depends on the combination of
misfiring cylinders as well as on the current engine operating point.

The pressure measurement is performed in a short pipe coupled to the exhaust
system by a T-joint. Compared to a wall-mounted sensor, this offers the advantage
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that no complex cooling mechanism is needed. Thus, low price pressure transducers
can be used, which is especially important with regard to use in mass production.

The most suitable location for exhaust gas pressure measurement was determined
to be the catalyst mixing tube. The length of the T-joint pipe was chosen as Iy, =
165 mm. In this way, a maximum temperature at the diaphragm of the transducer of
approximately 85°C was achieved.

One possibility to detect misfires from the time behavior of the pressure signal is
to apply the discrete time Fourier transform, Willimowski et al (1999). However, as a
misfire first shows a significant decrease and then an increase of the pressure an anal-
ysis procedure which is sensitive to sharp signal changes is more appropriate. This
is the case for the wavelet analysis, Willimowski (2003). Therefore, the measured
pressure signal is transformed by

W(a,r):\}a/:p(t)w(t;T> dr “.2.11)

in the time domain where ¥ is a mother-wavelet time-scaled (dilatation) by a and
time-shifted (translation) by 7, see e.g. Strang and Nguyen (1996), Best et al (1997),
Isermann (2006). It turned out that using the Haar-wavelet with a = 240°CS is a
suitable choice, as it is easy to compute and damps well the ignition frequency and
its higher harmonics, leading to W = 0 for normal operation. The pressure signal
p(yp) is sampled at g = 6°CS and segmented over 120°CS with regard to the
cylinder, taking into account corresponding pressure dead times from outlet valves
to the pressure sensor.

The evaluation of the wavelet coefficient W (a, ¢) in dependence on the crank
angle o makes it independent on the engine speed. Thus the parameters of prefiltering
with FIR (finite impulse response) and of the wavelet coefficient have to be calibrated
only once and hold for the whole operation range of the engine. Figure 4.2.9 depicts
the measured pressure signal p () over 10 strokes with several misfires and the
wavelet coefficient — W (240, ¢) (negative for decreasing pressure). If this wavelet
coefficient passes a negative and then a positive threshold, a misfire is detected. The
corresponding 120°CS segment and the local extremal values of W are stored to
localize the misfiring cylinder. A more detailed description and a signal-flow diagram
of the misfire detection and cylinder localization is described in Willimowski (2003).
For very low speed and low torque better results are obtained with a Haar-mother
wavelet over 60°CS. This misfire-detection method with exhaust pressure oscillation
analysis has turned out to operate reliably over the whole operating range of the 12
cylinder V-engine (two banks of six-cylinder engine) from 600 . .. 5500 rpm and low
load until maximum driveable load with about 95 to 100% detection rate, also for
simultaneous misfires in several cylinders.

4.3 Fuel supply and injection system

The low-pressure fuel supply system and its modeling is described in Isermann
(2014), Sect. 4.2. Now, model-based fault-detection methods based on available mea-
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Fig. 4.2.9. Exhaust pressure signal with stochastically generated misfires and corresponding
wavelet analysis for one 6 cylinder strand. nmot = 2000 rpm, fuel injection time period T'L =
3 ms/round (weak torque). Pressure signal and wavelet coefficient — W (240, ).

surements are discussed. Figure 4.3.1 illustrates two fuel supply systems with and
without fuel return.

4.3.1 Low-pressure supply system

Some faults which influence a correct fuel pressure or flow rate to the injectors are:

Filters: contaminated

DC motor: commutator fault, windings shortcut, mechanical wear, electrical con-
nections

Valves: blocked non-return valve, blocked pressure relief valve

Pump: low pressure, high friction, wear, vapor bubbles

Pressure controller: mechanical defect, contaminated return line, leakage
Tubes: leakages, contaminations, vapor bubbles

Rail-pressure sensor: offset fault, gain fault.

In the case of the fuel supply system with fuel return of Fig. 4.3.1 a) the only available
electrical signal in the ECU is the rail pressure, if the voltage or current to the fuel
pump meter is not measured. Most of the possible faults lead to a pressure drop of the
rail pressure. If the mechanical rail pressure regulator is able to compensate this by
lowering the excess return fuel flow, smaller faults are covered and are not detectable.
Only if larger deviations of the rail pressure arise and given thresholds are exceeded
in the ECU, faults become obvious, but cannot be diagnosed with regard to their
origin. If the rail pressure can be measured after shut-off of the engine, a decreasing
pressure indicates a leakage or a defective non-return valve. The situation improves
with an electronic controlled rail pressure for a demand controlled pump, as now
also the applied voltage to the DC motor is known, see Fig. 4.3.1b) Then relations
between the pressure reference value and the motor voltage can be used. If e.g. a too
high voltage is required, several faults (contamination, leakages, wear, etc.) can be
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Fig. 4.3.1. a Low-pressure fuel supply system for intake manifold injection, with fuel return.
1 DC motor; 2 pump; 3 filter (sieve); 4 non-return valve; 5 pressure relief valve; 6 jet pump; 7
filter; 8 fuel rail; 9 pressure regulator. b Fuel supply for intake manifold injection, with demand
(pressure) control. 1 DC motor; 2 pump; 3 filter (sieve); 4 non-return valve; 5 pressure relief
valve; 6 jet pump; 7 filter; 8 fuel rail (without return line); 9 pressure controller (ECU); 10
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detected, but not diagnosed. Fault detection in a closed loop with few measurements
is relatively limited, see Isermann (2006).

A more detailed fault detection and fault diagnosis becomes possible if more
measurements are available for the motor-pump-tube system. As shown in Wolfram
(2002), Fiissel (2002) and Isermann (2011) parameter estimation methods or parity
equations can be applied for fault detection of pumps. Figure 4.3.2 depicts a signal-
flow scheme for parity equations. Following residuals between measured values and
model outputs are possible:

ry = Ap —AAﬁ (w)
ro = V-V (Ap)
rs =V =V (4p)
74 = Mo — Mo (w)

43.1)

If the pump pressure Ap = ppump and the pump speed w are measured, only 71 can
be determined indicating differences to the modeled pump pressure. The additional
measurement of the motor current I allows to have a measure for the motor torque
M, and to calculate a further residual r4. Then, e.g., motor faults, bearing faults,
impeller faults, increased flow resistances (filters, valves) or sensor faults can be de-
tected, but not diagnosed separately. A further improvement results if a measure for
the volume flow can be used, based on the injected fuel quantities and assuming they
are correctly available from the ECU. Then, the residuals 7 and 73 can be deter-
mined and more faults are detectable and diagnosable, as shown in Fiissel (2002),
Isermann and Leykauf (2009) and Isermann (2011).
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—»] motor —»| pump »| pump +;r O pipe
mechanics 1
o>
T 5| pump pipe
~ 71 model A model
= My Ap
pump
mnverse > pipe
pump model
model

Fig. 4.3.2. Residual generation with parity equations for a motor-pump-tube system.

4.3.2 High-pressure fuel supply and injection system

A high-pressure fuel supply system according to Fig. 4.3.3 is considered. It consists
of the low-pressure part (with fuel pump and filter) and the high-pressure part with
the components high-pressure triple-plunger pump, fuel rail, injectors, rail pressure
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sensor and control valve, see Fig. 4.3.3a). The only measurement of the injection
system available for the ECU is the rail pressure p,,i1, which was measured at a test
rig with 1°CS resolution. The goal is now to investigate which kind of faults can be
detected in the high-pressure injection system, like injection or pump faults, by using
the rail pressure and engine speed signals with high resolution.
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Fig. 4.3.3. a High-pressure fuel supply system with pressure control valve and fuel return. b
High-pressure fuel supply system with rail pressure control by an adjustable pump (control
demand). 1 fuel delivery module with low-pressure pump; 2 filter; 3 high-pressure pump; 4
camshaft; 5 high-pressure fuel rail; 6 high-pressure injectors; 7 pressure control valve and
relief valve; 8 rail pressure controller; 9 rail pressure relief valve; 10 rail pressure controller;
11 adjustable high-pressure pump.
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a) Wavelet analysis of the rail pressure signal

The rail pressure is a non-stationary periodic signal, containing several frequencies,
see Fig. 4.3.4. For an analysis of non-stationary periodic signals the Short-Time-
Fourier-Transformation or the Wavelet analysis can be applied, Isermann (2006),
Kammeyer and Kroschel (2009). Wavelet transformation uses basis functions —
called mother wavelets — which can be scaled in time (dilatation) with the factor a
and shifted in time (translation) with 7. The continuous time Wavelet transformation
with the mother-wavelet function ¥ is defined as:

W(a,r):\}a/_o;y(t)wC;T) dt 4.32)

The rail pressure signal was analyzed for the detection of less fuel injection in one
cylinder with a simple Haar wavelet (double rectangular pulse) and a Morlet wavelet,
given by

Prtorter (1) = Ce ™/ cos (1) 433)
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Fig. 4.3.4. Normalized rail pressure signal for n = 1500 rpm, without fault, VW 1.6 1 FSL.

Figure 4.3.5a) and b) shows that differences between the high-pressure signal
in the fault free case and with a fault of 30% less fuel injection in cylinder 1 are
hardly visible, Isermann and Leykauf (2009). But the wavelet analysis can detect
these small changes. The wavelet coefficients W (a, 7) can be seen in Fig. 4.3.5¢)
and d) for different scales a and time shift 7. The scale a corresponds to a frequency
by 1/f. In the case of an injection fault different coefficients appear for a frequency
f = 50Hz which is the injection frequency fi,j. At some operation points also
wavelet coefficients at f = 12.5Hz could be observed, which is a quarter of the
injection frequency and corresponds directly to one cylinder with less fuel injection,
see Fig. 4.3.5d). Because the injection frequency is known from the engine speed,
only two specific coefficients W ( finj, 7) and W ( finj/4, 7) have to be calculated.
Positive results could be found with this analysis method in the engine-speed-range
Neng = 1200...3000rpm and engine loads Me,, > 80Nm, and a fault of 20 —
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30% less fuel injection in one cylinder, Leykauf and Isermann (2006), Leykauf and
Isermann (2008).

For fault detection the following residual is calculated by the comparison of the
actual calculated wavelet coefficient for the injection frequency with the coefficient
in fault-free case stored in a map:

w (finj7 T) -w (finj; 7_)norm

This residual is then used to calculate a symptom Sj,j; for less fuel injection in
one cylinder for engine loads Mq,e > 80Nm. Sipj; is set to +1 if the residual is
Tinjl Z 0.1.

(4.3.4)
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Fig. 4.3.5. Wavelet analysis of the rail pressure for n = 1500rpm, M = 90 Nm. a fault
free. b 30% less fuel injection in cylinder 1. ¢ wavelet coefficients in fault free case. d wavelet
coefficients for injection fault (The arrows show the instants of less injection).

b) Analysis of the engine speed signal

Another method to detect faults in the injection system is the analysis of the engine
speed as shown in Sect. 4.2.1. If investigations are made on a test bench, the coupling
between the engine and the asynchronous machine of the test bench makes the mea-
surement not as sensitive as a measurement in a vehicle, where the speed is not con-
trolled by an electrical motor and, therefore, shows larger amplitudes. Figure 4.3.6
shows the speed signal over 720°CS with 15% less fuel injection in cylinder 1. It is
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obvious that the speed amplitude of the first cylinder is smaller than the amplitude of
the cylinders 2—4. The amplitude is calculated with

Ancyl_i = max [Ancyl_i] — min [Ancyl_i] (Z =1... 4) . (435)

Figure 4.3.7 depicts the calculated amplitudes of the speed signal over 50 working
cycles with the same fault in cylinder 1. The amplitude of cylinder 1 is significantly
smaller than the amplitudes of the other three cylinders. Also a variation of the size
of the amplitude is obvious. Therefore, the fault detection compares the actual am-
plitude with this amplitude in fault free case stored in a map for five working cycles:

Cﬂ\H

TAncy1—; =

4
= - [Ancyi-i(k) — Ancylimap) (i =1...4). (4.3.6)
k=0

A symptom Spec1 is then set to —1 if the change of the amplitude in a fault case
is larger than 15 rpm. This symptom is very fast to calculate and relative sensitive
for cylinder specific injection mass changes, especially in a vehicle, see Kimmich
(2004), Isermann (2005).
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Fig. 4.3.6. High-resolution speed signal for one working cycle of neng = 1500 rpm and

Meng = TONm with 15 % less fuel injection in cylinder 1 at engine test bench with VW
1.6 1 FSI.

¢) Fault detection and diagnosis in the rail pressure system

Based on the wavelet analysis of the rail pressure and the speed analysis three symp-
toms can be generated:

e Sinji = 1if rjpjn > 0.1: detection of less fuel injection in a specific cylinder
(Smec1 = 0 else) — wavelet analysis of rail pressure, detectable changes: 20 —
30 % less injection

o  Sinj2 from rail pressure: no injection during overrun state, as an information on
the high-pressure pump. Then Si,j2 = 1 if pyair too small, see Leykauf and Iser-
mann (2006)
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Fig. 4.3.7. Engine speed amplitudes of cylinders 1-4, neng = 1500 rpm and Meng = 7T0Nm
with 15 % less fuel injection in cylinder 1 (at engine test bench).

® Shect = —lif ran_cyi—i < —15rpm engine speed amplitude (Syec1 = 0 else),
from high-resolution measurement of the speed signal. Detectable changes: 10 %
less injection.

The detection uses stored data measured with 1°CS resolution and evaluates the
signal over several cycles. The wavelet analysis uses 200 working cycles. Diagno-
sis is possible if the injected fuel mass is minimum 20-30 % less than normal. For
the detection with the engine speed signal only a few working cycles are necessary
(five were adequate for n = const.). The diagnosis works with binary logic. A fault-
symptom table is included in Table 4.4.1.

4.3.3 Tank leak diagnosis

For vehicles with gasoline engines, emission reduction legislation requires an evap-
orative emission control system with the goal to avoid that fuel vapor from the tank
leaves the tank. The fuel in the tank evaporates if the temperature increases or the
tank pressure increases relative to the ambient pressure. The fuel in the tank is
warmed up internally because of the energy losses of the fuel pump and fuel re-
turn from the injection system. Figure 4.3.8 shows a scheme for a fuel evaporation-
emission control system, Robert Bosch GmbH (2011).

A fuel tank vent line is connected with a canister containing activated coal. If
fuel vapor leaves the tank, the activated coal absorbs it such that only air leaves the
canister. A regeneration of the activated coal is started by opening the canister purge
solenoid valve. The vacuum in the intake manifold forces fresh air through the carbon
to the intake after the throttle. The air then takes the absorbed fuel and transports it
to the cylinders. Opening and closing of the purge-valve according to a PWM signal
is controlled by the ECU depending on the operation point and time, such that the
activated coal is able to absorb fuel vapor. Because of the higher boiling temperature



110 4 Diagnosis of gasoline engines
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Fig. 4.3.8. Fuel evaporative emissions control system: p; tank pressure, 1 electrical throttle, 2
fuel tank, 3 fuel tank vent line, 4 carbon canister, 5 canister-purge valve, 6 intake manifold.

of diesel fuel (180°C), evaporative-emission control is not required for diesel engine
vehicles.

The EOBD limits the supervision of the evaporation-emission control system
in checking the electrical circuit of the tank pressure sensor and the canister-purge
valve. The OBD II in US however must detect leaks. Since 2000, CARB regulations
require that leaks of 0.5 mm diameter have to be detected. Two methods for leak
detection are applied.

The low-pressure method monitors the tank pressure during the tank ventilation
with the carbon-canister purge valve. In case of a leak to atmosphere the pressure
gradient is smaller or zero.

The over-pressure method uses an electrical vane pump to increase the tank pres-
sure. In the case of a well sealed tank the required electrical current of the pump is
large. Thus the size of the measured current is a measure for the leak size (or for
electrical motor defects, like high friction).

A low-pressure leak-detection method is described in Krysander and Frisk (2009).
The carbon canister possesses a diagnosis valve to atmosphere and a purge control
valve to the intake manifold. For leak detection the diagnosis valve is closed and the
purge valve is opened. The tank pressure then drops by about 0.02 bar within a few
seconds. The purge valve is closed and the tank pressure observed. In the case of
no leak, it will increase slowly because the fuel evaporates until it reaches satura-
tion pressure, which is, however, temperature-dependent. A leakage leads to a larger
pressure increase. Assuming a constant fuel vapor volume in the tank, applying the
gas law and a leak mass flow through a hole then leads to a first order differential
equation for the tank pressure. Parameter estimation of an evaporation related pres-
sure gradient then is used for leak detection of holes in the size of 1 to 5 mm in less
than 10s.
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4.4 Ignition system

A further source of faults in the combustion is the ignition system. For an experimen-
tal analysis, the ignition energy can be reduced simultaneously for all four cylinders
using the ECU for manipulation the charging-time of the ignition coil. Of special
interest is if there is a transitional area between a normal ignition and a measurable
less effective ignition. Measurements were performed for different speed-load-points
in the stratified operation mode. For the detection the engine speed amplitudes were
used, because they are a measure of the produced power of the relevant cylinder.
The engine speed amplitude was analyzed over 300 working cycles. For the opera-
tion point n = 1500 rpm and M = 55 Nm in stratified mode the amplitudes in fault
free case (charging time for the ignition coil tcp,, = 2.6 ms) and with 80% reduced
charging time (.o = 0.5 ms) can be observed in Fig. 4.4.1. In the fault case the
engine speed amplitudes of all four cylinders are irregularly reduced from an average
value of 65 rpm to less than 30 rpm with only a small transitional area of the reduced
charging time indicating misfires.
Using the speed amplitudes the coefficient of variance COV is determined by

ag (Ancyl_i)

COVangy 100% (i =1...4). (4.4.1)

AnCylfi,mean

Figure 4.4.2 depicts how COV depends on reducing the charging time. No change by
reducing the charging until about 70% could be observed. However, after reducing it
more than about 75% the COV increases strongly due to misfires.

Hence, a larger reduction of the ignition energy can be detected by the symp-
tom Spmec1 for engine speed amplitudes, as for injection faults. However, different
to about 30% less fuel injection a large reduced ignition energy results in a drastic
decrease of the speed signal amplitude.
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Fig. 4.4.1. Engine speed amplitudes of cylinders 1-4 neng = 1500 rpm and Meng = 55 Nm
in stratified operation mode for VW 1.6 1 FSI. a fault free case: charging time of the ignition
coils tchar = 2.6 ms. b faulty case: charging time ¢char = 0.5ms.
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Fig. 4.4.2. Coefficients of variance for engine speed amplitudes of cylinders 14, neng =
1500 rpm, Mene = 55Nm in stratified operation mode for different charging times of the
ignition coils.

Summary for the DI gasoline engine:

The developed fault-diagnosis methods for the considered direct injection gasoline
engine in Sects. 4.1.2a), 4.3.2 and 4.4 concentrated on detecting faults in the intake
manifold, the fuel injection system and the ignition system. It was shown how leaks
before and after the throttle valve can be detected with the measurement of air flow,
manifold pressure and output of the A-controller in homogeneous and stratified oper-
ation. The detection of different leak sizes depends on the operating speed-load range
of the engine. It is also possible to detect too high exhaust gas recirculation rates be-
cause of, for example, contaminated catalysts or silencers or stuck EGR valves.

The frequency analysis of the rail pressure signal with wavelet analysis and the
amplitude determination of the speed oscillation allows to detect less fuel injection
of one cylinder. Furthermore, it was shown that too low ignition energy is detectable
by the speed analysis of the engine.

Table 4.4.1 summarizes the generated symptoms for the different investigated
faults. The patterns show that the investigated faults are detectable and isolable.
Therefore they can be diagnosed, partially also in size. Reduced injection mass and
misfires due to ignition faults can be separated by evaluating both, the engine speed
and the rail pressure, which is a considerable progress.

The fault diagnosis can be based on a fuzzy logic treatment of the symptoms.
However, to simplify the evaluation, binary logic was used, also to demonstrate the
ability to isolate the faults. It is noted that only typical series production sensors are
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required for the fault diagnosis, however, with a high resolution of the rail pressure
and engine speed signal.

Hence, a comprehensive fault diagnosis system of a combustion engine can be
realized by an appropriate combination of signal-model and process-model-based
fault-detection methods. Different operating points have to be used to gather enough
and well sized symptoms.

Table 4.4.1. Fault-symptom table for the intake system and the combustion of a DI gasoline
engine VW 1.6 1 FSI (4: positive symptom, —: negative symptom, 0: no symptom change, d:
don’t care, v': applicable, x: non-applicable).

Operating
Symptom: Sintl Sint2 Sexhl Sinjl Sin]2 Smecl mode
& )
S ) o & 4
E |5 _|EZ|E . |3
@ o B|2E|Z g2 R AR
& SlgZ|82|l88|228 &% 8
g L 2 g clan| s> SE=RES =t
£E|28|5E|38|532|28]5] ¢
fault type: <E|EE|IOS|IECS|KCE|nE|E ]
leakage before throttle valve — 0 + VIV
leakage after throttle valve (2mm) — + + V| Vv
leakage after throttle valve (3mm) — ++ | ++ V| Vv
1nc.reased f:xl.laust gas recirculation| n d AR
(with restriction)
less injection mass in one cylinder + d - | V| x
less fuel supply 0 0 (V)] V)
reduced ignition energy 0 d |[—— |V | V

4.5 Combustion pressure analysis

The crank-angle-dependent analysis of the combustion pressure in the individual
cylinder yields of course a direct measure of the combustion process. The indicated
combustion pressure is a standard procedure for developing combustion processes,
at least with special sensors on test benches. However, only recently combustion
pressure measurement is considered for series production engines, especially in con-
nection with new combustion processes like homogeneous charge compression igni-
tion (HCCI), both for gasoline and diesel engines. Then simple combustion pressure
features like “center of gravity” or “peak difference pressure”, can be used for fault
detection, which is described in Isermann (2014), Sect. 4.2. An alternative is a heat
release analysis. For example, the mass-fraction-burned MFB can be calculated for
different crank angles ¢ = @1, 2, @3, ... and differences Axyrp(p) then indi-
cate differences to the normal combustion process, see e.g. Miiller (2003b) Isermann
(2014).
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4.6 Exhaust system

Faults in the exhaust system have their origin in leaks or congestions in the tail pipe
or in the functions of the catalysts.

4.6.1 Leaks and congestions

Usually, only one or two oxygen sensors and sometimes the exhaust gas tempera-
ture are available to obtain a direct information on the exhaust path. Hartmanshenn
and Isermann (2005) observed that in the case of a leak the amplitude of the lambda
sensor before the catalyst increases both the average value and the amplitude of os-
cillations. Hence, residuals

Texh2 = w - )\norrn (461)

Texh3 = E {Amax(t) - )\min(t)} (462)

can be determined. In addition the correction factor ¢y, of the A-control increases
Texhl(t) — C/\(t) - 17 (463)

which was also used for leak detection in the air path, see Sect. 4.1.

An increased restriction in the intake path leads to a higher exhaust pressure
and therefore to an increased exhaust gas recirculation. As usually the exhaust gas
pressure is not measured, the intake manifold pressure can be used for symptom
generation, because it increases with increasing exhaust gas recirculation. The cor-
responding residual r,, = 7in¢2 was already described in (4.1.10) for leak detection
in the air path.

4.6.2 Catalyst diagnosis

The exhaust-gas aftertreatment for gasoline engines is based on catalytic converters.
Here, the three-way catalyst is dominating which is capable to reduce the main pol-
lutants CO, HC and NO,. CO and HC are converted by oxidation to CO5 and H5O.
NOyis converted by CO to No, CO5 and O,. The oxygen Oy which is required for
the oxidation of the main pollutants is taken from residual oxygen of the exhaust
gases or from the NOy.

However, the optimal conversion is only possible for stoichiometric combustion,
i.e. for the excess-air factor A = 1, and for temperatures above 250°C. As the range
around A = 1 (two-step lambda sensor, LSF, HEGO: heated exhaust gas oxygen
sensor) is relatively narrow for an effective reduction of all three pollutants, a closed-
loop lambda-control is required, such that a stoichiometric air-fuel ratio is reached.

The closed-loop control may operate with one or two lambda sensors. As the
catalytic converter must operate in a very narrow range of A = 1 4= 0.005 the sensor
is mounted before the converter (upstream), if only one sensor is applied. Applying
the zirconium-dioxide sensor with a jump characteristic at A = 1 (two-step lambda
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sensor, LSF or HEGO) the required control performance can be reached by a two-
step control with a ramp function of the injected fuel mass as manipulated variable.
The manipulation variable then changes the correcting factor uy = c, of the excess-
air factor resulting in small amplitudes of about 3%.

An improvement of the control performance is obtained by using a second sen-
sor after the converter. Then, a steady characteristic sensor (abbreviated by LSU,
broad-band lambda sensor or UEGO: universal exhaust gas oxygen sensor) is placed
upstream, and used for an inner control loop and the jump characteristic sensor down-
stream, correcting the setpoint of the inner loop with a slow integral type controller
(cascaded control). This results in smaller control oscillations and small corrective
controls from the downstream sensor, see e.g. the summary in Isermann (2014),
Chap. 7.2.

With two lambda sensors it is possible to detect faults as well in the sensors as in
the catalyst. A good functioning catalyst is able to store oxygen (because of a cerium
oxide layer) in the lean phase (A > 1) and to consume it in the rich phase (A < 1) of
the control oscillations. This damps the amplitudes of the A-value from the upstream
sensor through the catalyst to the downstream sensor. The stored oxygen mass is in
the range of 100mg to 1 g, Robert Bosch GmbH (2011). For ageing catalysts the
storage capacity reduces and therefore the downstream amplitudes increase.

The fault detection of the catalyst is usually based on monitoring the oxygen
storage capacity of the catalyst. Therefore, a first method is to start in a stationary
operation stage by changing the setpoint of the inner controller, e.g. to A = 0.95 and
to 1.05 in order to generate defined oscillations by this test signal. The amplitudes
of the downstream sensor then must be considerably smaller than those of the up-
stream sensor, otherwise the catalyst is defect due to ageing or poisoning e.g. by led
and sulfur, Knirsch and Klee (2002). This method can be used in a normal station-
ary operation phase. If only one setpoint change is commanded, the stored oxygen
mass is calculated from rich to lean and is calculated for one cycle between the two
saturation limits, Willimowski et al (2005)

to
Seatr = Amos = 0.23 / IA(E) — 1] e () it 4.64)
t1

with 1,;, air-mass flow rate. (mass of O is 0.23 multiplied with the mass of air). In
order to avoid the use of an extra set point test signal to estimate the oxygen storage
capacity, motoring operations of the engine can be used, Louen et al (2015). Because
then no fuel injection and no combustion occurs, pure air with 21 % O3 flows to the
catalyst. This leads to a storage of oxygen and the downstream two-step A-sensor
indicates an air excess factor A > 1. If the storage is filled, the oxygen content after
the catalyst increases, and the A-sensor jumps to A < 1, indicating the end of the
storage time At;,. After the end of the motoring phase, combustion begins again and
a phase with decreasing storage with duration At follows. However, this duration
depends on the exhaust gas mass flow 7.y, and other variables. Monitoring of the
oxygen storage capacity can be based on features like At;,, Atous, Mexh and by
training with new and aged catalysts multi-dimensional thresholds for limit-checking
can be found.
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For further details and methods it is referred to Auckenthaler (2005), Peyton
Jones and Muske (2004), Peyton Jones et al (2006), FeBler (2011), Louen et al
(2015), Odendall (2015), and Odendall (2016).

4.7 Cooling system

Since about one third of the heat provided by the fuel has to be removed to the
environment, a precise functioning control and supervision of the cooling system is
an important requirement. Figure 4.7.1 depicts a scheme of a typical, basic cooling
system. The coolant pump is either driven by a V-belt and therefore the speed is
given through the engine speed or by an electric motor, which allows independent
speed control. After cold start the thermostatic valve opens to the bypass only in
order to reach fast the operation coolant temperature. The thermostatic controller
then opens the way to the radiator such that external cooling begins. The valve is a
double-acting disk which is actuated by a temperature-dependent expansion valve, in
which both sides are opened allowing a mixture of uncooled and cooled coolant flow
to the engine such that according to the setpoint of the thermostat a certain operating
temperature at the entrance to the engine is reached. The setpoint of an electronic
map controlled thermostat may be changed through a heating resistor to raise the
operating temperature at part-load and to reduce it at higher load. This allows to
save fuel, to reduce wear and improves the heating of the vehicle interior. In the case
of electrical driven pumps the speed is also changed and optimized with regard to
operating requirements.

As the temperature time behavior of the coolant system is much slower than, for
example, the torque generation, the coolant circuit is frequently in a dynamic state
during driving with different load.

Modeling of the cooling system is treated e.g. in Corbel (1987), Chang et al
(1991), Salah et al (2010), Miiller et al (2016), and Nahim et al (2016). It was shown
in Isermann (2014) that the dynamic behavior of the coolant temperature ¥, in de-
pendence on the manipulated variable u; of the expansion valve can be approximated
by a nonlinear second order model or after linearization by a first order model with
dead time and varying parameters.

4.7.1 Fault detectionof the cooling system with mechanical driven pumps

The supervision of the cooling system is usually based on the measurements of the
coolant temperature at the thermostatic expansion valve and a coolant level mea-
surement e.g. in the coolant expansion tank. Limit value checking is applied for too
high temperature and too low coolant level and violation is signalled in the cockpit.
Faults in the coolant control can be based on control deviations between the coolant
reference value and its measured value

€y (t) = 19C<t) - ﬁc,ref (t) (471)
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Fig. 4.7.1. Schematic of an engine cooling system: 1 coolant radiator 2 fan 3 combustion
engine 4 oil cooler 5 coolant pump 6 thermostatic valve 7 bypass 8 cabin heat exchanger
9 coolant expansion tank. u; manipulated variable for thermostatic valve, w2 manipulated
variable for fan speed, u3 manipulated variable for pump speed, u4 manipulated variable for
cabin heating, ¥ coolant temperature, h. coolant level.

This is directly possible for electronic map-controlled thermostats, where the ref-
erence value is determined by the ECU and the cooling temperature is measured
electrically and is also available in the ECU. However, the reasons for remaining con-
trol deviations can be manifold, as e.g. defective thermostat, defective coolant pump,
contaminated radiator or defective fan. OBD requires to detect emission related faults
of the cooling system. As too low coolant temperature may increase emissions, the
measured coolant temperature is compared with a minimum temperature, that has to
be reached.

To monitor the temperature sensor plausibility checks are provided as the engine
cools down. This may indicate a sticking sensor.

In Nahim et al (2016) model-based fault detection for a marine diesel engine
with sea water cooling is considered using temperature measurements. Simulated
faults are wear and leak of the pump, locked thermostat and leaks and fouling of the
heat exchanger.

4.7.2 Fault detection with electrical driven coolant pumps

A more advanced supervision of the cooling system becomes possible if electri-
cal cooling pumps are used. Their speed can be controlled independently of engine
speed. Measurement of the voltage, current and speed then enables to determine
the coolant mass flow based on a mathematical coolant pump model, Schifer et al
(2006), Schéfer (2012). Therefore coolant pump models are considered.

The steady state behavior of a centrifugal pump is usually described by the gen-
erated pressure difference Ap, = pout — Pin or delivery head H = Ap,/pg in
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dependence of the volume flow V}, and speed w,
App = f(Vp, wp). 4.7.2)

Taking into account a finite number of blades, blade and tube friction losses, impact
losses due to non-tangential flow of the blade entrance, the basic equation for the
delivery head becomes, Dixon (1966), Pfleiderer and Petermann (2005), Isermann
(2011)

Ap, = pgH = pg (hnnwg — hnvap — hvar?) . “4.7.3)
In order to obtain dimensionless characteristic quantities and to be more independent

on the geometrical size of the pump, following variables are introduced, which orig-
inate from fluid mechanical laws for turbomachines:

delivery number ) _
Vo 4V,

= = 4.7.4
14 Apey  mwpD3’ ( )
pressure number
2gH 2gH
= = 4.7.5
(0 2 (o D3)? ( )
power number
P (4.7.6)
Ip
Herewith are:
rotor area A =nD3/4,
rotor outer velocity ¢y = 21 Dowp /2,
rotor outer diameter Do,
pump efficiency Mp-
Introducing (4.7.4) and (4.7.5) in (4.7.3) yields
¥ = ki + ko + ks (4.7.7)

and instead of a family of characteristics with a parameter w,, one obtains only one
characteristic.

(4.7.4) leads to )
V, = Dim?w,p(N)/4 (4.7.8)
and the volume flow can be determined if
A
o\ = inp 4.7.9)

is known.
If the pump is driven by a DC motor, which takes the electrical power Py = Ul
from the supply net, then the overall efficiency of the motor-pump system is
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Pout V
= Mmo = == 4.7.1
77 77 t np Pin UI ( O)
Hence, if the motor efficiency 7,0t
M w
Thmot = W = f(Pim Wmot) (4.7.11)

is known (e.g. as a look-up table), the pump efficiency

n
Thnot

Np = (4.7.12)

can be determined. For the power number holds with (4.7.10), (4.7.9), (4.7.8)

29H 4V,  Ulmot  8UImmor
(rwpD2)?  m2wyD3 pgHV,  miD3pwd’

A= (4.7.13)

Hence, A can be determined if U and I are measured and 7,,0¢ is known from exper-
iments. Further, if the characteristic A = f(i) for the pump is known by measure-
ments its inversion yields ¢ = f~1()) and with (4.7.8) one obtains the volume flow
based on measurements of U, I and wy,, Schifer (2012).

For a coolant pump with rated power P, = S800W, Ve = 250l/min, H =
14m, n, = 5000rpm the volume flow could be determined for P > 150W, nj, <
3000rpm, VC > 90l/min with a mean standard deviation of about 4%. For smaller
power and speed the motor efficiency becomes small, so that the reconstruction of
the pump power is not accurate enough.

Based on the estimated coolant mass flow Vp and thermal engine cooling mod-
els as described in Isermann (2014), model-based fault-detection methods can be
developed, which allow to improve the diagnosis of faults in the cooling system.

The flow dynamic behavior of the cooling system is treated in Isermann (2014).
For changes of the pump speed and linearization around an operation point, it leads
to a first order differential equation

v, .
Tcﬁ + AV, (t) = K, Awp(t). (4.7.14)
For example, a parameter estimation of the gain K allows to detect faults like inter-
nal flow restrictions, which change the volume flow after a pump speed variation.

4.8 Lubrication system

The lubrication system serves to lubricate and cool the pairings of the crankshaft
drive, the valve train and other moving components and to remove local contami-
nants, wear particles and combustion residues. The most frequently used forced-feed
lubrication is based on a positive displacement oil pump (mostly gear pump or vane
pump), which delivers a defined volumetric oil flow rate from the oil sump to an
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oil cooler and and oil filter, see Fig. 4.8.1. The oil volume flow rate is about 30 to
351/h per kW engine power, Eberan-Eberhorst (2010). As the oil pressure increases
with the speed of the pump, a pressure relief or pressure control valve limits the oil
pressure to a maximum of, for example py, ;i = 5 bar, to prevent damage of the oil
cooler, oil filter and seals. The oil cooler is cooled by the engine coolant or by air.
The oil filter can be circumvented by a pressure released bypass valve in the case of
strong contamination, if e.g. the pressure difference exceeds 0.8 ... 2.5 bar. The main
oil filter is a full-flow filter which filters the complete oil flow of the engine and holds
back particles in the range of 0.5 ... 500 pm which could cause damage or wear. This
filter is regularly exchanged as part of the oil service. Additionally, bypass filters can
be provided, which hold back superfine particles, such as abrasive and soot particles.
These bypass filters are mainly used for diesel engines and are limited to an oil flow
of maximal 10%.

7 Apl. pcng

Fig. 4.8.1. Scheme of a lubrication oil circuit: 1 oil pan, 2 oil pump, 3 pressure control valve,
4 oil cooler, 5 full-flow filter, 6 bypass valve, 7 bypass filter, 8 throttle, 9 engine oil flow
passages.

The oil first flows to an oil gallery and then through many oil ducts to the
crankshaft, connecting rods, piston pins, camshaft, valves, turbocharger etc. and then
flows back unpressurized to the oil sump in the oil pan underneath the crank case,
see for example Mollenhauer and Tschoke (2010), Robert Bosch GmbH (2011). An
alternative to this wet-sump lubrication is the dry-sump lubrication, when the oil is
gathered in an external oil reservoir. This system gives more freedom for the design
of the engine and functions also for high lateral accelerations.
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For steady-state conditions, the oil volume flow rate and the oil pressures depend
on the flow characteristics of the pump, the filters and the engine. The delivered
flow of the pump Vp is mainly determined by the pump speed w;, and the flow ab-
sorbed by the engine Veng, which depends on the oil pressure peng, the engine speed
weng and the oil temperature Ty;. In the following the behavior of the pressures
and flows is considered with simplifying assumptions. Because the oil pump sucks
the oil from the oil pan with approximately atmospheric pressure, it holds for the
pump difference pressure Ap, = p;,. The design and basic equations for gear and
vane pumps are described in Ivantysyn and Ivantysynova (1993), Reinhardt (1992),
Eberan-Eberhorst (2010), Berg (2009), Mollenhauer and Tschoke (2010), Affen-
zeller and Gliser (1996). Contributions on modeling the oil circuit can be found
e.g. in Neu et al (1977), Reulein (1998), Haas et al (1991), and Chun (2003).

4.8.1 Models of a lubrication circuit

The delivered theoretical volume flow Vp of a positive displacement pump, as for
example, a gear pump is '

Vp,th = Vp,th Wp (481)
where V}, 1, is the theoretical (ideal) displacement volume per turn. The required
driving power becomes

Pp,th = Vp,th Pp = Vp,th Wp Pp- (4.8.2)
The real, effective volume flow is lowered by internal leak flows V;, 1, see Fig. 4.8.2 a),

which depend on the generated pressure p,, and speed wy,

Vp,eff (ppywp) = Vp,th Wp — Vp,l (pp#ﬂp) = Vp,th Wp Tlvol (4.8.3)

and can be taken into account by a volumetric efficiency 7,1, see Isermann (2005).
This efficiency may also comprise charging losses, which reduce V, (1., for example,
for higher pump speeds.

The corresponding power loss through the internal leakages is

Poi=Voipp 4.8.4)
leading to a reduced delivery power
Pp,vol = Pp,th - Pp,l = (Vp,th Wp — Vp,l) Pp

= Vp,th Wp Pp Tvol = Pp,th Tlvol-

4.8.5)

Pump internal flow losses yield a pressure drop App, 1 (wp) such that the effective
pump difference pressure becomes

Ppeff = pp(wp) - AppJ(wp)- (4.8.6)
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Figure 4.8.2b) shows qualitatively a characteristic of the effective pump pressure,
where the pump operates against a constant throttle resistance. This characteristic
may be approximated by

Pp.eff = Ppo + Cp1tp + Cpows. (4.8.7)

The corresponding pump delivery power to the fluid is then reduced

Pp,vol,l = Pp,vol - Vp,thApp,l (4.8.8)
and can be taken into account by a hydraulic loss efficiency 7y

Pp,vol,l = Pp,vol Th = Ppﬁth Tlvol Thh - (4’89)

The bearing and gear friction losses are covered by a mechanical efficiency 7y, such
that the effective pump delivery power to the pumped fluid becomes

Pp,cff == Pp,vol,l NMm = p,th Mvol Mh lm = p,th MNtot - (4810)

The overall efficiency 7ot covers all losses. The required shaft driving power is
therefore
1 1 .
Ppin = TPp,eff = Tvp,eff(ppva)pp@ff(wp)
tot rot (4.8.11)

1
= —V thw + Corwp + Cpaw?) .
Tlvol Th Thm pth%p (ppo pI¥p P2 p)
It increases linearly as well as mainly quadratic with the pump speed.
The oil flow absorbed by the engine is assumed to be determined by a turbulent
flow which approximately follows the flow law through a contraction

. /2
Vveng (penga weng) = Ceng (wenga Toil) ;\/peng- (4.8.12)

Since the flow also depends on the engine speed, the coefficient cg,, changes with
Weng- As the oil temperature has a large influence on the oil viscosity, it has a con-
siderable effect on cepg, and the absorbed oil flow through the engine behaves as
depicted in Fig. 4.8.2 d).

Peng 1s the acting pressure at the engine entrance (gallery) and is reduced by
pressure drops in the filter, oil cooler and channels

Peng = Pp — Aps (Vp,eff) : (4.8.13)

The volume flow delivered by the pump Vp may be reduced by the flow rate Ve of
an active pressure control valve

Vo(t) = Voet (t) — Veu (us, t) (4.8.14)
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Fig. 4.8.2. Characteristics of lubrication circuit components (qualitative). a pump flow Vp (p)-
b pump pressure pp(neng ). € pump flow V (neng ). d engine absorption flow Veng (Meng )-

with 1
‘/;V(ul) = \/ Pp,eff, (4815)
cy(uq)
see Fig. 4.8.3, where ¢, (u1) is a resistance of the control valves.

The dynamic behavior of the pressures in the oil circuit can be determined by
considering the mass balance equation taking a volume storage into account. The
dynamics of the flows follow from the balance equation for the moved oil mass.
Both dynamics were treated in Isermann (2013), Chapter 4.9. Here only the pressure
behavior is considered, as the volume flows usually cannot be measured.

VA _
/, Vp,eff (ncngvpp)
100+ ’ ~
L] s ¥ V)
— P
min Z 5
504+ Z Veng (neng’Toi])

0 1000 2000 3000 4000 5000 7, [rpm]

Fig. 4.8.3. Flow characteristic for the pump delivery and the engine absorption.
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The dynamic behavior of the pressures in the oil circuit follows from the in-
teraction of the mass flows. Therefore the mass balance equation between the de-
livered mass flow of the pump 7i2,(t) = poiV;(t) and the absorbed mass flow of
the engine reng(t) = poﬂveng(t) is considered, taking into account a mass stor-
age Mpe = Poil Vpe between the pump, and the distribution ducts to the lubrication
points. This means that a mass storage in the flow line including oil cooler, oil fil-
ter and main gallery is considered. Assuming now p;; = const. a volume balance
equation results

d

dt
The storage volume of this volume balance equation follows assuming a compress-
ible fluid with bulk modulus

Voo (t) = Vi (t) — Veng(t). (4.8.16)

0
B=Voelgp):

This results in a relation between pressure change and volume change Ap =
AV B/V or
dp B
dt — Vpe

A flow difference between pump and engine thus becomes for closed pressure control
valve with V., = 0 ( can be assumed if p, < pp 1im )

dpen (t) /8 3 3
Fengd) _ i (Vp,eﬁ(wp,t) — Veng (Weng» peng,t)) . (4.8.19)

(4.8.17)

AV. (4.8.18)

Insertion of (4.8.3) and (4.8.12) in (4.8.19) results in

Vie dPeng(t) 2
%Tj = (Vp,th wp(t) Tlvol — Ceng (weng)\/g\/m> . (4820)

Linearization around an operating point for pump speed changes yields, assuming
Ceng A8 cONStant,

T dpeng (1)
Pt
with gain and time constant

+ Apeng (t) = Ky Aw,y(t) (4.8.21)

Vb, thhv
K, = p,t(;?? 01’
Ve
P = oy (4.8.22)
en en aToi
a; = —C g(w ) l).

vV 2poil ﬁeng

Thus, the pressure at the engine entrance behaves, after pump speed changes and with
simplifying assumptions, as a linear first order system with a small time constant T},.
However, as the parameters depend on weng and wy, = i, Weng, With 7, the pump gear
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ratio, the dynamic equation is nonlinear in reality. The time constant is the larger, the
larger the storage volume, the smaller the bulk modulus and the smaller the flow
resistance coefficient of the engine.

If a variable pump with manipulated displacement volume Viy,(up) is applied
(as for a gear pump with axial shifted gear wheels), it follows from (4.8.20) after
linearization for constant speed Weng

Apene(t
TppTg() + Apeng(t) = Kp\/AV ,th (4.8.23)
with .
Koy = 2plvel (4.8.24)
aj

4.8.2 Model-based fault detection of a lubrication circuit

As Fig. 4.8.1 shows the usually available measurements in lubrication circuits are the
pressure p,, after the pump, the pressure difference Ap¢ over the full-flow filter, the
oil temperature Ty;) eng usually in the oil sump of the engine, where the different oil
flows are mixed, and the oil level z; in the oil pan. The pump speed wy, = ipWeng 1S
also known from the engine speed. Hence, various variables in the lubrication system
like flows are not measured and therefore the possibilities of oil circuit diagnosis are
rather limited.

The conventional supervision of the oil circuit is performed by limit value check-
ing of the oil pressure of the pump, the oil temperature in the engine and the oil level
in the oil pan. Alarms are given for

Pp < Pp,min (4.8.25)
Toil,eng > Toil,eng,max (4826)
Zoil < Zoil,min- (4.8.27)

Protection functions for a too high pump pressure become active, if the pressure
control return valve opens or for a too high pressure drop of a contaminated full-flow
filter a bypass valve opens, see Fig.4.8.1.

The electronic supervision of the oil level is usually based on simple float
switches for measurements at stand still phases or on continuously operating sen-
sors, which function also during driving. Known electronic oil level sensors use ther-
mal, capacitive or ultrasonic measurement principles. As the oil level sloshes during
driving useful level measurement is obtained by appropriate filtering respective av-
eraging.

For the lubrication and cooling of the engine parts the oil pressure peng at the
entrance to the engine, e.g. in the gallery, where the oil flows are distributed, is an
important variable. If this oil pressure is measured, then (4.8.13) can be used to
determine the pressure drops in the oil filter, oil cooler and channels

Apg = Pp — Peng (4.8.28)
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A comparison with the stored characteristic for the normal behavior by calculation
of the residual

rpf(t) = Api(t) - Apf,nom(vp,cffv Toi1)~ (4829)

then gives hints for contaminations or leaks, where Vp7eﬁ‘ follows from (4.8.3).

A further possibility is to supervise the pump pressure increase in dependence on
the pump speed. Based on the measured pressure py, o (wp ) according to (4.8.6) and
the characteristic shown in Fig. 4.8.2 b) with the approximation (4.8.7) the parame-
ters

AT

0, = [Pro o1 épo (4.8.30)
can be determined with least squares parameter estimation. Deviations of the param-
eters then can give hints for pump defects.

The volume flow balance between the pump delivered flow Vp and the engine ab-

sorbed flow Vcng yields according to (4.8.16) and (4.8.20) for the stationary behavior

V2thn2 1Poil
,th'/vo 2
Peng = 507 w?. (4.8.31)

eng
Hence, if the oil pressure in the oil gallery can be measured, a lower volumetric pump
efficiency due to pump leaks or a higher overall resistance coefficient ceng Of the oil
passages through the engine lead to smaller pressure values peng (wg). However, as
Ceng depends much on the oil temperature and engine speed, relatively wide toler-
ances of Ape,e must be allowed in determining the thresholds for faulty behavior.

Instead of (4.8.31) the gain K, (wp) = Apeng/Aw, due to (4.8.22) can be used
as feature. Some results for model-based fault detection in marine diesel lubrication
system based on temperature and pressure measurements are shown in Nahim et al
(2016).

The possibilities for fault detection in the lubrication circuit increase consider-
ably if electrical driven oil pumps are used. Then voltage and current measurements
allow to determine the driving power Peun(U, I). The electrical power delivered to

the pump shaft is then lowered by an electrical efficiency P, c1 = e Fel,in- Then it
holds with (4.8.11)

Pp,eff = Vp,eﬁpp,eﬁ? = ntotnelpel,in~ (4832)

If the efficiencies are known, then the effective pump flow Vp’eﬁ‘ can be determined.
This can for example be used to determine flow resistance coefficients like cepng in
(4.8.12). Compare the determination of volume flow and the fault detection with an
electrical driven centrifugal coolant pump in Sect. 4.7.2.

4.9 Overall gasoline engine fault diagnosis

To obtain an overall presentation of model-based fault-detection methods for gaso-
line engines the results of the fault-detection modules for interconnected parts, as
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the intake system, the fuel and combustion system and the exhaust system are now
joined together. These signal- and model-based fault-detection methods have to be
seen as an addition to the classical OBD methods.

The fault diagnosis based on the observed symptoms can be performed with
fault-symptom tables or with rule-oriented approaches as described in Sect. 4.1.2
and represented in Fig. 4.1.12. Figure 4.9.1 illustrates an overall model-based diag-
nosis system as an expansion of Fig. 4.1.3.

The resulting overall fault-symptom table is depicted in Table 4.9.1 for the con-
sidered three-engine process parts. It is obtained by combining Tables 4.1.5, 4.4.1
and the results of Sect. 4.6. It shows that most symptoms are related to the respec-
tive process parts but some symptoms contribute also from other engine parts. The
patterns of the symptoms indicate that they are in most cases different and therefore
the faults can be isolated, except in some cases, where the effect on the symptoms
is identical as e.g. for “leakage after throttle” and “disconnected blow-by tube”. For
the detection of some sensor faults in the intake system, Table 4.1.3 can be applied,
where three ways of determining the air mass flow are used.

Hence, a recommendation is to develop the fault-detection and -diagnosis meth-
ods for the respective engine process parts with their actuators and sensors and then
to see if also symptoms from other engine parts enlarge the basics and therefore the
coverage for the diagnosis.
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Table 4.9.1. Overall model-based fault-symptom table for the intake, fuel and combustion,

and exhaust system of a DI gasoline engine (+: positive symptom, —: negative symptom, 0:
no symptom change, d: don’t care, v": applicable, X: non-applicable).
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5

Diagnosis of diesel engines

In order to develop advanced fault-detection and diagnosis systems for diesel engines
a modular structure is used, which is based on the available input and output signals
from the ECU and comprises the actuators and engine components and their sen-
sors, compare Tables 3.3.1 to 3.3.4 and Fig. 3.1.7. Then, so called detection modules
are defined which allow the fault detection of the interacting components by using
their signal readings. This leads to the detection modules for the intake system, in-
jection, combustion, and exhaust system, as shown in Fig. 5.0.1. The detection mod-
ules generate certain symptoms as deviations of features from the normal (fault-free)
behavior. These symptoms are then the basis of the fault diagnosis for the overall en-
gine, using fault-symptom relationships for the components of the engine and their
interrelations indicating the type and location of the faults.

An improvement of engine diagnosis systems over the implemented OBD func-
tions is obtained by using the inherent properties of measured signals and relations
between the signals. Therefore, model-based methods are described in the follow-
ing sections which use both, signal models and process models. These models must
be able to express the influence between faultless and faulty behavior. Because only
relatively few measured signals are available in mass-production engines a grouping
into the mentioned detection modules will be made.

Several signals are periodic because of the repetitive cylinder charging and com-
bustion operations. Hence, methods of harmonic signal analysis, like Fourier or
Wavelet analysis, can be applied. The process models, relating input and output sig-
nals, use as a basis physical models, which have to be simplified, because of real-
time computational demands. However, as physically based models of the engine
include nonlinear fluidic and thermodynamic processes many parameters have to be
estimated experimentally, because they are not known in advance and vary strongly.
Then it may be more straightforward to use process models based on identification
and parameter-estimation methods. If the structure of these models is based on sim-
plified physical models, this results in semi-physical models, Topfer et al (2002). Be-
cause of the strongly nonlinear behavior of combustion engines, also neural-network
approaches may be used. Here, a practical feasible type is the use of local linear mod-
els, based on parameter-estimation methods and weighting with radial basis func-
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Fig. 5.0.1. Modular structure of a diesel-engine fault-diagnosis system with four detection
modules.

tions (e.g. LOLIMOT method). The procedure described in the next sections was
mainly developed by Schwarte et al (2004), Kimmich (2004), Kimmich et al (2005),
Clever (2011), Eck et al (2011), and Sidorow (2014).

The available sensor signals depend on the type of the diesel engine. A first differ-
ence comes from the kind of fuel injection. Cam-driven distributor injection pumps
with axial or radial pistons for all cylinders or unit injector pumps for each cylinder
possess solenoid valves for determining pilot injection, main injection and post in-
jection. The electronic control is either integrated in the pump device or part of the
engine ECU and uses (internally) in addition to the begin of injection and the fuel
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quantity command signal, sensor values like cam rotation angle, pump speed and
engine temperature. However, the injection pressure is usually not measured and is
therefore not available for fault detection.

Common-rail injection systems separate pressure generation and fuel injection
by an accumulator volume in the rail. The pressure is generated by an in-line fuel
injection pump or by a radial-piston pump. The rail pressure is controlled by a pres-
sure control valve on the high pressure side with freely varying reference value. It is
now the injector which opens and closes based on triggered signals from the engine
ECU and such determines beginning of injection and injected fuel quantity, includ-
ing multiple injections. Solenoid valve injectors open with a hydraulic high pressure
force-boost design. Piezo injectors are faster and smaller and allow more and smaller
injections. As the high-pressure pump is designed for high delivery quantities, an ex-
cess of compressed fuel in idle and part load is returned to the fuel tank via the
pressure control valve. An alternative is the low-pressure side control, compressing
only as much fuel as injected through a metering unit. Then, the rail has either a
pressure relief or control valve with smaller fuel return. In both cases the rail pres-
sure is measured and can be used with advantage for fault detection of the pump and
injection system.

Two types of fuel-injection systems, the distributor injection and the common-rail
injection system are treated in the Sects. 5.2 and 5.3 with regard to methods of fault
detection by using the given measurements. The intake system shows a more com-
mon basic construction for diesel engines, Sect. 5.1, as turbochargers with wastegate
control and variable geometry, Sect. 5.4. However, the exhaust aftertreatment varies,
depending on applied catalysts and particulate filters or selective catalytic reduction
(SCR). In Sect. 5.5 some selected examples are described.

Finally, the generated symptoms from different detection modules are combined
to perform a fault diagnosis of the overall engine, Sect. 5.6.

5.1 Intake system

The considered fault detection for the intake system is developed to detect leakages,
congestions and faults in the EGR valve and swirl flaps. The used intake models
describe the air mass flow as an average value and oscillations of the air mass flow
and the manifold pressure and are semi-physical models with identification through
local linear network models.

The investigated engine is a 2 liter, 4 cylinder, 16 valve diesel engine with a
power of 74kW and a torque of 230 Nm. It is charged by a wastegate turbocharger
and possesses exhaust gas recirculation, variable swirl flaps for the inlet gas, see
Fig. 5.1.1. As shown in Fig. 5.1.2, the air flows through the air filter passes an air
mass flow sensor and then flows through the compressor, intercooler and inlet mani-
fold. The blow-by of the crankshaft casing is led back between air mass flow sensor
and compressor wheel. Recirculated exhaust gas is mixed to the air by the exhaust
gas recirculation (EGR) valve. To reduce emissions, each cylinder is filled by a swirl
port and a filling port. By throttling the filling port of each cylinder with the swirl
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flaps actuator (SFA) the swirl can be adjusted. Further components of the intake sys-
tem are the pneumatic membrane actuator to manipulate the swirl flaps, the EGR
valve and the electro-pneumatic converters which convert a pulse-width-modulated
(PWM) signal of the electronic engine control unit to the pressure for the pneumatic
actuators. By cutting off the intake system from the surrounding subsystems, namely
environment, engine block, exhaust system and electronic control unit, input and
output variables emerge, see Fig. 5.1.3, only some variables are measured or given
by the electronic control unit: engine speed neng, pulse-width-modulated signals for
EGR and SFA control tegy, Usfa, atmosphere pressure and temperature p,, T4, in-
take manifold pressure and temperature po;, 7T5;, and the Hot Film Mass air flow rate
Mair, 7M. Other variables like turbine power P,,1, , compressor power FPeopp, tur-
bocharger speed 1., EGR mass flow riteg,, air mass flow into the engine 72, ¢, and
the positions of the actuators are not measured.

Fig. 5.1.1. Scheme of the investigated diesel engine with distributor pump direct injection,
wastegate turbocharger and exhaust gas recirculation. Opel, 2 liter, 16 valves, 74 kW, 230 Nm.
Used variables and measurements.

5.1.1 Modeling of the intake system with semi-physical nonlinear models

The engine pumping, describing the air mass flow into the engine, was modeled

with a semi-physical and local linear network model. It is a mean value model of

one working cycle neglecting the periodic working principle. The physical model

part describes the engine pumping corresponding to an ideal positive-displacement

pump, which is the so-called theoretical air mass flow into the engine
1 D2i

mair,th = 5 Teng 1% RT,,
i

(5.1.1)
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Fig. 5.1.2. Air path of the intake system with sensors and considered faults.

where Vp is the engine displacement volume and R is the specific gas constant.

All other nonlinear induction phenomena are combined and described with the
operating-point-dependent volumetric efficiency coefficient, Heywood (1988). This
coefficient is the ratio of real air mass flow and theoretical air mass flow:

mair e mair e

= S (5.1.2)
Majr,th §neng D RT>,

The nonlinear phenomena like charge heating, backflow, flow friction, ram effect,
etc. are very hard to model physically and therefore the real air mass flow is modeled
and identified with a neural net model in dependence on engine speed and manifold
air density po ; = pa;/RT» ;. The stationary modeled air mass flow then results:

D2i
RTs;

Neng 1% = fnv (nenga P2,i) * P2, (5.1.3)

mair,e ~ fnv (nenga p2,i) %
The air mass flow oscillation is caused by the periodic flow into each cylinder. In
the time domain the frequencies of the air mass flow oscillation are proportional to
the engine speed. But in the angle domain these frequencies are constant. The main
(angle-)frequency of the air mass flow oscillation has a constant 180°CS (crank an-
gle) period for four-cylinder four-stroke engines. Measurements have shown that

an approximation with a mean value and one harmonic describes the real mass
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Fig. 5.1.3. Fault-diagnosis structure of the intake system.

flow sufficiently precise. Therefore, a signal model was set up with operating-point-
dependent amplitude and phase of the mass flow oscillation:

180° ‘pmair,HFM) (5.1.4)

Afnair,HFM ~ fan, (nenga p2,i)7 (5.1.5)
Privaie, aEm f«p,h (nengv p2,i) . (5.1.6)

Mair, HEM (1) = Mair, HEM + Ay, ey COS (27r

Figure 5.1.4 shows the air mass flow for one operation point with a first harmonic
approximation. Like the air mass flow oscillation the charging pressure oscillation is
also stimulated by the periodic flow into each cylinder and its signal model is similar
to the one before:

(6
P2 (@) = pai + Ap,, cos (27r "5 gop%) , (5.1.7)
Apz,i ~ pr (neng7p2,i) , (5.1.8)
Ppo; ~ f<,op (neng7p2,i) . (5.1.9)

The estimation of the amplitude and phase of the massflow and the pressure oscilla-
tion can be performed by a Fourier analysis in the time-domain, Clever (2011). Then,
the Fourier coefficients
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Ly—1
2 p

a(vwy) = " Z y (kTy) cos (vwokTy) , (5.1.10)
P k=0
o Lol

b (vwp) = - y (kTp) sin (vwokTy) (5.1.11)
P k=0

are calculated with v = 1 and Lp = Tp /T for the first harmonic frequency fy =
2Weng respectively wo = 27 fo = 47T Neng. The signal y is either 17,5, or po; and T is
the sampling time. T, needs to be a multiple of the period T}, = £/ fo, k = 1,2,.. ..
The amplitude and phase then follow by

Ay (vwo) = Va2 + b2, (5.1.12)

@y (vwo) = arctan (b (vwo) /a (vwo)) . (5.1.13)

Local linear networks are employed for modeling parts of the intake system with lit-
tle required knowledge of the inner physical model structure. The special net model
LOLIMOT (local linear model tree), Isermann and Miinchhof (2011), uses weighted
local linear models, see Sect. 4.1.2. The local linear models are identified with an
orthogonal divided input space and define the placement of radial basis functions,
see Fig. 5.1.5. The radial basis functions are normalized and define the validity of
each model. The validity of a local model is almost 100% in its center and decreases
towards its neighbor models, so that the superposition of local model validity at each
point is 100%. Because of this there is a smooth transition between the local models
and the overall model is steadily differentiable. The approach with local linear mod-
els leads to fast training properties, because the local model parameters are computed
by a least squares method in one step. LOLIMOT comprises both automatic model
structure generation and the identification of model parameters. The model struc-
ture is generated in an iterative way, starting with one local model and adapting to
the variable complexity, resp. nonlinearity of the identified system. The input space
of the worst performing local model is divided in two local models, resulting in a
growing number of local models. This procedure is stopped when a given number of
local models is reached or the training fault falls below a given limit. As an example
Fig. 5.1.5 shows the input space and the local linear model structure of the neural net
model which models the volumetric efficiency of the engine pumping with 11 local
models, resp. 11 iterations.

For the fault-free description of the intake system five static reference models
were identified, which describe the volumetric efficiency, the amplitude of air mass
flow oscillation, the phase of air mass flow oscillation, the amplitude of charge pres-
sure oscillation and the phase of charge pressure oscillation depending on engine
speed and manifold density. The reference models were identified for a closed EGR
valve and opened swirl flaps with a quasi-stationary identification cycle, Fig. 5.1.6.
The identification cycle stimulates only very low frequencies and evenly distributes
data points over the complete input space. The distribution of data points is shown in
Fig. 5.1.7. As a high boost pressure cannot be achieved at low engine speed the input
space region with low engine speed and medium to high manifold density is empty.
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validity for the volumetric efficiency with linear local models LOLIMOT.

Because local models are extrapolated in the empty data region they are corrected
manually to a constant value without affecting the validity of the model. Figure 5.1.8
shows the identified reference model for the volumetric efficiency compared with
measured data points.

LOLIMOT identifies the model with a continuous mathematical function. How-
ever, for online application look-up tables, calculated from the LOLIMOT model,
are employed for the reference models in order to reduce the computational effort
and to be compatible to the general representation of nonlinear models in the engine
ECU. This approach of the fast neural net model LOLIMOT to obtain look-up tables
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provides a great advantage compared to the general used grid measurement regarding
flexibility, complete measurements and the effort to measure exactly certain operat-
ing points. With an identified neural net model any desired resolution of the look-up
table in the electronic engine control can be extracted afterwards. Figure 5.1.9 shows
the identified reference model for the amplitude of the air mass flow oscillation. At
engine speed of about 2000 rpm the largest amplitude results indicating the reso-
nance frequency of the air path pipe. Figure 5.1.10 then shows the corresponding
phase of the air mass flow oscillation. The phase is mainly a linear function of the
engine speed. The identification of the charging pressure oscillation with models for
amplitude and phase shows similar results as the air mass flow oscillation and is not
shown here, see Schwarte et al (2002), Kimmich et al (2005). An application to an-
other common-rail diesel engine, see Fig. 5.4.1, has shown similar results, Clever
(2011).

5.1.2 Fault detection with nonlinear parity equations and diagnosis

The five identified reference models calculating special features of the intake system
are used to set up five independent parity equations yielding the residuals:
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Tn, = Jn, (Neng, p2i) — 7w, (5.1.14)
TAm = Ata en — fAw (Mengs P2i) 5 (5.1.15)
Tom = Pritair,HFM fow (Meng, pai) s (5.1.16)
ra, = Apy — A, (Neng, P21) (5.1.17)
Ty = Ppasi — fop (Mengs Pai) - (5.1.18)

The signal processing and the model-based fault-detection algorithms are imple-
mented on a Rapid Control Prototyping System with MATLAB/SIMULINK. In
Fig. 5.1.11 the realized model for online fault detection is shown with its expla-
nation of the corresponding processing steps. The measured signals are crank-angle
synchronously preprocessed for a better signal to noise ratio. Then, firing cycle syn-
chronous algorithms calculate the characteristic features. These features are com-
pared to the output of the reference models yielding the residuals.

The residuals are further processed leading to symptoms. Finally, the symptoms
indicate faults by deviating from zero and exceeding a threshold. The results of real-
time fault detection are presented in Fig. 5.1.12 for an exemplary operating point.
Several faults were temporarily built in at the intake system. The residual thresh-
olds are marked by dashed lines. In the fault-free case the residuals are almost zero.
The reference models for the volumetric efficiency, amplitude air mass flow oscil-
lation and amplitude charging pressure oscillation show the expected behavior. The
reference models for phase air flow and phase boost pressure have wider stochastic
deviations in the fault-free case of approximately 4°CS. Therefore, the first three
symptoms are most suitable for fault detection. The first fault example in Fig. 5.1.12
shows the case of undesired closed swirl filling ports. The residuals amplitude charg-
ing pressure oscillation and amplitude air mass flow oscillation exceed the thresholds
and with the corresponding symptoms this fault is clearly detected (without position
sensor at the swirl actuator). The second fault example is an undesired opened EGR
valve. The residual volumetric efficiency responses intensively and it is obvious that
smaller EGR faults are detected as well. Additionally, the residuals amplitude charg-
ing pressure oscillation and amplitude air flow oscillation show a strong deflection,
too. The third example shows different sizes of leakages in the air path between in-
tercooler and engine. The bigger the leakage diameter, the stronger is the deflection
of the residual volumetric efficiency. The leakages with 4 mm, S mm and 7 mm in
diameter are well detected.

As a further fault example the crank case vent pipe was removed. This is equiva-
lent to a leakage between air mass flow sensor and compressor. Additional air which
is not measured is sucked into the air path. With the symptom volumetric efficiency
this fault is clearly detected as well. Note that the symptom volumetric efficiency
is different, dependent on the leakage location before or after the compressor, be-
cause air is lost or additionally sucked in. The last fault example presented depicts
a short-time restriction (higher air resistance) between intercooler and engine. This
fault is detected by the symptoms amplitude boost pressure oscillation and amplitude
air mass flow oscillation. The demonstrated faults were detected very fast in just a
few 100 ms. Table 5.1.1 summarizes the fault symptom relations. It is differentiated
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Fig. 5.1.12. Residual deflections in dependence on faults (online), 2000 rpm, 130 Nm,
p2i=1.5 bar, air flow 165 kg/h.

between intense positive, positive, negative, and no response. Taking the signs of the
deviations into account, different symptom patterns result for each fault, so that all
faults except two different leaks are isolated and therefore can be diagnosed.

The results show that the application of net models for model-based fault detec-
tion with parity equations offers advantages. The identification of nonlinear models
is faster, more flexible and covers more data points than the usual identification with
grid measurements. The advantage will even be larger if one is forced to identify
nonlinear models with higher dimensions. The special network LOLIMOT can also
easily be extended to dynamic nonlinear models. In final applications look-up tables
can be generated. The computational effort for real-time fault detection is relatively
low and can be realized in future engine control units. An expansion of this fault-
diagnosis method to a diesel engine with low pressure EGR is performed by Eck
et al (2011). An application of principal component analysis (PCA) to the partial
blockage of the airflow to the intercooler is shown in Antory et al (2005).
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Table 5.1.1. Fault-symptom table of the intake system.

Faults Symptoms
Snv SAx'n SAp S(prh S(pp
Removed tube of the crank case vent + 1 0 0

Leakage between intercooler and engine -1 010
Restriction between intercooler and engine| 0 | — | —
Swirl flaps actuator, filling port is closed 0| — | -

olo|o|+ oo
olo|o|+|o|o

EGR valve: stuck at open ++ + | +
Leaky EGR valve +]1 010
legend: symptoms:

Syv  volumetric efficiency
++ symptom responds intense positive S 4, amplitude air mass flow oscillation

+ symptom responds positive Sap amplitude boost pressure oscillation
— symptom responds negative Sem air mass flow oscillation
0  symptom does not respond Sep phase boost pressure oscillation

5.2 Direct injection system with distributor pump and
combustion

Figure 5.2.1 shows the engine components for the fault-detection-module injection
and combustion, which are integrated here and shortly called combustion module.
After passing the intake system the aspirated air mass flows into the cylinders. The
exhaust gas recirculation (EGR) mixes exhaust gas to the aspirated air mass in or-
der to keep nitrogen oxide emissions low. A high pressure injection pump (Bosch,
VP44) provides the injection mass and the right injection timing. Fuel pressures up
to 1500 bar can be reached at the injection nozzle. The engine speed is measured
at the open end of the crankshaft by means of an optical incremental sensor with a
resolution of one degree crank angle (°CS). Behind the turbine of the turbocharger
a broadband oxygen-sensor (Bosch, LSU 4.2) is installed which is used for measur-
ing the oxygen concentration in the exhaust gas. This sensor serves as an additional
source of information about the combustion.

Figure 5.2.2 depicts the basic structure of the fault detection and diagnosis system
with essential input and output variables of the engine process, see also Kimmich
et al (2001), Kimmich and Isermann (2002), Schwarte et al (2002). For the fault
detection following variables are used: the mean and high resolved (1°CS) measured
engine speed, fieng and neng, the oxygen concentration vy in the exhaust gas, the
aspirated air mass flow 772,;,, the manifold pressure po;, the engine temperature T¢pg,
resulting from the mean value of oil and coolant temperature, 755 and T¢,01, and the
nominal injection mass My nom for one cylinder from the electronic diesel control
(Bosch EDC 15). The measured signals are processed by means of signal and process
models to generate features. The comparison of the current process behavior with the
nominal one yields the output residuals.

Based on engine speed and oxygen evaluation following residuals of output par-
ity equations can be generated:
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Fig. 5.2.1. Engine components for the fault-detection module: distributor pump injection,
combustion and crankshaft drive.
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Fig. 5.2.2. Fault-diagnosis structure of the combustion module.
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1. Residuals from engine speed

a) mean effective engine torque r\ME

b) engine roughness rgr

c¢) engine roughness cylinder individual rgrc1...4
2. Residuals from oxygen content

a) injection mass vy

b) injection mass fluctuations rAmr

¢) cylinder selective injection mass rypci...4-

By filtering the residuals, for instance with a dead zone (threshold function), the
corresponding symptoms .S, result, see Fig. 5.2.3. Thereby the size of the thresh-
old value is a compromise between robust fault detection against disturbances and
the detection of small faults. In a next step the generated symptoms serve as input
variables for the fault diagnosis.

residuals: symptoms:
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Fig. 5.2.3. Symptom generation from the observed residuals for the combustion module.

5.2.1 Fault detection with combustion features and speed measurement

To generate a residual for the mean effective engine torque e the engine torque
calculated by a process model is compared with the engine torque reconstructed
from the engine speed oscillation, Kimmich and Isermann (2002). The torque model,
which represents the nominal (fault free) engine, is based on the calculation of the
mean effective cylinder pressure p.,., which can be split up into the mean indicated
pressure of the low pressure part py,; 1, the mean effective pressure of the high pres-
sure part pmi hp and the mean friction pressure py,¢. For each of the components a
model is established in the following.
The model of the low pressure part, the mean indicated cylinder pressure pmi 1p_mod

is based on the difference between manifold and exhaust gas pressure using a linear
experimentally determined function:

Pmi,lp.mod = 1.47. (p2,i — P3,mod (ﬁeng» mf,nom)) —0.14. (521)

Since the exhaust gas pressure p3 moq in (5.2.1) is not a measured variable, it has to
be calculated by a model using the mean engine speed 7i¢,, and the nominal injection
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mass m¢ nom as input variables. The model of the exhaust gas pressure is based on
the local linear neural net model LOLIMOT, which was identified by measured data.

The model of the mean indicated cylinder pressure pr; hp_mod Of the high pres-
sure part is also based on a LOLIMOT model using the mean engine speed and the
nominal injection mass of the ECU as input variables:

Pmi,hp.mod = f(ﬁcng7 mf,nom)~ (522)

According to Fischer (2000) the mean effective friction pressure pme mod 18 calcu-
lated dependent on the engine temperature 7,,, and the mean engine speed using an
empirical model approach:

Pmf mod = CO + Cl . [AO (Teng) + Al (Teng) . ﬁeng + A2 (Teng) : ﬁzng] (523)

with the parameters
Ai = f(crcnga,-r2 )

eng

The exact function f to calculate the parameters A; can be found in Fischer (2000).
The model is adapted with the parameters Cy and C. This is done experimentally
by means of measured friction pressures at two reference operating points.

The mean effective cylinder pressure results from the sum of the three pressure
components. The desired mean effective engine torque can then be calculated for a
four-cylinder engine using the displacement volume Vp:

1%

- (5.2.4)

Mme,mod = (pmi,hp + Pmi,lp — pmf) :

Pme,mod

This value is used as a reference value for the faultless engine. On the other side
the real released engine torque can be determined from the oscillation of the engine
speed signal, see Isermann (2014). For an appropriate determination of the speed
amplitude and the engine torque respectively, all superimposed disturbances have to
be eliminated. These disturbances are on one hand the impact of the mass torques
caused by the oscillation of the pistons and the connecting rods and on the other
side the torsional oscillations of the crankshaft. The mass torque components in the
engine speed signal can be modeled physically and therefore be eliminated directly.
The high frequency signal components of the torsional oscillations are suppressed
by low pass filtering. After disturbance rejection the engine speed amplitude is de-
termined from the difference of speed minimum and maximum for each cylinder
interval (180°CS). Thereby, the delivered engine torque of one cylinder is propor-
tional to the engine speed amplitude and to the mean engine speed, see Fiihrer et al
(1993),

2 ~ 872 Jeng _
T@Jengldeng Aweng = mﬁ Neng Aneng (525)

which is called the “speed oscillation torque”, where A denotes the angle difference
between engine speed minimum and maximum, Je,g the engine inertia and Aneyg
the engine speed amplitude. The mean effective engine torque My, can then be

MAn =
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determined using an experimentally generated look-up table, see Fig. 5.2.4. Input
variables of the look-up table are the mean engine speed 7., and the averaged speed
oscillation torque

4
1
MAan,720 = 1 E M pn,i (5.2.6)
i=1

of the speed oscillation over one working cycle (720 °CS), since M, is only a
measure for the torque output of one cylinder.

* meas. data
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Fig. 5.2.4. Mean effective engine torque Mpe,rec in dependence on mean engine speed Teng,
mean speed oscillation torque Man,720 from engine speed amplitude (the look-up table was
generated from measurements in the vehicle for coasting, idle speed and for stationary driving
conditions with different gear ratios).

With the torque of the reference model (5.2.4) and the reconstructed torque
(5.2.6) of the engine speed oscillation the residual mean effective engine torque
rvME Tesults as

TMME = Mme,rec - Mme,moda (527)

where Myerec = Man,720 denotes the reconstructed real engine torque and
Mne,moa the reference torque. After executing a threshold according to Fig. 5.2.3
the corresponding symptom Syivg results.

For supervision of engine roughness the mean acceleration of the crankshaft be-
tween successive combustions can be utilized according to Schmidt et al (2000). The



152 5 Diagnosis of diesel engines

method is based on the fact that the mean engine acceleration over 180°CS (for four-
cylinder engines this is the distance between two successive combustions) indicates
if the torque output of one cylinder is larger or less than the average torque out-
put of all cylinders. In crank angle domain the mean engine speed acceleration can
be calculated by means of a Crank Angle Synchronous Moving Average (CASMA)
filter:

1 atm 1 Nigo—1
v [ e ae® S o) 629

where 7 denotes the considered interval of 180°CS in radian and k¢ is the consid-
ered crank angle. The number of sampling points Vg results from the sample angle
o and the window interval o, (180°CS):

Nygo = 2. (5.2.9)

S

Because in production vehicles only the engine angular speed weyg is available, the
angular acceleration in equation (5.2.8) is determined from the first derivative of the
engine speed signal:

Weng,180 (ko) =

Nigo—1 . .
1 Weng ((k _ Z)‘)OO) — Weng ((k — 11— L)QOO) .
Wene ((k — 1
Nom g T ¢ ((k =)o)

(5.2.10)

where L denotes the number of sample points over which the derivative is calculated
(Lo ~ 90°CS), see Kimmich (2004).

For stationary operating points the mean angular acceleration is zero if no com-
bustion differences occur. Faults like misfires or injection mass deviations lead to a
deflection of the angular acceleration accordingly. By elimination of the mean engine
acceleration over one working cycle the method can also be used during dynamic
driving operations.

For residual generation, first the rms (root of mean squared) value of the mean
acceleration is calculated to supervise the overall engine roughness for all four cylin-
ders:

1 N720—-1
= o2 k—1 . 5.2.11
TER Nooo Z Weng,180 (( Z)@O) ( )

=1

According to (5.2.8) Nrog indicates the number of measured data points over one
working cycle. The further evaluation of the residual leads to the overall engine
roughness symptom Sgg.

The torque output of each cylinder compared to the torque output of the whole
working cycle over 720°CS can be determined from the cylinder individual evalua-
tion. For this, the mean angular acceleration is evaluated around the TDC (top dead
center) of each cylinder ¢ in the interval



5.2 Direct injection system with distributor pump and combustion 153

¢rpe) + 7000 < ¢ < prpo) + 11090 (o = 1°CS)

according to (5.2.10). Thereby, the TDC of each cylinder has to be corrected first by
the time delay of the filter. Four residuals rgrc1...4 can be derived by averaging the
mean angular acceleration in the interval defined above. The symptoms Sggrci.. .4
for cylinder individual roughness can then be generated according to Fig. 5.2.3. Fig-
ure 5.2.5 visualizes the evaluation process. According to the inserted fault it can be
seen, that the torque output of cylinder one is less than the average torque output of
the engine. The delivered torques of the cylinders 2, 3 and 4 are each larger than the
average torque output.

5.2.2 Fault detection with combustion features and excess air measurement

Oxygen evaluation in the exhaust gas allows also to detect faults in the injection and
combustion system.

A first residual injection mass ryr results from the difference of the nominal in-
jection mass 1 norm given by the ECU and the reconstructed injection mass m yec,
calculated from the measured oxygen concentration vp9 in the exhaust gas and the
aspirated air mass m,;; over one working cycle. Disturbances in the measured oxy-
gen concentration and air mass are suppressed before by low pass filtering. For the
calculation of the reconstructed injection mass a physical/chemical approach accord-
ing to Pischinger and Heywood (1989) is used, assuming a normal combustion

Mair (1 — 48 1/02)
14.5 4+ 4.6 vo2

Mf rec = (5.2.12)
The model accuracy obtained with this equation is shown in Fig. 5.2.6 for the fault-
free case. The absolute error € = Mt rec — Mf nom between the reconstruction and
reference setting for engine speeds of 1000 to 4000 rpm and injection masses of 10 to
40 mg/stroke is illustrated. As it can be seen, the error varies from -3.5 to 2 mg/stroke
over the operating range. To minimize the deviations, a correction look-up table was
generated based on the measured data to correct the nominal fuel mass. Herewith an
approximation of the preset injection mass can be achieved with an accuracy of £1.5
mg/stroke over the whole operating range. With the corrected fuel mass ms nom_corr>
the residual injection mass for all cylinders ryr results:

TMF = MMf rec — Mf nom_corr- (5213)

The residual injection mass deviation A\ 1S generated by a signal-based method. If
there are injection mass deviations between the cylinders, the measured oxygen con-
centration starts to oscillate with an oscillation period of one working cycle. Thereby
the standard deviation of the oxygen signal can be used as residual

N720—1

> (o2 (k= i)po) — Poa(kpo))?.  (5.2.14)
1=0

1

TAMF = Ovgy, = m
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Fig. 5.2.6. Absolute error between reconstructed and nominal injection mass.

In the fault-free case the standard deviation and its residual, respectively, are zero. In

the fault case the residual deflects and if a predefined threshold is exceeded, the cor-
responding symptom injection mass fluctuation Sy results indicating differences
in the injection masses between the cylinders.

For cylinder individual injection mass calculation an inverse model of the oxygen
sensor dynamics is used, Kimmich and Isermann (2002). Experiments have shown
that the sensor dynamics can be described by a first-order system. Therefore, time
constant and gain have to be identified. Since the oxygen concentration is sampled
crank angle synchronously, the inverse sensor model becomes:

VO2,reC(<) _ Gil(g) _ 1+pm 471

5.2.15
Vozm(0) P ©215)

where vo2 1, denotes the measured and vo2 rec the reconstructed and dynamic cor-
rected oxygen concentration. The (-transfer function for crank-angle synchronous
systems corresponds to the z-transfer function for discrete time systems, Schmidt
et al (2000), Isermann (2014). The parameters p; and ps of the crank-angle syn-
chronous process are connected with the time constant and gain in time domain via
the engine angular speed @Weng and the sample angle (g:

T Wen
T o g LWeneP2 (5.2.16)

(pl + 1) a)eng ®o
The model parameters were identified by means of a least squares parameter estima-
tion for different data sets. Figure 5.2.7 shows the results of the parameter estimation,
where the values are plotted over the aspirated air mass. As it can be seen, the time
constant and the gain varies depending on the aspirated air mass, so that both vari-
ables have to be adapted corresponding to the engine operating point.
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According to Fig. 5.2.7 the time constants of the oxygen sensor are in a range
of 60 to 100 ms, which is much larger than the time constants of the combustion.
Therefore, the sensor is too slow for cylinder-individual evaluation of oxygen con-
centration directly and a dynamic correction of the lagged sensor signal is necessary.
Since the dynamic behavior of the sensor is known, the inverse sensor model ac-
cording to (5.2.15) can be used to compensate the sensor dynamics approximately.
(5.2.12) can then be used to calculate the injected fuel mass my roc. Figure 5.2.8
shows the different calculation steps.

For cylinder assignment the runtime T, c; of the exhaust gas from the cylinder
outlet to the measuring point has to be determined. This can be done using thermo-
dynamic models and the geometric data of the exhaust system, which is shown in
Fig. 5.2.9. As is can be seen, the calculated exhaust gas runtimes vary between 10
and 70 ms in dependence on the mean engine speed and the exhaust gas mass flow
(sum of aspirated air mass and injected fuel mass).

With the inverse model of the sensor dynamics and the runtime of the exhaust
gas it is possible to evaluate the oxygen signal cylinder individually and to assign the
reconstructed fuel mass to the corresponding cylinders. By an appropriate evaluation
of the signal in the individual cylinder segments, for each cylinder a cylinder indi-
vidual injection mass residual rvirc1 .. 4 results from the difference of nominal and
reconstructed injection mass:

TMFC1...4 = M recl...4 — Tf nom (5217)

which forms the symptoms Syrci.. 4 after passing a threshold.

5.2.3 Combined diagnosis for injection and combustion

In the following, experimental results for the residuals engine torque, injection mass,
injection mass deviations, and cylinder individual injection mass are presented. The
thresholds for symptom generation were experimentally determined at the test bench.
They are a compromise of robust fault detection against disturbances and a fast and
early detection of small faults.

First, the engine torque supervision is considered. Figure 5.2.10 shows the result
of an injection mass reduction on the amplitude of the engine speed oscillation.

Starting from normal conditions (injection mass m¢ nom = 31 mg/stroke, engine
torque My, = 145Nm) an injection mass fault is produced by incrementally re-
ducing the injected fuel mass for all cylinders in a bypass mode of the RCP system.
Since the other input variables are kept constant the engine torque calculated from the
torque reference model (5.2.4) remains almost unchanged. Opposite to this, the de-
livered engine torque (5.2.6) and the engine-speed amplitude, respectively, decreases
with decreasing injection mass. Thus, the residual (5.2.7) differs significantly from
zero, which can be seen in Fig. 5.2.11. If the residual exceeds the depicted thresholds,
the corresponding symptom deflects and indicates a fault.

For an individual injection mass fault in cylinder 3 at an engine speed of 1400 rpm
and a nominal injection mass of 10 mg/stroke Fig. 5.2.12 depicts the oxygen con-
centration and the residuals from oxygen evaluation. Thereby, the injection mass in
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Fig. 5.2.7. Identified time constant and gain of the oxygen sensor.
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Fig. 5.2.8. Compensation of the oxygen sensor dynamics and calculation of the injected fuel
mass.

cylinder 3 was incrementally reduced with 1 mg/stroke increments from the nomi-
nal injection mass to 5 mg/stroke. As it can be seen each of the residuals shows a
deflection from zero, but only the residuals ranr and ryipcs exceed the thresholds
(the thresholds of the residual ryir lie outside of the axes scaling). Especially the
cylinder selective residual m\ipcs of cylinder 3 shows an increasing deflection with
increasing fault. If the thresholds are exceeded, the individual cylinder fault can be
detected because of the symptom deflections.

The generated symptoms based on the engine speed and oxygen concentration
enable the detection of different faults in the injection system and the mechanical
components of the cylinders. Additionally, they can be used to supervise or adapt
engine control functions, for example for torque or injection control. Table 5.2.1
presents different symptom patterns for possible faults in the injection system. The
symptom deflections show different patterns for the indicated faults of the injection
pump, the injectors and engine mechanics. Therefore, these faults can be isolated
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ylinders for a four-cylinder diesel engine.

and diagnosed. This table is then used as a basis for fault diagnosis, for instance with
fuzzy if-then-rules.

5.2.4 Combustion pressure measurement analysis

The combustion pressure analysis in Isermann (2014), Sect. 4.3.3a) has shown how
relatively simple features of the cylinder pressure course peyi(¢) in dependence on
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Fig. 5.2.12. Residuals from oxygen evaluation for a reduction of injection mass in cylinder 3: a
measured oxygen concentration vo2 (resolution 1°CS), b residual injection mass rvr accord-
ing to equation (5.2.13), ¢ residual injection mass fluctuations ramr according to equation
(5.2.14), d residual cylinder selective injection mass rmrc; according to equation (5.2.17).

the crank angle can be extracted. Herewith the information on the combustion lies
in the difference pressure Apcy1(p) between the combustion pressure peyi(¢) and
the motored (towed) pressure pey1m(¢). Suitable features for fault detection are the
coordinates 7. and ¢, of the center of gravity and the peak difference pressure co-
ordinates Appeak and @peak, as shown by Leonhardt (1996). They depend directly
on the injected fuel mass my, begin of the injection ¢s; and speed neng. Therefore,
the injected fuel mass and begin of injection can be reconstructed by the nonlinear
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Table 5.2.1. Fault-symptom table for the distributor pump injection and combustion system.

Faults Symptoms
SuME | SER | SERCi | SMF | SAaMF | SMFci

Faults effecting |pump pressure low - 0 0 — 0 0
all cylinders  |chip tuning + 0 0 + 0 0
Faults effecting [injectors: clogging of the nozzles 0 + — 0 + —
a single nozzle needle stuck at open 0 + — 0 + +
cylinder ¢ nozzle needle stuck at closed 0O |++| — | 0 | ++ | ——

cylinder mechanics (pistons, 0 + - 0 0 0

valves)
legend: symptoms:

Syvmve mean effective torque
++ symptom responds intense positive Sgr  overall engine roughness

+  symptom responds positive Serci cylinder individual engine roughness
0  symptom does not respond Smr  injection mass all cylinders
— symptom responds negative Samr injection mass fluctuation between cylinders

—— symptom responds intense negative Snmrci cylinder individual injection mass

approximation

myr = fm [ﬂ-c Pe Appeak Ppeak neng] ) (52] 8)
Psoi = f<p ['/Tc Pe Appeak Ppeak neng} . (5.2.19)

Experimental investigation with a turbocharged four-cylinder diesel engine VW 1.21,
126 Nm, 51 kW, swirl chamber injection, showed, that an approximation with ra-
dial basis function (RBF) neural networks led to a relatively good performance with
training data my = 5,10, 15,20, 25mg, psoi = —4,—7,—10,—-13,-16°CS and
Neng = 1200, 1500, 1800, ..., 3600rpm. The standard deviation of the two recon-
structed values are 2-3% for the training data (£1.5mg resp. £1°CS) and for other
validation data about 10% for stationary operation. The trained static model can also
be used for instationary driving. The reconstructed values for an acceleration with
manual gear shifting from the 1% to the 5" gear with a simulated vehicle at the
test bench are shown in Leonhardt (1996), Figures 5.75 and 5.76. Both values show
stochastic fluctuations, but follow in principle the reference values from the ECU
with moderate accuracy if the zero fuel injection during gear shifting is excluded.
Based on the averaged values of reconstructed fuel injection and begin of injection
over certain operation points, the calculated differences indicate faults in the injec-
tion system, assuming that the combustion is normal.

A further possibility based on the measured combustion pressure is to calculate
features like the brake mean effective pressure pp,ean (IMEP) or the crank angle g5
for the 50 % mass fraction burned, see Isermann (2014), Section 4.2. Some examples
for control and monitoring of a dual fuel gas diesel engine are shown in Barta and
Hampson (2016).
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5.3 Common-rail injection system

High pressure injection systems play a central role in any direct injection internal
combustion engine. Many faults, malfunctions and failures of the engines origin
in the highly stressed injection pump, common-rail pressure control and injectors.
Therefore, it is of considerable interest to detect and diagnose early incipient faults
before they lead to intermittent and permanent drastic faults and even failures of the
injection followed by failures of the combustion process.

In the frame of the OBD diagnosis the injection system is already supervised
with regard to some emission-related faults. Hence, larger faults of the sensors, the
rail pressure control deviations and wire connections are already checked and exam-
ined for plausibility. However, a detailed fault detection and diagnosis is usually not
provided.

In the following a model-based fault-detection module for an electronically con-
trolled common-rail injection system for diesel engines is described. It is the result
of an in-depth case study, Clever and Isermann (2008), Clever (2010), Clever and
Isermann (2010), Clever (2011). The investigated injection system is the type CP1H
from Bosch. A corresponding scheme is depicted in Fig. 5.3.1. Measurements are
made on a test bench with a four-cylinder diesel engine, Opel/GM, 1.9, 110kW,
315 Nm, as depicted in Fig. 5.4.1a).

The dynamic models of the components of a high pressure common-rail system
were already established in Isermann (2014), Sect. 5.5.3, resulting in the signal flow
chart, Fig. 5.3.2, for the common-rail pressure.
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Fig. 5.3.1. Scheme of a common-rail injection system.
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Fig. 5.3.2. Signal flow chart for the common-rail pressure, Isermann (2014).

5.3.1 Analysis of the rail pressure signal

pressure [ E. P | Py
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injectors -
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The common-rail pressure consists of a mean value according to the reference vari-
able of the pressure control loop and periodic oscillations through the discontinuous
delivery of the radial piston pump and periodic opening and closing of the injectors.
The mean value as well as the oscillation are subject to changes if faults in the injec-
tion system arise. Before corresponding fault-detection features are stated, first the

signal characteristics of the oscillations are analyzed.

Because these oscillations are composed of periodic signals with different fre-

quencies, they are modeled by a Fourier series

a > e )
y(t) = ?0 + Z a, cos(vwot) + Z b, sin(vwot)

v=1 v=1
with
a,,b, Fourier coefficients
wo = 2w fy characteristic angular frequency
fo fundamental frequency.

The Fourier coefficients are defined as

2 [T
a, (vwo) = —/ y(t) cos (vwot)dt,
Ty Jo
TP
b, (vwp) = —/ y(t) sin (vwot)dt.
Ty Jo
The time period 7}, needs to be a multiple of the fundamental period
1
T, =r r=1,2,...

% )

(5.3.1)

(5.3.2)

(5.3.3)

(5.34)
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Given the Fourier coefficients, the amplitude of the oscillation for a characteristic
angular frequency can be calculated by

Ay(vwy) = a2 + b2. (5.3.5)

In order to get the coefficients from sampled data, (5.3.1) has to be discretized:

Ly—1
2 P
a, (vwp) =~ - Z y(kTo) cos (vwokTy), (5.3.6)
P k=0
o Lrl
b, (vwp) == - y(kTo) sin (vwokTy), (5.3.7)
P k=0
T
L, = ?1; (5.3.8)

where Ty is the sampling time and N the signal length.

Figure 5.3.3 shows the amplitude spectra of a common-rail pressure sensor signal
while the engine was in a stationary operation point in overrun (no fuel injections)
and the common-rail pressure was in open loop. The values of the main variables for
the operation condition are also shown. The shown measurement is mainly charac-
terized by an oscillation with the angle period

main pump cycle: Tpist = 180°CS. (5.3.9)

This oscillation is forced by the high pressure pump. Because the radial piston pump
consists of three pistons, and is driven by the camshaft belt at a ratio of 2:3 relating
to the crankshaft, each 180°CS one pump element delivers fuel leading to the main
pump cycle.

Usually, the three pump elements deliver the same amount of fuel in a stationary
operation point. If the delivery quantity of at least one element differs, an additional
oscillation appears (see Fig. 5.3.4). Since each of the three pump elements delivers
fuel once in 540°CS, the cycle angle of this oscillation is

second pump cycle: Thpp = 540°CS. (5.3.10)

If fuel is injected, the considered four-cylinder engines opens the injectors each
180°CS, yielding the

main injection cycle: Tinj = 180°CS (5.3.11)

which has the same cycle angle as the main pump cycle, see Fig. 5.3.5.
If the volume flow to at least one injector differs due to different recycle flows or
injection quantities, the cycle angle of additional oscillations becomes

second injection cycle: Thank = 720°CS. (5.3.12)

This second injection cycle now differs from the second pump cycle.
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amplitude spectrum

frequenzy [Hz]

0 20.1224 40.2448 60.3672
T T T
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8
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‘f second harmonic of
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=1360 : : ‘
£ 1350
v
2]
£ 1340
€ 1330
=
=]
£ 1320 : : ‘
g 0 180 360 540 720
o

duration [°CS]
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common rail pressure controlled in open loop

essential variables Neng Vinj Ipcv Ly

values =1800rpm 0™ 105A 0.87A

Fig. 5.3.3. Measured common-rail pressure signal and its amplitude spectrum in overrun. The
basic oscillation is forced by the three pump elements of the camshaft belt driven radial piston
pressure pump.

If the delivery quantity of at least one of the three pump elements is different
from the others and at the same time the volume flow to at least one of the four
injectors differs from the others, all of the above discussed oscillations are present
in the signal but have different amplitudes. This leads to several combinations of
different fuel delivery quantities on the one hand and different volume flows to the
injectors on the other. These combinations repeat after the period

superimposed cycle: Toup = Thpp,bank = 3 - 4 - 180°CS = 2160°CS.  (5.3.13)

Because the amplitudes of the common-rail pressure oscillations forced by the high
pressure pump and the injections are small compared to the mean common-rail pres-
sure, it can be assumed that the volume flows through the pressure control valve and
through the leakages are constant for a stationary operating point:
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amplitude spectrum
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980 | | |
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duration [°CS]
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operation point

common rail pressure controlled in open loop

essential variables Neng Vi Iy Iy

values <1800 rpm 0 115A 0.72A

Fig. 5.3.4. Measured common-rail pressure signal and its amplitude spectrum in overrun. One
pump piston delivers less fuel, leading to a second pump cycle with period 540°CS.

Voev + Vieak = constant for a stationary operation point. (5.3.14)

Thus, these volume flows do not cause additional oscillations of the common-rail
pressure. Figure 5.3.6 illustrates the discussed oscillations with the cycle angles 7iy;,
Tbanks Tpists> Thpp and Tsup-

The amplitude of the main pump oscillation at 180°CS depends on the deliv-
ered fuel and angular speed. The delivered fuel to the high pressure pump from the
low pressure pump is feedforward controlled by the metering valve. This valve de-
termines the fuel flow rate to the pump in order to save pumping energy and un-
necessary heating-up of the fuel, Robert Bosch GmbH (2005). Therefore, the high
pressure pump has some non-delivery rotation angles 0 < x < 180°CS. As shown
in Clever (2011), the amplitudes of the common-rail pressure change in depen-
dence on the engine speed and metering valve position respectively valve current
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amplitude spectrum
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Fig. 5.3.5. Measured common-rail-pressure signal and its amplitude spectrum for active injec-
tors. One injector injects more fuel than the others, leading to a second injection cycle with
period 540°CS.

4bar < A, (180°CS) < 15bar for overrun and can be represented as normal
values in a look-up table.

The measured oscillations of the common-rail pressure finally are a superposition
of the individual induced oscillations by the high pressure pump and the injectors.

The superposition leads to following measurable periods:

first sum period Tpist,inj = 180°CS
second pump period Thop = 540°CS

pump pero hpp . (53.15)
second injector period Thank = 720°CS

second sum period Thpp,bank = 2160°CS
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Fig. 5.3.6. Illustration of the oscillations forced by the volume flows through the high pressure
pump and the injectors. (Each number indicates the injector which is currently active and the
pump element which currently delivers fuel, respectively. In order to illustrate the oscillations
caused by differences of the volume flows to the injectors on the one hand and differences of
the delivery quantities of the three pump elements on the other, different amplitudes of the
forced oscillations are assumed. For the injector flows it is assumed that the volume flows
to the injectors 1 and 4 are smaller than the flows to the injectors 2 and 3. For the delivery
quantities of the pump elements it is assumed that the delivery quantity of pump element 2 is
smaller than the delivery quantities of the other pump elements).

where it holds for the resulting frequencies with f = neng7/360. For neng =
1800rpm = 30rps one obtains

first sum frequency fpist,inj = 60Hz

second pump frequency fnpp = 20Hz (53.16)
second injector frequency Sfbank = 15Hz

second sum frequency Supp,bank = HHz

5.3.2 Model-based fault diagnosis

A failure mode and effect analysis (FMEA) with faults of the fuel filter, metering
valve, pump mechanics, pressure control valve, injector including seals and possible
failure effects on the engine is reported in Clever (2011). Based on this analysis,
artificially introduced faults have been selected for experiments.

The fault detection is based on output residuals between measured or calculated
quantities and their normal values, see Fig. 5.3.7.

a) Mean common-rail pressure

Figure 5.3.2 shows the used signal flow diagram of the pressure build-up in the
common-rail. In order to remove the oscillations of the common-rail signal, it is
low-pass filtered.

Based on physical modeling leading to the model structure, a common-rail pres-
sure model can be identified from measured data. But not all of the inputs in Fig. 5.3.2
are available as measurements. For this reason the model structure, depicted in
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Pers Loy common rail
Ipcv, Rengs pressure mean value Finit
u.

inj

Poe —»  smooth fuel delivery  |——>

Finj2
Py —— smooth injection —
Tini,3
j,

pcr’
Loy ——> fuel delivery —>
n Tinj4

Fig. 5.3.7. Measured input variables and residuals for the model-based fault detection of the
common-rail injection system.

Fig. 5.3.8, is used. It is assumed that the pressure before the metering valve is con-
stant. Thus, it is not used as an input for the model anymore. Further it is assumed
that the opening cross section of the metering valve and the pressure control valve
are approximately proportional to the measured current through the electromagnetic
actuators. Thus, the measured currents through the two valves are used as model in-
puts. The hysteresis of the position of the pressure control valve is taken into account
by offset values for the maximum hysteresis width.

Imv >

?eng_» ﬁcr‘ Ecr(400bar,60°C) pcr,corr
— 3 Per > _ >

rf;cl;/ — 3 E r(pcr’Tr)

Fig. 5.3.8. Signal flow scheme for the common-rail pressure with used measured input signals.

By means of a model for the bulk modulus, the measured common-rail pressure
is related to a bulk modulus at a particular pressure (e.g. 400 bar) and at a certain
temperature (e.g. 60°C). Also the fuel temperature is calculated based on a model.

The data-based modeling and identification of the common-rail pressure is con-
ducted using the net model LOLIMOT with the inputs:

I,y  supply current of the metering valve

I,cy  supply current of the pressure control valve
Neng €ngine speed

Uinj  desired injection quantity

On basis of the estimated model following parity equation for the “mean common-
rail pressure” can be formulated:
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Tinj,1 = ﬁcr,corr - fﬁcncorr (IIIIV7 Tleng s Ipcva Uinj) (5.3.17)
with
Dercorr  large signal of the common-rail pressure signal corrected with
respect to a condition at 400 bar and 60°C
Ter calculated temperature of the fuel inside the common-rail
b) Uniformity

The residuals “smooth fuel delivery” and “smooth injections” are calculated on the
basis of the characteristic periods of the common-rail pressure oscillations, stated in
(5.3.15). In order to distinguish between non-uniform fuel delivery and non-uniform
injections, it is sufficient to monitor the difference of the rail pressure signals at
crankshaft ( and its value for a phase shift of 720°CS and 540°CS by calculating:

- non-uniform fuel delivery by the pump:

t(¢)

s
Tinj,2 = 57200 0Q |(Pex () — Pex(p + 720°CS))| dt, (5.3.18)
127 2160°CS i, a16000)

- non-uniform injections:

1 ()

- Per () — per(ip + 540°CS)) | dt.  (5.3.19)
STGTS . arpc | Pr(P) ~Prls )

T'inj,3

¢) Fuel delivery

A further residual “fuel delivery” evaluates the amplitude of the 180°CS syn-
chronous periodic oscillation during the overrun state. As long as no fuel is injected
into the cylinders, the amplitude of this oscillation is a measure for the fuel mass
flow through the high pressure pump. The fuel mass flow through the pressure con-
trol valve is assumed to be constant. The mean amplitude of this oscillation calcu-
lated over one pump cycle (540°CS) — as measure for the fuel mass flow through
the high pressure pump — mainly depends on the pressure before the metering valve,
the opening cross section of the metering valve, the engine speed and finally on the
bulk modulus of the fuel in the common-rail. Under the same assumptions, that were
already made for the residual “mean common-rail pressure”, it is feasible to iden-
tify the amplitude of the signal from measurable variables. The dependence of the
common-rail pressure on the bulk modulus ., of the fuel, which again depends on
the fuel temperature, is incorporated by correcting the measured pressure as shown
in Fig. 5.3.9.

The mean amplitude over 540°CS is calculated by a Fourier analysis according
to:
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eng f 180 Per-540
— > Der 340
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—
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Fig. 5.3.9. Signal flow scheme for the amplitude of the 180°CS rail pressure oscillation in
overrun. E.. [N/m?] bulk modulus of the fuel.

2 ¢ 2
A8 (¢ _ 7/ o (wr - @)d
0 () ((540008 g P eoslon )

| (53.20)
(siocs | (sintens, - 0)de) )
+ | =oma / Per () sin(wr,, - ¢ d@)
with
A 10 mean amplitude of the oscillations with cycle period 180°CS
over 540°CS
Wriist — Q.ﬂ—

The identification of the model for the pressure amplitudes is performed by
means of local-polynomial models on basis of the LOLIMOT-partition-algorithm.
The resulting parity equation for the residual “mean common-rail pressure ampli-
tude in overrun state” is finally given by:

_ 4180 180 -
Tinja = Ap_ 540 = fper,540 (Imvs Neng: Per corr,A) (5.3.21)
with
230540 model of the rail pressure amplitude for normal state

Dercorr,a  large signal of the common-rail pressure signal with respect to the
actual mean common-rail pressure and 60°C

d) Experimental results

The fault detection method has been tested at the engine testbench with a four-
cylinder common-rail diesel engine. Three faults are introduced:

e A reduced fuel delivery quantity of one of the pump elements by manipulating
the return spring of the corresponding piston
A plugged fuel filter by throttling the fuel pipe.
Non-uniform fuel mass flows to the injectors by a modification of the setpoint
for the injection quantity of one cylinder in the ECU.
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Fig. 5.3.10. Residual deflections for three faults at different operating points.

The results of the fault detection, with respect to different operation points, are
shown in Fig. 5.3.10

The faults were inserted sequentially and for each fault a measurement was con-
ducted. Then, the engine was stopped. In the next step the fault was corrected and
the next fault was introduced. Afterwards the engine was started again and the next
measurement was conducted. The measured signals were measured with a sampling
angle of 1°CS. Different operation points have been chosen to demonstrate the algo-
rithms’ performance in the entire operation range. The gray areas mark the values of
the residual, while the system is assumed to be in a fault-free condition. The thresh-
olds have been set under the objective to enable the detection of even small faults on
the one hand and to prevent false alarms on the other.

Figure 5.3.10 shows that all simulated faults are detected. While the delivery rate
of one pump element is reduced, the residuals “smooth fuel delivery” ry,; 2 and “fuel



172 5 Diagnosis of diesel engines

delivery” ri,; 4 exceed the thresholds. The plugged fuel filter can be detected by the
residuals “mean common-rail pressure” ri,j 1 and “mean common-rail pressure am-
plitude” riyj 4. Reduced injection quantities can be detected by means of the residual
“smooth injections” riy;,3.

Note, that the deflection of the residuals “smooth injections’ does not depend on
the actual injection quantity level, but on the injection quantity difference between
two injectors. Thus, the injection quantity fault is detectable regardless to the actually
desired injection quantity.

Since the models that are applied in the parity equations are based on a number
of assumptions (use of electric current signals instead of the opening cross section
of the valves, constant pressure in front of the metering valve) plus the fact, that they
are identified from measured data, the oscillations of the residual “mean common-
rail pressure” and “fuel delivery” are larger than the oscillations of the uniformity
residuals.

The presented fault-detection methods have been tested in the operation range
shown in Table 5.3.1.

The fault-symptom table, Table 5.3.2, gives a qualitative overview of the type
and number of faults, that can be detected and diagnosed by means of the introduced
fault-detection module. The symptoms Sinj 1 to Sinj,3 are gained from the presented
residuals as follows:

Table 5.3.1. Operation ranges for testing the fault-detection algorithms.

Varied variable H Minimum Maximum
Neng 1000 rpm 3000 Irpm
mm3 mmS
Uinj =l 60 ol
Dcr 300 bar 1800 bar
Ty 0.7A 1.5A
Ipey 0.2A 1.2A

+1, if Tinj,i > rit

inj,i
Sinji = =1, if iy <1y (5.3.22)

inj,i

0, otherwise

with

;Lw Tinj; threshold, that defines the value in which the process is assumed
to be fault-free.

The symptoms Sinj 4 to Sinje are all gained from residual riy; 4 using (5.3.21).
However, symptom S, 4 is derived from the absolute value of 7y, 4, symptom Siyj 5
is only calculated for a widely opened metering valve and Siy; ¢ for an almost closed
one. This is because the deflection of the residual r;,; 4 on particular faults depends
on the operating point. As can be seen from the table, the symptoms Sin; 4 and Siyj 6
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Table 5.3.2. Fault-symptom table for the common-rail system. 0, +, —: symptom is zero, pos-
itive, v/, X: yes, no.

H Sinj,l ‘ Sinj ,2 ‘ Sinj,B ‘ Sinj ,4 ‘ Sinj,S

Sinj,6 ‘isolable

Fin;,1 low delivery quantity of one pump|| 0 + 0 + — + v
piston

Finj,2 reduced injection quantity of one 0 0 + 0 0 0 v
injector

Fiyj,3 pressure loss in front of high - 0 0 + - + v
pressure pump (e.g. a plugged fuel
filter)

Finj,4 pressure in front of high pressure + 0 0 + + - v

pump too high (e.g. a faulty
metering valve)

Finj,5 opening of the pressure control — 0 0 0 0 0 v
valve is too large

Finj,6 opening of the pressure control + 0 0 0 0 0 v
valve is too small

Finj,7 pressure sensor signal is too high + 0 0 + — — v

Finj,8 pressure sensor signal is too low - 0 0 + + + v

are not necessary for the diagnosis. However, since the symptom Sjy; 4 is calculated
in a wider operation range, it may be advantageous to use it in the diagnosis proce-
dure in order to be able to diagnose the faults Fi,; 5 and Fj; ¢ earlier.

Table 5.3.2 shows that all faults can be distinguished from each other if the fault
detection results are combined in a single fault-detection system.

The fault-detection method for the common-rail system was described for a four-
cylinder engine with a three-piston high pressure pump. However, the method can
also be adapted to engines with three and five to eight cylinders and high pressure
pumps with one or two pistons, Clever (2011).

As the highest frequency respectively the shortest period is 180°CS, see (5.3.15),
the sampling period should be < 90°CS according to Shannon’s sampling theorem.
Experiments with a sampling period of 60°CS have shown the same results as in
Fig. 5.3.10, Clever (2011). The described fault-diagnosis method was filed to patent,
Clever and Isermann (2010).

5.4 Turbochargers with wastegate and variable geometry

As all modern diesel engines and increasingly also gasoline engines are equipped
with charging units which are mechanically driven superchargers or exhaust-gas tur-
bochargers, the monitoring and fault diagnosis of these highly stressed components
is mandatory. Usually, the charging pressure po; and charging air temperature 15;
is measured. Together with the air mass flow rate 7i,;, this allows to determine the
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power of the compressor with efficiency maps. These maps can be used for fault de-
tection. In the case of turbochargers, the supervision of the turbine power addition-
ally requires the measurements of the exhaust pressure ps and exhaust temperature
T upstream the turbine, in the exhaust manifold, and several efficiency maps. For
modeling turbochargers the steady-state maps delivered from manufacturers can be
used. However, they are frequently not precise in the required engine operation range
and do not consider the pulsating exhaust gas flow. Therefore more comprehensive
and dynamic models of turbochargers will be considered.

As a basis for model-based fault detection the nonlinear dynamic models of
variable-geometry turbine (VGT) chargers and wastegate (WG) chargers will be con-
sidered in the next section. The models are derived for the diesel engine shown in
Fig. 5.4.1a) with the variables shown in Fig. 5.4.1b).

5.4.1 Models of VGT turbochargers

Dynamic models of turbochargers can be derived based on thermodynamic changes
of state or based on fluid dynamic approaches by using Euler’s equation for turbo-
machinery. Both modeling ways are described in Isermann (2014), Zahn (2012) and
Sidorow (2014). For fault detection thermodynamic models for the turbine and com-
pressor power will now be preferred, because they need fewer parameters to be iden-
tified, Sidorow (2014). It is assumed that the engine is in normal warm state.

The dynamic behavior at one operating point [winj, Teng| results from the balance
equation for the angular momentum

dwtc (t)
dt
with torques M; for the turbine, M, for the compressor and M; for the friction, see

Fig. 5.4.2. Turning the equation to powers with P = Mw leads to

dwye(t
Jte wtc(t) Zit( )

The friction torque is assumed to be dominated by viscous friction My = cf wy,
and therefore

Jie = My(t) — Mc(t) — Mi(t) (5.4.1)

— Py(t) — Pu(t) — Px(t). (54.2)

Pr(t) = ci(Toi) w2 (5.4.3)
The turbine power follows according to

r—1
Py = 1y 0 T s (1 - <§‘;> ) (5.4.4)

with the mass flow determined by a throttle equation

. 2
= Aveirps | o w%) (5.4.5)

@:&%@_pﬁt, 5.4.6
w(pg) (p3) R <p3> ] e
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Fig. 5.4.1. a Scheme of the investigated diesel engine with common-rail direct injection and
VGT turbocharger, Opel/GM, 1.9, 110kW, 315 Nm. Actuator and sensor signals as used on
the IAT test bench. b Used variables for the diagnosis of turbochargers.
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The effective cross section area A e (4, pa) is a function of the actuator position
s and the pressure py after the turbine. T3 is the gas temperature before the turbine
reduced by the heat transfer loss to the compressor and the environment.

The isentropic efficiency of the turbine is defined as

L
Mejs = —— g (5.4.7)
p) "
p3

It is difficult to determine this efficiency for low turbocharger mass flows and speeds,
because the heat transfer to the compressor becomes effective in these cases. There-
fore it is determined experimentally by a map nmis(st, Uyer ), see Fig. 5.4.3, where
Uyef 18 the turbine blade speed ratio, Guzzella and Onder (2010),

u di3m
Uref = - Wtc,

cll max
ooy (1= () 2)

which is proportional to the turbocharger angular speed wy., see also Isermann
(2014).

nt,is

0 04

Fig. 5.4.3. Turbine isentropic efficiency map, approximated with a LOLIMOT net model,
Sidorow et al (2011).

Hence, following variables have to be measured to calculate the turbine power
Pt (uinja neng)
2 = [p3, pa, Ts, se] - (5.4.8)

p4 can be determined by the measured pressure drop of the particulate filter

pa = p1 + Appe(ring). (5.4.9)
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For larger mass flows, Ty = T3 can be assumed. The compressor power is

k—1

T* Tk
Py = 1 cpe — (p2> —1 (5.4.10)
Tlc,is D1

where 71 is taken from a compressor mass flow map ¢ (ntc, p2/p1), see Fig. 5.4.4,
or is directly measured with 1. = 1,i;.

Fig. 5.4.4. Compressor mass flow map.

T7 is the inlet temperature, taking into account the heat transfer from the turbine

k13Ac

Cpc M

=T+ (T5 —T1) 5411
with the heat transfer coefficient k13 and the effective surface area A..
The isentropic efficiency of the compressor is defined as

k—1

Te,is = (];T)l_l (5.4.12)

Ty

and it is experimentally determined in form of a map 7 is (172, 1t ), see Fig. 5.4.5.
The required measurements needed to calculate the compressor power P, (uinj , ncng)
are
T .
zo = [Tair, T1, p1, P2 - (5.4.13)

C

To make the turbocharger characteristics independent of the changing environ-
mental conditions, the variables are usually stated as referenced or corrected quan-
tities using fluid mechanical laws. The reference conditions for the compressor inlet
are Tt = 193K, p1rer = 0.981bar and for the turbine inlet they are T3, = 873K.
This leads to the corrected rotational speed
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Fig. 5.4.5. Compressor isentropic efficiency map.

Tref
T

(5.4.14)

Wtc,cor = Wtc

and the corrected mass flow

. Pin,ref 2
or = A—=—=1/ 5. 5.4.15
e \ T‘in,ref Rw ( )

The heat transfer from the turbine to the compressor is relatively complicated. It
is described in Sidorow (2014), Isermann (2014). However, as it can be neglected
for large mass flows, Zahn (2012), it can be assumed in the above equations that
T3 =T and T = T3.

Introducing (5.4.3), (5.4.4), (5.4.10) and M = P/wy. in (5.4.1) allows to calcu-
late the turbocharger speed. The turbocharger speed is then a variable which is fed
back to the efficiency maps 7 ;s and 7 is, see Fig. 5.4.2. With the assumption of a
steady-state and covering the rotor friction by a mechanical efficiency

Pim = Nmte B (5.4.16)

itholds P ;,, = P and from (5.4.10) one obtains for the calculation of the charging

pressure
o1y 7
. T "
P2y e I (7’4> (5.4.17)
P1 Me Cpe Tl p3

with the turbocharger overall efficiency

Tte = Tt,is Tle,is Thm,te- (5.4.18)

It can be assumed that 7 /7h. = 1.05 because of blow-by losses.
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The identification of the turbocharger models includes the determination of the
efficiency maps and the estimation of some parameters. As shown in Fig. 5.4.6,
the obtained dynamic turbocharger models agree well with measurements, Sidorow
(2014), obtained for a four-cylinder diesel engine, Opel/GM Z19DTH 1.97, 110kW,

—— N tc;meas

| |
500 1000 1500 2000
time [s]

Fig. 5.4.6. Comparison of modeled and measured dynamic behavior of a turbocharger for
combinations of changing injection masses and changing engine speeds.

5.4.2 Model-based symptom generation

The different nonlinear models of turbochargers allow to generate residuals by parity
equations. Based on the equations of the powers and the speed following output
residuals are specified as a first group
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7P,c(Uinj, Neng) = Pe(Uinj, Neng, Ze) — Pe,ret (Uinj; Neng Ze,ref ) (5.4.19)
7Pt (Uinj, Neng) = Pi (Uin; Neng, Zt) — P ref (Uins Neng > Zt,ref ) (5.4.20)
7Pt (Uinj, Neng) = Pr(Uing, Neng, Wic) — P ret (Uins Nengs Wree,ret ) (5.4.21)
T te (Uinj, Neng) = Nte(Uinj, Neng, Zt, Zo) — Nt ref (Winj, Neng s Zt,vef » Zo ref ) -
(5.4.22)

For example, P.(z.) is the calculated power according to (5.4.10) with the actual
measured variables z.(¢) under the influence of possible faults and P yef(2.) results
from the same model with the reference variables z ,ef under normal conditions,
without faults, both at the same operation point [Uinj, neng] and warm engine. 7y
follows from (5.4.2). Figure 5.4.2 shows the corresponding signal flow.

A next group of residuals is based on the pressures ps, p3 and py, see Sidorow
et al (2011), Sidorow (2014). For example, a residual for the charging pressure is

Tp2 (Uinj7 neng) = P2 (uinj; Neng, Zt, Zc) — P2,ref; (5.4.23)

where po is determined with (5.4.17). The resulting fault-symptom table is shown
in Table. 5.4.1. It illustrates that with the turbocharger powers and speed and the
charging pressure the faults can be isolated or a group of faults can be determined.
However, the obtained symptoms depend also on the operating area (Mepg, Neng)- In
Sidorow (2014) it was shown that different fault-symptom tables were obtained for
Six operating areas.

Table 5.4.1. Fault-symptom table for the VGT turbocharger, exhaust path and intake.

Symptoms
Faults Spi[Spc|Spt]Su]Sp2[Spa]Spa
Air path restriction air filter 0|00 |0]—1]0]|-—
blowby tube removed O[O0 | —|—|—1|0]|—
leakage intake 5 mm after intercooler|| O | O | + [+ | — | — | O
leakage intake 7 mm after intercooler|| + | + | + [+ | — | — | O
no cooling airflow of the intercooler || 0 | 0 | O [O| —| O | +
restriction behind intercooler 0|0 |—|—-]—1]01|-—
Exhaust path |leakage exhaust 00|00 —=]0]|—
HP-EGR valve blocked closed - =] —=|—-|—-1+10
Turbocharger|compressor blades damaged 00|00 —-]01]0O0
VGT blocked middle position + |+ |+ |+]0|0]|—

5.4.3 Wastegate turbocharger

If a turbocharger with wastegate actuation for charging pressure control is considered
for the operation state of a closed wastegate, see Schwarte (2007), then the full ex-
haust gas flow streams through the turbine and simpler model equations can be used
for fault detection. It is assumed that in the diesel engine as depicted in Fig. 5.4.1
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Fig. 5.4.7. Signal flow diagrams for the generation of some turbocharger output residuals for
a turbine power, b compressor power, ¢ friction power.

following measurements are available: air mass flow 1. = 7h,;;, charging pressure
p2i and temperature Tb;, pressure peg, and temperature Te,, after the EGR cooler.

The dynamic behavior of the turbocharger speed follows from (5.4.2) by using
(5.4.4) and (5.4.10) for the turbine power F; and compressor power FP.. For closed
wastegate 1, = 1, can be assumed and (5.4.17) leads to

&
T - =1
ZQ = (1 + cﬂinc,isnt,isnm,tc <1 - (pl)kk>> - Apic (5424)

b1 Cpc Tl b3
where Ap;. is the pressure loss in the charge air cooler
Apic = ¢p . (5.4.25)

Further simplifying assumptions made are p1 = ps = po, I = 11, Ty = T3. The
exhaust temperature is calculated by
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T3 ~ T2i + kl + k2)\m (5426)
m=— (5.4.27)
Me + Megy

Hence, the mainly influencing variables for the charging pressure are p3, 73 and the
efficiencies.

The simplified models are now used to define the inputs and outputs of LOLIMOT
net models

Pai = fp2i (03,13, Am) (5.4.28)
p3 = fp3 (1, Toi, Am) (5.4.29)
where
T: ic i c Tc T i egr
Ty = 2 e & Zogr ey (5.4.30)
me + Megr
. . V2 dpgi
c = - 5.4.31
Me =M= pop di (543D
. y : Pegr
Megr = ‘/egr Pegr = Vegr RTigr (5432)
. . . e
‘/cgr = V2i - ch =05 Neng VD N — P (5433)
2i
my = M + My (5.4.34)

with 7, the volumetric efficiency coefficient, V the displacement of all cylinders
and po; = pai/ R T5;.

The pressure peg, before the EGR valve differs from the exhaust pressure p3 by
the pressure losses in the EGR cooler. This is modeled by a further net model

DPegr = fpegr(p&‘n neng)- (5.4.35)

Based on these models and the measured variables ps;, T5; after the charge-air cooler
and pegr and Ti,, after the EGR cooler, two residuals can be calculated for the case
of a closed wastegate valve, the exhaust pressure residual

Tpegr = Pegr — fpegr = Spegr (5436)
and the charging pressure residual
Tp2i = Pai — fpai = Spai- (5.4.37)

The model for the normal behavior fj,cqr follows from (5.4.35) and f; from (5.4.28).
These symptoms show different deviations e.g. for decreased turbocharger efficiency
or air mass sensor fault or leakage before the compressor as summarized later in
Table 5.5.1. Because the intake system and the turbocharger-exhaust system are
strongly coupled, the exhaust system will be considered further in the next section to
yield some more symptoms.
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5.5 Exhaust system

5.5.1 Analytical redundancies for air mass flow

It is assumed that two variables are measurable, the position ueg, of the EGR valve
and the continuous excess air factor A\ (broad-band sensor) respectively oxygen con-
centration vo. These sensors in the exhaust system are standard sensors for modern
diesel engines and allow to generate analytical redundancy to the air mass flow sen-
sor in the intake system.

a) Dynamically corrected HFM air mass flow

Taking into account the intake volume Vi, the real mass flow after the intercooler
before mixing it with recirculated exhaust gas, Fig. 5.4.1, is

‘/int dp?ic
R TQiC dt

(5.5.1)

mairl,eng‘ =1y —
where po;. and Ts;. are measured.

b) Charged air mass flow

The engine is charged by fresh air flow and exhaust gas flow. Therefore it holds for
the volume flows

‘/air,eng = ‘/eng - ‘/egr,eng

R Te T
= 0.5 Ay Neng VD — Mgy € (5.5.2)
P2ic
and the air mass flow becomes
. . D2ic
Mair,2,eng = Vair,cng R T2_
ic . Te T
= 0.5 Ay Neng Vb =2 — g (5.5.3)

Megr
R Ty T

Based on an analysis of the throttling effects in the EGR valve leaning on Laval-

nozzle-models a look-up table function fegr< 5;3) was experimentally identified

leading to the mass flow

megr = Aegr<ueg‘r) fegr <§21C> . (5.54)

egr

where Agg; is the effective opening of the exhaust valve.
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¢) Air mass flow based on exhaust oxygen content

If the fuel flow 7ivy and its H/C-ratio is known, the air mass flow is for stationary

behavior related by

, 14.5 + 4.6 vos
ir ng — 1 1 o. 55.5
Mairsens = T S oy ! (5-.3)

see Sect. 5.2.
Now three residuals can be determined

Tal,2 = Mairl — Mair2 = Sa1,2
Ta2,3 = Mair2 — Mair3 = Sa2,3 (556)
Tal,3 = Mairl — Mair3 = Sa1,3

(An alternative is to normalize these residuals by dividing them through the two
averaged air flows)

Figure 5.5.1 shows the reaction of 3 differently determined air mass flows. With-
out faults they agree well. However, for a 5 mm diameter leakage in the intake after
the intercooler the calculated flows 771,50 and ;.3 deviate from 7i,;,1 and indicate
the smaller air flow mass into the cylinders.

This means also that because of the three independent determinations for the air
mass flow a 2-out-of-3 voter can be established to form a fault-tolerant air mass flow
sensor system, see Sect. 8.5.4.

5.5.2 Combined fault detection for wastegate turbocharger and air mass flow

If symptoms of the wastegate turbocharger module from Sect. 5.4.3 and a part of
the exhaust module for determining the air mass flow are joined together, the fault-
symptom table, Table 5.5.1 results. Note however, that the two turbocharger symp-
toms can only be used if the wastegate is closed, i.e. at loads with medium to high
torque and low to medium speed. All considered faults show different patterns except
air mass flow sensor flow too low (sensor fault) and leakage between air mass flow
sensor and compressor. All other faults result at least in one differing sign (weakly
isolating). Hence, by combining the symptoms of the different fault-detection mod-
ules, fault diagnosis and locating faults is considerably improved.

5.5.3 Particulate filter and catalyst

The supervision of particulate filters (PF) is integrated in the regeneration control.
The loading state is usually observed by the pressure drop over the PF

Appr = f(Veg) (5.5.7)

where Veg is the exhaust gas volume flow. The pressure drop

AAppr = Apr(Veg) — Appt empty (Veg) (5.5.8)
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Fig. 5.5.1. Signals of three independent methods for air mass flow reconstruction during dy-
namic engine operation. A leakage of 5Smm diameter in the intake manifold after the inter-

cooler happens for 18s <t < 29s.

Table 5.5.1. Fault-symptom table for combined turbocharger and exhaust/airmass detection
module. Wastegate closed. Symptoms: + positive; — negative; 0 no reaction.

turbocharger | exhaust/airmass
symptoms symptoms
faults WG closed |full operation range

Sin[ Spegr Sal,2[Sa2,3[ Sal,S
decreased turbo-charger efficiency - 0 0 0 0
leaky wastegate, leaky exhaust pipe - — 0 0 0
air mass flow too high 0 — + 0 —
air mass flow too low 0 + - 0 -
leakage between compressor and engine - — + 0 +
leakage between air mass flow sensor and compressor|| 0 + — 0 -
restriction after turbine (cat, filter) /0| — 0 0 0
EGR too high (faulty valve) 0 — + 0
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compared with that of an empty PF serves as an indicator for the loading state. It
increases with the operating time and if it exceeds a certain threshold the PF is as-
sumed to be fully loaded. The start of regeneration is usually based on a combined
evaluation of the pressure drop, the calculated accumulated particulate mass based
on a loading model and the driven distance. For more details see Isermann (2014),
Sect. 8.9 and the cited references.

Supervision and fault detection of an NOy-storage catalyst (lean NOy trap, LNT)
to reduce NOy, is also based on a loading and regeneration phase. The control of this
accumulator type catalyst distinguishes two phases. In normal lean burn operation
A > 1 NO is oxidized to NO5 and then adheres in form of nitrate (NO3) to a metal
oxide in the loading phase. Then a regeneration phase follows with rich exhaust gas
A < 1 by retarded injection and air throttling. The loading phase lasts 30 to 300 s
and the regeneration phase 2 to 10s. End of the loading phase can be detected by a
NOxy sensor or A-sensor after the catalyst and by a loading model.

The fault detection of NOy storage catalysts depends on the available measure-
ments. Usually only output signals are available as an NOy or A-sensor. The ampli-
tudes and time periods of the loading and regeneration phases can then be used as
features.

5.6 Overall diesel engine fault diagnosis

The described model-based fault-detection and diagnosis methods followed the
component-oriented detection modules depicted in Fig. 5.0.1. Table 5.6.1 shows the
fault-symptom table for four engine parts. It is an extract of the Tables 5.1.1, 5.2.1,
5.3.2 and 5.4.1. The generated symptoms are mainly based on the available mea-
surements for the considered corresponding components. Most of the symptoms are
related to the respective process parts. Sometimes also measurements from other
components were used. The patterns of the symptoms are in many cases different,
except in some cases with same effects to the symptoms. For some components the
generated symptoms are also influenced by faults in other components. For exam-
ple, the symptoms of the intake system Al influence also the symptoms of the VGT
turbocharger A4 for the case of intake system faults. The overall fault-symptom ta-
ble can be used to extend the fault-symptom relations and may improve the fault-
diagnosis coverage and, thus, improve an overall engine diagnosis.
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Diagnosis of Electric Drives, Motors and Actuators



6

Diagnosis of electric motors

The increasing electrification of the powertrain, the chassis and the body means a
strong enlargement of electric drives and electric actuators, as discussed in Chap. 1.
Important electric motors at the internal combustion engine are, for example, the aux-
iliary drives, like the electrical generator, starter and cooling fan and several electric
actuators, like for the electrical throttle, the exhaust-gas recirculation valve and the
variable geometry turbocharger. For hybrid and electrical vehicles the electric drives
are part of the powertrain.

Examples for electric motors in the chassis are the electric power steering or
electro-mechanical brakes. Many smaller electric motors are parts of the body, like
windshield wipers, window drives, and electrical seat adjustment devices. Thus, the
overall functions of a vehicle depends highly on the quality and reliability of electric
motors. Therefore, the automatic supervision and fault diagnosis of their present and
also future state is an important issue.

The most important types of electric motors can generally be divided into:

1. DC motors
e series-wound motors
e shunt-wound motors
e permanent-field motors
2. Three-phase AC motors
e induction motors (asynchronous motors)
e synchronous motors
3. Single-phase AC motors
e commutator motors (universal motors)
e squirrel-cage motors.

For vehicles mostly DC motors with and without brushes are applied for low power
and three-phase motors in form of synchronous motors or asynchronous motors for
higher power applications. Table 6.0.1 gives an overview of some basic types, illus-
trating torque characteristics and corresponding control inputs.

As static and dynamic models of the various electric motors are required for
model-based fault detection, the reader is referred to well-known basic books on

© Springer-Verlag GmbH Germany 2017
R. Isermann, Combustion Engine Diagnosis, ATZIMTZ-
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electric drives such as Fraser and Milne (1994), Leonhard (1996), Sarma (1996),
Schroder (1995), Schroder (2009), Stolting (2004).

In the following model-based fault detection and diagnosis is described for
direct-current motors (DC), alternating-current asynchronous motors (AC), and alter-
nating-current synchronous motors (SM). First, the basic equations as required for
model-based control are compiled and then the fault-detection methods are devel-
oped and demonstrated by experiments. These sections are shortened versions of
chapters in Isermann (2011).

6.1 Direct-current motor (DC)

6.1.1 Models of a DC motor with brushes

A permanently excited DC motor with a rated power of P = 550 W at rated speed
n = 2500 rpm is considered, Hofling (1996). This DC motor has a two-pair brush
commutation, two pole pairs, and an analog tachometer for speed measurement; it
operates against a hysteresis brake as load, see Fig. 6.1.1. The measured signals are
the armature voltage U 4, the armature current I 4 and the speed w. A servo amplifier
with pulse-width-modulated armature voltage as output and speed and armature cur-
rent as feedback allows a cascaded speed control system. The three measured signals
first pass analog anti-aliasing filters and are processed by a digital signal processor
(TXP 32 CP, 32-bit fpt, 50 MHz) and an Intel Pentium host PC. Also the hysteresis
brake is controlled by a pulse-width servo amplifier. Usually, such DC motors can be
described by linear dynamic models.

However, experiments have shown that this model with constant parameters does
not match the process in the whole operational range. Therefore, two nonlinearities
are included so that the model fits the process better. The resulting first-order differ-
ential equations are:

LaIn(t) = —RaIa(t) — Ww(t) — Kplw(t)|Ia(t) + Ux(t) (6.1.1)

Jw = ![/IA(t) — Mplw(t) — MFO sign (w(t)) — ML(t) (612)

Figure 6.1.2 depicts the resulting signal flow diagram. The term Kp|w(t)|I4 (t) com-
pensates for the voltage drop at the brushes in combination with a pulse-width-
modulated power supply. The friction is included by a viscous- and a dry-friction
term Mpiw and Mpgsign(w), see also Isermann (2005). The parameters are iden-
tified by least-squares estimation in the continuous-time domain, Hofling (1996).
Table 6.1.1 gives the nominal values. Most of them (Ra, ¥, K5, Mr1, Mpo) influ-
ence the process gain, and the other two (L 4, J) the time constants. The signals U},
I and w are measured with a sampling frequency of 5kHz, and state-variable fil-
tered by a fourth-order low-pass filter with Butterworth characteristic and a cut-off
frequency of 250 Hz.
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Fig. 6.1.2. Signal flow diagram of the considered DC motor.
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Table 6.1.1. Data for the DC motor

armature resistance ||Ra = 1.52 (2

armature inductance||La = 6.82-107° 2's
magnetic flux ¥ =033 Vs

voltage drop factor |[Kg =2.21-107° Vs/A
inertia constant J=192-10"% kgm?
viscous friction Mg, =0.36-10"° Nm s
dry friction Mro = 0.11 Nm

6.1.2 Fault detection with parity equations

For the detection and isolation of sensor (output) and actuator (input) faults a set of
structured parity equations with state-space models is applied.

As the differential equations (6.1.1) and (6.1.2) are nonlinear, the design pro-
cedure for a linear parity space cannot be applied directly. But defining U; —
Kglw(t)|Ia as voltage input U, and as load input My, = My signw leads to a
linear description. The linear state-space representation then becomes

X_LL’}_[ £ _@ w| T —< ] [ My
(1] [10
Y= “lot]*

w

(6.1.3)

A corresponding signal flow diagram is depicted in Fig. 6.1.2.

An observability test reveals that both outputs (/4 and w) can also observe each
other. This is a precondition for a parity space of full order (here: 2). Then, W, the
design matrix in Equation (10.52) in Isermann (2006) is chosen such that a set of
structured residuals is obtained, where residual r; (¢) is independent of M, (t), r2(t)
of Ua(t),r3(t) of w(t) and r4(t) of Ix(t), see also Hofling (1996), Pfeufer (1994),
Fiissel (2002):

Ry ¥ LAO 0 O
- Mgy O J O

W=14a 0 B0JLs 0 6.1.4)
0 a 0B o JLy
with o = W2 + Rp Mpy;
B =La Mp1+J Ra.

The residuals, using three measured signals, then follow as:

r1(t) = La Ia(t) + Ra In(t) + ¥ w(t) — Ua(t)

ro(t) = J d}(t)n— U IA(t) + My w(t) + ML(t)

r3(t) = J La In(t) + (La Mp1 + J Ra) 1a(2) (6.1.5)

+(W2 4+ RAMgp1)Ia(t) — J Ua(t) — Mpy Ua(t) — W My(t)
ra(t) = J La O(t) + (La Mpy +J Ra) w(t) + (2 + Ra Mp1) w(t)
- UA(t) + L ML(t) + Ra ML(t).
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The same residual equations can be also obtained via transfer functions as described
in Example 10.3 in Isermann (2006). If an additive fault of the measured signals and
of M7, occurs, all residuals except the decoupled one are deflected. The scheme of
the structured residuals is not touched by the compensation for the nonlinear voltage
drop of the brushes, as its magnitude is small enough. Two parameters R and My,
however, depend on the present motor temperature. The behavior of R and its effect
on residual r; is depicted in Figure 6.1.3. Therefore, the use of adaptive parity equa-
tions improves the residual performance, see Hofling (1996) and Isermann (2006).

2
1.55 cold warm
L5 T motor motor
. 0 min
RA rll '
Ohm[' | 45 [V] 30 min 90 min
0+— L L] L [ S——
1.4 120 min
1 60 min
1.35 B ~ \
L cold » Warm Thean
13 motor motor 5
T 50 100 150 0 30 60 90 120
time [min] time [min]

Fig. 6.1.3. Influence of the motor temperature on resistance R and residual ;.

The residuals are now examined with regard to their sensitivity to additive and
parametric faults. As 1 and 7o comprise all parameters and all signals, it is sufficient
to consider only these two, although r3 or 4 can also be taken. From (6.1.5) it yields

ri(t) = A La I.A'(t) +ARAIN() + AV w(t)
+La A IA(t) + Ra A IA(t) +v¥ A w(t) - A UA(t)
ro(t) = +A J w(t) — AW Ix(t) + A My w(t

; (6.1.6)

In the presence of residual noise, e.g. of r; with a magnitude of about 1V and an
armature current of 3 A, a resistance change must be at least 0.3 (2 in order to de-
flect the residual significantly. Therefore, the two linear parameters R4 and My, are
selected to be tracked according to a single parameter estimation together with par-
ity equations, as described in Isermann (2006), Sect. 10.5. The forgetting factor is
chosen as A = 0.99.

6.1.3 Fault detection with parameter estimation

The parameter estimation is based on the two differential equations (6.1.1) and
(6.1.2) in the simplified form
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In(t) = =01 Ia(t) — 02 w(t) + 05 Ua(t) (6.1.7)
W(t) = 04 In(t) — 05 w(t) — O My(t) (6.1.8)

with the process coefficients

0 1 0 0 1 0
Ra=—2iLi=—;V="and¥V=— J=—; Mp; = =.  (6.1.9)
03 03 03 O 6 O

Applying the recursive parameter estimation method DSFI (discrete square-root fil-
tering in information form), Isermann and Miinchhof (2011), with forgetting factor
A = 0.99 yields the parameters 0; by using three measured signals. Then, all process
coefficients can be calculated with (6.1.9). Experimental results with idle running
(M7y, = 0) resulted in standard deviations of the process coefficients in the range of
2% < o9 < 6.5%, Hofling (1996).

6.1.4 Experimental results for fault detection

Based on many test runs, five different faults are now selected to show the detection
of additive and multiplicative faults with parity equations and recursive parameter
estimation, Hofling (1994). The time histories depict the arising faults at ¢ = 0.55s.
The faults are step changes and were artificially produced. Figure 6.1.4 f) shows the
parameter estimates and the residuals of parity equations. The residuals are normal-
ized by division through their thresholds. Therefore, exceeding of 1 or —1 indicates
the detection of a fault. In the cases a) to d) and f) the DC motor is excited by a
pseudo random binary signal (PRBS) of the armature voltage U, which is a require-
ment for dynamic parameter estimation, as shown in Fig. 6.1.4 f). In case e) the input
is constant. The results can be summarized as:

a) A sensor-gain fault of the voltage sensor Uy leads as expected to a change of
residual 1 (and 3, 4) but not of residual 2, which is independent of Ua. The
parameter estimates show (incorrect) changes for R, Ly and ¥, because the
gain of the voltage sensor is not modeled.

b) An offset fault in the speed sensor w leads to a change of the residuals r4, 1
and 73, but r3 remains uneffected, because it is independent of w. The parameter
estimate of ¥ shows an (incorrect) change.

c) A multiplicative change of the armature resistance R4 yields a corresponding
change of the parameter estimate Ra. However, the residuals increase their vari-
ance drastically and exceed their thresholds.

d) A change of the ratio of inertia is correctly given by the parameter estimate J.
But all residuals, except r1, exceed their thresholds by increasing their variance.

e) The same fault in R4 as in c) is introduced, but the input U, is kept constant.
The parameter estimate Ra does not converge to a constant value and the parity
equation residuals ry and 74 change their mean, however, with large variance.

f) A brush fault leads to an increase of Rp and L, but not of ¥. The residuals
show an increase of the variance.
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Fig. 6.1.4. Time histories of signals, residuals of parity equations and parameter estimation at

fault occurrence
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—  parity equations: r1, 72,73, T4.



6.1 Direct-current motor (DC) 201

Table 6.1.2. Fault-symptom table for the fault detection of a DC motor with dynamic input
excitation Ua (t) in the form of a PRBS. + positive deflection; ++ strong positive deflection;

0 no deflection; — negative deflection; — — strong negative deflection; =+ increased variance
Symptoms
Faults parameter estimation |parity equations
RA[LA[W[ J [MF1 T11T2[7‘3[ T4
armature ARA |+4]0|0] 0O | O |£|0|x] +
resistance
brush fault ++|+ (0] 0| O |£|0|£] £
parametric change of AJ 0]0|0f++] O |O|L|£| £
faults inertia
change of AMp1 | 0 | O O] O |++|0|E|£| £
friction
voltage sensor || AUa + | £ |£| 0 0O [—|0|—| —
gain fault
additive faults |speed sensor Aw 0|0|—| 0] O [+]|+]0| +
offset fault
current sensor || AT + £ 0] O |+]|—[+] O
offset fault

Table 6.1.2 summarizes the effects of some investigated faults on the parameter
estimates and parity residuals.
These investigations have shown:

1) Additive faults like the offsets of sensors are well detected by the parity equa-
tions. They react fast and do not need an input excitation for a part of the faults.
However, they have a relatively large variance, especially if the model parame-
ters do not fit well to the process.

2) Multiplicative faults are well detected by parameter estimation, also for small
faults. Because of the inherent regression method the reactions are slower but
smoothed. But they require an input excitation for dynamic process models.

Therefore, it is recommended to combine both methods, as shown in Isermann
(2006), Sect. 14.3. The parity equations are used to detect changes somewhere in the
process and if the fault detection result is unclear a parameter estimation is started,
eventually by a dynamic test signal for some seconds. If the motor operates dynami-
cally anyhow (as for servo systems and actuators), then the parameter estimation can
be applied continuously, but with a supervision scheme, see Isermann et al (1992).

Hofling (1996) has shown that a considerable improvement can be obtained by
continuously estimating the armature resistance with a single parameter estimation
using parity equations in order to reach the temperature dependent resistance pa-
rameters, Hofling and Isermann (1996). Furthermore, adaptive thresholds are recom-
mended, to compensate for model uncertainties.

The model-based fault-detection system with parity equations and parameter es-
timation is now the basis for the fault-diagnosis procedure. As described in Chap. 2
the methods for fault diagnosis can be divided in classification and inferencing. A
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first simple classification is the use of fault-symptom tables and pattern recognition
as in Table 6.1.2. Also decision trees belong to the class of classification methods.
However, a combination with a neuro-fuzzy structure gives them a learning behavior
of fuzzy if-then rules with AND operators, forming an adaptive inference method,
called SELECT, Fiissel (2002). This was applied to the DC motor test bench, see
Isermann (2011).

6.1.5 Conclusions

The detailed theoretical and experimental investigations with the permanently ex-
cited DC motor in idle running or with load have demonstrated that it is possible to
detect 14 different faults by measurement of only three signals and combination of
the parity equation and parameter estimation approach. Additive faults, like offsets of
sensors, are easily detectable by parity equations in normal operation without extra
input excitation signals. Multiplicative faults, like parameter deviations of the motor
are better detected by parameter estimation, but require appropriate input excitation
signals, at least for short times. Applying parameter estimation in addition to parity
equations allows to track the strongly temperature dependent armature resistance.
The described methods can be transformed to other types of DC motors, depending
on their construction, and also to single-phase AC motors. Further, by applying the
self-learning neuro-fuzzy system SELECT all faults could be diagnosed with a 98%
correct classification rate. A selection of faults, especially in the mechanical parts
can also be detected by applying only signal models for structure-borne vibrations,
Filbert (2003).

6.2 Alternating-current motor (AC)

Alternating-current motors in the form of induction or asynchronous motors consist
usually of three windings placed in stator slots that are interconnected with the indi-
vidual phases of a three-phase voltage supply system either in delta- or Y-connection,
see Fig. 6.2.1a). A rotating magnetic field is generated where the angular velocity de-
pends on the power supply frequency f and on the number of pole pairs p within the
stator. Depending on different rotor constructions, induction motors and synchronous
motors can be distinguished. In the following, induction motors with a squirrel-cage
rotor are considered. This type has a simple construction, is very robust, and is also
cheap and needs less maintenance. The speed can be controlled by a field-oriented
approach with variable frequency and amplitude generated by a voltage-source DC-
link converter. Statistics on failure rates of AC motors show that about 50% are due
to bearings, short cuts in stator windings count with 16% and broken rotor bars about
5%, Thorsen and Dalva (1995), see also Filbert (2003). A model-based procedure for
fault diagnosis of AC drives will be treated in the following, developed by Wolfram
(2002). The developed methods can be directly used for synchronous motors, see
Sect. 6.3.
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Fig. 6.2.1. Schematic configuration of the stator and rotor for AC motors. a three-phase rep-
resentation with one pole pair (p = 1) per phase. b two-phase equivalent circuit. (Clarke
transformation)

6.2.1 Models of induction motors (asynchronous motors)
a) Electrical subsystem

Detailed models of induction motors are derived e.g., in Isermann (2005), Leon-
hard (1996), Lyshevski (2000). For each rotor and stator winding the voltage and
current equations are established, resulting in six coupled differential equations for
a three-phase induction motor. However, by transforming the three-phase system
(Usa, Uspb, Usc) into a two-phase system (Usq, Ugg) via the Clarke—transform a
considerable simplification can be reached, Fig. 6.2.1b). If the rotor flux is taken as
the reference coordinate system by using the Park—transform, the two-phase system
is represented by (Usq, Usa), see the basic books on electric drives or e.g. Isermann
(2005), Wolfram (2002). Then, two equations result for the rotor flux ¥rq and elec-
tric motor torque Me;:

d!de

TR (t) + Lde(t) = MISd(t) with T = — (6.2.1)
dt Ry
3 M
Mel(t) = *pflpptd (t)_[sq(t) (622)
2" Lr
Ly rotor self-inductance
Ry rotor resistance
Ry stator resistance
Ly stator self-inductance
M mutual inductance between stator and rotor

I = Igq +ilsq stator current vector
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P number of pole pairs
YRdq rotor flux.

The flux linkage Yrq depends on Isq and the torque Mg on Igg, i.e. from each
component of the stator current vector, see the signal flow chart in Fig. 6.2.2. This
two-phase system is the basis for the field-oriented control shown in Fig. 6.2.3. It
consists of two cascaded control loops for the flux and the speed, with the two current
components as sub (minor) control variables.

Iy

Fig. 6.2.2. Calculation of the electrical torque M, based on inputs Isq, Isq and w.

flux d-current coordinates
¥ controller I controller 0 [}ransformation inverter
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aquisition A

Fig. 6.2.3. Field-oriented control structure for induction motors.

The dynamic behaviors of the electrical induction motor subsystems are
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RrpM

M? dlsq
Usq = | Rs + Rr Isq +0Ls—— — ocLswklsq — LT![/Rd (6.2.3)
R

L% dt

M? dl. M
Usq = (Rs + RR2> Isq +oLs 4 4 o Lswilsa + —wrPra, (6.2.4)
Iz di In
M2
=1- . 6.2.5
o Tsln ( )

Herewith, the electrical rotor speed is wg = pwy,, where wy, is the mechanical rotor
speed and the speed of the flux is wk with regard to the stator reference coordinate
system.

b) Mechanical subsystem

The dynamic behavior of the mechanical part is obtained by establishing the angular
momentum balance:

dwm t
J dt( ) = M (t) — Me(t) — My(t) (6.2.6)
J ratio of inertia of motor and load

M friction torque
M, load torque
wy  mechanical rotor speed.

The friction torque usually consists of a Coulomb term and a viscous term:
My = My sign wp, (t) + Mpwy,. (6.2.7)

The load torque depends on the connecting power consuming machine, like a vehicle
and can frequently be approximated by a polynomial:

My, = My + Mpjwm + Myow?, (6.2.8)

m-*

¢) Thermal subsystem

Within the stator and rotor several power losses Ppg and P arise which lead to a
heating of the induction motor parts. The main heat sources are ohmic losses and iron
losses, which can further be split up into hysteresis and eddy current losses. With the
stator and rotor heat capacity

Cs = MgCsp

Cr = MRCRp
where m is the respective mass and cp the specific heat value, two first-order differ-
ential equations result for the stator temperature ¥s(¢) and rotor temperature Jg (¢).

With further simplifications about the heat transfer through the air gap and air cooling
a second-order model results for the stator temperature:

(bs1s + bso) Ps(s) + broPLr(S)
ass? +ai1s + ag
see Wolfram (2002), Wolfram and Isermann (2001).

Ads(s) =

, (6.2.9)
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6.2.2 Signal-based fault detection of the power electronics

The power supply of cars is usually based on a high voltage or low voltage direct
current network. Variable speed AC motors then need a motor-side three-phase DC-
AC converter (inverter) that generates the three-phase system with variable frequency
and amplitude, as depicted in Fig. 6.2.4.

AC-DC DC-AC
Y —
lUDC +@
rectifier converter

Fig. 6.2.4. Voltage source DC-link converter scheme for feeding AC motors.

In the following it is shown how faults in these power electronics can be de-
tected with signal-based methods. Measured variables are the DC-link (battery) volt-
age Upc, the phase currents Ig;, Igo, Iss, which are identical to Ig,, Isp, Is. of
Fig. 6.2.1, see Fig. 6.2.5. For the phase voltages Us1, Usa, Uss only the setpoints of
the PWM converter are available.

Figure 6.2.5 shows a scheme of a considered PWM DC-AC inverter. Inverter
faults and also stator winding faults generate characteristic harmonics of the stator
current vector. The stator current

2 om g
Is(t) = 3 (151(t) + Isp(t)e ™% + fss(f)e_i%) (6.2.10)
is transformed into an orthonormal «- and S-component coordinate system
Is(t) = Isa(t) +ilsp(t) = Iso(t)e™#®). (6.2.11)

In the fault-free case the trajectory of the current vector forms a circle, which de-
forms to an ellipse in the case of a stator winding fault, see Fig. 6.2.6a) and to other
trajectories for inverter faults and current sensor faults, Fig. 6.2.6b)-d). In the case
of these faults the spectrum of the current vector contains a positive and negative
frequency, Wolfram (2002), Wolfram and Isermann (2000).

Ig(t) = Ig et @ste1) 4 Iy eimwstte-1) (6.2.12)

where wg is the stator angular frequency.

The vector trajectory Is_; is also circular, but with smaller radius and opposite
direction in the case of an ellipse. By monitoring Ig; and Ig_; obtained through
a Fourier series analysis it is possible to detect the mentioned faults, Wolfram and
Isermann (2000). This can be applied to AC motors with constant grid frequency fs.
However, in the case of a field-oriented control with variable frequency fs the current
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Fig. 6.2.5. PWM inverter for DC-AC converter.

A
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Fig. 6.2.6. Stator current vector trajectories. a stator winding fault. b inverter IGBT (Insulated
Gate Bipolar Transistor) fault. ¢ phase 2 disconnection. d current sensor fault.

vector is influenced by control dynamics. Because also the stator voltage Ug(¢) as
output of the current controllers, see Fig. 6.2.3, shows corresponding frequencies, at
least for high speeds of the motor the Fourier analysis can be performed with Ug ().
Therefore

’I“U_l(t) = ‘Us_l(t)l (6213)

is taken as the fault feature for a stationary speed. However, a speed-dependent
threshold is required, which has to be determined experimentally. An additional fea-
ture is the DC value

TUoHz = |Usomg| (6.2.14)

for detecting offsets in the voltage vector Ug.
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As in the case of a disconnected phase or a defective IGBT valve the three cur-
rents become different, the effective values of the effective values (rms values)

1 Ty )
Isief = — I (t)dt
Si,eff Tp/(; Sl( )

of the three currents Ig; (t) are calculated by taking the squares IZ; () with subsequent
low-pass filtering. Then mutual residuals are formed:

ra(t) = I3 e () — I3, (1)
r23(t) = I35 .oq(t) — I35 0 (1) (6.2.15)

ra1(t) = I35 o (t) — I3 e (2).
In order to include all measured currents the current sum is used as a further residual:
rso = [Iso| = [Is1(t) + Is2(t) + Is3(t)] (6.2.16)

which is usually zero in a fault-free situation.

Finally, Table 6.2.1 shows the fault-symptom relations for different faults. All
considered faults can be isolated. In general, these results indicate a strong isolability.
Only within the groups of open phases, defective valve and ground cuts is there a
weak isolability.

Table 6.2.1. Fault-symptom table for the PWM DC-AC converter and stator windings

Symptoms

Faults [r1z][lres]][rai][[ru—1l[lrvoma|] [Isol
open phase 1 ++] 0 [++] ++ 0 0
open phase 2 ++[++] 0 | ++ 0 0
open phase 3 0 [++[++| ++ ] O 0
defective valve 1 ++| + [++]| + 4 0
defective valve 2 4+ [+ + + I 0
defective valve 3 + |+ + ++ 0
stator winding shortcut ||~ 0|~ 0|~ + 0 0
offset fault sensor 1 or 2||~ 0|~ 0 |~ 0 + +/ 4+
gain fault sensor 1or2 ||~ 0|~ 0|~ + 0 [+/++
faulty current sensor 0 0 0 0 0 +/++
ground cut phase 1 NENTH T (E T 0 +/++
ground cut phase 2 + ]+ |+ 0 [+/++
ground cut phase 3 4+ | | 0 [+/++

6.2.3 Model-based fault detection of the AC motor

It is assumed that the following measurements and calculated variables are available:
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Usq, Usq voltages of the g- and d-systems

Isq, Isq currents of the ¢- and d-systems

wk = ws stator angular frequency

WR = pwm = WK — we rotor angular frequency.

w is a slip frequency, calculated by

_ M Isq

— 22 Sa 6.2.17)
TR YRa

w2
In order to apply parity equations for the fault detection of the AC motor, nonlinear
dynamic models are required, which are obtained by nonlinear process identification
methods, Wolfram and Isermann (2001).
The AC motor is the type VEM K21R90S (Normmotor) with four poles and rated
values 400V, 2.62 A, 1.1kW, 1420 rpm (50 Hz), see Wolfram (2002).

a) Electrical part of the AC motor

As a basis for obtaining dynamic models (6.2.3) and (6.2.4) are used for the d- and
g-subsystems. It has to be taken into account that phase voltages are not exactly
known. For the practical experiments the d-current control stays closed, whereas
the g-current control is opened in order to introduce an excitation signal Usq, see
Fig. 6.2.3. Therefore the rotor flux reference value URq,f stays constant. Discretizing
(6.2.4) with the discrete time k = t /Ty, where T is sampling time, leads to

Isq(k) = QlUsq(k) + @QwK(k)Isd(k) + @3wR(k)WRd + @4ISq(k' - 1) (6.2.18)

where ©; are parameters, which depend on physical parameters. The product wk (k)
Isq (k) can be neglected and ¥rq = const. can be assumed. The parameters ©; further
depend on the operating point through wk and Is,. Therefore a local linear model is
defined:

Isq(k) = w1(2)Usq (k) + wa(z)wr (k) + ws(z)Isq(k — 1). (6.2.19)
The operating-point dependence is expressed by the weighting vector
2! = [wk (k) Isq(k — 1)]. (6.2.20)

Hence, this is a semi-physical model because the structure stems from physical-based
modeling. The weighting parameters w;(z) are estimated with the LOLIMOT iden-
tification method, Isermann and Miinchhof (2011).

However, the parameters depend also on the temperature of the AC motor. There-
fore, the stator temperature g is measured and two correction factors k1 (ds) and
ko (0g) are introduced in (6.2.19):

Isq(k) = w1 (Z)kl (ﬁs)Usq(k) + wg(z)kg(’ﬂs)wl{(k> + w3(z)15q(k - 1) (6221)

These correction factors are estimated and k1 (s ) is approximated by a second-order
polynomial and ks () with a linear dependence.
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The dynamic behavior of the AC motor was identified by excitation of Ugq
with an APRBS, an amplitude-modulated PRBS, and sampling time 7y = 1.5ms
(667 Hz). The obtained generalization results in Fig. 6.2.7 show a very good agree-
ment with six local models and two correction characteristics for stator temperatures
dg € [25°C, 60°C].

In a similar way the d-system can be identified. (6.2.3) and experimental trials
lead to

Usa(k) = wo(z) + w1 (2)wk (k) + wa(z)Igq(k). (6.2.22)

As Igq is constant, its derivative is zero. Therefore, the d-model is static. The tem-
perature dependence is again considered by correction factors. Figure 6.2.8 shows
relatively good results with a model having six local linear models and 18 correction
characteristics.

These nonlinear precise models can now be used to apply parity equations for
fault detection. The output residuals

rq = Isq — Isq (6.2.23)
rq = Usq — Usq. (6.2.24)

are low-pass filtered and their variances are formed, compare Fig. 6.2.9. Furthermore,
712, 23, 731 and |Igp| are determined from the phase currents, (6.2.15) and (6.2.16).
As the models are more precise in the case of stationary behavior, an adaptive thresh-
old is used for dynamic states in dependence on the current /s, which is proportional
to the torque-generating dynamics. Table 6.2.2 presents the fault-symptom relation
for different faults. The AC motor faults as stator winding defect, broken rotor bar,
and rotor eccentricity are strongly isolated and can therefore be diagnosed. However,
broken rotor bar and broken end ring are only weakly isolated and cannot be clearly
separated. For the other faults the same results are obtained as in Table 6.2.1 for the
PWM converter.

b) Mechanical subsystem of the AC motor

The dynamic behavior of the rotor speed wg (¢) follows from (6.2.6). Faults in the
mechanical part express themselves especially in the friction parameters My, and
My, and eventually in the ratio of inertia J. However, these parameters also depend
on the connected load like general drive-trains with gears. Therefore this dynam-
ics equation depends on the load and corresponding available measurements, see
e.g. Isermann (2005). The electrical torque M, can be determined with (6.2.1) and
(6.2.2) using the current Igq and Ig of the d- and ¢-systems, which are known within
a field-oriented controller, and the mechanical rotor speed wy,. Figure 6.2.2 sum-
marizes the resulting signal flow and computations. Some electrical parameters or
groups of parameters can then be estimated. As the mechanical subsystem is slower
than the electrical subsystem, a larger sampling time can be chosen, e.g. Ty = 10 ms
(100 Hz).

An application with a circular pump as load is reported in Isermann and Miinchhof
(2011).
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Fig. 6.2.7. Generalization data for LOLIMOT identification of the g-system. a Input: Usq
(APRBS). Output: Isq, n and output error rq = Igq — Isq for ds = 25°C. b zoomed signals.
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¢) Thermal subsystem

The thermal state of the AC motor is indicated by the temperature of the rotor and the
stator. Overheating arises because of defective cooling, high friction and overload.
The generated stator heat power due to ohmic losses is

3
Pis = 5 Rs (134 + I3,) (6.2.25)

and the rotor losses. If the rotor power losses are neglected, only one part of the trans-
fer function of (6.2.9) has to be considered. The corresponding z-transfer function
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Fig. 6.2.9. Residual generation for the AC motor with nonlinear parity equations, S: thresh-
olds.

Table 6.2.2. Fault-symptom table for the AC motor

Symptoms

Faults [rqup|[var {rq}[[rave[[var {ra}[[riz[[[r2s][lrs1]] [Isol
open phase 1 — | ++ | ++ | ++ [++] O [++]| O
open phase 2 — | A+ A+ A [0 0
open phase 3 —— ++ ++ ++ 0 [++|++ 0
defective valve 1 — + ++ [FENEE W) R PR 0
defective valve 2 - + ++ ++ |[4++[++] O 0
defective valve 3 — + +4+ ++ [T R R 0
stator winding shortcut —— 0 + + ~0|~0|~ 0
broken rotor bar ++ + + ++ 01010 0
broken end ring + + + + olo1lo 0
rotor eccentricity —+ 0 0 0 olo]lo 0
gain fault sensor 1 or2 || —/+ 0 0 0 0 0 0 |+/++
offset sensor fault 1 or 2|| + 0 0 0 0 0 0 [+/++
fault current sensor 0 0 0 0 0 0 0 |+/++
ground cut phase 1 —— + + + NENEY T R N R
ground cut phase 2 —— + + + A A
ground cut phase 3 —— + + + + [+ [+ [+ ++
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_ Aﬁs(z) _ ﬁlz_l + 622_2

G(z) = —
(2) Prs(z) 1+a1271 +agz2

(6.2.26)

possesses two poles which belong to a large time constant 77 ~ 17 min and a small
one 75 ~ 2min, which were determined by parameter estimation (large sampling
time Ty = 30s). Then, an output residual as the difference of the measured and
estimated stator temperature .

Ty = ’195 - 195 (6227)
can be formed. If this residual exceeds a threshold of for example +5° C, a cooling
defect can be detected.

In the case of dynamic operations parameter estimation can be applied. Espe-
cially the time constant T; then indicates faults of the thermal system.

Figure 6.2.10 shows the increase of the stator temperature for a defective fan
wheel and Table 6.2.3 the estimates of the time constants. For cooling faults or
overload the stator temperature increases considerably, indicated by a larger gain
of (6.2.26) or larger residual ry. Also, the large time constant 77 shows a strong in-
crease. The small constant 75 remains approximately constant. This can be used for
more details of a cooling fault diagnosis, as shown in Table 6.2.3.

100 ,
SS [°C] §
50 9 :
0 % ﬂ
40
0 e T A threshold 7 [min]

0 20 40 60 80 100 120

Fig. 6.2.10. Stator temperature ¥s and temperature residual 7 in the case of a defective fan
wheel. J4(PLg, t) is the model output for normal behavior.

Table 6.2.3. Parameter estimates of the thermal subsystem for different cooling defects

time constants || fault-free |defective fan|covered cooling|covered motor
wheel slots
T1 [min] 16.6 69.3 31.2 36.1
T [min] 1.99 1.86 1.82 1.72

d) AC motor at standstill

Some faults in induction motors do not effect immediately a complete failure of
the drive. Thus, e.g. in the case of broken rotor bars further operation is possible in
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principle. In consideration of the higher currents in the adjacent bars and the resulting
mechanical stresses due to thermal overload and unbalance, further rotor or end-ring
breakage may occur, Thorsen and Dalva (1995).

Hence, the monitoring of these faults does not have to be performed permanently.
Basically, it is sufficient to supervise the induction motor after certain periods of time,
which is described in Wolfram (2002) and Isermann (2011).

6.2.4 Conclusions

Figure 6.2.11 gives an overall scheme of the signal- and process-model-based fault
detection and diagnosis of a speed-controlled AC drive. The investigations have
shown that with the support of physical modeling it is possible to detect several
different faults in the PWM inverter, the AC-motor stator and rotor, and the mo-
tor mechanics. The use of nonlinear output parity equations is especially attractive
for the electrical subsystems. However, it required relatively precise process mod-
els. These models can be obtained with a multi-model approach by applying local
linear models and the LOLIMOT nonlinear parameter estimation. For the fault de-
tection of the motor mechanics parameter estimation with linearity in the parameters
is preferable and includes also process parameters from the drive train. The model-
based fault-diagnosis approach requires only four sensors and some variables which
are available within the field-oriented control, determines up to 14 symptoms and
can diagnose about 10 different faults. The described fault-detection methods can be
directly transferred to synchronous motors, see next section, Sect. 6.3.

6.3 Alternating-current synchronous motors (SM)

6.3.1 Types of three-phase synchronous motors

In view of the electrical and magnetical properties the stator of synchronous motors
is similarly constructed to that of induction motors, whereas the rotor is designed in
a manner, that a constant magnetic field along one axis is produced (p = 1). In case
of more than one pole pairs (p > 1) the magnetic field of the rotor is spread over a
corresponding number of axis.

Synchronous motors equipped with salient-pole rotors comprise of distinct poles
and have a single excitation coil wound on a core. The rotor field winding is fed with
direct current through slip rings.

In view of the excitation field produced by the rotor windings, no slip between
the stator field and the electrical speed wr = pwy, emerges. Hence, the synchronous
motor always rotates with the speed that results from the supply frequency divided by
the number of pole pairs. The speed can therefore only be adjusted by changing the
frequency of the feeding symmetrical voltage system. As in the rotor no alternating
magnetical fields appear, no eddy currents are induced and the core need not to be
designed laminated.
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Synchronous motors with salient pole rotor are mainly employed, in order to
achieve high numbers of pole pairs and therefore low speeds. Regarding the large
centrifugal force which is proportional to the square of the speed, salient pole ro-
tors are not applicable for higher speeds. They are usually applied as high power
generators in water power stations.

For low power applications permanently magnetic rotors are employed. The ad-
vantage is that the slip-ring construction for salient pole rotors can be omitted. Fur-
thermore, the power loss produced in the rotor windings does not appear so that high
efficiency rates can be achieved. For the permanent magnets often rare earth mag-
netic materials such as Sm-Co are employed, since they provide high flux densities
(1T). Figure 6.3.1 illustrates a scheme.

permanent
magnets

USc "'
<

Fig. 6.3.1. Scheme of a synchronous motor with permanent magnets (one pole pair, p = 1),
KeBler (2015). («, 3 are the coordinates of the stator-fixed two-phase system using the Park-
Clarke transformation for the stator-fixed three-phase system)

The electrical properties of permanent magnet synchronous motors (PMSM) de-
pend on the design of the rotor, Teigelkotter (2012). In the case of “surface-mounted
permanent magnet synchronous motor (SPMSM)” the magnetic material is glued on
the rotor. It has a relatively small magnetic resistance (reluctance) and therefore the
inductance of the stator windings is approximately independent on the rotor position
which results in simpler models.

If the permanent magnets are embedded in the rotor, this is called “interior per-
manent magnet synchronous motor (IPMSM)”. The stator inductances then depend
on the rotor position.
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6.3.2 Models and control of permanent magnet synchronous motors (PMSM)

The sine commutation for the PMSM is generated by an inverter with a pulse-width
modulation (PWM) and the DC link voltage Upc as input voltage, see Fig. 6.2.4. The
input voltage of each motor phase can be modeled by a mean value model extended
by two voltage drops

Usj() = dj Upc — Urg — Uy, with j = a, b, c. (6.3.1)

The first voltage drop Urg appears because of non-ideal switching times. The second
voltage drop Uy -1, depends on the voltage losses of the diodes and IGBT’s. For the
detailed model see KeBler (2017). The phase to ground voltages Us ;o can now be
used as input of the motor model. The relation between the phase to ground voltages
and the phase voltages can be described by

Usjo = Usj + Usp with j = a, b,c (6.3.2)

with the starpoint voltage Usp. For the stator voltage in a stator-fixed coordinate
system holds
d¥s; ...
Us; = RsIs; + i with 7 = a, b, c. (6.3.3)

The equations for the stator voltage in the rotor-fixed coordinate system become with
neglection of reluctance effects and therefore the assumption L, = Lg = Lg

dl
Usa = Rslsa + Ls% — Lwalsq, (6.3.4)
dlsq
Usq = Rslsq + Ls—— + Lswellsa + wei¥rd, (6.3.5)

dt

compare (6.2.3) and (6.2.4). Hence, differential equations of first order with mutual
couplings result. wy is the electrical angular speed in the stator windings and relates
to the mechanical angular speed of the rotor wyyecy by

Wel = P * Wmech = 2TPNmech- (6.3.6)

The electrical inner torque can then be determined through the electrical power with
Pel = meel/p to

3
M = §pQ’RdIsq (6.3.7)

see e.g. Teigelkotter (2012).

The control of inverter-fed permanent magnet synchronous motors can be per-
formed similarly to the rotor-flux-oriented control of induction motors. The equa-
tions comprising the behavior between the stator currents and the stator voltages
within the rotor-oriented reference frame (neglecting the reluctance effects) are de-
scribed by (6.3.4) and (6.3.5).

The relationship between the stator current components and the parallel stator
voltage components can be specified apart from coupling terms and the EMF term by
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first-order-lags. Since both equations are not ideally decoupled, a decoupling unit has
to eliminate all the terms leading to deviations from the first order lag characteristic.
Note the similarity to DC motors, Sect. 6.1.

In case of feeding the synchronous machine with a variably adjustable three-
phase voltage system the manipulated variables are the stator voltages Usq and Ugg.
Controlled variables are the speed n as well as both stator currents Isq and Is. Thus,
the control can be performed by means of a cascade structure with secondary current
control loops, as depicted in Fig. 6.3.2

d-Current Coordinates
] Controller[/ UTransformation Inverter
Sdy ~— “S4ldq /|| ]
Speed 84 g Current |, Modu-| ||
Controller ; ontroller.. lator
n T \ s L Sqw
2 — a,b.c ™
n Us| Up| U
A
djq ISa
Lo 1!
» coupling
»  Unit I
'Sh
a,b
Bu
Encoder
Shaft Angle| |5
and Speed [« SM
Aquisition pas

Fig. 6.3.2. Field-oriented scheme of permanent magnet synchronous motors.

As the flux producing current component /g4 does not affect the torque, the refer-
ence value Iyqy, = 0 is chosen. In this case the motor is driven as efficient as possible
with the smallest possible stator current.

Then, (6.3.5) simplifies to

dls
Usq = Rslsq + LSqu + WelPR4- (6.3.8)
After considering small changes around the operation point the last EMF term van-
ishes because it can be assumed as constant. The dynamic current behavior then can
be described by the transfer function

AIS (S) 1 LS -t
G =2 - (14 = . 6.3.9
IU<S> AUSq(S) RS ( + RS 8) ( )
If a PI-current controller is used
A K.
Go(s) = AUsals) _ Ke g 4 gy (6.3.10)

- Alg(s)  Tis
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and pole-zero cancelation with 77 = Lg/Rg is applied, the closed-loop behavior is

Alsq(s) 1
- - 3.11
G(s) Alsqw(s) 1+ Tys (6.3.11)

with the closed-loop time constant

Lg
Ty = K. (6.3.12)
The closed-loop current behavior can therefore be described by a first order lag. The
torque follows from (6.3.7). If a reference value for Igq different from zero is chosen
(Isq # 0), an additional positive magnetic field for Is4 > 0 or in the opposite direc-
tion an additional negative magnetic field for Igq < O relative to the field generated
by the permanent magnet is produced. According to the magnetization curve of the
permanent magnet, the rotorflux can be adapted by specifying a certain value Igqy,.
In this manner field weakening is even possible. This has to be done carefully in or-
der to avoid the degaussing of the permanent magnets, Vas (1990), Leonhard (1996),
Novotny and Lipo (1996).

An analysis of the steady-state behavior of synchronous motors shows that the
rotor displacement angle J between the supply stator voltage and the pole position
depends on the torque. With increasing torque the displacement angle increases until
& > 90°. For 6 = 90° the torque decreases until zero for § = 180°, see Leonhard
(1996), Sarma (1996).

6.3.3 Model-based fault detection of a PMSM motor

The fault detection of the power electronics for PMSM motors follows the signal-
based methods described in Sect. 6.2.2 for AC motors.

The development of fault-detection methods for the permanently excited motor
depends on the available signals. Because of the field-oriented control following cal-
culated or measured variables are usually available

Usq, Usq voltages of the g- and d-system

Isq, Isq currents of the - and d-system

wel = wg supply angular frequency of the PWM inverter
wy mechanical rotor angular speed, or

(m mechanical rotor angle.

The currents Igq and Igq are determined by measurements of the stator currents /g,
and Ig;, and use of the Clarke transformation and Park transformation, Leonhard
(1996), Teigelkotter (2012).

Because of the similarity of the basic equations to generate parity equations
to those of the AC motor described in Sect. 6.2.2 and 6.2.3, the same residuals
Tq,Td,T12, 723,731 and |Is| can be calculated and similar symptoms are obtained
as in Table 6.2.2. Hence, these symptoms are based on the g-current and d-voltage
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of the field-controlled PMSM and on the stator currents: Isy = Ig,, Iso = Igp,
Isz = Ise.

Another possibility is to use only the stator currents and voltages according to
KeBler (2017). The stator current residuals can be determined by comparing the
measured phase currents and modeled phase currents, which can be calculated by
(6.3.3)

rla:fSa_ISa (6.3.13)
i = Isp — Isp (6.3.14)
rre = Ise — Ise. (63.15)

These residuals are in output error form, which means that they are less influenced
by measurement noise. In addition three residuals in equation error form can be
determined by the equations (6.3.1) to (6.3.3)

0., = AUsabo — AUab = (Usao — Uswo) — (Usa — Usp) (6.3.16)
TUse = AUSabO - AU&C = (USaO - USCO) - (USa - USC) (6317)
r0y. = AUsbeo — AUpe = (Usbo — Usco) — (Usp — Use). (6.3.18)

Residuals in equation error form are more influenced by measurement noise. How-
ever, in each of the three residuals the influence of one phase is eliminated. Thus,
they allow a fault isolation.

Because of the additional model of the inverter by (6.3.1) the motor model is
more precise and the generated residuals (6.3.16 - 6.3.18) can detect even small faults
relatively fast.

A further residual follows by comparison of the torques of the load Mjoad (Tmech )
and the torque of the motor Me) (Nmech )

rAM = Mcl(nmcch) - Mload (nmcch)~ (6319)

The torque of the motor results from (6.3.7) by measurement of Ig, and the load
torque from measured variables of the load if possible, compare Fig. 6.2.11.

The additional residuals (6.3.13) to (6.3.18) allow to detect also a demagnetiza-
tion fault and a better isolation of the winding shorts.

Finally, Table 6.3.1 depicts the resulting fault-symptom relations.

Another case study for the fault diagnosis of an electrical cooling fan drive for
combustion engines is treated in Pagel (2016). The considered synchronous motor
consists of a three-phase internal stator and an external rotor with permanent ferrite
magnets. The stator voltage is electronically commutated via a B6-bridge with three
half bridges supplied by an automotive DC-battery-board net.

Based on dynamic models of the electrical motor, the driven fan and the thermal
behavior of stator windings and permanent magnets and use of available measure-
ments different faults could be experimentally detected, like winding and capacitor
faults, demagnetization through overheating, and defective bearings, fan blades and
blockage.
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7

Diagnosis of actuators

Actuators usually transform low-powered manipulated variables (e.g. analog volt-
ages 0...12'V, applied DC currents 0...20mA or 4...20mA, pneumatic pressures
0.2...1 or 1...8bar, or hydraulic pressures 0...150 bar) into process (engine) input
variables of a much higher power level. Frequently the process input variable is a
flow of energy or matter, or a force or torque. The power needed for actuating is pro-
vided by an auxiliary energy supply, which feeds the power amplifier for the actuator.
The auxiliary energy can be electric, pneumatic or hydraulic.

Table 7.0.1 gives an overview of actuators and some drives for combustion en-
gines. The application of electrical actuators has increased in the last two decades
because of their precise and fast positioning. However, pneumatic actuators are still
applied especially for VGT and wastegate turbochargers and for swirl flaps because
of the hot environment and for reasons of cost. They are usually driven with low
vacuum pressure < 1bar. In the case of truck engines pneumatic actuators with up
to 8 bar are used for turbochargers because of the large actuation forces. Hydraulic
actuators are mainly applied for camshaft phasing.

In many cases the actuators are composed of a signal transformer, an actuator
drive, an actuator transformer (gear, spindle) and an actuating device or valve, com-
pare Fig. 7.0.1 and Janocha (2004). Actuators can operate in open loop or closed
loop (e.g. position or flow-control). A survey of basic structures of actuators, differ-
ent types, characteristics and mathematical models is given in Isermann (2005).

Actuators play an important role in modern power trains and vehicles. In the
following sections the fault detection of a selection of electrical and fluidic actuators
is considered.

7.1 Electric actuators

7.1.1 Electromagnetic actuator

Electromagnets are frequently used as actuators in combustion engines, transmis-
sions, brakes, suspensions and in the body. One distinguishes switching magnets

© Springer-Verlag GmbH Germany 2017
R. Isermann, Combustion Engine Diagnosis, ATZIMTZ-
Fachbuch, DOI 10.1007/978-3-662-49467-7_7
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Fig. 7.0.1. Basic structures of actuators: a) open-loop controlled actuator; b) closed-loop con-
trolled actuator.

and proportional magnets. The switching magnets have the task to switch, e.g. a
valve from one end position to the other end position. Therefore, only switching
and reaching of the end positions are of interest. Proportional magnets have to hold
any position between the two end positions. They act usually against a spring, com-
pare Fig. 7.1.1. Because of the required precise positioning they should have a lin-
ear characteristic between the input voltage U and the magnetic force F' and small
electrical and mechanical (frictional) hysteresis. Usually, the proportional actuator is
operating in a closed loop for position control, where the controlled variable is the
measured position of the armature or another output variable like pressure. To de-
sign the force characteristic F'(z) independently of the air gap the magnetic yoke is
frequently designed conically around the operating point of the armature, Isermann
(2005), Kallenbach et al (2008), see Fig. 7.1.1. The nonlinear force-position charac-
teristic of a switching magnet, which has no constant characteristic F'(z), can also
be linearized by a nonlinear compensation as shown in Fig. 7.1.2.

a) Position control

As an example a simple solenoid designed as in Fig. 7.1.1 is considered with the
following data, Raab (1993):
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Fig. 7.1.1. Scheme of low-cost DC solenoid drive.
M

r e U 3 U,

- Gr (V)

U, \
Gpy —Fy (U)

compensation static nonlinear
process

Fy, 4
S Gpy

Fig. 7.1.2. General structure of a series correction (compensation) for nonlinear process static
behavior within a position feedback control.

armature length 125 mm

armature diameter 25 mm

coil length 60 mm

coil resistance R=12241

inductivity L(Z =0)mm=0.87H
L(Z =25)mm=1.18H

voltage U =24V (DC)

spring constant cr = 1620N/m

position sensor inductive, accuracy 0.5%

measurement range: 40 mm
time constant: 2.5 ms

An appropriate function for describing the nonlinear force—current characteristic,
Kallenbach et al (2008), see Fig. 7.1.3, is the polynominal approximation

F(I,Z) _IZ oz with Zy = 26 mm. (7.1.1)
" — 7

The resulting statics of the linearized actuator are shown in Fig. 7.1.4 where a typical
hysteresis characteristic becomes obvious. Its gradient represents the local gain Kp
of the actuator, which can after linearization be assumed constant. The position-
dependent width of the hysteresis characteristic is a measure for frictional forces and
magnetic hysteresis.

In addition to the compensation of the nonlinear force characteristic an adap-
tive friction compensation can be applied, based on the parameter estimation of
the Coulomb-friction coefficient, as shown in Isermann (2005), Isermann and Keller
(1993) and Raab (1993).
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Fig. 7.1.4. Hysteresis characteristic and position-dependent local gain of the linearized (com-
pensated) solenoid drive (1 V £ 2.5 mm).

The linearized system including the compensation of the nonlinear force-position
characteristic can now be described by two equations. For the inner current circuit
holds approximately

T (t) + I(t) = KU (t) (7.1.2)

and for the mechanical subsystem with AZ = z

mZ(t) + dz(t) + cz(t) = Kmagl () — Fosign(2) + Fi(t). (7.1.3)
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The I/O behavior of the actuator can be modeled as a third-order system. The un-
known parameters are obtained during a pre-identification phase, exciting the actu-
ator with a special input signal with sampling time 7y = 2.5 ms. Taking the effect
of Coulomb friction into account, the output error parameter estimation with (7.1.3)
leads to the following direction-dependent (corresponding) transfer functions:

z(s) 3824 0.0025
_ _ 0025 14
G(8) = Ty = (51 116.4) (2 + 4045 £ 3329.4)° (714
G_(S) — Z(S) _ 220.0 —0.0025 s (715)

U(s) (s+47.9)(s2 +47.95 + 3444.5)

The index +/— denotes the direction of the armature motion and the additional dead-
time describes the effect of asynchronous PWM (pulse width modulation) genera-
tion.

Figure 7.1.5 shows the obtained control performance using a numerical opti-
mized discrete-time position controller

Gola™) = AU(k) _ 2231 — 4.204g7% +2.000 g2
4 r(k) (1—¢1)(1-0.616¢"1)

(7.1.6)

of proportional-integral derivative (PID) type with first-order lag, Ty = 2.5 ms where

q ! is a shift operator for one sampling time u(k)q~! = u(k — 1). Although there is

a change in the actuator’s dynamic behavior, the controller designed for the slower
negative motion (worst case) is robust enough for positive motions. The dynamic
features are suitable and stability is obtained even in the positioning range 17 mm <
Z < 25mm, where the behavior is unstable with linear control and uncompensated
actuator characteristic.

b) Fault detection with parameter estimation

The electromagnetic actuator is now considered for the linearized operation range
0 — 25 mm. From the equations for the current circuit (7.1.2) and the mechanical
subsystem (7.1.3) a third-order differential equation follows:

2OV @) + abz(t) + alz(t) + abz(t) = b AU(t) + ¢ (t). (7.1.7)
The parameters of the continuous-time representation
O (t) = [azalagbych) (7.1.8)
depend thereby on the physical process coefficients
p’ = [T, D,wo, Kp, ] (7.1.9)

with, for example, Isermann (2005),

d [c
D=— =4/—. 1.1
2 /7mc7w0 m (7 O)
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Fig. 7.1.5. Closed-loop position control of the solenoid with correction of the nonlinear actua-
tor characteristic, but without friction compensation, 7o = 2.5 ms. U ; after compensation of
the nonlinearity, Fig. 7.1.3.

These process coefficients can be expressed in terms of the parameter estimates ©.
Hence, after estimation of the model parameters ® by measuring the voltage U and
the position Z all process coefficients p can be calculated, Raab (1993).

In the following, some experimental results are shown for artificially generated
actuator faults:

F1:too large spring pretension

F2: decrease of the spring constant (by break or aging, change from ¢ = 1650 to 1200
Nm™1)

F3:increase of friction (increase of surface roughness and jamming)

F4: fault in the current circuit (weak controller gain).

The parameters were estimated by output error minimization using specific ex-
citation signals. Sampling time was 7 = 0.2 ms. Figure 7.1.6 and Table 7.1.1 show
the results for different faults. Based on the deviations (symptoms) all faults can be
identified. This can be performed by a pattern recognition or a systematic treatment
of fault-symptom trees. In all cases different patterns of coefficient changes result.
This enables a unique diagnosis of the four faults based on parameter estimation.

This means that an electromagnetic proportional acting electromagnet can be
diagnosed based on measurements of the PWM voltage U and the position Z. How-
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ever, the sampling time has to be in range of ms and, therefore, relatively small.
Instead of the position another manipulated quantity like a pressure can be used. If
the parameter estimation is reduced to steady-state conditions fault detection can be
based on the static coefficients only, see Table 7.1.1, and the sampling time can then

be larger.
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Fig. 7.1.6. Parameter estimates for an electromagnetic actuator with different faults (positive

motion direction.)

Table 7.1.1. Changes of process coefficients for an electromagnet depending on different faults

static coefficients|dynamic coefficients
Fault type|| Kp+ Co+ wWo4 ‘DJr ‘ T
F1 0 —— 010 0
F2 ++ —— - |+ 0
F3 — + 0 |++ 0
F4 0 0 0|+ ++
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¢) Reconstruction of the armature position of a proportional magnet with
voltage and current measurement

A simplified model of an electro-magnetic solenoid actuator is

U(t) = RI(t) + % (7.1.11)

with dynamic changes of the flux linkage according to
d¥(I,z) o¥(I,z) dl . oV (I,z)dz
d 9l dt 0z dt’
UI(t) Uz(t)

(7.1.12)

Ui(t) is the inducted voltage by the changing current and U, (t) the induced voltage
through the armature motion.
If the armature is not moving, it holds

(1) _dv(1)dl _  dI

- Ay 5l 7.1.13
dt ar dt — dt 7.1.13)
where L, is the differential inductivity.
Now (7.1.12) is represented by
dv (I, z) dl dz
—— =Li(I)—+ L,—. 7.1.14
dt gty (7119

L1 (t) is estimated experimentally for the non-moving armature, and approximated by
a polynomial. L, is modeled as a constant parameter. Then one obtains with (7.1.11)

Ut) = RIG) + (D + 1, %

7.1.15
dt dt ( )

which allows to calculate the armature position after a dynamic voltage change

1 dI(t)

t
freelt) = = /0 (U(t)—RI(t)—LI n >dt+z0‘ (7.1.16)

For more details see Straky et al (1999), Moseler et al (2000). The initial position
zp 1s determined from the initial values of the current and the flux linkage change.
In Straky et al (1999) it is shown that a good agreement between a simulated model
output and the reconstructed position is obtained with sampling time Ty ~ 0.5 ms.
Therefore, a residual

Tz (t) = Zsim (t) - Zrec(t) (7.1.17)

can be used to detect faults like increased friction, blockage or winding faults. The
method requires a dynamic voltage change like a step function and uses only mea-
surement of the voltage and the current, however, with small sampling time.
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7.1.2 Electrical automotive throttle valve actuator

Since about 1990, electrically driven throttle valves became a standard component
for gasoline engines. They control the air mass flow through the intake manifold to
the cylinders. The electrical throttles are manipulated by the accelerator-pedal sen-
sors via an electronic control unit and additional control inputs from idle-speed con-
trol, traction control and cruise control. In many vehicles it is the first drive-by-wire
component, replacing the former mechanical linkage, Streib and Bischof (1996). Be-
cause the electrical throttles are safety-related components, reliability and safety are
of high importance. In the following, a fault-detection and diagnosis method is de-
scribed, developed by Pfeufer (1999).

a) Structure and models of the actuator

Figure 7.1.7 shows a cross-sectional view of the actuator. A permanently excited
DC motor with brush commutation drives the throttle through a two-stage gear in
the opening or closing direction. It operates against the main helic spring. A sec-
ond spring works in the closing region in the opposite direction, in order to open
the throttle in the case of voltage loss into a limp-home position (a mechanical re-
dundancy). The motor is manipulated by a pulse-width-modulated (PWM) armature
voltage Ua(—12 to + 12 V). The measured variables are the armature voltage Uy,
the armature current I5 and the angular throttle position ¢ (0 to 90°). This throttle
position is measured by two redundant wiper-potentiometers operating in two differ-
ent directions. Some technical data are given in Table 7.1.2. The position controller
was a model-based sliding-mode controller or PID controller with time lag and sam-
pling time Ty = 1.5 ms, Pfeufer (1999), Pfeufer et al (1996).

Fig. 7.1.7. Scheme of the electrical throttle.

Theoretical modeling of the throttle valve leads to the following basic equations,
compare (7.1.1), (7.1.2):
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Electrical part,

Ua(t) = RAIA(t) + Pwa(t) + coe (7.1.18)
Ma(t) = WIA(2). (7.1.19)

Mechanical part (related to motor axle),

vJwk = Mei(t) — Mpecn(t) (7.1.20)

1
Mineen(t) = — (es10(t) + Mso + Mr)  (px > #10) (7.1.21)
MF(t) = MFO signwk(t) + Mplwk(t). (7]22)

The signals used are:

Ra armature resistance

4 magnetic flux linkage

v gear ratio (v = 16.42)

J moment of inertia of the motor
Mo Coulomb-friction torque

Mpq viscous-friction torque

cs1 spring constant

Mg spring pretension

Wk = Pk throttle angular speed

WA motor angular speed. wa = Vwy.

Table 7.1.2. Technical data of the electromagnetic throttle actuator (Bosch, DV-E4). Perma-
nently excited DC motor with brushes. 1 pole pair, 12 commutation segments, 2 ball bearings;
12V, 1.4 A, reversion current: 7.5 A; throttle diameter: 70 mm, needle bearings.

Parameter ‘Reference value
armature resistance Ra [12] 1.2

inductance La [pH] 600

magnetic flux linkage ¥ [Nm/A] 0.029

moment of inertia of the motor J [kg m?/rad][0.0000092
spring constant cs1 [Nm/°] 0.002 — 0.0021
spring pretension Mso [Nm] 0.29 +0.03
Coulomb-friction torque Mro [Nm] ca.0.18

gear ratio v [-] 16.42

Compare the general equations for a DC motor in Section 6.1 and Fig. 7.1.8. The
armature inductance can be neglected, because the electrical time constant T, =
La/Ra =~ 1ms is much smaller than the mechanical dynamics. The constant ¢,
takes additive faults into account.

Dependent on the input excitation either the Coulomb friction or the viscous
friction turned out to be dominant. Figure 7.1.9 depicts the principle of the applied
fault detection and diagnosis.
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Fig. 7.1.8. Signal flow diagram of the electromagnetic throttle actuator.
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Fig. 7.1.9. Schematic of the fault-diagnosis system of the electromagnetic throttle actuator. N:
normalization.

b) Input test cycle

In order to achieve optimal diagnostic results, the test cycle is composed of different
phases, where each phase is designed to get a deep insight into a specific subsystem
or technical component of the whole throttle valve actuator, see Fig. 7.1.9.

At the beginning of the test (phases 1...4) the throttle valve actuator is controlled
in an open loop by directly manipulating the armature voltage of the DC motor. In
this first step, an open circuit, a short circuit or a sneak path between the electrical
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lines of the actuator are detected. Furthermore, offset faults in the measured signals
armature voltage Uy, armature current /5 and throttle position ¢k are detected.
After this first stage the diagnosis proceeds in the closed-loop mode (phases 5 and
6). Now the manipulated variable of the diagnostic algorithm is given by the throttle
position setpoint. This stage consists of two phases. In the first one, the whole range
of operation is covered by a triangular setpoint. Herewith the redundantly measured
position signals are checked for plausibility, and an insight into the mechanics of the
actuator is gained by the estimation of some parameters of the mechanical subsystem.
In phase 6, the test object is excited with a high dynamic signal in order to achieve
a large variation of the speed of the DC motor. Then the parameters of the electri-
cal subsystem of the motor are determined by continuous-time parameter-estimation
algorithms. Furthermore, dynamic deviations from the nominal process behavior are
detected with a parity equation using the model obtained from parameter estimation.

process excitation

/ )

(]

in open loop . in closed loop =

> >« > 3 M

= throttle angle setpoint S

é 480 5

E armature voltage : §~

& (manipulated variable) : a

£ - o

= ; : : 2

o 0 - " — 0

=] 1: 2.4 6: 9.4:t1me| g

g | | 1] 3

E | &

A N

OO OO ® O,

Fig. 7.1.10. Test cycle for the automatic fault diagnosis of the throttle valve ( e.g. at service
stations or end of production line).

Fault detection with parameter estimation
¢) Parameter estimation for the dynamic behavior

The parameter estimation is carried out with recursive least-squares estimation in
the form of discrete square-root filtering (DSFI), see e.g. Isermann and Miinchhof
(2011). The basic model equation is

y(t) =T (1) + e(t) (7.1.23)

and the data vector and the parameter estimation for the electrical part are
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y(t) = Ualt) (7.1.24)
P (1) = [Ta(t) vr(t)1] (7.1.25)
07 = (6, 6, O3] (7.1.26)
and for the mechanical part
y(t) = wi(t) (7.1.27)
(1) = [Ia(t) pi(t) wi(t)1] (7.1.28)
07 = [0, 65 O O], (7.1.29)

Because of a fast input excitation the Coulomb-friction term is neglected and only
the viscous-friction parameter My, is estimated under the condition that |wy| >
1.5rad/s.

The relation between the physical process coefficients and the parameter esti-
mates are

61 =Ra; ©2=0; O3 = cpe
| P Mgy Mo (7.1.30)
vJ’ v2J’

g = — -1
v2]J’

7 —
v2J

O, =

5

As the gear ratio v is known, the ratio of inertia follows from

g2
1/94

(7.1.31)

All other process coefficients can be directly determined from the parameter esti-
mates éi.

For the parameter estimation the actuator operates in closed loop and the set-
point is changed with a PRBS between 10 and 70 deg. The derivatives wyx = ¢y and
wx = @k are determined by a state-variable filter with sampling time Tygyr = 2 ms.
The sampling time for the parameter estimation is 7 = 6 ms. The resulting param-
eter estimates converge fast and the largest equation error is < 5% or < 3.5deg
for the electrical part and < 7...12% for the mechanical part, Pfeufer (1999). Ta-
ble 7.1.3 shows the deviations of the seven parameter estimates after introducing 14
different faults in several throttle actuators of the same type based on measurements
of Ua, Ia,wy and @y. All faults lead to different patterns, except F11 and F1, F2,
which are not isolable.

Parameter estimation for the static behavior

In order to obtain more precise information on the mechanical part and especially
the friction phenomena only the static behavior is considered for slow continuous
input change according to a triangular upward and downward motion (phase 5 in
Fig. 7.1.10). Setting wi = 0 and neglecting the viscous friction (7.1.18) to (7.1.22)
leads with t = kT to



7.1 Electric actuators 239

Table 7.1.3. Process parameter deviations for different actuator faults: 0: no significant
change; +: increase; —: decrease.

Features
parameter estimates

Faults Ra [ ¥ [ coe| J [es1 [Mri|Mso
F1 |increase spring pretension 0 0 0 0 0 0 +
F2 |decrease spring pretension 0 0 0 0 0 0 —
F3 |commutator shortcut — 0 + + + 0
F4 |armature winding shortcut 0 — 0 + + + 0
F5 |armature winding break + — 0 0 + |+ | +
F6 |additional serial resistance + 0 0 0 0 0 0
F7 |additional parallel resistance|| — — 0 0 + | + 0
F8 |increased gear friction 0 0 0 + |+ | + 0
F9 |offset fault Ua 0 0 |+/—] O 0 0 0
F10 |offset fault Ia 0 0 [-/+] O 0 0 |+/—
F11|offset fault o ol oo ] 0| 0] 0 |—/+
F12 |scale fault Ua +/—=+/ /== |+ =+ |/
F13|scale fault I —/+| 0 0 [(+/—|+/—|+/—|+/—
F14 scale fault ¢ 0 |=/+| 0 |=/+|=/+|-/+|-/+

Ia(t L k) + M, M si k
Alt) = 7 (cs1px (k) + Mgo + Mo signwy (k)) (7.1.32)
= 9" (k)®.

Because of the direction-dependent Coulomb friction for the opening and closing
two estimations are made:

T (k) = ol (k) 1]

@y (k) = [0 (k) 1]

A4 - ~ A
© (k)=1[01 6] © (k)=[03 64

cs1 o  Mso+Mpo  cs1 5 Mso— Mpo

v = 14 s = v O = v ’

(7.1.33)

The magnetic flux linkage ¥ is known from (7.1.30). The physical process parame-
ters then result as

O, +6
coy = pp L8
2
Mgy = 92101
2
Oy — O
MFO = VW%

(7.1.34)

The parameter estimation is performed with recursive DSFI and Ty = 6 ms for each
and ¢y. Figure 7.1.11 shows the results for

motion based on measurements of [
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a fault-free case. The spring pretension Mg, leads to a positive offset of the linear
spring characteristic and the dry friction shifts the friction characteristic by M;O and
Mz, such that a hysteresis characteristic results. A comparison with the electrical
torque M/, = vWI, related to the throttle axle indicates a good agreement with the
estimated hysteresis characteristic. Changes of the spring constant cause a change
of the slope cg1 and changes of the friction or the pretension lead to shifts of the
characteristics. (The oscillations of the calculated electrical torque are due to the
closed-loop behavior in connection with adhesive friction or stick—slip effects, which
are not modeled. The range around the point of returns, where adhesion works, is
omitted in the parameter estimation for simplifying reasons).

-

operating range (10..75 [deg])

o o
® ©

torque [Nm]

estimated |
lines

e o o
o o N

torque |

‘ ‘ ‘ Mo =v¥I,

0 20 40 60 80 100
throttle angle [deg]

Fig. 7.1.11. Estimated static behavior of the throttle actuator (fault-free case).

¢) Fault detection with parity equations

The application of several parity equations with structured residuals according to
Sect. 6.1.2 was not successful because the residuals have shown too much variance
due to the difficulties in modeling the dynamic behavior of the mechanical system.
This was especially due to the various kinds of dry and viscous friction and stick—slip
effects of the motor brushes, the two-stage gear and pretensioned spring. Therefore
only one parity equation is used for the electrical part. (7.1.18) leads to the voltage
residual

T(t) = UA(t) — Rala(t) — Wywk(t). (7.1.35)

The residual is calculated in continuous time and wy (t) = ¢ (t) is determined by a
state-variable filter (SVF). Because the SVF has to be applied to all measurements,
all signals are low-pass filtered with an SVF with equal parameters. Simulations
indicate that the residual shows a short burst for a sudden position sensor offset
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and an increase of the variance after changing the resistance o or the gain of the
position sensor, after about 200 ms, Pfeufer (1999).

However, the parameters R and ¥ change with temperature. The ranges are
for —40 to + 120°C, Rpn = 1.0...1.8142 (rated value 1.3 2) and ¥ =
0.0314...0.0224 Vs (rated value 0.028 Vs). This means that these parameters
should be taken from parameter estimation. An alternative is to apply adaptive par-
ity equations, e.g. described in Hofling (1996), Isermann (2006) and Pfeufer (1999).
The armature resistance changes follow from

Afy — Z]\ffio %jIA(k —bi)r(k - z)
Dlimo Ma(k —i)Ia(k — )

(7.1.36)

where A < 1 is a forgetting factor. Ry is updated after a threshold ARy, is ex-
ceeded. As there exists a linear relationship between ¥ (1)) and R (¢) under the
influence of the temperature ¥, ¥ (R4 ) can be stored in a look-up table.

The theoretical and experimental investigations have shown that a detailed fault
detection is especially possible with parameter-estimation methods. The parameter
estimation of the static behavior gives best results for the mechanical part. Parameter
estimation for the dynamic behavior allows one to detect faults in the mechanical
part as well as the electrical part. Parity equations were only successful for the elec-
trical part in combination with parameter estimation. The application of the parity
equation for online real-time detection of position sensor faults and reconfiguration
of the position control is described in Pfeufer (1999). Table 7.1.4 summarizes the
conditions and applicability for the application of the fault-detection methods.

Table 7.1.4. Conditions and applicability for the application of fault-detection methods of the
throttle actuator.

Data Parameter estimation Parity Application
evaluation || dynamic static equation
online dynamic |not suitable|with parameter| onboard
real-time ||excitation estimation
offline dynamic | rampwise |with parameter| quality
excitation | test signals | estimation control
d) Fault diagnosis

The experiments with the test cycle allows one to generate 30 different symptoms
mainly by parameter estimation. In order to perform a fault diagnosis the observed
symptoms can either be compared with a fault-symptom table, Table 7.1.3, or sys-
tematically evaluated with a fuzzy-logic diagnosis system, as described in Isermann
(2006). The basis consists of fuzzy IF-THEN rules like

IF {81 iS All AND S9 iS A21} THEN {f iS Fl} .
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Some examples are given in Fig. 7.1.12. The membership functions of the attributes
(symptoms) have simple shapes like triangles, trapezoids or ramps. Fuzzy-logic op-
erators for the premise are min/max compositions. As it is sufficient to have one rule
for each fault and to represent the faults as singletons f; € 0... 1, the degree of the
fulfillment of the premise gives directly the degree of the conclusion, such that more
complicated evaluations of aggregation and defuzzification are avoided. The diagno-
sis system was tested with different actuators and allowed to diagnose 38 different
implemented faults (by measurement of only three signals).

In addition a learning neuro-fuzzy system SARAH (system for adaptive rule ac-
quisition with Hebbian learning), Ayoubi (1996), was applied with a classification
rate close to 100% for 22 rules.

A test equipment based on a PC and DSP signal processing cards is described in
Pfeufer (1999) and Isermann (2011).

serial armature parallel armature coil break in reduced motor

resistance resistance armature torque
Fq Fs Faq Fas

[ A ] A | ~ ] [ A

Ra w Ua Ra Ur Ra v Ua v
increased normal normal decreased normal increased decreased normal decreased normal

Af

Fig. 7.1.12. Extract of fault-symptom relations with membership functions for the symptoms.

e) Conclusions

The developed fault-detection and diagnosis methods for the throttle actuator can be
applied as follows:

e quality control during manufacturing (e.g. end-of-line test) with special test cy-
cles or for problematic returned actuators (offline data processing)

e function test and troubleshooting in service stations with built-in actuator (offline
data processing)
onboard fault detection during normal operation (online)
onboard fault detection and control reconfiguration with redundant position sen-
sors (fault tolerance).

For a comprehensive fault detection and diagnosis of the electrical and mechanical
part mainly symptom generation with parameter estimation is suitable. Parity equa-
tions could only be applied for the electrical part.
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The described methods for the example of an electrical throttle can be also used
for other DC motor driven actuators which act on a mechanical part.

7.1.3 Brushless DC motor
a) Structure and models

Brushless DC motors with permanent magnetic excitation are increasingly applied
for actuators in automobiles. The following example shows the results of a case study
for an actuator system in the fuselage of passenger aircraft, where the air pressure
control is realized with DC motor driven outflow valves. The outflow valve is made
fault tolerant by two brushless DC motors which operate over the gear to a lever
mechanism moving the flap, Figure 7.1.13.

The two DC motors form a duplex system with dynamic redundancy and cold
standby. Therefore, a fault detection for both DC motors is required to switch from
the possibly faulty one to the standby motor.

In the following, it is shown how the fault detection of a brushless DC motor can
be realized by combining parameter estimation and parity equations with implemen-
tation on a low-cost microcontroller, Moseler (2001), Moseler et al (1999), Moseler
and Isermann (2000), Moseler and Miiller (2000). The brushless DC motor in com-
bination with a gear and a moved mechanical part is another frequently used actuator
principle for automobiles, e.g. for EGR or VGT actuators.

gearbox
gearbox
outlet position brushless micro-
shaft sensor DC motor I controller I

BUS II

BUS I

brushless micro-
DC motor | controller [

qp

i) [

lever actuating
the outflow valve

classical
DC motor

Fig. 7.1.13. Redundant DC motor drive system for the outflow valve.

Figure 7.1.14 depicts the structure of the electronic commuted DC motor. The
stator possesses three coils which are Y-connected and driven by a PWM (pulse-
width modulation) inverter. The rotor has four permanent magnets. The position of
the rotor magnets is measured by three Hall sensors mounted on the stator. These
determine the switching sequence of six MOSFET transistors of the PWM inverter.
This switching scheme is implemented in a separated programmable logic array. The
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PWM inverter obtains a fixed voltage Up and the resulting current Iy from the DC
power supply and generates square wave voltages through the commutation logic via
the six transistors to the three coils (phases).

The advantage of the electronic commutation is that no brushes exist, which are
subject to wear and are a source of electromagnetic disturbances. Therefore, the relia-
bility is relatively high. Possible faults in the brushless DC motor may originate from
hall sensors, commutation circuits and transistors (overheating), stator coil windings,
mechanical defects of bearings and magnets (eccentricity, striping), and electromag-
netic disturbances. Usually, only measured signals for the supply voltage Ug, the
input current /g of the six-phase full bridge circuit and the angular rotor speed w are
available.

electronic
commutation circuit

YV | | 28 V

=
=]
S
—
&
—

N Y ¥— .

o

PWM inverter

hall sensor 3
hall sensor 2
hall sensor 1

L

position detection stator

Fig. 7.1.14. Scheme of the brushless electronic commutated DC motor with PWM inverter
(B6-bridge circuit).

A detailed model of the brushless DC motor for all three phases is given in Is-
ermann (2005) and Moseler et al (1999). It could be shown that for the case of fault
detection averaged values (by low-pass filter) of the voltage Up(t) = U(t) and the
current Ig(t) = I(t) to the stator coils can be assumed. This leads to the voltage
equation of the electrical subsystem, compare Fig. 7.1.8

U(t) — kgw:(t) = RI(t) (7.1.37)
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with R the overall resistance and kp the magnetic flux linkage. The generated rotor
torque is proportional to the effective magnetic flux linkage k1 < kg.

M., (t) = krI(t). (7.1.38)
(In ideal cases kg = kt.) The mechanical part is then described by
Jewr (t) = krI(t) — Me(t) — My(t) (7.1.39)
with the ratio of inertia J;, the Coulomb friction torque
M;(t) = cf signw, (t) (7.1.40)

and the load torque M7, (t). The gear ratio v of the gear between the DC motor and
the lever of the outflow valve, see Figure 7.1.13, relates the motor shaft position ¢,
to the flap position ¢

g = o[V (7.1.41)
with v = 2500. The load torque of the flap is a function of the position (g
M, = csf(pg) (7.1.42)

and is approximately known around the steady-state operation point. (For the exper-
iments the flap was replaced by a lever with a spring.) The resulting signal flow is
similar to a DC motor, as shown in Fig. 7.1.8.

b) Fault detection with parameter estimation

For fault detection the following measurements are available: U(t), I(¢), w(¢),
g (t). Using the notation

y(t) =97 ()6 (7.1.43)
two equations were used for parameter estimation:

e electrical subsystem,
y(t) =U@), 9" (t) = [I(t) we(t)]; 6" = [Rkg] (7.1.44)
e mechanical subsystem,

g(t) kff (t) —csf (s;g(t) Jror (t)) (7.145)

P (t) = [signwy(t)]; 87 = [cf] (J; known).
Hence, three parameters R, /AfE and ¢¢ are estimated. Various parameter estimation
methods were applied like: RLS (recursive least squares), DSFI (discrete square-root
filtering), FSDFI (fast DSFI), NLMS (normalized least mean squares) and compared
with regard to computational effort in floating-point and integer word realization and
estimation performance. The floating-point implementation is standard for, e.g. 16-
bit signal processors and in this case RLS, DSFI or FDFSI can be used. However,
integer word implementation is (still) required if reliable and certified low-cost mi-
crocontrollers like the 16-bit Siemens C 167 have to be used. Then, only NLMS is
feasible, Moseler (2001).
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c¢) Fault detection with parity equations

The parity equations are obtained from the basic two equations (7.1.37) and (7.1.39)
by assuming known parameters (obtained from parameter estimation)

r1(t) = U(t) — RI(t) — kgw,(t) (7.1.46)
ro(t) = krI(t) — rwr( ) — cesignwy(t) — s fpg) (7.1.47)
r3(t) =U(t) — ( Jewr(t) + ¢ f (g) + crsignw, (t) + kgwr(t)) (7.1.48)
ra(t) = pg(t) — %(t)/ 2 (7.1.49)

Each of the residuals is decoupled from one measured signal. r; is independent from
g, 2 from U, r3 from I, r4 from all but .. (¢, is assumed to be correct. It can di-
rectly be supervised by a logic evaluation within the motor electronics.) Figure 7.1.15
shows measured signals, parameter estimates and residuals for five different imple-
mented faults.

The actuator was operating in closed loop with slow triangle changes of the refer-
ence variable (setpoint). The fault-detection methods, including state-variable filters
(SVF) were implemented on a digital signal processor TI TMS 320 C40 with sig-
nal sampling period 7y = 1 ms. The results for fault detection are summarized in
Table 7.1.5. The sign and size of changes for the parameter estimates with FDSFI
clearly allow one to identify the parametric faults and for the parity residuals the re-
spective additive (offset) sensor faults. But there are also cross-couplings: for para-
metric faults some residuals show changes and for sensor-additive faults some pa-
rameter estimates change (except for ), which can all be interpreted by the equa-
tions used. According to Gertler (1998) the symptom pattern is weakly isolating as a
parametric fault of R and an additive faultin U differ only in one symptom. However,
all faults can be isolated. Including the standard deviation of the symptoms isolability
can be improved, Moseler (2001). By processing eight symptoms with a rule-based
fuzzy-logic diagnosis system, finally 10 different faults could be diagnosed, Moseler
(2001), Moseler and Vogt (2000).

Table 7.1.5. Parameter deviations and parity equation residuals for different actuator faults (0

no significant change; + increase; ++- large increase; — decrease; —— large decrease).

Parameter | Residual parity
estimates equations

Faults R ‘k‘E‘ ¢ | T ‘ T2 ‘ T3 ‘T4

increasing R|| + |0 | O | + [ O | + |0

increasing ce|| O | O |[++| O |——|++]|0

offset U +|+] 0 |++| 0 |++]0

offset g 0j0jo|0j0O|O0]O

offset Iy, ++|—|——|++|++| 0 |0
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armature Coulomb voltage shaft current
resistance R friction ¢ U supply position ¢ I
increased increased offset offset offset
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Fig. 7.1.15. Resulting symptoms from parameter estimation and parity equations by measuring
U(t), 1(t), w(t), pg(t) and @x ().
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Because the position sensors of the rotor ¢, and the shaft ¢, yield redundant
information, sensor fault detection for ¢, was used to reconfigure the closed loop
after failure of ¢, by using ¢, as the control variable, Moseler (2001). The described
combined fault-detection methodology needs about 8 ms calculation time on a 16-bit
microcontroller. Therefore, online implementation in a smart actuator is possible by
only measuring four easy accessible variables U, I and w, and ¢g.

d) Conclusions

The fault-diagnosis approach of this actuator has shown that the brushless DC motor
can be modeled as for DC motors with brushes. Parameter estimation is primarily
suitable to detect parametric faults, and parity equations to detect additive faults.
If the input signal U stays approximately constant, only parity equations should be
applied, which then may indicate faults. Then for isolating or diagnosing the faults a
test signal on U can be applied for short time to gain deeper information. Hence, by
applying both parameter estimation and parity equations a good fault coverage can
be obtained.

7.2 Pneumatic actuators

Pneumatic actuators attached to combustion engines are mainly applied for charge
motion flaps, EGR valves, wastegate and VGT turbochargers. Their advantage is
the robustness, especially for high temperatures and relatively low weight and cost.
In passenger cars they usually operate with vacuum pressure < 1 bar, either taken
from the intake manifold for gasoline engines or from rotary pumps for diesel en-
gines. This vacuum supply pressure is anyhow available if pneumatic brake boosters
are installed. Pneumatic actuators for truck engines allow to operate with higher air
pressure of e.g. 8 bar which is available from the pneumatic brake system. It enables
considerable larger actuation forces.

7.2.1 Design of pneumatic actuators

The general set-up and mathematical model of pneumatic actuators are described
e.g. in Goedecke (1989), Raab (1993), Tang and Walker (1995), Backé and Klein
(2004), Janocha (2004), Isermann (2005), Schwarte (2007) and with application to
fault detection in Isermann (2011). Figure 7.2.1 depicts a schematic of typical pneu-
matic actuators, either with a double-rod cylinder or a diaphragm drive with spring
return.

The supply pressure pg can either be a vacuum pg ~= 0.2...0.8 bar from the intake
manifold or generated by a vacuum pump (passenger cars) or ps ~ 2...8 bar delivered
by an air compressor (trucks).

The electro-pneumatic servo valves are either proportional-acting valves or switch-
ing valves. Proportional-acting servo valves allow a continuous manipulation of the
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Fig. 7.2.1. Schematic of a pneumatic actuator for linear motion with power supply 1: Elec-
trical motor 2: air pump or compressor 3: pressure relief valve (if required) 4: air filter with
water trap (if required) 5: air storage (accumulator) 6: 4/3 proportional valve with electrical
solenoid actuation and spring return 7: double-rod cylinder 8: diaphragm drive with spring
return.

airflow. They are manipulated electrically, e.g. by one or two solenoids as shown in
Fig. 7.2.1. Switching servo valves are electromagnetic devices which operate with
pulse-width modulation (PWM) at high frequencies in order to generate a certain
position through their low-pass behavior and therefore also a quasi-continuous ma-
nipulation. Hence, these servo valves function as electro-pneumatic transmitters. The
valve stem of the pneumatic actuator acts either directly or over a lever design on an
air flap, vane manipulation mechanism of a VGT turbocharger, by-pass valve of a
wastegate turbocharger or EGR valve.

Prneumatic valves have in principle a design as shown in Fig. 7.2.2. The pneu-
matic subsystem comprises a chamber sealed by a diaphragm that is acting on the
valve stem. For the case of flow valves a body (plug) is mounted at the tip of the
valve stem which in conjunction with its counterpart, the valve seat, controls the
flow. Depending on the precision accuracy and the kind of fluid, different geometries
are used. The stem passes through a gland (e.g., stuffing box) in order to seal the
system.

Figure 7.2.2 depicts a signal flow for a cascaded control system with a minor
and a main controller of a pneumatic actuator. If the position z, of the pneumatic
actuator is measured an usually proportional acting position controller G is used,
which provides a voltage U; for the servovalve. This servovalve then generates a
chamber pressure p,; for the actuator. Depending on the use of a vacuum pump or
an air compressor the supply pressure pg is then ps < pag Or ps > Py Where pag
is the atmospheric pressure. The other chamber of the diaphragm (or piston) can
then be open to the atmosphere. The (minor) position controller obtains its reference
value from the main controller Gc2 which controls the intended main variable, e.g.
an (EGR) flow Vora (charging) pressure p.

The measurement and control of the position z of the pneumatic actuator is ad-
vantageous for the control performance, because the position controller compensates
hysteresis effects through friction and changing external forces on the valve stem.
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In this case, according to Fig. 7.2.2, following variables can be used for control and
diagnosis: Ws, V or p, and z. If z, cannot be measured electronically only W, V or
p can be used.

v
U

Z,

W, W,

1: a,ref 1 pal
— G, —> Gy > [> LA,!.W_
3 2 1 Z, >
O

3 V,p
Fig. 7.2.2. Pneumatic flow valve with position and flow or pressure controller. p;: diaphragm

chamber pressure, ps: supply air pressure; z, stem position, p fluid pressure, V flow rate, 1:
servo valve, 2: position controller, 3: flow rate or pressure controller.

7.2.2 Models of pneumatic actuators

A 3/3 way air flow servo valve and the diaphragm chamber of a pneumatic actuator
are presented in a simplified scheme in Fig. 7.2.3. If the servo valve opens to a
vacuum pressure, supply air flows out of the chamber with mass flow 72; (bleeding)
and the chamber pressure p,; lowers such that the difference pressure (paz — pa1)
with p,2 > p,1 moves the diaphragm and the actuator stem upward against a spring.
Paz 1S €.g. the atmospheric pressure p,o = p, and p,1 = p; is the pressure after valve.
The spring has such a pretension that the diaphragm only moves for p,; < Pa1o
(e.g. pa1o = 0.7 bar) such that the actuator does not open in case of external forces
acting on the actuator stem. If the servo valve opens a channel to the atmosphere,
p1 increases and the spring force moves the stem downwards. The voltage of the
electromagnet is pulse-width-modulated with high frequency, such that the resulting
pressure p; is a function of the average effective voltage U;. Figure 7.2.4 depicts a
resulting characteristic z,(pa1) where the full range of the position is manipulated
for vacuum pressures 0.4 < p,; < 0.7 bar.

The basic mathematical models of pneumatic actuator components are derived in
the following according to, e.g. in Raab (1993), Isermann (2005), Schwarte (2007).
The mass flow through the servo valve can be described by the flow through an orifice

2
= AV 7.2.1
D1 BT, ( )

with the outflow function

2 K1
v K l(f’2> " (1’2) " ] (7.2.2)
k—1[\p1 D1
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Fig. 7.2.3. Schematic of a pneumatic actuator with a diaphragm operating with vacuum supply
pressure.
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Fig. 7.2.4. Position characteristic (idealized) of a pneumatic actuator with vacuum pressure
supply, Schwarte (2007).
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(k = ¢p/cy, = 1.4 for air)

Here, it is assumed that p; > po, i.e. the air flows out of the actuator chamber.
The outflow function has a maximum for (p2/p1)erit = 0.53 with Wy, = 0.484.
For constant p; and decreasing po, ¥ increases until ¥, ., and holds this value also
for smaller p» because of reaching the sound velocity, Isermann (2005). Therefore
for overcritical py/p; < 0.53 the mass flow 721 only depends on p; and 77 with
¥ = (0.484 = const. An approximation of the mass flow is obtained with

. A,cpr % <b .
mi1 = 2 s
C A1 (B) b<m <

With this equation, pneumatic resistances can be described, where the parameters ¢
and b are determined experimentally, Minxue et al (1986).

Figure 7.2.5 shows the corresponding flow characteristics of a pneumatic valve.
The cross sectional area A,,(U,,) depends on the opening characteristic of the servo
valve.

Acp,

\
1
)
\

b2
0.5 i p2=/p1

Fig. 7.2.5. Flow characteristic for a pneumatic valve.

The actuator chamber is assumed as a gas storage without flow resistances, such
that the chamber pressure is p,1(t) = p1(t). The surface of the diaphragm (respec-
tively piston in a cylinder) be A4 and its travel way zq. Then a mass balance of this
pneumatic part gives

ma(t) = % (Va1 (£)pa1 (£)) = Va1 () pa1 (£) + Var () par (£)

= Agpar(t)za(t) + (Vaio — Aaza(t)) par(t)

where V10 is the filled chamber volume (p,; = pat). Inserting the gas equation
Pa1 = Pa1/RT, yields with isothermal change of state i.e. T,; = const.

(7.2.4)

(Valo — AdZd(t))pal (t) + AqZq (t)pal (t) =RTx ml(t). (7.2.5)

Hence, the parameters of this first order differential equation are time variant and
depend on the position of the diaphragm. (7.2.1) and (7.2.2) lead to a first part of the
signal flow graph in Fig. 7.2.6 and (7.2.5) to a second part.
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The mechanical part of the actuator, consisting on the diaphragm, the actuator
stem and further mechanical linkage is governed by the balance of forces:

maga(t) + daéa(t) + Csza(t) + fcsign Zd(t) = Agpa1 (t) — Fext (Z) (7.2.6)

where m, is the mass of the stem and connected parts, ¢4 the spring constant, d, and
fe the coefficients of the viscous and dry friction of the stuffing box and guidance,
Foxt the external force through e.g. a flowing fluid and z, = z4.

The equation of the motion is strongly nonlinear because of the usually consid-
erable influence of the dry friction.

The stationary behavior with d/dt = 0 yields the position characteristic of the

actuators 1
Za = Z (Adpal - fc Sign éa - cht(za)) . (727)

S
Neglecting external forces the position z, is linearly dependent on the chamber
pressure p,i1, but with a direction-dependent dry-friction term, which results in a
hysteresis curve. It can be approximated by

2z =29 — Cippa1 + foe— = 200— — C1ppar for 2z, <0

. (7.2.8)
2 =20 — C1ppa1 — fer = 200+ — C1ppa1r  for 2z, >0,

see Deibert (1997).

In the case of relatively slow motions and small masses m, = 0 can be assumed.
(7.2.6) adds the last part to the signal flow graph in Fig. 7.2.6. The signal flow shows
in general proportional behavior and several nonlinearities and feedback paths. The
main dynamic delay results from the storage volume of the actuator. As well the
stationary as the dynamic behavior vary considerably with the supply pressure ps
and the position z,.

Figure 7.2.7 shows measured step responses of a diaphragm actuator. They show
in the case of upward motion a time delay of 75, = 4...8 ms which results from
the servo valve, and approximately first order delay with time constants of about
T, ~ 0.3...0.5 s for small difference pressures of ps — pay = 150 and 200 mbar.
For larger difference pressure than 250 mbar the mechanical restrictions are reached
with approximately integral behavior. The proportional behavior arises because for
small pressure differences the actuator chamber pressure p,; reaches relatively early
the steady- state air flow ry = 0 as ¥(ps/pa1) — 0. The downward motion is
strongly determined by the spring force and therefore less dependent on the pressure
difference.

The strong dependency on the vacuum supply pressure pg, which varies continu-
ously if the intake manifold pressure for gasoline engines is used, is disadvantageous
for the actuator control. The situation improves considerably if the supply pressure is
kept constant as it is possible with controlled vacuum pumps used for diesel engines.

The physically derived process model summarized in the signal flow graph of
Fig. 7.2.6 indicates that the model is rather complicated and depends on parameters
which are not exactly known. Therefore, Fig. 7.2.8 shows a much simpler model
which represents the main effects.
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Fig. 7.2.7. Measured step responses of a pneumatic actuator for different supply vacuum pres-
sures and motion directions, Raab (1993). Maximum travel way: 20 mm, Aq4 = 27 cm?,
Va1 = 83 cm?®, ¢ = 2000 N/m, pretension spring force: Fso = 30 N.
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Fig. 7.2.8. Simplified signal flow for a pneumatic actuator with vacuum supply pressure and
resulting direction dependent behavior.

The servo valve is modeled with a deadtime, the actuator chamber with a propor-
tional first order delay and the mechanics by a hysteresis function. Two paths take
into account the different behavior for the two motion directions. A corresponding
differential equation for each path becomes

Tiaza(t) + za(t) = K1aUi(t — Tisy) — fra sign Za(t) (7.2.9)
with f1, = f./cs and operation point dependent gain and time constant
Kia = fx(ps; 2a); Tia = fr(ps; 2a).
A corresponding transfer function without the friction term is

_ Za(S) _ Kla —Tiso S
Ga(s) = 0 0+ T1a8)e ) (7.2.10)
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Models and model-based control of a pneumatic actuator with an overpressure sup-
ply of p; = 8 bar for a VGT turbocharger of truck engines is treated in Schaffnit
(2002). It is shown that an adaptive compensation of the dry friction improves the
control performance considerably. Measured variables are the chamber pressure p,;,
charging pressure payvcT and servo-valve voltage U;.

7.2.3 Fault detection of pneumatic actuators

Faults of pneumatic actuators may arise in the air supply, air supply line, diaphragm
or piston, valve stem sealing and plug-seat combinations. Table 7.2.1 lists some pos-
sible faults. The possibilities for the fault detection of pneumatic actuators depends
highly on the available measurements. If no position controller is attached, the only
electrical signals may come from a superimposed electronic controller, like a flow (or
pressure) controller in the form of the flow rate V and its reference value W5, com-
pare Fig. 7.2.2. If an additional electrical signal is added, like the chamber pressure
Da1, the fault coverage improves. The situation improves further if the position con-
troller is electronic because then the manipulated variable U; and the valve position
z are available, see Table 7.2.1.

Table 7.2.1. Fault detection coverage for pneumatic actuators in closed loop, dependent on
instrumentation. x: yes, especially for large faults. —: no.

‘ available measurements
Wi,Ui, za, Wo, V. |U1, Wa,V
valve part faults L1y #ay 772 L2
symptoms symptoms |
Kia|Tha | f1a|72]e1]|le2]|le2]| Uttim
coil
Fy .. X | —|—|—| x| x|X —
Servo windings
valve ..
F5  friction X X [xX| X | x| x X
suppl
. | F3 PPy X | —|—|x| x| x|X X
pneumatic pressure
art line
p Fy X | x| —1|x| x| x| x X
leakage
stem
. Fs . — | = x|x| x| X |X —
mechanical friction
art valve cross
p Fg . — === = x| X X
section area
osition
P X |—|—|x|—|—]—] x
sensor
process flow or
flow Fg  pressure - = ]—=|-1—-1—=|—-1 x
sensor

Based on measurements of U; and z, the parameters K., T1, and f1, can be
estimated during transients. Also an output residual can be determined with the parity
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equation
75(t) = Thaza(t) + 2a(t) — K12U1(t — Tiso) + f1asign 2, (¢). (7.2.11)

Deviations of their values from normal allow to detect the faults given in Table 7.2.1.
Closed loop position control allows to monitor the control deviation

e1(t) = Wi(t) — za(t) = zaret(t) — 2a(t) (7.2.12)
and closed loop flow (or pressure) control
ea(t) = Wa(t) — V(t). (7.2.13)

Remaining control deviations give hints for faults in the closed loop like too high
friction or backlash or detuned controllers. A further improvement for the detectabil-
ity of actuator faults is reached if the actuator pressure p1, is available. Then e.g. the
static characteristic z,(p1.) can be determined.

If no position control is provided and also the position z, is not measured but the
main control variable V/, its reference value W, and the voltage U; of the servo valve
the methods for closed loop supervision, treated in Isermann (2006) can be applied.
Except the control deviation es(t), a permanently sticking to the limit U; = Ui
(saturation) of the manipulated variable, detection of oscillations and measures of
control performance can be observed. However the diagnosis of specific component
faults is then hardly possible. Closed loops cover usually small faults, like leakages,
friction and sensor offsets. Therefore mostly large faults are indicated by measures
for the closed loop behavior, see Table 7.2.1.

A fault-detection method for pneumatic actuators based on changes of the dy-
namic behavior without detailed modeling is proposed by Schwarte (2007). Features
in form of areas under the curve of the output variables after rectangular test signal
excitations allows to detect small leakages. Additional methods with parity equations
and parameter estimation for industrial pneumatic valves are described in Deibert
(1997), Fiissel (2002), Isermann (2011), Rahman et al (2016).

7.3 Hydraulic actuators

Hydraulic actuators are applied if high manipulation forces or torques combined with
a large power density are required. For passenger cars this holds at the chassis mainly
for hydraulic power steering and active suspensions and at the combustion engine for
camshaft positioning. In the case of trucks especially the various working machines
and tools operate with hydraulics.

7.3.1 Camshaft phasing

The main usage for hydraulic actuators at the combustion engine is the camshaft
positioning relatively to the crankshaft with a positioning range of 40 to 60° CS
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(corresponds to 20 to 30° CAM of the camshaft). An electro-hydraulic servovalve
manipulates the oil flow to and from the camshaft actuator. This actuator has e.g.
a rotary design with a sliding vane wheel or an axial piston / cylinder design with
a helical teethgear, see e.g. Heisler (1995), Hannibal et al (2002), van Basshuysen
and Schifer (2007), Kopp (2006), Meinig and Bohner (2013). Thus, the hydraulic
camshaft actuation can be sketched as depicted in Fig. 7.3.1. The housing of the
camshaft actuator with its chain or belt driven pulley, the stator, is connected with
two oil channels to the servo control valve. The rotor is attached to the camshaft and
turns via sliding vanes relatively to the pulley depending on the pressure difference in
two oil chambers. The servo-control valve is connected with the engine oil circuit and
actuated with PWM voltage from the ECU. Therefore it operates like a proportional
valve. The spool of the servo-valve operates against a spring which holds it without
electrical actuation in a basis position. Then the full oil pressure moves the vanes of
the rotor to one restriction, such that in the case of the inlet camshaft a late valve
timing is obtained. Without oil pressure the actuator is mechanically locked, leading
to a mechanical stiff connection. The camshaft phasing control loop consists of the
angle sensor, the servo-valve and the camshaft actuator, as shown in Fig. 7.3.1. The
camshaft phase Ay, is usually determined from the difference of angular position
sensor signals of the camshaft and crankshaft, Hannibal et al (2002).

7.3.2 Models of a hydraulic camshaft phasing system

As an example the camshaft phasing system with a sliding vane actuator of Fig. 7.3.1
is considered. The derived models lean on Miinchhof (2006) and Isermann (2005).
The magnetic force Fi, of an electromagnet depending on the applied current I, is
generally a nonlinear function Fy,(z,) depending on the design of the armature and
its counter part, where z, is the spool valve position. However, it can be assumed that
its characteristic can be approximated at least piecewise by a linear relation, compare
(7.1.3) and Fig. 7.1.3,

F = c,(20) 1 (7.3.1)

The spool operates against a spring with force
Fy = cs2y- (7.3.2)

Neglecting dynamics and the magnetic hysteresis, it holds F},, = Fy and the position
of the spool follows to

2o = 20 = Iyl (7.3.3)

S

for an applied current and with U, = RI,

Cz

cs R

Ua = kuU, (7.3.4)

Zy =

for an applied voltage. Usually this voltage is manipulated by pulse width modulation
(PWM) and changing the duty cycle.
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tt

9 A(pcamd

Fig. 7.3.1. Scheme of a hydraulic camshaft phasing system. 1 oil pump, 2 nonreturn valve,
3 pressure-relief valve, 4 4/3-servo control valve with connections to oil supply P, oil sump
T, chamber A and B, 5 accumulator (optional), 6 pulley (stator), chain or belt driven, 7 rotor
attached to camshaft, 8 phase sensor, 9 camshaft phase controller (ECU), 10 amplifier, driver.

The spool has overlapped valves. Therefore, the two ways to the actuator cham-
bers A and B are closed in the center position where

A(Pcam = Pcam — Pcam,0; (735)

such that the position of the phasing actuator is freezed and the enclosed fluid has
the same pressure py = pp on both sides. After the spool passes the valve lapping
with 2z, > 2,0 e.g. the orifice opens to the supply pressure with ps = 1...5 bar and
the other orifice B opens to the oil sump with p, ~ 1 bar. The volume flows through
the valve orifices can with 2], = z,, — 2,0 be described by

2
Con A, (2) \[p V[ Jsign (Ap,) (7.3.6)

with ap a contraction number, A,, the effective opening area and the pressure differ-
ence

GO

Apua = ps —pa and Apyp = pB — Pa (7.3.7)
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where p, is the ambient pressure. For the volume flows holds
Va=-Vg (7.3.8)

if leakages over the vanes are neglected.
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Fig. 7.3.2. Volume flow characteristic of a 4/3 proportional servo-valve for oil pressure ps until
5 bar, Hannibal et al (2002).

Figure 7.3.2 depicts the volume flow characteristic V(I o) for a spoolvalve. In the
center position around I,, = I, the volume flows VA and VB are zero. The oil is then
trapped in the chambers and the rotor is fixed in a certain position. The characteristics
also show a hysteresis behavior which originates from the electromagnet and dry
friction of the spoolvalve.

Changes of the armature current Al (t) = I,(t) — Iy lead to a change
A2l (t) = 2,(t) — 240 of the spool valve and corresponding flows AV (t) and
AVg(t). The resulting pressure changes Apa (t) and Apg(t) and consequently the
pressure difference

Aprot(t) = Apa(t) — Aps(t) (7.3.9)
generate a rotor torque AM_,,,, which turns the rotor and the camshaft with a change

of the angular speed A@cam (t).
The flow through the spool valve can after linearisation be approximated by

Va = ko2l — kepa (7.3.10)
Vi = — (koz!, — kepp) (7.3.11)

with the coefficients following from valve characteristics

o, o

o he= gt (7.3.12)

ks

which depend on the supply pressure ps.
The dynamic behavior of the oil chamber follows from a mass balance of the oil
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dma (t)
dt

= 1ma,in(t) — 1A out(t) (7.3.13)
where the mass inflow is with (7.3.11)
A = Vapa = (kg 2, — kepa) pa (73.14)

mA,out = VAPA = AaTaASbcampA- (7.3.15)

Herewith A, is the effective area of the vanes, 7, is a representative radius and the
change of the oil volume in chamber A is

VA = AaraA(pcam (7316)

where Apcanm is the rotor angle relative to the stator, see Fig. 7.3.1. For the stored
mass holds, see Isermann (2005), (10.4.43),

dma(t) _ d _ v dpa(t) o, padpa
g~ Varal) =Va— = = VaTe o (7.3.17)

where f3 is the compressibility module (bulk modulus)

dp
=-V . 7.3.18
ﬁ (dv>r_const ( )
Inserting these equations in (7.3.13) yields
AaTaASOcam dpA(t) kv / Aara .
t) = —z,() — Apeam (t 7.3.1

Hence, the pressure in chamber A behaves as a first order delay with chamber time

constant
T — AaraApcam

P kS
which is small for small rotor angle positions Ay.,p, and large f, i.e. large oil stiff-
ness.

Correspondingly it holds for chamber B

AaTaASDcam de (t)
k.B dt

(7.3.20)

Aara

+pB(t) = —L2,(t) + A

ke

Aeam (1) (7.3.21)

The angular momentum balance of the rotor with the attached camshaft for changes
Apcam becomes

JcamAcham (t) = Aa?”aﬂpmt (t) — Mcam,f (Asﬁ(t)) (7322)

where M an ¢ is the friction torque of the camshaft. The driving torque of the
camshaft with the valve train oscillates strongly. For a four-cylinder engine the peak
values are +20 Nm and —10 Nm for nepg = 1000 rpm and +30 Nm and —22 Nm
for neng = 6000 rpm, see Hannibal et al (2002). According to Heywood (1988) the
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load on the camshaft is at low speeds primarily due to spring forces and at higher
speeds dominated by inertia masses of the component masses. It decreases slightly
with the speed. An average value of the friction torque is about +5 Nm. Hence it is
assumed that for the relative turning of the rotor with camshaft and relative to the
stator the torque can be approximated by a Coulomb and speed dependent viscous
term.

Mcam,f (ASO) = Mcam,fO + Mcam,flAchanr (7323)
Insertion of (7.3.22) in (7.3.23) yields
JcamAcham (t) + Mcam,flASbcam + Mcam,fO = AaraAprot (t) (7324)

If the viscous friction is small compared to the Coulomb friction, it holds

JcamAcham (t) = AaTaAprot (t) - Mcam,f() (7325)
with Ap,. according to (7.3.9), see Fig. 7.3.3. Because of pp ~ p, it iS Apyoy ~
Apa(t).

For small deviations of A,y it holds

Jcam .

———— AAGcam (t) = AApot(t) = AApa(t). (7.3.26)
cam,f0

Hence, an integrating element results with integration time

Jcam
M, cam,f0

T; = (7.3.27)

Combining these equations leads to a signal flow chart in Fig.7.3.3. It shows an
integral behavior Apcapm (U, (t)) with two nonlinear first order delays of the actuator
chambers and rotor with camshaft. Therefore it is a dynamic system of 3™ order.
Usually it can be assumed that the pressure in the chamber opening to the oilsump
reaches the ambient pressure fast, such that pg = p,. If for the case of motion the
torque generating chamber is considered and the relations are linearized one obtains
a signal flow as in Fig. 7.3.4.

Hence, the dynamic model for the camshaft positioning can be approximately
described by the transfer function

o Asocam(s) KU<,9

Gup(s) = A0~ T T T (7.3.28)

and if it can be assumed that T}, is negligible, it holds

/
Ky,

Up(8) = Tist (7.3.29)

Therefore, the dynamic behavior can be approximately described as a double inte-
grating element. Because of the double integral behavior the phase position controller
can be, e.g. a PD-controller with parameters depending on oil temperature and engine
speed.
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Fig. 7.3.3. Signal flow chart of a hydraulic camshaft phasing system with sliding vane actuator.
Apcam is the change of the camshaft rotor relative to the stator.
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Fig. 7.3.4. Camshaft phase control loop with simplified, linear signal flow for the hydraulic
camshaft system.

7.3.3 Fault detection

Model-based fault detection and diagnosis for electro hydraulic spool valves and a
cylindric hydraulic actuator is with many details treated in Isermann and Miinchhof
(2011). The results can be in principle be transferred to the hydraulic camshaft phas-
ing system. Possible faults are congestions and leaks in the oil supply and return
line, eroded valve spool edges, valve spool grooving, internal leakage a the vane seal,
gas enclosures, sensor faults, controller faults and faults of the oil pump. If enough
measurements are available, as for well instrumented hydraulic servo axis systems,
many of these faults can be detected and diagnosed by model-based fault-detection
methods. However in the case of variable camshaft phasing systems usually the only
measurements are the relative position A@eam, the valve spool armature voltage U,
in form the PWM signal or the spool current I,, and the oil supply pressure ps. In ad-
dition it has to be considered that the used signals stem from a closed loop structure.
It is shown in Isermann (2006) that closed loops compensate several faults as long
as the actuator does not reach its end position and the control deviation e(t) stays
close to zero. It is further concluded that parity equation for linear processes can be
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applied in the same way as for open loop. Therefore an output residual can be taken
between the measured position and its calculated value with the positioning model
(7.3.28)

Tap(t) = Apcam(t) — Apeam (Uas t) (7.3.30)
which becomes in the Laplace domain
g (8) = Apcam(s) — Gup(s) AU (s). (7.3.31)
A further simple performance measure of a closed loop is the control deviation
ep(t) = Apcam(t) — Apcam (1) (7.3.32)

where Apcam,r is the reference value of the position control.

Both deviations can be monitored with regard to exceeding a threshold. In addi-
tion the parameters of the controlled process Gy, (s) or G{M(s) can be estimated
based on measurements of Awcam (t) and U,(t) for the case of dynamic changes
of the reference variable A@cam » and compared with normal values. As shown in
Isermann (2006), Table 12.4, it is then possible to detect following faults: sluggish
control behavior, oscillations, instability, friction, backlash, sensor offset. However,
its not easy to locate and diagnose all faults with only a few measured signals.
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Fault-Tolerant Systems



8

Fault-tolerant components

8.1 Safety-related systems

Partially and highly automated driving automobiles are characterized by automatic
controlled longitudinal and lateral movement and at least a reduced, permanent act-
ing driver. This requires an increased supervision of all active systems and a fault-
tolerant design of the safety-relevant components of the chassis and the powertrain.

As for all safety-related systems, all aspects of reliability, availability, maintain-
ability and safety (RAMS) have to be considered. To meet safety requirements, spe-
cial procedures were developed in different technical disciplines like railway, air-
craft, space, military, nuclear and, later, automotive systems, IEC 26262 (2011).
These procedures are covered by the terms system integrity or system dependability.
Safety and reliability are generally achieved by a combination of: fault avoidance,
fault removal, fault tolerance, fault detection, fault diagnosis, automatic supervision
and protection.

To investigate the effect of faults on the reliability and safety during the design
and type certification, a range of analysis methods were developed, mainly reliability
analysis, event tree analysis (ETA), fault tree analysis (FTA), failure mode and effect
analysis (FMEA), hazard analysis (HA) and risk classification, see e.g. IEC 61508
(1997), Storey (1996), Isermann (2006).

The reliability can be improved by oversizing, maintenance, protection for me-
chanical, hydraulic, electrical and some electronic components and by redundancy
especially for electrical components, electronic hardware and software.

Because not all faults and failures can be avoided totally after careful design,
manufacturing and testing, high-integrity systems should have the ability of fault
tolerance. This means that faults are compensated in such a way that they do not
lead to system failures. Within the powertrain this relates to important sensors and
actuators of the combustion engine and to transmissions.

© Springer-Verlag GmbH Germany 2017
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8.2 Basic fault-tolerant structures

Fault-tolerance methods generally use redundancy. This means that in addition to the
considered module one or more modules are connected, usually in parallel. These
redundant modules are either identical or diverse. Such redundant schemes can be
designed for hardware, software, information processing, mechanical and electrical
components, like sensors, actuators, microcomputers, buses, power supplies, etc.

There exist mainly two basic approaches for fault tolerance, static redundancy
and dynamic redundancy. The corresponding configurations are first considered
for electronic hardware and then for other components, Leveson (1995), Isermann
(2006).

Figure 8.2.1 shows a scheme for static redundancy. It uses three or more paral-
lel modules which have the same input signal and are all active. Their outputs are
connected to a voter who compares these signals and decides by majority which sig-
nal value is the correct one. If a triple modular redundant system is applied and the
fault in one of the modules generates a wrong output, this faulty module is masked
(i.e. not taken into account) by the 2-out-of-3 voting. Hence, a single faulty module
is tolerated without any effort for specific fault detection. n redundant modules can
tolerate (n — 1) / 2 faults (n odd).
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Fig. 8.2.1. Fault-tolerant schemes for electronic hardware. a static redundancy: multiple re-
dundant modules with majority voting and fault masking, m out of n system (all modules are
active); b dynamic redundancy: standby module which is continuously active, “hot standby”,
¢ dynamic redundancy: standby module that is inactive, “cold standby”.
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Dynamic redundancy needs less modules on cost of more information process-
ing. A minimal configuration consists of two modules, Fig. 8.2.1b) and c¢). One mod-
ule is usually in operation and if it fails the standby or backup unit takes over. This
requires a fault detection to observe if the operation modules become faulty. Sim-
ple fault-detection methods use the output signal only for, e.g. consistency checking
(range of the signal), comparison with redundant modules or use of information re-
dundancy in computers like parity checking or watchdog timers. After fault detection
it is the task of the reconfiguration to switch to the standby module and to remove
the faulty one.

In the arrangement of Fig. 8.2.1b) the standby module is continuously operating,
called “hot standby”. Then, the transfer time is small on cost of operational aging
(wear out) of the standby module. Dynamic redundancy, where the standby system
is out of function and does not wear, is shown in Fig 8.2.1c), called “cold standby”.
This arrangement needs two more switches at the input and more transfer time due
to a start-up procedure. For both schemes the performance of the fault detection is
essential.

Similar redundant schemes as for electronic hardware exist for software fault
tolerance. Here, tolerance against mistakes in coding or errors of calculations is
meant. The simplest form of a static redundancy is repeated running (n > 3) of
the same software and majority voting for the result. However, this only helps for
some transient faults. As software faults in general are systematic and not random, a
duplication of the same software does not help. Therefore, the redundancy must in-
clude diversity of software, like other programming teams, other languages, or other
compilers. With (n > 3) diverse programs a multiple redundant system can be es-
tablished followed by majority voting as Fig 8.2.1a). However, if only one processor
is used, calculation time is increased, and using n processors may be too costly.

Dynamic redundancy by using standby software with diverse programs can be
realized by using recovering blocks. This means that in addition to the main software
module other diverse software modules exist, Leveson (1995), Storey (1996).

Fault tolerance can also be designed for purely mechanical and electrical sys-
tems. Static redundancy is very often used in all kind of homogeneous and inhomo-
geneous materials (e.g. metals and fibers) and special mechanical constructions like
lattice-structures, spoke-wheels, dual tyres or in electrical components with multiple
wiring, multiple coil windings, multiple brushes for DC motors, multiple contacts for
potentiometers. This quite natural built-in fault tolerance is generally characterized
by a parallel configuration. However, the inputs and outputs are not signals but, e.g.
forces, electrical currents or energy flows and a voter does not exist. All elements
operate in parallel and if one element fails (e.g. by breakage) the others take over a
higher force or current, following the physical laws of compatibility or continuity.
Hence, this is a kind of “stressful degradation”. Mechanical and electrical systems
with dynamic redundancy as depicted in Fig. 8.2.1b), c¢) can also be built. Both cold
or hot standby may be applied.

Fault tolerance with dynamic redundancy and cold standby is especially attrac-
tive for mechatronic systems where more measured signals and embedded computers
are already available and therefore fault detection can be improved considerably by
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applying process-model-based approaches. Table 8.2.1 summarizes the appropriate

fault-tolerance methods for the case of electronic hardware.

Table 8.2.1. Fail behavior of electronic hardware for different redundant structures. FO: fail-
operational; F: fail; FS: fail-safe not considered.

Static redundancy Dynamic redundancy
Structure ||Number |Tolerated |Fail Tolerated |Fail Discrepency
of  ele-|faults behavior |failures |behavior |detection
ments
Duplex ||2 0 F 0 F 2 compara-
tors
1 FO-F fault-
detection
Triplex ||3 1 FO-F 2 FO-FO-F |fault
detection
Quadru- ||4 1 FO-F 3 FO-FO- |fault
plex FO-F detection
duo- 4 1 FO-F - - -
duplex

Mainly because of costs, space and weight, a suitable compromise between the
degree of fault tolerance and the number of redundant components has to be found
for automotive systems. In contrast to fly-by-wire systems, only one single failure
usually must be tolerated (presently) for hazardous cases, Jonner et al (1996), mainly
because a safe state can be reached easier and faster. This means that not for all
components of automobiles very stringent fault-tolerance requirements are needed.
Following steps of degradation are distinguished:

e Fail-operational (FO): One failure is tolerated, i.e. the component stays opera-
tional after one failure. This is required if no safe state exists immediately after
the component fails,

e Fail-silent (FSIL): After one (or several) failure(s) the component behaves quiet
externally, i.e. stays passive by switching off and therefore does not influence
other components in a wrong way,

e Fail-safe (FS): After one (or several) failure(s) the component possesses directly
a safe state (passive fail-safe, without external power) or is brought to a safe state
by a special action (active fail-safe, with external power).

For vehicles it is proposed to subdivide FO in “long time” and “short time”. Consid-
ering these degradation steps for various components one has first to check if a safe
state exists. For automobiles (usually) a safe state is stand still (or low speed) at a
non-hazardous place. For components of automobiles a fail-safe status is (usually) a
mechanical backup (i.e. a mechanical or hydraulic linkage) for direct manipulation
by the driver. Passive fail-safe is then reached, e.g. after failure of electronics if inde-
pendent of the electronics the vehicle comes to a stop, e.g. by a closing spring in the
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throttle or by actions of the driver via mechanical backup. However, if no mechani-
cal backup exists as for drive-by-wire steering or braking after failure of electronics,
only an action by other electronics (switch to a still operating module) can bring the
vehicle (in motion) to a safe-state. This requires redundancy and the availability of
electric power.

Generally, a graceful degradation is envisaged, where less critical functions are
dropped to maintain the more critical functions available, using priorities, IEC 61508
(1997). Table 8.2.1 shows degradation steps to fail-operational for different redun-
dant structures of electronic hardware. As the fail-safe status depends on the con-
trolled system and the kind of components, it is not considered here.

For flight-control computers usually at least a triplex structure with dynamic re-
dundancy (hot standby) is used, which leads to FO-FO-FS, such that two failures
are tolerated and a third one allows the pilot to operate manually, Rauch (1995), Re-
ichel (2004). If the fault tolerance has to cover only one fault to stay fail-operational
(FO-F), a triplex system with static redundancy or a duplex system with dynamic
redundancy is appropriate. If fail-safe can be reached after one failure (FS), a duplex
system with two comparators is sufficient. However, if one fault has to be tolerated
to continue fail-operational and after a next fault it is possible to switch to a fail-safe
status (FO-FS), either a triplex system with static redundancy or a duo-duplex system
may be used. The duo-duplex system has the advantages of simpler failure detection
and modularity.

8.3 Fault tolerance for control systems

For automatically controlled systems the appearance of faults and failures in the ac-
tuators, the process and the sensors will usually effect the operating behavior. With
feedforward control generally all small or large faults influence the output variables
and therefore more or less the operation. If the system operates with feedback con-
trol, small additive or multiplicative faults in the actuator or process are in general
covered by the control actions because of usual robustness properties. This property
is therefore a passive control-loop fault-tolerance. However, permanent additive and
gain sensor faults will immediately lead to deviations from the reference values. For
large changes of the behavior in actuators, process and sensors the dynamic control
behavior becomes either too sluggish or too less damped or even unstable. Then,
either a very robust control system or an active fault-tolerant control system is re-
quired to save the operation. In the last case it consists of fault-detection methods
and a reconfiguration mechanisms which modifies the controller. Dependent on the
kind of faults, the reconfiguration may change the structure and/or parameters of the
controller. This can also include the switch to other manipulated variables or actu-
ators or sensors, if available. However, fault detection in closed loops needs careful
consideration, Isermann (2006), see also Sect. 2.6.

Examples are fault-tolerant flight control system with reconfiguration to other
control surfaces after failure of actuators of ailerons, elevators and rudders, see e.g.
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Rauch (1995), Chandler (1997), Patton (1997), Chen et al (1999). Fault-tolerant con-
trol for lateral vehicle control is treated in Suryanaryanan and Tomizuka (2000).

8.4 Fault management

In the frame of automated systems a fault tolerance can be designed for several com-
ponents as actuators, sensors, communication channels, microcomputers, and control
functions. Figure 8.4.1 illustrates a general automatic fault-management system with
two manipulated and two controlled variables. The second actuator, for example, re-
places the first actuator in the case of a fault if a similar manipulation effect can
be reached. Hence, the components can be identical or diverse or redundant in it-
self. The fault-detection module operates in closed loop without or with test signals.
The fault management then imitates a reconfiguration to the redundant component.
This can occur by hard or soft switch-over, change of operation status or switch to
feedforward control. For more details see Isermann (2011).
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Fig. 8.4.1. Fault-tolerant control system with automatic fault management, shown for two
actuators, two sensors and two controllers.

8.5 Fault-tolerant sensors

The discussion on high-integrity systems and automatic controlled systems shows
that a comprehensive overall fault tolerance can be obtained by fault-tolerant com-
ponents and fault-tolerant control. In the following, first some examples for fault-
tolerant sensors are described.

A fault-tolerant sensor configuration should be at least fail-operational (FO) for
one sensor fault. This can be obtained by applying hardware redundancy with the
same type of sensors or by analytical redundancy with different other sensors and
process models.
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8.5.1 Hardware sensor redundancy

Sensor systems with static redundancy are realized for example with a triplex system
and a voter, Fig. 8.2.1a). A configuration with dynamic redundancy needs at least two
sensors and a fault detection for each sensor, Fig. 8.2.1b). Usually, only hot standby
is feasible. Another less powerful possibility is a plausibility check for two sensors,
also by using signal models (e.g. variance), to select the more plausible one.

The fault detection can be performed by self-tests, e.g. by applying a known
measurement value to the sensor. Another way are self-validating sensors, Henry
and Clarke (1993) where the sensor, transducer, and a microprocessor form an in-
tegrated, decentralized unit with self-diagnostic capability. The self-diagnosis takes
place within the sensor or transducer and uses several internal measurements.

8.5.2 Analytical sensor redundancy

As a simple example a process with one input v and two measurable outputs y;
and yo and the two processes G and G5 are considered, see Fig. 8.5.1a). If the
process models G; and G2 are known, two redundant signal values g7 and 14,
can be calculated, if G2 can be inverted. Based on the three signals y;, §1 and g1,
a fault-tolerant signal §pr can be determined by a voter with 2-out-of-3 selection
and a voter. The same principle can be applied to obtain fault-tolerant signals gopT
and upT. An application of this sensor-fault-tolerance principle is shown in Pfeufer
(1999) for the position sensor of an electrical combustion engine throttle.

A similar scheme is depicted in Fig. 8.5.1b). Three redundant signals are gener-
ated based on three measurements and three residuals 71, 7o and r3 are determined
by comparison with the original signals. A fault-residual table in Fig. 8.5.1c) then
shows unique patterns for the faults of all three sensors. Therefore, the detection of a
respective sensor fault is possible and two fault-tolerant signals y1r1 and yopT can
be determined.

One example for this combined analytical redundancy is the yaw rate sensor for
the ESC, where additionally the steering wheel angle as input is used to reconstruct
the yaw rate through a vehicle model as in Fig. 8.5.1b). Based on the lateral acceler-
ation and the wheel speed difference of the right and left wheel (no slip) and vehicle
models the yaw rate is reconstructed and given to a voter to form a fault-tolerant
value as shown in Fig. 8.5.1a), van Zanten et al (1999).

Figure 8.5.2 shows the principle of a fault-tolerant steering angle sensor, Bi-
nasch et al (1989), Quass and Schiebel (2007). The axle of the steering wheel is
equipped with a gear wheel driving two pinions. Each pinion turns a permanent
magnet whose position is sensed by one of two giant magneto resistances (GMR)
measuring bridges. The two sensors use the nonius/vernier principle to obtain the
absolute position over £720°. The evaluation of the sensors is integrated in two sep-
arate microcontrollers which supervise each other. In normal operation the master is
connected to a bus and the slave monitors the master. In case of a fault, the master
switches off and the slave is connected to the bus. Hence, the system is FO-FSIL.
One fault of the sensor or microcontroller can be tolerated.
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Fig. 8.5.2. Fault-tolerant steering angle sensor, Quass and Schiebel (2007). a system, b
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8.5.3 Fault-tolerant position sensor for an electrical throttle

The electrical throttle valve actuator is mainly used for gasoline engines. Its control
and fault diagnosis was already treated in Sect. 7.1.2. It is another example for a
fault-tolerant design, see Fig. 8.5.3.
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Fig. 8.5.3. Fault-tolerant electronic throttle. a throttle plate with gear and DC motor, b
schematic, ¢ energy flow scheme, d signal flow scheme Pfeufer (1999).
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The electric motor, a classical DC motor with brushes, may be monitored using
model-based methods. The physical model of the motor along with the mechanics
also allows one to monitor the two potentiometers and enables the system to decide
which of the two potentiometer readings may be faulty. Using dynamic redundancy
concepts, the system is thus capable of withstanding one sensor fault despite the use
of only two instead of three sensors, as would have been necessary in the case of
static redundancy, see Pfeufer (1999). Figure 8.5.4 depicts the redundancy concept
where sensor outputs @1y, and o, are used for the residual

1 = Y1k — P2k (8.5.1)

and the sensor output 1, and the electric motor model (7.2.1) are used to calculate

P = w4 for the determination of the residual ry

d
T9 = a (ngk) — Pk- (852)

Then, one faulty sensor can be detected and the other one can be used for position
control. Hence, the analytical sensor redundancy concept of Sect. 8.5.2 is used, sim-
ilar to Fig. 8.5.1a).

Figure 8.5.5 shows a reconfiguration of a stuck fault of a potentiometer in closed
loop, Isermann (2005), Pfeufer (1999). The system is active fail-safe (FS) with re-
spect to motor faults. Return springs center the throttle valve in a slightly open po-
sition upon a loss of the motor torque (limp-home position). With respect to sensor
faults, the system is FO-FS. It can sustain one sensor fault. After the second sensor
fault, the system is switched off and the return springs once again bring the throttle
into the slightly open position.
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Fig. 8.5.4. Fault-tolerant position sensor system with two potentiometers and a virtual, model-
based position value.

8.5.4 Fault-tolerant air intake sensor system

For gasoline engines the air mass flow rate 1 i into the cylinders can either be
measured directly by an hot-film sensor HFM yielding m; or it can be reconstructed
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2k in closed loop.

by the measurement of the manifold pressure p, or by the measurement of the throttle
position oy, see Isermann (2014).
In dynamic operation it holds

_ ‘/int dpQ(t)
RT, dt

if no additional gases ma,qq enter the manifold. V;,; is the intake volume, ps and 75
the measured pressure and temperature in the manifold. Using the intake pressure po
as main measurement and assuming the volumetric efficiency 7, (n, p2) is known, it
is

Yy air = i (t) (8.5.3)

2 77v(7% pQ)VDTl .
= ——————po(t) — Maaa(t)- 8.5.4
SRT, p2(t) — Maaa(t) (8.5.4)
Vb is the displaced volume of all cylinders.
Based on the throttle angle oy, one obtains applying the flow equations for a

throttle

) [ 2 Vine dpo(t
3m27air(t) = ¢t (agnn) A(an ) pa R—TW <§2> — RT; p;t( ) (8.5.5)

A is the cross-sectional open area of the throttle, ¥ an outflow function through a
contraction and ¢y}, a correction factor, which has to be calibrated experimentally.

M2, 8ir (1)
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The three ways for the determination of the airflow rate allow to build up a fault-
tolerant sensor system together with a 2-out-of-3 voter, see Fig. 8.5.6, together with
appropriate threshold selection of the three air flow rate variables. Thus, by majority
voting it can be detected if the (main) sensor HFM is faulty and the remaining values
ng,air and 3m2’air can be used as replacement signals for the engine ECU.
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Fig. 8.5.6. Fault-tolerant system for the intake air-mass flow rate of a gasoline engine.

For diesel engines the air-mass flow rate can in addition to 172 ,i;,1 based on
direct measurement of m; due to (5.5.1) also be determined by measurement of
the EGR valve position u.g,, see (5.5.4), and the oxygen concentration vgo with
continuous A-sensor, see (5.5.5).

Figure 8.5.7 shows a scheme for the three ways of directly measured and recon-
structed air mass flows. Instead of using the three values with analytical redundancy
for the fault detection with three residuals (5.5.6) appropriate thresholds are applied
and a 2-out-of-3 voter determines a fault-tolerant value 719 i, after a fault of the
directly measured mass flow 1722 i 1.
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Fig. 8.5.7. Fault-tolerant system for the air-mass flow rate of a diesel engine.
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8.6 Fault-tolerant actuators and drive systems

Actuators generally consist of different parts: input transformer, actuation converter,
actuation transformer and actuation element (e.g. a set of dc amplifier, dc motor, gear
and valve, as shown in Fig. 8.6.1a). The actuation converter converts one energy (e.g.
electrical or pneumatic) into another energy (e.g. mechanical or hydraulic). Available
measurements are frequently the input signal U;, the manipulated variable Uy and an
intermediate signal Us.

Fault-tolerant actuators can be designed by using multiple complete actuators
in parallel, either with static redundancy or dynamic redundancy with cold or hot
standby (Fig. 8.2.1), Miinchhof et al (2009). One example for static redundancy are
hydraulic actuators for fly-by-wire aircraft where at least two independent actua-
tors operate with two independent hydraulic energy circuits. Another possibility is
to limit the redundancy to parts of the actuator which have the lowest reliability.
Figure 8.6.1b) shows a scheme where the actuation converter (motor) is split into
separate parallel parts. Examples with static redundancy are two servo valves for
hydraulic actuators, Oehler et al (1997) or three windings of an electric motor (in-
cluding power electronics), Krautstrunk and Mutschler (1999).

Sensor Sensor
Us Uy
Ui Uy Uy @ U / U,
— ] -
Signal Actuation Actuation Actuation
transformer converter transformer element
a) (amplifier) (motor) (gear) (valve)
f Sensor f Sensor
Ul U3 Uo

v

U. U U U,
—L motor 1 2 @ 3 / &

b) motor 2

Fig. 8.6.1. Fault-tolerant actuator. a common actuator, b) actuator with duplex drive, two par-
allel motors and one gear. Hot or cold standby.

As cost and weight generally are higher than for sensors, actuators with fail-
operational duplex configuration are to be preferred. Then either static redundant
structures, where both parts operate continuously or dynamic redundant structures
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with hot standby or cold standby can be chosen, see Fig. 8.2.1. For dynamic redun-
dancy fault-detection methods of the actuator parts are required. One goal should
always be that the faulty part of the actuator fails silent, i.e. has no influence on the
redundant parts.

8.6.1 Fault-tolerant hydraulic systems
a) Fault-tolerant hydraulic brake

A traditional redundant system for automobiles is the hydraulic brake designed as
a mandatory dual-circuit transmission system with, e.g. front axle/rear axle split or
diagonal distribution system, Robert Bosch GmbH (2011). The braking pressure re-
sults from a combination of pedal force and (pneumatic) brake booster. The pedal
force acts directly on the piston in a tandem master cylinder. Its pressure in a first
chamber moves a floating intermediate piston and generates a pressure in the second
chamber. Both chambers supply the respective circuits separately. Upon a fault (e.g.
leak) in one circuit the other is still active, however, with reduced braking accelera-
tion. Hence, the system is FO-F with dynamic redundancy and hot standby.

b) Fault-tolerant fuel injection pump

High pressure common rail injection pumps can be provided with two plungers act-
ing on one common rail. The pump camshaft acts with two lobes on two plungers
which operate phase-shifted on the same rail. Hence, by faults in one plunger pump
element the other continues with a reduction of the maximum fuel flow. This system
is a duplex system with hot standby and FO-F.

¢) Fault-tolerant hydraulic actuators

Hydraulic actuators are applied in vehicles, for example, for power steering, active
suspensions, oil lubrication circuits, and valve train phasing. Because of a good reli-
ability of these hydraulic systems over the vehicle’s lifetime, a fault-tolerant design
was not in the focus until now. Therefore, a view is given on realizations in the field
of aircraft.

Figure 8.6.2 shows the electro-hydraulic rudder actuator of the Eurofighter, see
e.g. Kress (2002). The actuator consists of a proportional-acting valve, which is
driven by four separate solenoid units. Each one is supplied by its own power elec-
tronics. All solenoids are acting on the same valve spool. Two control edges each
supply one cylinder chamber with hydraulic fluid. The cylinder has four chambers
with identical active piston areas. The system can sustain leakages and/or pressure
losses in one of the two hydraulic circuits. It can also sustain internal leakages in one
of the two hydraulic circuits without loosing the characteristic stiffness of hydraulic
systems. As long as neither the valve spool nor the piston rod are affected, the system
is FO-F.
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A different prototypical realization of a redundant hydraulic actuator was devel-
oped by Miinchhof (2006). Here, only the valve has been doubled since it has been
found by a detailed statistical analysis of maintenance records that the valve alone
makes up roughly 51 % of all faults at hydraulic servo axes. Upon the jam of one
valve spool, the other valve can take over the volume flow. The entire servo axis is
built from standard components, i.e. no design and construction of new, specialized
components are necessary. This setup can tolerate all valve faults. As long as the pis-
ton rod is not affected and the spare valve is able to conduct any remaining parasitic
flow of the faulty valve, the system is FO-F.

Fig. 8.6.2. Fault-tolerant electro hydraulic rudder actuator for the Eurofighter with two cen-
tralized hydraulic power supplies.

Another design with a dual-tandem ram, that is typical for aeronautical appli-
cations, Moog Aircraft Group (1996), is shown in Fig 8.6.3. This figure shows an
actuation system for the F/A-18 horizontal stabilizer, which is a secondary control
surface. In this example, the hydraulic cylinder is doubled and directly supplied with
hydraulic fluid by two fixed-displacement pumps that are driven by two brushless
DC motors. Bypass valves allow the piston to move even if the motor axle, respec-
tively pump jams. The big advantage of this setup is that in the case of removal of
the component, no hydraulic connections must be loosened. Furthermore, in the case
of a leakage of the hydraulic piping/components, only the hydraulic oil of the com-
ponent specific hydraulic circuit will spill, leaving all other hydraulic circuits of the
plane unaffected. Provided that the valves are still functional and can disconnect the
piston chambers from the pump, the system is FO-FSIL.

Many other architectures for electro-hydraulic actuators in aeronautical applica-
tions have been assessed in Sadeghi and Lyons (1992). The big lead in X-by-wire
functionalities and the accompanying use of fault-tolerant mechatronic components
in aeronautical applications is typical and can be explained easily: Fly-by-wire func-
tionalities for airplanes could be introduced with little increase in risk as control
surfaces by themselves are redundant. Almost all maneuvers can be realized by dif-
ferent combinations of control surfaces.

8.6.2 Fault-tolerant electrical actuators and drives

Until now electrical actuators in automobiles are mostly not designed as redundant
units. However, the trend to partially or fully automatic driving will require more re-
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Fig. 8.6.3. Fault-tolerant electro-hydraulic actuator with integrated, decentralized power sup-
ply for secondary flight control surface.

dundant actuators if they are safety-relevant. First, a realized duplex actuator system
for aircrafts will be considered and then some examples for fault-tolerant drives in
general and for electrical steering are discussed.

a) Electrical duplex actuator system

Figure 8.6.4 depicts a duplex actuator system for the cabin pressure control in pas-
senger aircraft. Two brushless DC motors (BLCD) act on a common gear. These
DC motors and their microcontrollers operate alternatively from flight to flight. A
model-based fault-detection system was developed to detect different faults of the
DC motors, Moseler et al (1999), Moseler (2001), Isermann (2006). In the case of
a fault in one motor the other one is switched to be active. This system is therefore
FO-F with dynamic redundancy and cold-standby.

classical DC power — =
motor for electronics 11 gearbox
manual mode incl brush
. . . rush- .
power electronics I microcontroller less DC f~ Dicro- ———
contr. I [T
motor [

=% brush-

less DC p~f MHCTO-

incl. microcontroller
brushless DC II
'

) AR motor 1T contr. IT [7]
i 4
R, Y lever actuating classical -
— — brushless DC 11 the outflow valve DC [~ % 2
motor 2 2
gearbox
a) valve b)

Fig. 8.6.4. Fault-tolerant electrical actuator of the aircraft cabin outflow valve. a system, b
schematic.
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b) Fault-tolerant electrical drives

Fault-tolerant frequency converter

The power electronics for frequency-controlled AC asynchronous (AS) and syn-
chronous (SM) drives have usually one inverter leg per motor phase. Upon the loss
of one leg, the three-phase motor becomes single-phased and cannot generate a ro-
tating magnetic field any longer. To overcome this fault situation, one can control
each phase separately with a full H-bridge. If each phase of the motor is connected
to a full H-bridge, the three-phase motor, upon the loss of one inverter leg or phase,
can be operated as a two-phase motor and can still produce a rotating magnetic field.
The major disadvantage is the fact that for separate H-bridges, each winding needs
two wires to establish the connection to the power converter, making the wiring more
expensive. For more details see Green et al (2003). The combination of a standard
three-phase PMSM (permanent-magnet synchronous motor) with an inverter with
full H-bridges has been presented in Green et al (2003), Krautstrunk (2005). The
system is now also FO-FSIL with respect to inverter or motor phase faults.

Multi-phase motors

An alternative to using full H-bridges for each phase is to design so called multi-
phase motors, that have more than three phases. Although the first designs date back
to the late 1960s, they have only recently been in the focus of research, as they
are well suited for applications in the area of ship, locomotive, and electric/hybrid
vehicle propulsion, see, e.g. Levi (2008), and the more electric aircraft, an initiative
gathering momentum in the late 1990s with the aim to control aircraft subsystems
with electrical actuators in place of mechanical, hydraulic or pneumatic means.

One general reason for the introduction of multi-phase motors in applications
demanding the highest power is that semiconductors are not yet capable of switch-
ing the high currents that traditional three-phase motors would need to satisfy such
high power demands. By increasing the number of phases, the power-per-switch can
be limited to values that can be borne by the semiconductors. Also, multi-phase
machines can easily sustain phase losses. Upon the loss of one phase, an n-phase
motor becomes an (n — 1) phase motor (n > 4) and hence shows a smaller loss in
the power-rating and the uniformity of the circumferential torque distribution as the
number of phases n increases. Furthermore, multi-phase motors show improvements
in the noise characteristics and their torque production can easily be enhanced by the
injection of higher-frequency harmonics.

The design of a four-phase fault-tolerant PMSM aircraft actuator is shown in
Atkinson et al (2005). A five-phase permanent magnet motor has been realized by
Biansch et al (2008) and has been investigated experimentally for post-fault opera-
tion. Depending on the number of windings, the topology of the windings and the
allowable loss in torque, the system has a dynamic redundancy with hot standby and
can sustain one or more faults. Thus, the system is at least FO-FSIL with respect to
phase faults.
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Duplex motors in parallel or serial connection

Instead of designing fault-tolerant components of electrical drives one may also take
separate complete motors. This is especially of interest for bearing faults which may
lead to a blockage of the rotor and the faulty motor can be detached by a clutch. As
shown in Fig. 8.6.5 either a parallel or serial configuration can be chosen, Reuf and
Isermann (2004), Miinchhof et al (2009).

There are two load transfer modes possible for the parallel connection, Fig. 8.6.5a),
which are chosen depending on the severity of the fault, Reufl and Isermann (2004).
In the case of a minor fault, the second motor first powers up. Once the desired rota-
tional velocity is reached, the first clutch disengages and thus separates the defective
motor from the load and the second clutch engages and establishes the power flow
between the spare motor and the load. In case of a severe fault, the first clutch disen-
gages instantaneously. The load is thus free-running while the second motor powers
up and reaches the desired final velocity. Once the drive is up to speed, the second
clutch closes and the load is driven by the second motor. As each motor can be de-
coupled from the load, it is also possible to conduct special motor tests from time to
time without affecting the motion of the load.

In the case of a serial connection, two motors are mounted one behind the other
as illustrated in Fig. 8.6.5b). Here, at least the rear motor can be detached from the
load, while the front motor is always connected to the load. Thus, if the rotor of
the front motor blocks, the entire fault-tolerant drive fails. These duplex motors may
be considered for electrically driven vehicles as part of the power train. Embedded
motors in the wheels are already redundant drives.

N |
g\

parallel motor configuration with clutches at IAT serial motor configuration with clutch at IAT
I:% induction frequency frequency
|_ I Cctl motor I r\' converter I converter I
—e{f4] | o
clutch 11 induction| frequency induction| H optional ! induction| frequency
motor II converter IT motor I | clutch ] motor II converter IT
1

belt drives @ —— —r7Fo = Y ------

Fig. 8.6.5. Fault-tolerant electro drives. a parallel motor configuration, b serial motor config-
uration.
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Fault-tolerant electrical power steering systems

For small and medium class passenger cars the hydraulic power steering system
(HPS) was replaced by an electrical power steering column EPS (6-8 kN, 0.2-0.5
kW), pinion EPS (7-12 kN, 0.5-0.7 kW) and rack EPS (9-16 kN, 0.5-1 kW). Ad-
vantages are less installations effort, fuel saving, improved adaptation and the use
of electrical input commands for driver assistance systems (automatic parking, lane
keeping) and automatic driving. In the case of failures of the electrical power as-
sisting system, the driver can take over the required steering torque for small and
medium cars. However, for larger cars and light commercial vehicles the EPS should
be fail-operational with regard to failures.

In the case of automatic steering the driver is out of the loop. Automatic closed-
loop systems cover usually smaller additive and parametric faults of the controlled
process. However, if the faults become larger, either sluggish, less damped or un-
stable behavior may result. The not engaged driver may then not perform the right
steering command in time. Therefore, it will be required that EPS systems in the case
of automatic controlled steering must have fail-operational functions in the case of
certain faults, i.e. have to be fault-tolerant.

For most components of the steering actuator system hardware redundancy is
required in form of dynamic redundancy with hot or cold standby according to
Fig. 8.2.1b) and c). This means that a selection of components has to be doubled.
Figure 8.6.6 depicts redundancy structures with different degrees of redundancy. At
first the torque sensor can be duplicated or an analytical redundancy concept can be
programmed, Schéttler (2007). In a next step the torque sensor, the ECU and inverter
are duplicated, see Fig. 8.6.6B. The arrangement can be cold or hot standby. In the
case of a fault in one channel the other channel stays active and the faulty chan-
nel is switched off. Case Fig. 8.6.6C has a further redundance in the windings by a
multi-phase configuration, Hayashi (2013), Yoneki et al (2013). A serial connection
of two motors is shown in Fig. 8.6.6D. Figure 8.6.6E depicts a duplication of the
complete EPS actuator. In this parallel arrangement also the gear is duplicated, Beck
and Isermann (2010), KeBler (2015).

The degree of redundancy increases from case A to E, however on cost of hard-
ware extent, installation space, cost and weight. The selection of the redundancies
also depends on fault-statistics for the different components. Case C seems to be
a reasonable compromise, however requires a special motor design. In the case of a
winding fault the power is reduced. In the cases D and E the power can be distributed
differently to both motors in the normal operating range.
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9

Terminology in fault detection and diagnosis

The following definitions are the result of a coordinated action within the IFAC Tech-
nical Committee SAFEPROCESS, published in Isermann and Ballé (1997). Some
basic definitions can also be found in IFIP (1983), Omdahl (1988) and in German
standards like DIN and VDI/VDE-Richtlinien, see references at the end of this sec-

tion and Isermann (2006).

1) States and signals

Fault:
Failure:
Malfunction:
Error:

Disturbance:
Perturbation:

Residual:
Symptom:

2) Functions
Fault detection:

Fault isolation:

Unpermitted deviation of at least one characteristic prop-
erty of the system

Permanent interruption of a systems ability to perform a
required function under specified operating conditions
Intermittent irregularity in fulfilment of a systems desired
function

Deviation between a computed value (of an output vari-
able) and the true, specified or theoretically correct value
An unknown (and uncontrolled) input acting on a system
An input acting on a system which results in a temporary
departure from a steady state

Fault indicator, based on deviations between measure-
ments and model-equation-based calculations

Change of an observable quantity from normal behavior.

Determination of faults present in a system and time of de-
tection

Determination of kind, location and time of detection of a
fault by evaluating symptoms. Follows fault detection

Fault identifica- Determination of the size and time-variant behavior of a

tion:

fault. Follows fault isolation

© Springer-Verlag GmbH Germany 2017
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Fault diagnosis: Determination of kind, size, location and time of detection

Monitoring:

Supervision:

Protection:

Models

Quantitative
model:

Qualitative
model:

Diagnostic
model:

Analytical
redundancy:

of a fault by evaluating symptoms. Follows fault detection.
Includes fault detection, isolation and identification

A continuous real-time task of determining the possible
conditions of a physical system, recognizing and indicat-
ing anomalies of the behavior

Monitoring a physical system and taking appropriate ac-
tions to maintain the operation in the case of faults

Means by which a potentially dangerous behavior of the
system is suppressed if possible, or means by which the
consequences of a dangerous behavior are avoided.

Use of static and dynamic relations among system variables
and parameters in order to describe a system’s behavior in
quantitative mathematical terms

Use of static and dynamic relations among system variables
and parameters in order to describe system’s behavior in
qualitative terms such as causalities or if-then rules

A set of static or dynamic relations which link specific in-
put variables — the symptoms — to specific output variables
— the faults

Use of two, not necessarily identical ways to determine a
quantity where one way uses a mathematical process model
in analytical form.

System properties

Reliability

Safety:

Availability:

Ability of a system to perform a required function un-
der stated conditions, within a given scope, during a given
period of time. Measure: MTTF = mean time to failure.
MTTF = 1/)\. A is rate of failure (e.g. failures per hour)
Ability of a system not to cause danger to persons or equip-
ment or the environment

Probability that a system or equipment will operate satis-
factorily and effectively at any point in time. Measure:

A— —_MTTE
~ MTTF+MTTR

MTTR mean time to repair
MTTR = 1/u; o : rate of repair
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AC motor
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electrical, 225
electrical automotive throttle valve, 234
electromagnetic, 225
fault diagnosis, 241
fault-tolerant, 281
hydraulic, 257
pneumatic, 248
throttle valve, 234
Air mass flow
analytical redundancies, 184
different sensors, 77
measurement, 76
Alternative drives, 10
Analysis
combustion pressure, 113
rail pressure signal, 162
Availability, 296

Brushless DC motor, 243

Camshaft
actuator fault detection, 263
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Condition monitoring, 25
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DC motor
direct current, 195
electronic commutation, 244
model, 195, 234
Diagnosis
catalyst, 114
common-rail system, 168
diesel engine, 133
gasoline engine, 75
off-board, 10, 59
on-board, 10, 59
tank leak, 109
Diagnosis system
exhaust system, 87
fuzzy logic, 87
intake system, 87
modular structure, 70, 81, 128
Diesel engine, 7
combustion features, 149, 153
combustion pressure measurement, 158
control, 56
diagnosis, 133
diagnosis for injection and combustion,
156
direct injection system, 147
excess air measurement, 153
exhaust system, 184
intake system, 135
main components, 66
speed measurement, 149
torque reconstruction, 151
Drive system, 281
fault-tolerant, 281
Duplex motors
parallel connection, 286
serial connection, 286

Electric motor, 193
alternating-current, 202
direct current (DC), 195
duplex, 286
field-oriented control, 204
multi-phase, 285
synchronous motor (SM), 214
three-phase synchronous, 214
Electrical power steering system, 287
Electrical throttle, 277
Electronic engine control, 51
EOBD, 3, 62

EURO regulations, 3

Exhaust system, 114, 184
after-treatment, 58
catalyst diagnosis, 114
leaks, 114

Fail behavior, 272
fail operational, 272
fail safe, 272
fail silent, 272
Failure
definition, 295
statistics, 14
Fault
additive, 32
definition, 295
handling, 61
multiplicative, 32
Fault detection, 295
AC motor, 208
closed loop, 43
cooling system, 116
direct reconstruction, 40
electrical driven coolant pumps, 117
experimental results, 199
knowledge based, 26
limit value checking, 27
nonlinear parity equation, 142
parameter estimation, 35, 198, 230, 237,
245
parity equation, 38, 197, 240, 246
plausibility checks, 30
pneumatic actuator, 256
process-model-based, 27, 32
SELECT, 199
signal-model-based, 29, 31
state estimation, 36
state observers, 36
terminology, 295
wastegate turbocharger, 185
Fault diagnosis, 28, 42
classification, 42
closed loop, 43
definition, 296
diesel engine, 187
fault, 295
fuzzy logic, 202, 241
inference methods, 42
intake system, 75



model-based, 167
Fault management, 274
Fault tolerance
basic structures, 270
cold standby, 270, 281
components, 269
control systems, 273
dynamic, 270
hot standby, 270, 281
static, 270
voting, 270
Fault-symptom table
diesel engine, 188
electric motor, 201, 212, 221
gasoline engine, 129
Fault-symptom tree, 199
SELECT, 199
Fault-tolerant
actuators, 281
air intake sensor system, 278
air intake system, 278
air mass flow, 280
duplex actuator, 284
electrical actuators, 283
electrical drives, 283
electrical power steering system, 287
hydraulic actuator, 282
hydraulic brake, 282
hydraulic system, 282
sensors, 274
steering angle, 275
throttle sensors, 277
Field-oriented control, 204, 218
Fourier analysis, 133, 162
Fuel supply, 101
high pressure, 104
low pressure, 102
Functions, 295
Fuzzy logic, 42, 202, 241

Gasoline engine, 5
control, 53
cooling system, 116
diagnosis, 75
direct injection, 80
exhaust system, 114
fuel stratified, 80
homogeneous combustion, 88
ignition system, 111
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misfire detection, 91

overall diagnosis, 126
Gasoline engine control

historical development, 3

Hydraulic actuator, 257
fault detection, 263

Hydraulic system
fault-tolerant, 282

Ignition system, 111
Inference methods, 42
Injection system
common rail, 161
direct, 147
distributor pump, 147
high pressure, 161
mass fluctuation, 155
Intake system, 75
air flow measurement, 76
clogging, 78
diesel engine, 135
fault diagnosis, 75, 80
gasoline engine, 75
leakages, 78
manifold pressure measurement, 76
modeling, 136
sensor faults, 77
Internal combustion engines, 51

Kalman filter, 39

Limit checking, 26, 29
local linear model tree (LOLIMOT), 209
LOLIMOT, 82
Lubrication circuit

model, 121

model-based fault detection, 125
Lubrication system, 119

Malfunction, 295
Metering valve, 161, 165
Methods
classification, 42
fault-detection, 32
fault-diagnosis, 42
inference, 42
signal-analysis, 31
Misfire detection
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engine speed analysis, 92
exhaust gas pressure analysis, 98
gasoline engine, 91
ion-current analysis, 97
Model, 296
camshaft phasing, 258
electrical subsystem, 203
induction motor, 203
lubrication circuit, 121
mechanical subsystem, 205
pneumatic actuator, 250
thermal subsystem, 205
VGT turbocharger, 174
Monitoring
definition, 296
Motor
brushless DC motor, 243

Network models
LOLIMOT, 209
neural, 209
NO_-storage catalyst, 187

OBD regulations, 3, 61
Oscillation
air mass flow, 137
charging pressure, 138
Output observer, 38
Overrun state, 169

Parameter estimation, 230
dynamic behavior, 237
fault detection, 237, 245
static behavior, 238
Parity equation, 38, 197
fault detection, 246
Particulate filter, 58, 185
Plausibility
checks, 30
PMSM (permanent magnet synchronous
motors), 217
Pneumatic actuator
design, 248
fault detection, 256
model, 250
Power electronics
fault detection, 206
PRBS (pseudo-random binary signal), 199
Process

models, 32
Pumps

coolant, 117

oil, 120, 259

Rail pressure, 162
oscillation, 162
oscillation periods, 166

Reconfiguration, 279

Redundancy
analytical sensor, 275
hardware sensor, 275

Reliability, 296

Residuals, 37, 38, 84
definition, 295

Safety, 296
SCR, 58
Sensor
fault-tolerant, 274
position, 277
redundancy, 275
Signal, 295
analysis, 31
States, 295
state estimation, 38
state observer, 37
Structures
fault-tolerant, 270
Supervision
automobiles, 13
basic tasks, 25
definition, 296
Supply system
high-pressure, 104
low-pressure, 102
Symptom, 27
analytical, 27
generation, 27
heuristic, 28
Symptom generation
model-based, 180
System

electrical power steering, 287

exhaust, 114

hydrauic camshaft phasing, 258

ignition, 111
lubrication, 119
properties, 296
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Tank leak
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fault diagnosis, 295
Test cycles, 236
Threshold
checking, 26
Throttle valve actuator, 234
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Trend checking, 29
Turbocharger
efficiency, 179
models, 174
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Volumetric efficiency, 137

Wavelet analysis, 106, 133
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