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KURZFASSUNG

. KURZFASSUNG

Stand der Technik heutiger Kleinflugzeuge sind kolerbrennungskraftmaschinen, welche
mit Vergaser ausgeristet sind. Vergaserbedlisungaggpenzwerte, Kaltstarteigenschaften,
Zertifizierungsvorgaben sowie Sicherheitsthemehesteeinige wichtige Punkte dar, welche
man beim Einsatz eines Vergasermotors im Flugzaugerticksichtigen hat. Um diese
Nachteile zu reduzieren bzw. die Sicherheit derségisre zu erhdhen, werden derzeit
moderne Motorsteuergerate bzw. MotorsteuereinhegR@BE) flr eine Benzineinspritzung
von Flugmotoren entwickelt. Aufgrund der hohen Koexpat der Steuergerate ist es
notwendig, eine Vielzahl an Diagnosesystemen zufiigeng zu stellen. Darunter versteht
man die Uberwachung elektrischer bzw. nicht elskhéer Parameter von Sensoren und
Aktuatoren. Diese Arbeit beschreibt eine Diagnosglinbkeit zur Uberwachung der
Verbrennungsvorgange einer Kolbenverbrennungskeaitimne flr Flugmotoren. Ursachen
fur einen sog. Zylinderausfall bzw. einer schlenhterbrennung kénnen z.B. sein: Ausfall
der Zuindung, fehlerhafte Benzinzufuhr, Kompressierlsst oder auch eine fehlerhafte
Berechnung der ECU um nur einige Fehlermoglichkeigei nennen. Im Bereich der
Diagnose fur Verbrennungskraftmaschinen gibt e®itsereine Vielzahl an Publikationen
bzw. Systemen mit einem teils sehr theoretischesatim welche flir einen Einsatz in der
Serie nur eine bedingte Anwendung finden. Auchlagréachtliche Kostenaufwand mancher
Uberwachungsmethoden macht es zum Teil aus wiftichan Griinden nicht sinnvoll,
diese zu implementieren. Die in dieser Arbeit bastiene Betriebsstorungstuberwachung
basiert auf der Messung von Schwingungen im untefEirschallbereich. Fir die
Schwingungsaufnahme wird ein Beschleunigungssensowendet, welcher am Motor
befestigt wird. Dabei werden primar die Bewegundes Antriebsaggregates analysiert. Auf
die Analyse von Korperschallsignalen im klassisct&nn wird in dieser Arbeit nicht
eingegangen. Fur die Fehlerdetektion werden diewBgungssignale als erstes im
Frequenzbereich verarbeitet und anschlieRend fér ddtliche Zylinderzuordnung bzw.
Lokalisierung in die Zeitdomane transformiert. iginderzuordnung erfolgt auf Basis eines
mathematischen Modells, welches die Verbrennunfiskaachine mit den dafir relevanten
Bauteilen beschreibt. Das System ermoglicht dierwaehung in einem Drehzahlbereich von
1800 bis ca. 6000 U/min, welches den Bereich vorarlaef bis zur Maximaldrehzahl
definiert. Um die praktische Anwendung zu demoestn, wurde die
Motorzustandsiberwachung an einer 6-Zylinder V-Mas mit 120 Grad
Zundwinkelversatz angewendet. Alle simulierten Eimderfehler konnten erkannt werden
und der gesuchte Zylinder wurde in nur wenigen Matadrehungen zugeordnet. Durch die
zylinderselektive Fehlerkennung ist es weiters naowbglich, durch aktive Beeinflussung
durch die Motorsteuerung, den Motor in einen Bbsmistand zu versetzen, welcher fur die
internen Bauteile einen unkritischen Zustand dHrsiad externe Bauteile vor Schéadigung
schutzt. Durch diese neue Methode kénnen Funktionssyen der
Verbrennungskraftmaschine fur Fluganwendungen soéskannt werden. Die daraus
abgeleiteten Aktionen koénnen den Motor bzw. Baatales Motors vor Uberbelastung
schitzen und erhohen damit erheblich die Flugsieher



ABSTRACT

. ABSTRACT

Small spark ignited engines in the aircraft indpstre mainly carburettor versions. Fixed
carburettor setups especially at low and highualgtfrequently result in too rich or too lean
an air-fuel mixture formation and further in higlef consumption and poor exhaust
emissions. Cold start deficiencies and safety ratessome other examples of the
disadvantages associated with carburettor equipperhfts. These facts result in the use of
an electrical fuel injection system. Due to thehhogpmplexity of aircraftengine
management system@EMS) and certification restrictions, aircraftssbao have highly
efficient on board diagnostic and monitoring funo8. Monitoring means controlling the
behaviour of sensors and actuators installed omesdpy measuring electrical or non
electrical parameters.

This work describes an online diagnostic methodafaraft combustion engines with the
objective to detect poor combustion and furtheateche faulty cylinder.

Possible failures are missing ignition or injectiercessive blow by and compression
irregularities, of the relevant cylinder. Many éifént methods to detect misfire on
combustion engines were published in the past. Mote described methods are too
complex and cannot be applied for different engypes. Thus these concepts are not suitable
for serial production.

The described method employs an acceleration sembah detects irregular engine block
movements. The sensor is located fire wall forwaard installed on the engine block. In
principle the sensor detects the engine movemehtlaas not pick up structure born sound.
This leads to a signal processing chain done bufeacy and also in time domains. In order
to detect engine misfire a mechanical engine mbdglbeen developed. Based on the
mechanical engine model the faulty cylinder catolsated. The described method monitors
the engine movement and allows deriving an engaadtin level based upon the vibration
signal. In case of a failure, which is relatedHhe in-cylinder pressure, the motion of the
engine is quite different to the motion without emggfailures. This fact is used to distinguish
between normal and abnormal engine behavioursallbeation of the concerned cylinder is
performed by developed signal processing algorithsnsoon as the appropriate cylinder is
located, different actions to protect the enginairagf mechanical stress can be processed as
well. The method was applied on an aircraft 6-@ginV-type engine with an ignition angle
offset of 120° crank angle. The algorithm was vedifon multiple aircrafts with different
propeller setups. During the tests the monitorysiesn detects all simulated failures in a
range from 1800 to maximum engine revolutions peeute. Also the appropriated cylinder
was found in a few engine revolutions. Due to spesttions on the engine which is
controlled by e.g. th&electronic control units” (ECU), the mechanical stress could be
prevented and the engine could be operated witliemmiage or dangerous operating
conditions.

This new condition monitoring system shows a betisy the aircraft industry can observe
combustion engines. The system's efficiency ina@gasth a higher number of cylinders.
This system offers one major advantage over otlehoads. Multi cylinder engines can be
observed by measuring the vibration signal emplpyinly one sensor. It detects abnormal
engine behaviours, in-cylinder pressure loss aspe®ively in a few engine revolutions with
high detection probability.
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INTRODUCTION

1 INTRODUCTION

In the middle of the last century most of the commeed aircraft technology, especially for
small aircraft’'s had been developed. Current systenuse are for the air-fuel mixture
formation, integrated in reciprocating engines,mhacarburettors. Devices likéglectronic
control units” (ECU’s) had not been developed for aircrafts umdilv or are still in the
process of development. Standard avionic equipmvehtintegrated electronic devices are,
control units for jet engines, communication boxesigation systems and other display
units.

Reasons why ECU'’s for engines are not availablaifarafts maybe due to the result of cost,
e.g. certification investments, exposures whichiltes very high insurance costs and the life

cycle of the products. Life cycle in regards to émgine means a minimum required runtime

of 2000 hours before overhauling (TBO).

In terms of the ECU the rate of a single failureaqrobable double failure leading tll@ss
of power control”(LOPC) of the aircraft should be better thari*4 Binally with the support
of spare parts for more than 20 years could begumzent for old technology.

Fixed carburettor setups for example at low and ligitude result in too rich or too lean air-
fuel mixture formation and leads to poor exhausissians. Further motivations to convert
engines from carburettor driven engines to eleatroontrolled injection systems are cold
start problems and safety reasons. The first agpra@uld be to take a standard automotive
system which has been used in the automotive indfstmany years. Unfortunately
automobile standards and airplane requirementsareomparable. It is almost impossible to
copy and paste an automotive system for aircrafiegtion. For example the electromagnetic
compatibility (EMC) requirements are defined in i®-160 [10] and the outcome of the
DO-160 further depends on the dimension of theairand the environmental which the
engines have to be operated in.

Depending on the size of the aircraft the systeoaisegorized in different certification levels.
This means components such as ECU’s have to béopexdkein a way to meet the
certification requirements. The most important poiesigning an electronic control system is
the consideration about single failures of the EM&a single failure the EMS has to fulfil

the requirements in a way to have at least 85%oofinal engine power available. Especially
at take-off and landing the system power must la@anieed for at least 85% of the nominal
power. This primary objective drives all the comsations around the control system. This is
different compared to the automotive standard angple. There is no requirement in the
automotive industry to specify a minimum power &irir their engines. In order to meet the
demand on weight of the aircraft engine, it isHertessential to take lightweight parts. This
already has to be considered during the engingulelsi an effort to reduce engine
irregularities caused by gas and mass torquesnanelaise the comfort, balancer shafts and
torsion bars have to be considered in the desilge.tdrsion bar is mainly installed to reduce
propeller accelerations and keep constant propeltque at certain propeller speeds. Further
a hydro damper reduces the resonance frequenbyg @bimplete power train and decreases
the varying torque of the engine.
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A new electronic engine control system for an aiftoengine maintains two independent
lanes. This independency is not inherently requingida fine approach to reach the required
reliability of the whole system. Different devidése intake manifold pressure sensor, intake
manifold temperature sensor, knock sensors, coolatgr temperature sensors, throttle
position sensors, ambient pressure sensors, anibraperature sensors, exhaust gas
temperature sensors, waste gate actuators anceespged sensors are necessary for
controlling the engine.

In order to monitor the condition of sensors ar&inole system, it is necessary to
implement diagnostic methods commonly used in aatv@ systems. It is not possible to
detect all variations of system failures, i.e. mtectrical injector faults caused by a
mechanical failure with the standard EMS equipment.

Due to these aspects it is further essential teldpvsystems which can detect non electrical
failures. One of those failure modes is called fim@s. This was the motivation to investigate
a method which identifies misfires. It is calledisfire detection".

In order to observe components in the engine comgaut which are not accessible,
measuring engine body movement has to be execlitedefore a model which describes the
relationship between vibrations and crank shatjueris necessary.

Based on the developed model, which will be deedrin the next chapters, the in-cylinder
pressure can be derived from the vibration sigoguisied from the engine block.

Due to emission regulations in the automotive itigusisfire detection is part of ten

board diagnose(OBD). Since the 1980's the OBD functionality bagn implemented in
standard ECU's used in cars as an example. Mdgiiection is one of the most important
parts in the OBD Il standard.

One of the main focuses of misfire detection isghegliction of increasing exhaust emissions
caused by unburned fuel. Unburned fuel may be diseveral reasons, e.g. lack of spark,
wrong air-fuel mixture formation and mechanicaled#$ of the cylinder or other related
components (inlet or outlet valves).

Misfire detection is also important to prevent dgm#o the exhaust gas purification systems
or to reduce the likelihood of an uncontrolled tgm event (back fire) of the air-fuel mixture
in the exhaust pipe.

The main goal in the automotive industry is to coinéxhaust emissions and prevent failures
of the EMS. In contrast to the automotive indusiigre are no restrictions concerning
exhaust emissions in the aircraft industry. Airctathnology focuses on safety and
prevention of hazardous engine conditions.

A failure of engine components or the EMS, may leachinor or major failures of the
aircraft and further to undefined flight situatioi$iose aspects show the importance of the
new misfire detection method.

Condition monitoring systems in the avionics areown used systems for structure
observation and monitoring the behaviour of jetieagy The observation focus based on
vibration signals on combustion engines, are mdiniited to knock control. Failures of the
engine caused by misfire lead to high vibrationthefaircraft structure and the engine block
as well. Structure vibration at a certain frequeisdyighly uncomfortable and may be
dangerous and should be prevented or reduced asraum. In order to prevent structure
vibrations, the engine operating point could bengjeal by varying the engine speed. All
possible online engine modifications with the tatgeprevent undesired flight behaviour
might also positively influence vibration leveldtfey the passengers and acoustic noise in the
cockpit compartment.
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2 STATE OF THE ART METHODS &
MOTIVATION

Many different analysis methods and physical pples for misfire detection have been
published in the past. A rough classification cduddconcluded by distinguishing between
cylinder selective and none cylinder selective measents. Individual cylinder
measurements are very accurate and directly refedeto the observed combustion chamber.
These methods are mainly applied on test benchurezasnts during engine developments
[48].

Some disadvantages of these systems or sensodsicolide the high cost, malfunctions due
to engine vibration or the harsh environment ang wéten for aircraft applications not
available.

Examples are exhaust gas pressure measuremenisegha flow rate check, exhaust gas
temperature measurements, in-cylinder pressurenadigm and ion-current observation [38]
to [48].

Methods which are not measuring the physical edfdeectly are called "indirect
measurement”. These methods need some model agsusnut converter for observations.
Advantages of these methods are lower costs comhpatbe cylinder selective methods due
to fewer sensorgl6].

Many observation methods use only one sensor, loeshcase the sensors from the EMS e.g.
knock sensors. All these assumptions are baseddelsnwhich describe the systems
behaviour. The models are more or less accuratéheneesult of the measurements is
dependent on the model quality.

The main problems of some models are the complexispme systems and the long term
consideration, because some systems cannot be edgsisnime invariant. One example is an
engine which is developed for multiple aircraftégp This means the exhaust pipe and the
intake manifold have to be modified based on airanatallations for example. Or in case of
exhaust temperature measurements [46] sensorsihi&geduring lifetime or deposits on the
sensor surface influences the measurements. Theeserae reasons why models have to be
updated.

Systems with non linear behaviours need very coxgligorithms or a linearization
approximation at the operating point. This resultdifferent signal processing procedures,
below are a few exemplary methods listed:

Intake manifold pressure or flow rate measureméBly, crankshaft speed fluctuation [38] and
vibration monitoring systems [25].

Some of the systems describeddisect measurement methodsduld be also used as so
called"non direct measurementThis depends on the location of the sensor, wisicised to
observe the engine. Crankshaft speed fluctuatitimeisnost common used method in the
automotive industry for misfire detection [38]. Akaging factors of those methods are
model assumptions of the mechanical system, acgwofabe standard incremental sensor
like magnetic pick ups and the number of cylind&specially at high engine speeds in
conjunctionwith high numbers of cylinders, those methodsdaibecome very imprecise.
Neuronal networks, adaptive filters and model badatistical methods are further derivates
of the crankshaft speed fluctuation analysis [4@] E50].
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Vibration analysis methods like pressure dynamidefmhave been published in the past. [7]
and [25] publish a method which recalculates theyimder pressure of the related cylinder
based on vibration information taken directly fréme engine block. This leads to a complex
signal processing method to obtain the results.

Measurements from engine block vibrations resulbwer kHz frequency [8] and [6]. In fact
the monitoring system has to have faster analyg@ithms compared to the method
proposed in this thesis.

By monitoring the engine block movement a lot &f thsadvantages of the aforementioned
methods can be resolved. Due to the analyticalbgrileed mechanical system of such
combustion engines the in-cylinder pressure charatts can be calculated based on
vibration signals coming from an acceleration senblbe computation of the in-cylinder
pressure is based on a consideratictiiméar time invariant” (LTI) system. Simple signal
processing and low system costs regarding implestientin the standard ECU or the EMS
are some benefits of the proposed condition mdnganethod.

Further advantages are the fast response time aystem and the good signal to noise ratio.
These facts make the system robust against exidistatbances or possible
misinterpretations which maybe found in the sarequency range.
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2.1 Misfire detection classification

Figure 2-1 shows different methods to observe engghaviours. All of the listed
appendages realize misfire detection possibilibased on different physical principles. All

these examples are mainly applied in the automatigestry. One of the most used systems

in the automotive industry is the measurement bbest gas temperatures [46]. For this

measurement it is essential to have at least erteraperature sensor installed in the exhaust

pipe. Defect sensors caused by vibrations in coation with high temperatures up to
1000°C; high costs and limited durability are savhéhe disadvantages of this method. A
review of condition monitoring systems can be riggjéh2].

Misfire detection
(combustion engine)
OBD, OBDII, CARB

Figure 2-1

Overview of methods for misfire detettio
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2.2 Misfire detection methods

2.2.1 Crankshaft speed fluctuation

Making use of Kalman filtering techniques is a regwproach to process the crankshaft speed
signal. Applying this technique means that misiotetations or false alarms can easily be
avoided.

Automotive Engine Misfire Detection Using Kalmaltidfing

"This paper presents a new approach to misfirea#te using system parameter estimation
techniques. A mathematical model has been devefopéke engine firing system. The
resulting model contains many unknown parameteiefficients. A system parameter
identification technique employing a Kalman filiethen developed to estimate all the
unknown parameters based on actual vehicle test dédte paper shows that the new

Kalman filter approach for misfire detection haggtly enhanced the detection accuracy and
reduced the false alarm rate of current misfireedéibn systemg38].

The“crankshaft speed fluctuation{CSF) method is based on software algorithms tectle
incorrect ignition events. [1], [2], [3], [4] an&] describes briefly the algorithms and the
issuegelated to the methods. All of the published megheshploy additional sensors, i.e.
pressure or vibration sensors to avoid misintegpiats. Additional sensors are often used to
detect so called "in range" failures of the systamd further increase the likelihood of the
detection of poor combustion processes by compaiififerent sensor signals to each other.
An automotive engine normally is fitted with a ckgwosition sensor, a tooth wheel and
furthermore other important sensors and actuatwrerfgine management. The tooth wheel is
normally mounted on the crankshaft and has a piresteposition referenced to a fixed
engine point. The position of the flywheel and thuenber of teeth depends on the designer
and the dynamic properties of the engine. A stahddueel for automotive applications has
36-2 teeth. This leads to a physically resolutib@@ crank angle. By using interpolation
methods the resolution can be increased withirairelimits.

An external electronic device like a speed sersuiiied to the ECU. The sensor picks up the
edges of the trigger wheel and transfers the geetesignal to the engine control unit. ECU
synchronization is triggered upon a certain toathich serves as engine reference point.
Each calculation of the ECU is referenced to tlwan{p At a given crank angle position the
ECU generates an ignition pulse. If an ignitionrévand furthermore a combustion process is
initiated, the crankshaft will be accelerated. &se& of a normal engine behaviour the average
engine speed (crankshaft rotation speed) overwherfgine rotation is quite constant.

A cut out over some crank angle degrees of thekesamal shows the engine behaviour in
detail. Under normal operational conditions, thgiea shows different widths between crank
signal pulses caused by the ignition events. €kelution of the pulse depends on the counts
of teeth on the tooth wheel. In case of a failaréhie ignition system or a pressure loss of e.g.
one cylinder, the crank signal shows significardgrades in pulse widths and can be
distinguished by comparing the tooth widths of epulse. A failure caused by misfire, shows
instantaneous changes of the crankshaft speerkktted tooth wheel position. Misfire can be
located by observing regional distinctions of amgwelocities. A closer look to the pulses
shows the behaviour of the affected cylinder. Agiea fault results in different pulse widths
of the crankshaft signal. This can be observedta@daulty cylinder can be recognized.
Cylinder numbers, engine speed, signal magnitugleardic mechanical effects of the

11
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crankshaft and other disturbances on the enginsceine reasons for using special software
algorithms to detect abnormal cylinder conditions.

High cylinder counts combined with high engine spesguires optimized software
algorithms. To distinguish between normal and atmabengine conditions many different
signal filter techniques can be used. A common leratof this detection method is the
influence of the crankshaft. Any crankshaft vibwas can influence the signal quality,
acceleration and deceleration of the crankshaft atgy, at normal engine conditions, create
ghost failures by the detection algorithms. To prévmisinterpretations most of the
published methods implement crankshaft models.hidpger the quality of the crankshaft
models the lower the likelihood for misinterpredats, which leads to a robust condition
monitoring system.

2.2.2 lon current observation

Herein are some proposed examples of indirect raiditection methods. Based on
measuring ion current flow misfire can be deteciRidadvantages of these methods are
additional electronic devices or controllers forasering the current flow.

Monitoring the Combustion Quality in Internal Congltion Engines Using the Spark
Plug as a Plasma Probe

"A method of monitoring the quality of combustinrspark ignition gasoline engines using
the spark plug's centre electrode as a plasma pisipeesented. Due to the ionized species
remaining in the burned gases after combustioryreeait is induced in a network attached to
the spark plug's centre electrode. The time depg®lef this induced current is shown to
correlate with the presence or absence and the eiheecurrence of the pressure component
due to combustion in pressure transducer signatended simultaneously. Based on these
correlations, three types of burns could be recegdifrom plasma probe signals: good
burns, slow burns, and misfires. The specific datren between the absence of a pressure
component due to combustion and a correspondingradesof a plasma probe signal was
used to form the basis for the operation of a dm@nel engine misfire monitoring circuit”
[39].

A Method of Torque Estimation Utilizing lonizati8ensing Technology in Internal
Combustion SI Engines

"This paper describes a method of torque estimatipnsing in-cylinder ionization sensing
technique in an internal combustion S| engine. Tlgtothe characterisation of the ion
current signal measured across the spark plug eddet with four parameters, two peaks of
ionization signal were investigated and used tddotlie relationship between the net torque
of engine and the ion current signal. From the expent results, a conclusion can be drawn
that the averaged ionization signal over 20 conigelcombustion cycles is well correlative
with the variation of torque, especially in the eas higher torque conditions. The intensity
and position of the second peak of this signalnaost sensitive to the change of torq[#0].

12
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2.2.3 Exhaust gasflow rate and exhaust gas pressure

Following is a technique presenting how an exhgastpressure can be estimated. Applying
this method, additional pressure sensors are rgelamecessary, or a monitoring system for
observing the pressure sensors is feasible.

Exhaust Pressure Estimation and Its ApplicatioW#miable Geometry Turbine and
Waste gate Diagnostics

"Exhaust pressure is a critical engine parametezdit calculate engine volumetric
efficiency and EGR flow rate. In this paper, extliguessure is estimated for an internal
combustion engine equipped with a variable geontattyocharger. A coordinate
transformation is applied to generate a turbine nfiapestimation of the exhaust pressure.
This estimation can be used to replace an expepsessure sensor for cost saving. On the
other hand, for internal combustion engines thatéhalready installed exhaust pressure
sensors, this estimation can be used to generatdual signals for model-based diagnostics.
Based on the residual signals, two diagnostic nugtere proposed: one based on cumulative
sum algorithms and the other based on pattern reitimyp and neural networks. The
algorithms are able to detect and isolate differfailure modes for a turbocharger system”
[41].

The paper below describes a sensor to measuralthes gas flow rate. High time resolution
and precision of the sensor realizes the possilidimonitor in-cylinder pressure losses.

A Capacitance Ultrasonic Transducer with Micro misglul Back plate for Fast Flow
Measurements in Hot Pulsating Gases

"A novel high-temperature resistant capacitanceasibonic transducer is presented. It is
designed for an ultrasonic transit-time gas flomten@nd meets two main requirements not
fulfilled by common piezoelectric transducers: Eigsspecial construction based on an
oxidized and patterned silicon back plate combiwéd a metallic membrane enables
transducer operation at elevated gas temperatufegdo 600-C. Second, the geometry and
material parameters were chosen to obtain a broadbdevice that allows high signal slew
rates and pulse repetition rates. As proven by m@ssents in an automotive combustion
engine test bed environment, this new transduaés far internal combustion engine exhaust
flow measurements in between the catalytic convarteé the end of the exhaust pipe.
Preliminary results for the exhaust mass flow @@A®0 kg/h) of a typical automotive engine
measured with these novel transducers are givercantgpared with the mass flow calculated
from fuel consumption and air/fuel ratid)( [42].

13
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2.2.4 In-cylinder pressure measurement

In the following outlet a new sensor for measutimg in-cylinder pressure will be presented.

Development of a Fibre-Optic Sensor for the Measa®t of Dynamic Cylinder
Pressure in Spark Ignition Engine

"This paper describes a new design of in-cylindeispure sensor for automotive applications
using optical technology. The technology has bgglied to a spark ignition engine and
compared against piezoelectric sensor. The papesgnts a fibre-optic interferometric
sensor based on highly birefringent side-hole brEhe sensing part is composed of a side-
hole fibre characterized by a very high pressur¢etmperature sensitivity ratio equal to
25°C/bar, which are about two orders of magnitudghkr than in the case of other highly
birefringent fibres. The research with positivedadtory verification has proven the
usefulness of fibre-optic sensor for diagnosticsashbustion engine work cycle.
Assumptions that the use of interferential fibrétopensor shall enable pressure
measurements and calculation of indices resultiogmfthese measurements that are based on
an obtained data as well as controlling the engimeway have turned out to be true. The
research revealed the relation between the tradktefferential fibre-optic sensor signal and
work cycle parameters of SI engine. Also the thsisthe measurement signal of
interferential fibre-optic sensor can be the carrid data about certain SI engine work cycle
parameters had been proven. The initial resultenftbe sensors show good performance
against reference sensor. We compared the dyndmrmacteristics of the fibre-optic sensor,
to the responses of a calibrated and temperaturapsnsated piezoelectric sensor. The
dynamic characteristics of the fibre-optic sensa m good agreement with the reference
piezoelectric sensor, which shows the great utilftthe side hole fibres in accurate
measurements of high dynamic pressuf48].
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2.2.5 Intake manifold pressure or flow rate

Using the method proposed below, exhaust emissiambe reduced dramatically. Applying
this method, a misfire due to too rich air-fuel tapes formation caused by sensor, ECU or
injection failures for example, can be avoided bymeating the fuel quantities based on an
analytic model. A comparison of calculated (frora EBCU) and estimated fuel quantities
realizes an applicable condition monitoring systenmisfire.

Air-Fuel Ratio Control in Gasoline Engines BasedSiate Estimation and Prediction
Using Dynamic Models

"A highly accurate air-fuel ratio control schemeshlaeen developed for reducing exhaust
emissions from gasoline engines. It uses a compiensheme based on state estimation
and prediction to cope with the problems of prdgisietecting the amount of air flowing into
the cylinder, which is difficult in transition due air-flow sensor delay, air charging of the
intake manifold, and a control structure that regsi predicting the air flow one stroke
ahead, and the delay in fuel transport caused byfulel impacting on the wall of the intake
manifold. The internal state variables, the manifptessure, the air flow rate at the inlet
port, and the fuel film amount are estimated usipgeviously adjusted dynamic model; the
fuel injection amount is controlled based on thesmated values so that the target air-fuel
ratio can be accurately achieved. Experiments slloivat the air-fuel ratio control is
improved, reducing exhaust emissions from 10% % 8dmpared with the conventional
method'[43].

2.2.6 Vibration monitoring

Vibration monitoring systems are common used metliodbserve the behaviour of
combustion engines. The engine noise can be oltkbyvasing an acceleration sensor, which
is mounted on the engine block. All applications keock sensors for vibration observations
to prevent severe in-cylinder pressures. The kisedsor is a standard sensor for automotive
engines. From [7] to [9] some methods are desciibedbserve the in-cylinder pressure by
measuring structure born sound. In [6] a methquesented which uses a transfer function to
calculate the in-cylinder pressure. The major tasle-calculate the in-cylinder pressure
based on vibration signals is to find the tranfiection of the engine. Based on this function
further calculations can be derived. As explaimefb] and [7], costs and reliability are the
main drivers to reduce sensor quantities. Commed ogethods work with model
assumptions. Sound signal models, identificatiah r@eonstruction are the main parts to
recalculate the cylinder pressure characteristars fan acceleration signal. As mentioned in
chapter 2.2.1 a faulty ignition event leads to ange of the crankshaft angular velocity and
then to a torque distortion on the crankshatft. dtmaplex signal processing algorithms, the
difficulty to find correct parameters for the trégrsfunction of the engine and limitations on
the implementation of the algorithm in the ECU swene examples why these methods are
not applied to aircraft engines.

Two examples how vibration signals can be usectterthine engine faults are listed below.
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FAST IN-CYLINDER PRESSURE RECONSTRUCTION FROM STBRE-
BORNE SOUND USING THE EM ALGORITHM

"The paper addresses the problem of reconstructiedow-frequency part of in-cylinder
pressure of spark ignition engines by analyzingatrre-borne sound signals measured on
the surface of the engine block. The new pressace imodel proposed yields accurate
approximations with a minimal number of paramet&#en combined with the EM
algorithm, a processing scheme results that profade pressure estimates and efficiently
exploits the information contained in the soundalgExperimental results with real
measurement data show the potential of the recoct&d signal to perform misfire detection
and closed-loop spark ignition timing taskel.

ENGINES CONDITION MONITORING BASED ON SPECTRUM ANGE OF
SOUND SIGNALS

"This paper proposes the use of spectrum estimatiincross spectrum correlation to
monitor the condition of automotive engine basedheir sound signatures. This approach is
convenient and economical as it is non intrusive does not require high precision sensors.
The nonparametric spectrum estimation is choseausscthe sample available is sufficiently
large such that there is no leakage and frequerswplution problem. The methods chosen
are periodogram, Bartlett, Welch and Blackman-TUKé¥].

2.2.7 Vibration monitoring by measuring the engine block fluctuation

The observation of the engine block fluctuatiomalh measuring the behaviour of the engine,
even if the sensor like e.g. an acceleration sesswst directly attached to the engine block.
This means the sensor could be installed on amrettengine aggregate as well.

[8] Briefly describes the working principle and tidea of this method. The paper does not
include a detailed description how it works andakhinechanical parts could influence the
quality of the misfire detection. Unfortunately [@pes notlescribe the relation between the
measured vibration signal and the mechanical systéere is no information about the

signal processing algorithm and the expected fregjes in case of an engine ignition fault.
Later on this thesis will explain why these parameare essential for a model based misfire
detection method.

The paper illustrates that in case of misfire tieation signal shows a peak approximately
90° crank angle after the missing ignition everfiisTis an invariant parameter of the engine
and constant across the entire engine speed rtilgis. parameter is referenced to an e.g.
crankshatft signal the affected cylinder can betkxta

The main purpose of this invention is to prevestdiastruction of the exhaust gas purification
system. As mentioned in the paper the biggest ddgarof the detection method is the rapid
response of the engine block caused by an ignetemt failure. If a malfunction is detected,
the related injector will be switched off and ttegatyst can be protected. The paper does not
describe dynamic effects which must be consideesgribing combustion engines as
published in this thesis.
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3 ENGINE MODEL

3.1 Introduction

In chapter 2.2.7 a method to detect an abnormadds firing event was mentioned. The
method is based on measurements of engine blockiétion [8].

This thesis employs the knowledge presented irY 2@d describes an extended model based
diagnostic method for aircraft combustion enginéd wore than one cylinder.

This chapter describes the mechanical model fomiestigated engine type.

The engine design requirements for aircraft engameguite different to automotive engines.
For aircraft engines it is essential to use madiglytweight materials to reduce weight of the
aircraft. A further design requirement concerningigae vibrations relates to the comfort in
the passenger compartment. It is not acceptabletlod of disturbances produced by the
engine are transferred to the cockpit compartmedtpoduce unpleasant noise there. Torque
of engines e.g. cars is transmitted to the whdalpewer train systems. Power train system
means the joints between crankshaft-gear box, lyeadifferential gear and further to the
wheels. The moment of inertia and effects on tlggrendue to the moment of inertia of the
propeller is generally underestimated. It mustdresaered that the moment of inertia of the
propeller U, related to the driving side (crankshaft must hedeid by the squared gear ratio.

In order to reduce torque distortions on the enduneto the moment of inertia of the
propeller; it is necessary to uncouple the engine from toeglter. This can be achieved

by using a special damped clutch or a torsionlbgd 2] an alternative method to reduce
vibrations by using a switch able torsion bar isgented. With this method the torsion
stiffness of the power train system can be switdietd/een two spring parameters. It can be
chosen if the propeller connected to the cranksbatiff or flexible. During the starting
phase the propeller is directly connected to t@kshaft via a bar with a high spring
constant. At a predefined engine revolution theitar bar with lower spring constant will be
engaged. If the propeller is directly connectethocrankshaft meaning without gear box no
clutches or torsion bars are necessary. Figursl®vs the working principle of the system.

A

stiff system

torsional amplitude

soft system

} f f I I > rom
0 1000 2000 3000 4000

[ > >
| idle range on operating range
stiff system on soft system

Figure 3-1 Torsional amplitude versus engine spdadal frequency system.
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Following the state of the art aircraft desigrsitécommended to have a decoupled
arrangement between the engine and the propellesibg e.g. a torsion bar. This helps to
decrease crankshaft vibrations and keeps a smadthktable engine torque at the propeller.
Engineers are challenged to find a very flexiblksitn bar with the purpose to reduce engine
vibrations and withstand the maximum engine tongiteout any restrictions.

This means the torsion bar has to operate in aefiredl range of the Hooke's law [11].
Overstressing the torsion bar could result in daasag a complete breakdown. In this case
the mechanical joint, meaning the power train sydtetween the engine and the propeller, is
lost and no engine torque can be transmitted.

Effects such as bearing friction or piston frictiem@ not included in the mathematical model
and therefore not considered in the representafitime misfire event.

Figure 3-2 represents an overview of the mechamecalel. For the simulation of the engine
behaviour a mathematical model was developed basdae picture below. This block
diagram briefly describes the engine and the mashem Due to the chosen method,
monitoring the engine movement, only high poweeet like a missing firing event of the
engine will be recognized. A tooth crack or pittimiga tooth wheel for example will not
excite the engine in a manner such as caused loyefaif the ignition or injection system.

The structure possesses a low pass filter chaistaterithout additional damping elements.

Engine case

In-cylinder
Pressure
P1.--Ps

Cylinder
Force
f1..fe

v

Crank
Motion
C1...Cs

'

Total crankshaft
Tilger assy - torque —‘O—» Torsion bar > Geg;1box
3(T+...Te) 5 (31)

A

Y

Mass
Effects
(rotgting —» Propeller & Propellershaft

oscillating)

————— = —p]

Balancershaft F——————————— - - - — — ————

Silent Block
S1...S6

Figure 3-2 Engine model overview.
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3.2 Power train system and model assumptions

In an effort to describe the physical behaviourseat systems it is mostly necessary and
helpful to reduce the complexity of a system withltiple degrees of freedom (MDOF) to a
system with fewer degrees of freedom [13]. Forahalytic description and simulation of
behaviours of a 6-cylinder, 4-stroke combustionieggncluding a gearbox and a propeller,
some model restrictions must be assumed.

If the engine mounts for example must be consideyedlinearization approximations

around the operating point of the silent blocksrammmmended. Without the linearization the
model cannot be described as an LTI system and Ineusdlculated as a non linear system.
[13] distinguishes between three system levelshfermodel assumptions and describes how
mechanical systems can be expressed in an anayi@and which level has to be applied for

the system description. The system levels arecdcé8keel one”, “level two” and “level
three”.

Stage one is based on a rigid body type and dlleat“level one”. It can be applied if the
excitation is quite slow. This means the naturadjfrency of the system is higher than the
highest excitation frequency.

fooo [ w, (3.1)

ecxitation

In case of a transient excitation the model “leawad” can be assumed if the time of the force
transition § is much higher than the cycle duratibg, of the real physical phenomena.

7t (3.2)

“Level three” approaches can be assumed if nomtipeoblems have to be investigated.

In this thesis the restrictions to “level one” dielel two” are assumed. Non linear effects
will not be considered or converted to LTI systeBased on the fact that a silent block for
example is a non linear system, it will be transf@rto a LTI system for further assignments.

19



ENGINE MODEL

3.2.1 Inertiatensor

In a homogeneous gravitation field the centre ofsria the same as the centre of gravity [14].
Due to the fact that the influence of an inhomogeisegravitation field is less compared to
the phenomena described in this thesis, it wilign@red. If the centre of the coordinate
system is located at the centre of gravity, thBcstaass moments of area will be zero.

For the description of dynamic systems it is nemgst work with the moment of inertia and
the product of inertia. The moment of inerfigand the product of inertial ,, are given by

O, =jszdm (3.3)
and
. =I pgdm. (3.4)

Wherea is the reference axis, the distance from the axis to the points of théié®and p
and gepresent the axis of the reference plane.

The engine block including all internal and extérg@mnponents, such as the external
generator, the air conditioning compressor, is icimed in the engine model. The design of
the engine was done by the program Pro-Enginegrj2? also the moment of inertia tensor
was calculated by this program. The formula lidgietbw is referenced to the centre of mass
[, of the whole engine.

W ny xz
0.=|0, 0, O, (3.5)
sz Dyz 7z
The moment of inertia of mass are defined by
0, =j( y2 + 2% )dm (3.6)
0, =j(x2 + 7 )dr (3.7)
0, =j(x2 +y? )dm (3.8)
and the products of inertia
O, =0, ==[ xydm (3.9)
0,.=0,= —j zxdm (3.10)

0,,=0,,= —j yzdn. (3.11)
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3.2.2 Torsion bar

As mentioned above, the design objective of ait@ainbustion engines should allow stable
torque delivery, which ultimately reduces the leseéngine block movement.

Due to angular velocity irregularities caused byssand gas effects, it is proposed to
counteract by means of a torsion bar. In ordee#dize a stable output torque, the engineers
eitherintegrate a torsion spring between the cranksimafitiae power train or use the power
train system as spring. Aircraft engines mostly els&ches with elastic spring elements to
reduce mechanical stress caused by mechanicahiotaain the power train system.

Due to teeth clearance in the gear box it is styoregommended to install a torsion bar for
example or other spring elements in addition. éf pnopeller is connected to the engine via a
gear box without damping components, engine vibnatincrease caused by the mass
moment of inertia of the propeller in combinatioithiteeth backlash. This leads to excessive
noise and gear wear. Worn gears are also causerfpre fluctuations that are transmitted by
the crankshaft and ultimately result in elevategime® block movement.

The engine described in this thesis was equipp#damviorsion bar. Figure 3-3 shows a
sectional representation of the hydro damper (Ithereft hand side, followed to the right by
the crankshaft (2), the pistons (3), the torsion(Ba the pinion shaft (5), the gearbox (6), and
the propeller shaft (7). On the bottom the sildatk (8) with the fixation is drawn as well.
Before a computation can be done, the torsion i other parts of the engine have to be
investigated in which model level they can be esped. As mentioned in 3.2 model “level
one” could be applied if the excitation frequengyriuch lower than the natural frequency of
the part. If model “level one” is not applicableetmodel “level two” or “level three” must be
applied. For the classification it is necessarlgdge the information of the natural frequency
of the investigated part. For the categorizatiandlyen-modes have to be calculated. This
was done by the program MATLAB-Simulink [18].

6 ® s 5
1 0 -
—= 5
3 O o° m
ff._ W\ _ 10 1 e )
s o\ Te0t | 4 a f:
it ‘ S e O 0 7
X L ; i ® D ¥
= S - 5
s -
/ 8 2 \ // 4
Figure 3-3 Sectional representation of the powairtrsystem. (1) hydro damper, (8) silent block,

(2) crankshaft, (3) piston, (4) torsion bar, (5hjin shaft, (6) gear box and propeller
shaft (7).
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Figure 3-4 Overview of engine parts of the powairtrsystem. Top: Crankshaft left hand side
and torsion bar right. Middle: Pinion shaft left hd side and silent block with
fixation to the right. Bottom: Hydro damper wittoth wheel left hand side, to the
right the connecting rod and the piston.
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Figure 3-5 Sectional representation of the gear.box
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Below the equations for the power train system showFigure 3-6 are listed. For the

calculation of the natural frequendy, :% a non excited system (excitation = 0) must be
' V4

formulated.,, denotes the moment of inertia of the crankshalttae hydro dampews,
Represents the angular acceleration gnthe angular displacement of the crankshaft, ak wel
as the hydro damper. The spring constant of trsaobar is denoted lay,. ¢, describes the
angular displacement of the tooth wheel with treeusir, (on crankshaft). The moment of
inertia of the propeller and the propeller shafiescribed by, and [J, denotes the moment

of inertia of the tooth wheel with the radigs ct; describes the spring constant of the
propeller shaft and the parametgrand ry, describe the wheel diameter of the gear box. A
more detailed description will follow in sectior233.

Uief, = _Ct4(¢2_¢1) (3.12)

D16¢1+Ct4(¢1_¢2) =0 (3.13)

(Dz +0, (:_5] J¢2 _Ct4(¢1_¢2) + Cte(::_?)j (¢ 4 5(:_]} =0 (3.14)
(ol ok
Ts s I I's

Dz
ct,
—_— —— - — — — —— = — -— —>
¢1 ¢ I ¢2
I
Dle -+ — - —_— - -+
¢4 ¢5
Ds
D4

Figure 3-6 Rigid body type model of the power traystem.
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The angular rate is given by [13]:

@, =0 Hz (3.16)

1
o= aE |- ; 5 (3.17)
Iy I
s fs
with the reference angular rate
2 2
w2 = ct, , 's) . \Ts (3.18)

D 2 2"
r6 r6

The calculated angular rate (3.17) of the torsion bar is 34.11 Hz. If the gy range of

the engine is considered, the maximum value ofiteeorder frequency of the engine is 100
Hz (equivalent to 6000 rpm).

Since the natural frequency of the torsion batasecto the operating frequency of the engine
a description of the torsion bar by a dynamic masleéquired.

This means the power train system must be descwiitednodel "level two" or "level three".

In this thesis model "level two" was chosen for slgstem description.

Figure 3-8 shows the torque characteristics ofdhgon bar (top), of the gearbox (middle)
and the propeller shaft (bottom) versus enginedsgp€ekhe simulation was done with an
excitation magnitude of one.

The maximum torque fluctuation occurs at an engped of around 4200 rpm, equivalent to
35 Hz (based on a 4-stroke cycle). The reasorhitdrque fluctuation is the distance being
closer to the natural frequency of the torsion hars behaviour must be considered for the
misfire detection model.

Due to the fact that the investigated engine wa&stioke engine one engine cycle needs two
full engine rotations (720° crank angle). If anardnalyses will be done the lowest possible
oscillation mode starts at the 8.8ngine oscillation mode.

Figure 3-7 represents the calculated magnitudehef digen-modes. The horizontal axis
represents the position on the power train systém. system was calculated at 3 positions.

The magnitude of the eigen-modes was calculatgqubgitions "hydro damper”, "gear box"
and the "propeller".
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Eigenmodes of pawer train system

Mormalized eigenmode magnitude

eigenmode 2
eigenmode 3
2 |
torsion bar gear box propeller
position on power train system
Figure 3-7 Normalized eigen-mode magnitude of thegr train system.
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Figure 3-8 Torques on parts of the transmition egstzersus engine speed. Top torsion bar,
middle propeller shaft and bottom gear box.
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3.2.3 Torsion bar

As mentioned in section 3.2.2 due to the natuegjdency of the power train system, it is
necessary to assume a dynamic model of the crankansm. The new dynamic model
includes additionally the spring and the dampirades.

The description of the power train system withdlgaamic behaviours included will be
shown in Figure 3-9.

The moment of inertid], represents the hydro dampét, the crankshaftl], and ], the

tooth wheels of the gear box ahy the moment of inertia of the propellet, , ; describes
the damping ana, , the spring constants of the system. The degregseedoms are
described by the angular displacemeny, . .. The angular displacements are denotedby
(hydro damper)g, (crankshaft)g, (tooth wheel on crankshafty, (tooth wheel on
propeller shaft) ang. (propeller). The angular velocities and the angataeleration of the
system are defined by, , ¢ (hydro damper)g,, #, (crankshaft)g,, ¢, (tooth wheel on
crankshaft),¢,, ¢, (tooth wheel on propeller shaft) agd, ¢, (propeller). For the tooth
force description at the gear box the varidblgas selected and for the tooth wheel radius
andr, were defined. The torque variables are formulatetbllowedT; (hydro damper)T,
(crankshaft),T, andT, (tooth wheel torque gear box) afg at the propeller.

The system is specified by the following equations:

1. Hydro damper :

Os (@ +ds {ps—9,) =T (3.19)
2. Crankshatft:

0,0, +d, Up,—¢,)+c.l{p,-¢)-dlp 9 )=T (3.20)
3. Torsion shaft and gear box:

0,%,-d,[{p,~¢,)-c,(g,~¢,)+ FI,=T, (3.21)
4. Gearbox and propeller:

0,8, +d,0g,-ps)+c,lp,~¢)+ FI,=T, (3.22)

_%[D“ W4+d4m¢4_¢5)+C4[ﬂ¢4‘¢5)—T4]: F (3.23)
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With the relation of
¢, ==, (3.24)

the equation (3.23) changes to

—1[54 [—IA@ +d4EE—:—2¢2—¢5j " c4[€—:—2¢2—¢5j— T‘} = F. (3.25)

Ty

5. Propeller:

U Ws—d45@¢4—¢5)—04fﬂ¢4—¢5) T. (3.26)

By a substitution ofp, in (3.26) the equations changes to

Ds @55—d4[ﬁ—:—2@’z—¢5]—04[ﬁ—:—2@52—¢5j:Ts (3.27)

and by a substitution df in (3.21) the system of equation results in

Dz W2_d1[q¢1_¢2)_cl[q¢1_¢z)_:_zm

(3.28)
l:D4 [E_:_Zmzj +d4[ﬁ—:—2@52—¢5j + C4[€—:—2@52—¢5j— T4} = T2|:
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The equation expressed by matrices can be writen a

é

0 I 0§, |+ -d, d1+(—2jmd4 Zog, |me, |+
Iy ry
0 0 0;)\§ r &5
[ $ |0 2o, d | g
d
C -C 0
r 2 r ¢1 T1
G cl+(r—2j &, 20 |0¢,|=|T, |0
I U
0 c, C, [ T
r, -
o

With the assumption

2
=0, +(r—2j m,
r

4

and

the matrices set of linear equation is denoted by

[

[g+dip+clp=T.
The solution of (3.32) can be found by using therapches

T =T, Ceoq w(H)

¢ = x&

¢=jloxE™

$=—of X[@".
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By a consideration of (3.33), (3.34), (3.35) anohg$3.36) in (3.32) we obtain
T4op-0p+dp+cp=T.

The differential equation changes to

(- MO+ @ G+ X=T.

The imaginary and the real part of the equationtrheseparated

X = Xear + ] Kinag

and by an insertion of (3.39) in (3.38) the equatian be expressed by

_(UZ D=D|3;(real + J B‘)@ D_(real +£|:_xeal - Jl]dz D=D|:_xmag+
jzm@m(. + J (€[ = T, + 00j00

Zimag ~imag

Using

>

:—(,_j2 D]=:|+

[Fe}

and

oo

-w

1=

the equation changes to

ﬁ‘D_(reaI _=B|:_b§mag + [=B|]_)§eal + =AD—)$mag} i F _I+ (D]

and further to

s At o)
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The real part of the equation describes the sybtmaviour.
8., =R X6 |= R & cdw)t [ s(wl) (3.45)

RE{[ toa + 1D | cO§w}+ Psiwn) ]} = _x, O cdso)t 5,0 sfwD) (3.46)
Expressed in the Euler equation form (3.45) cawligen as

8. =C,oqwlittgp). (3.47)

L real

The signal amplitude can be expressed by

Con =\ Xoreat + Xoimac (3.48)

n,imag

and the angular offset is denoted by

@ = arctan(MJ : (3.49)
Jreal
Dl
s L,
Cl
N — — T2
de dl F ® frz ¢2> DS

d 4
—»
0, T;
- ?s
T,
9,

Figure 3-9 Dynamic model overview of the poweintisystem.
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3.2.4 Hydro damper

Hydro dampers are used for smooth engine torqueetgl Due to gas forces, rotating and
oscillating masses of the crankshaft the engirgumraries over one full engine cycle. In
order to achieve smooth torque characteristicstiathdi masses fitted to the crankshaft can
be used. Using heavy flywheels on the crankshdfisheamoothing engine torque
characteristics.

Due to the fluctuation of the angular velogtythe torque variation is often not acceptable.

To mitigate engine torque fluctuations heavy massesbe applied. The working principle is
easy to understand. In phases during which thanteeous torque exceeds the average
torque the flywheel absorbs energy. In phases gwvimch the instantaneous torque is lower
than the average torque the flywheel releases gnBygchanging the mass of the hydro
damper the smoothing characteristic can be optanise

On the left hand side of Figure 3-3 the hydro danmgpehown. This arrangement of the
damping systems realizes the best size weight ohtioe investigated engine with desired
system characteristics. This part was designedve kariable damping factors over a wide
engine speed range. In fact the resonance frequeribg whole crank motion becomes lower
by using a heavy hydro damper. In order to achgmaa results special fluid similar to oil
was filled into the hydro damper. The oil represdhe damping factor in a spring mass
system.

Due to the complexity of this part it is not pos$sito derive an analytic equation. The values
for the spring constant and also for the dampiragatteristics were not known and had to be
estimated. The behaviour of the whole hydro damnzer tested and measured on the test rig.
The model parameters were optimised in a manngettthe best correlation between test
results and simulation. Detailed hydro damper desaan be looked up in [13] and will not
be further investigated in this paper.

In this thesis the starting procedure (engine spaegde is defined from 0 to idle rpm) of the
engine was not considered and there was no focislbthe starting phase should be
considered too, the steady state system does nettbde applied and the linear differential
equation can be solved by calculating the homogeaad the particular parts.

Due to the facts which are mentioned above, thechgedmper can be described as a rigid
body system and dynamic effects will not be consde
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3.2.5 Crankshaft and engine case

The model of the crankshaft and the associated paate done by the "level one" assumption
(see page 19). Also the engine case was assunzedgid body type. It is known that
crankshatft vibrations (torsional vibrations) arairange of 300 Hz upwards depending on the
crankshaft design. This can be proven bBfjrate element method{FEM) simulation (with a
spring mass model assumption of the crankshaftasddone by the design engineers

during the design process.

This thesis describes the engine behaviour in aueguencies up to 100 Hz. This means the
maximum estimated frequency is the first orderdiestry of the engine. Due to that fact it is
allowed to describe the crankshaft in a "level ometel.

Also the engine case behaviour was investigated WBM calculation.

It is also a common understanding that the eigémegaof the engine case are higher than the
observed frequency range for this application. Tigmans the engine case can be assumed as
a rigid body part as well and therefore treated dsvel one" model.
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3.2.6 Shock mounts

Four silent blocks were installed on the enginguFé 3-3 shows two of the silent blocks
below the crankshaft connected to the engine ¢agere 3-4 represents details of the power
train system and shows the silent block orientatvih the fixation.

Silent blocks are necessary for a flexible instalain the aircratft. If the design does not
foresee flexible elements between the engine amértlgine mount or the aircraft, the engine
will stiffly be connected to the aircraft hull. Alibrations coming from the engine will be
transmitted to the aircraft chassis.

By using silent blocks there are a few considenstwith regards to installation requirements
such as stiffness, engine position, engine spegdhanresonance frequency of the whole
system and the exposure temperature to be made.

In case of using a silent block for the enginetio@ the part should fix the engine in the
right position and should decouple the engine fthenairframe of parasitic audio sound. The
silent block must withstand forces and torque e@aly the engine e.g. gas forces, mass
forces, mass torques and non periodical effectd@uo@sfire. To prevent damages or
disturbances of the engine mount and the airchatie malicious influences must be reduced
to an acceptable level.

By using a silent block with sufficient charactédsigher engine vibrations will be damped
and the negative effect upon the engine mountheillimited to acceptable levels.

Quality of the silent blocks, frequency behaviond aesistance against shear stress, the
geometry and aging are parameters which have toms&dered.

The silent block is highly non linear and it isfszient to use linear approximation for the
calculation and the analytic simulation. Becausthefrobustness of the detection method it
can be shown later on that the linearization apgrad the silent block is in good agreement
with the measured test results.

Due to the position of the silent blocks, stressuog in two directions of the silent block. The
compression spring rate and the shear spring ratpasameters which describe the system
behaviour of the silent block. These parametergwaren by the supplier and aret

directly measurable on the engine test bench.

It can be shown that all peak values are in a #aqy range lower than 850 Hz which is
equivalent to an engine speed of 14 rpm.

Due to the reason that the detection method prapiosthis thesis works in a frequency range
from 30 Hz to 100 Hz and the fact that the maxinpeak values of the silent blocks are

lower than 850 Hz the transfer behaviour does agého be considered.

If a system from zero engine speed to maximum engjireed should be described, the
behaviour of the silent blocks must be considendtié same manner as by the hydro damper.
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With the assumption of a linear approximation & #iient block it can be modelled by

-mOk@S + j(bCkGo+ dx= F. (3.50)
Using

F=A["Y = Aficos(¢)+ jTsin(¢) ] (3.51)
X = Altos( wlt) + BLsinw}) (3.52)
K = wif - AGin(w(t) + Bléo{ (1)) (3.53)

K" = —of [f| Alos( (1) + Bsin( wLt)) (3.54)
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3.2.7 Propeller

The analytic model of the propeller was describgdbbe parameter, the moment of inertia
U

XX "

In this thesis a three blade propeller was consatleFhe investigated aircraft was equipped
with a three and a four blade propeller. A compmarief the measurement data acquired with
the three and the four blade propeller shows singlagine results. Performing an order
analyses the 0"5engine oscillation mode shows higher magnitudesidigig a four blade
propeller compared to a three blade propeller. &eésr is the higher moment of inertia of
the four plate propeller.

Also the measurements shown in this paper were dithea three blade propeller. Due to the
high moment of inertiall, of the propeller and the assumption of a constanpeller

rotation speed a general plane motion for the pl@apand the associated engine can be
assumed. Movement in y and z directions are nagidered.

Only movements around the x-axis are expected. dgngsement allows observing the engine
movement using an acceleration sensor only aroo@dc-axis (see coordinate plane "CSYS
centre of gravity”). Three dimensional measurementsiot have to be applied. Furthermore
an acceleration sensor with sensitivity in onediom is sufficient for the application.

Equation (3.55) denotes the moment of inertia @& gnopeller. Due to the symmetrical
contour of the propeller the parameters aroundhtha diagonal of the matrix are zero and
the moment of inertia can be describedy, 0, and[J,,.

[

XX Xy [ Xz

(3.55)

Xy yy yz

|

1
I Ry
0O O

O

Xz yz 7z
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3.3 Excitation

The excitation of a system can be distinguished/den two types. One is the periodical and
the second one the non-periodical excitation. Tiis¢ fepresents the standard excitation of the
engine. The second one could also be a standarbptaon of a system or it could be a type
or a parameter for abnormal engine behavioursnilgdire. In this thesis only periodical
excitations will be investigated.

3.3.1 Periodical excitation

Common used methods for the description of mechhbmhaviours and effects of
combustion engines are Fourier analyses techniiaeh periodic signaf(x) e.g. forces or

torques can be described with the Fourier theohere following chapters the system
behaviour will be described and explained by usiniggmethod. This helps to understand the
working principle of a combustion engine and issaful tool for analysing the system in the
frequency domain.

fro :a0+§l:a,. cog i>§+§ b sirf i X i=1,2... (3.56)

By a substitution ofx with ¢ the equation (3.56) can be expressed versus arayik.

fu) :a0+hz:‘1ah cog hz/)+g1 hsif W) h=1.2. (3.57)

The parameter h denotes the harmonic numdgethe average valug; the crank angle
(from O to 360°) and the parametexsand b, are coefficients of the equation (3.57) [19].

The first oscillation mode is related to a singhgiaee rotation, which is only half of a
combustion cycle. This means one full 4-stroke eagiycle results in the "®scillation
mode.

3.3.2 Non-periodical excitation
As mentioned in [13], non-periodical excitations arg. run up procedures, clutch

mechanisms and changes of the engine speed. Thissraé the effects listed above are
limited in time.
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3.4 Engine boundary conditions

3.4.1 Coordinate system

For the description of the engine movements iesesgsary to define at least one coordinate
system, introduced at a reference point. Sincédtily movement of the engine case is
measured by means of a one axis acceleration sensgstem with an absolute reference and
a system which is referenced to the body can heaesd.

For the simulation and the comparison of the aiten@asurements, the system "CSYS
engine centre" was used. In order to describeree system two different coordinate
planes were defined. The coordinate system "CSYgthercentre" is shown in Figure 3-12
and Figure 3-13 and "CSYS centre of gravity" isndran Figure 3-14, Figure 3-15 and

Figure 3-16.

For the calculation of the total gas and mass ®the reference system "CSYS engine
centre"” was used.

For the engine inertia calculation "CSYS centrgmaivity" was defined.

The analytic model assumes that the engine casesrawund the centre of gravity of the
engine block (see "CSYS centre of gravity”). As trmred above it can be assumed that the
engine block will remain in one plane. This leadlsistmovement around the x-axis referenced
to "CSYS centre of gravity". Good correlation betwesimulation and measurement in terms
of amplitudes and frequencies proof the assumption.

The cylinder selective gas and mass forces andlagsgas and mass torques computation can
be done in the cylinder coordinate system "CSY &$dgr coordinate” (see Figure 3-11).

In this case the crank drive can be described therstandard formulas found in the literature
and coordinate transformation or other calculatdms ot have to be done. The total engine
torque for example can be computed by a superpaosifi the cylinder selective torques by
adding the correct cylinder offset angle.

The engine torque referenced to cylinder 1 nbesshifted to the reference point "CSYS
engine centre" using the correct angle offset. T¢ass to an engine torque computation
referenced to the "CSYS engine centre" coordingttem.

Since the engine model was described in two diffiereference systems it is essential to take
care in which reference system the model descrigral the calculation will be computed.
Data from the engine design program have to befieared into the appropriate reference
system before they can be used for the engine atronl

All calculated results of the power train system i@ferenced to "CSYS engine centre". This
allows implementing the simulation results comirg the engine design tool in the
MATLAB model without any restrictions.

The coordinate plane for the design tool is defimetthe middle of cylinder 1 and 2 (reference
point of "CSYS engine centre"). This means 60 degrank angle offset after the top dead
centre (TDC) of cylinder one.

The negative x-axis is defined in flight directiand the positive y-axis represents the vertical
direction. The z-axis is the Cartesian produchefy and x-axis.

Looking out of the cockpit in flight direction, thpropeller rotates counter clockwise. Due to
the one stage gear box, the crankshaft rotatekwise. The physical location, their firing
order in brackets and the coordinate system "C¥the centre" of the 6 cylinders,

featuring 120° crank angle offset, are definedexsHigure 3-10.
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Figure 3-10  Cylinder location, bracketed the firingder and coordinate plane "CSYS engine
centre".

rotation

o —

Figure 3-11  Cylinder coordinate system"CSYS cylimderdinate" for cylinder 1 and rotation
direction of crankshatft.
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Figure 3-12  Coordinate planes "CSYS engine centne'view.

Figure 3-13  Coordinate planes "CSYS engine centre".
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CSYS centre of gravity

Figure 3-14  Coordinate planes "CSYS centre of gyawalculated of the whole engine and
"CSYS engine centre".
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Figure 3-15  Coordinate planes "CSYS centre of gyawalculated of the whole engine (top view).

Figure 3-16  Coordinate planes "CSYS centre of gyavf the whole engine.
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4 POWERTRAIN SYSTEM

4.1 Crank drive

Due to the cyclic changes of the gas forces, th®piand associated parts such as the
crankshatft, will be accelerated and decelerated¢hvigsults in a non uniform engine torque
characteristic. Engine torque changes can be reducemoothed by adding levelling
components. It can be assumed that the rotaticedspiethe crankshatft is uniform by
connecting sufficient additional masses to the kshaft [19]. In this case the angular
velocityy can be assumed as constant. Due to minor impaattipessystem behaviour
effects of relative motion like piston and engiheds movements are not considered in this
thesis.

n[rpm] Gr

¢ can be calculated using= w and furthew{ } 30
S

Wheren denotes the constant engine speed [rpm].
Hence the derivation of the angular velocity isozer

do _
4.1
q 20 (4.1)

Figure 4-1 shows the crank drive system and inreigu2 the forces are shown. Based on this

the model description and the mathematical equsiticere derived.
In cylinder coordinates the position of the relgpéston is calculated by

s+ Rcogy )+ Ocofp)= R (4.2)

With the abbreviation

2= 4.3)
sin(;3) =|—R[sm(¢/) = ACsir(y) (4.4)
cos(B) =/ 1- A Usirk () (4.5)

The outcome of the equation is the position ofiston with the'top dead centre”(TDC) as
reference in relation to the crankshaft radius:

%—1 cogy) +———Q/ +A? Osif(y) (4.6)
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The piston speed can be calculated by

dt  dy dt

With the assumption of a constant angular velocity

d_‘//:w = w=const (4-8)

dt

The velocity (dimensionless) of the piston is giw®n

X,:_szsin(w)+)||:$in(w)ttos(¢/)

, (4.9)
\/1—/12 Gsin? ()
For practical aspects it can be simplifiedlik<1 to
X = sin(w)+%[tsir( %) (4.10)
Deriving piston velocity provides piston accelevat{dimensionless) [19].
= Réf - cos{y) + ALeos (@) - A Gsirf (w) +A°Osift (p) (4.11)

(\/1—)12 [Sin? (41/))3

If the angular velocity is not constant then thaagpn of the acceleration changes to

§= R X+ X13°) (4.12)
with
X' = coqy)+ A Ocog ) (4.13)

if A<<1.
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Figure 4-1

Yw)

S B = TDC
Fa
{-cos(B) £
f'/
/ R-sin{y) \
¥ \
R/
\ /
\ /
“ 7

Overview of the crank drive system.
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4.2 Gas force

The combustion process depends on parametersigieesload, air and engine temperature,
ignition angle and fuel injection quantity for expie.

The cylinder head, the piston and the associatdd pad finally the cylinder wall are
affected by the gas force.

The internal forceF, cannot be measured by means of externally locatssuring devices

but it stresses the engine case and all asso@atésl A common used name for this internal
force is called "closed force" and will not be indéd in the model for the misfire detection.

The transversal forcg,, of the gas forcd; is the result of the kinematics. Forces of the

crank motion system can be seen in Figure 4-2.ribt constant and varies with the position
of the pistonFN(w). The gas force can be calculated by

Foy = P - (4.14)

Where p, denotes the in-cylinder pressure afydthe piston area.

The torque around the x-axis of the coordinate glzan be measured by using e.g. an
acceleration sensor.
The engine torque can be expressed by

Mengine= "M cas, (4.15)
with
M gngine = F+ R (4.16)
and
Mease = ~F Yy - (4.17)

The engine torque stresses the engine mounts. By sident blocks the stress level and also
the noise pollution can be reduced and the abswuibtation level mitigated. Due to the
engine torque the engine case makes moderate moteatenormal engine condition. This
represents the desired engine behaviour.

46



POWERTRAIN SYSTEM

The forces of the crank motion can be expressed by
sin(B)0 = Rsiny)

with
-t

the equation (4.18) changes to
sin(8) = A Gsin(y) .

By using the law of cosines the equation (4.19)mamritten as

cos(3) =\/1— sif (B) =\/ +A%0Osif(y).

To calculate the connecting rod forég,, the cosines law was applied.
Based on the drawing Figure 4-2 the connectingootk F_, is calculated by

1 1
Foon= Fo3—— = F 0 .
ccos(B) °[1- A2 it (p)

The transversal forc€&,, of the piston forcer; is given by

ALSin(y)
F.=Fsdan(g)= K0 :
= Folian(5)= Fo J1- A2 sir (v)
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Yw)

Figure 4-2 Overview of forces on the crank drivstegn.
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Figure 4-3 shows a typical gas force progressiaa tofbo charged combustion engine over
720° crank angle. This diagram symbolises a medsyae pressure of the investigated 6-
cylinder 4-stroke V-type engine. It shows the puessnaximum after TDC. The reason for
the delay is the combustion process and depentisedgnition angle offset. Without
combustion, the peak pressure can be seen at @) (o Figure 4-4). The temperature rise
due to the increase of pressure during the condyuptiocess was not considered.

This pressure characteristic will be assumed feratfialytic model if a cylinder fails and thus
a regular combustion cannot take place.

Figure 4-5 illustrates the transversal force ofghe force of one cylinder. This transversal

force excites the engine case and can be measuregdmple by an acceleration sensor
Usensor= f (a) '

The engine case will be moved around the centgeanfity as mentioned in section 3.4.

x10° as farce cylinder 1

Force [M]

R 1 i
a 60 120 160 240 300 360 420 480 540 600 B60 720
Crank angle [*]

Figure 4-3 Typical characteristics of gas foflgg of a turbo charged combustion engine.
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In-cylinder pressure of cylinder 1
10 T T T T T T T

Pressure [bar]
o
T

4 -
i -
2 -
1+ -
DD BID 12‘0 180 21iiﬂ 3D‘D EE‘D AQ‘D AFLD 540 ESD EéD 720
Crank angle [7]
Figure 4-4 Pressure curve without ignition (no carstion process). In case of a total cylinder
shut down this pressure characteristic will be agglin the analytic mode.
Transversal force
000 T ! T T T T ! T

4000

3000

2000

Force [M]

1000

-1000

i i I i i i i I
i &0 120 180 240 am 360 120 1m0 540 &0 660 m

2000 ! ‘ !

Crank angle [*]
Figure 4-5 Characteristic of the transversal foradculated from the gas force.
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4.3 Gas torque

As described in equation (4.15) the torque trarteahito the engine case is equal to the
crankshaft torque. By observing the transversafga®, misfire events can be detected. The
engine case movement is directly linked to it anitilve monitored by using an acceleration
sensor.

The engine torque can be calculated by multiplyivegtransversal force component of the gas
force F with the distancw(w) from the piston pin to the centre of rotation lué trankshatft.

The piston position (distance to the centre oftroteof the crankshaft) can be calculated by
Vi) = RCtogy)+ Oco$p). (4.23)

The torque of the engine case is denoted by fofigweiquations:

M oo = —FNthﬁcos(w) +;1Dco$,8)) (4.24)

M= —FGEIREEcos(z//) :(')r;((?) +;1 Dsidﬂ)} (4.25)

and

M_.=-F,R Asin(y) Ceody) +siny) |. (4.26)
J1- A2 ir? ()

Figure 4-6 shows an overview of the simulated crawkion movement at the top, the
cylinder force in the middle and the crankshaftter of one cylinder at the end.

In order to calculate the total gas torque of tfamkshaft, the cylinder individual torques
must be added with the cylinder angle offset beSugerposing them.

At the top of Figure 4-7 the individual gas torquéshe 6 cylinders and below the total
crankshaft torque are drawn. The x-axis represamsull engine cycle meaning 720° crank
angle.

In Figure 4-8 an example of the gas torque of gtieder is shown.

The total gas torque amount can be calculated by

1

-F, [R

/\Bin(z//+i§3£TjB:o{¢+i Gz?mjﬂm(wﬂﬁsﬂfj |
\/1—/12 E'l;inz(t//ﬂ ﬁgETj

My o = (4.27)

The negative sign represents the torque transntitéte engine case and N = 6 is the number
of the corresponding cylinder in physical order.
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Crank motion system

o4 ! ! ! T T T ! !
E xS ™ x L
a a |
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=) 120 180 240 300 360 420 480 640 600 BE0 720
Crank angle [*]
w10t Cylinder force
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L : : |
=
g 2r 1
£ |
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Crank angle [7]
Cylinder torque
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60 120 160 240 300 360 420 480 540 600 B60 720
Crank angle [*]
Figure 4-6 Computated crank motion system (topjc@ated cylinder force (middle) and
cylinder torque (bottom) based on measured in-dgirpressure characteristics.
Cylinder gas torques
1000

Torgue [Nm)
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Crank angle [*]
Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4 Cylinder 5 Cylinder B
Total gas torque
1000

Torque [Mm]

Figure 4-7

| | 1
360 600 BEO

Crank angle [7]

|
120 180 240 300 420 480 540 720

Calculated gas torques of the individoginders (top graph) and the calculated total

gas torque on the crankshaft based on measuredllimder pressure characteristics
(bottom graph).
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Gas torque of cylinder 1

Torque [Nm]

-ADDEI EiU 12‘0 1 éU EtIJEI 300 360 420 480 540 600 EéU 720
Crank angle [*]
Figure 4-8 Typical calculated gas torque curve néaylinder based on measured in-cylinder

pressure characteristics of a turbo charged combustngine.
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4.4 Mass effects on the crank motion

The relation between force and acceleration argliand angular acceleration can be
expressed in a form of

F=mla (4.28)
and
Oy =M. (4.29)

If the movement of a mass should be describedgenaral plane motion, the inertia effect
can be denoted by the acceleration of the centneagk. One example for this is the
connecting rod movement of the crank motion. Ferdalculation and the analysis of the
mass effects of the engine, the given system masgssbe separated into a rotating and
oscillating component. A general declaration of@azement can be accomplished by the
specification of the tangential fordg,, and the transversal fordg, [15].

A special case is the rotation of the crankshatfie b the assumption of a constant crankshaft
rotation speed/ the derivation ofy is zero and the tangential forée,, (see Figure 4-9) is
zero as well. The residual part is the radial foFge (see Figure 4-9).

The inertia force of the crankshaft can be denbted

Fre = MR & = ﬁﬂ\é (4.30)

For theoretical aspects the connecting rod careparated in single mass points. Figure 4-11
shows the two mass point model of the connectindg ro

The mass points are called "rotating mass paimg"and "oscillating mass pointh, . The
"oscillating mass pointin,, can be assumed in piston pin axis and the "r@atiass point"

m,, at the position in crank pin axis.

With special masses on the crankshaft the cengifisgce F,, can be balanced.

At this engine type the oscillating fordg of the connecting rod is not balanced. The rasult
a torque around the x-axis of "CSYS engine cer{seé Figure 3-12 and Figure 3-13).

Due to the mass torque the engine case will be thax@und the x-axis. This mass torque
influences the simulation result and must be careid in the model as well.

On top of the aforementioned gas force and additipthe gas torque, the mass torque due
to rotating and oscillating masses must be superpagth the gas torque.

For the theoretical investigation of the torquesef§ on the engine case all involved parts
were assumed as a rigid body type and reducedntasa point model.

The centre of rotation of the crankshaft will bewased as reference point for the calculation.
As mentioned in [19] for the analytical calculatsoof the mass torque the information about
the crank angulag , the crank angular velocity and further the crank angular acceleration
¢ are essential. By the assumption of a constanherspeed due to heavy masses on the
crank shaft, i.e. a hydro damper the angular acatebe ¢ can be assumed as zero.
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Figure 3-14 shows the reference system ("CSYS enggntre”) for calculating the mass
effects on the crank drive system.

Figure 4-9 Model of forces of a rotating single ma®int. The force is split to the tangential
forcek;,,, and centrifugal forcé-..
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4.4.1 Rotating mass effects

The total rotating masses on the drive systemaofnabustion engine are the mass of the
connecting rodm, and the crankshaft mass with all associated mdiksethe crank pin with

bearing for example.
Based on equation (4.30) and considering a conatantlar velocityy of the crankshaft the

rotating mass forcé, can be calculated as followed

Foe =-mIR [°. (4.31)

If the angular velocityy is not constant and the tangential fofg is not zero, torque will

be produced.
For the detection method described in this thésims assumed that the angular velogitys

constant. The reason for this approach is a heasgmn the crankshatt, like the mass of the
hydro damper, helps to smooth the engine torqueékaed a constant engine speed.
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4.4.2 Crankshaft torque due to mass effects

As mentioned above, by an assumption of a constagihe speed the parts in all equations
associated to the angular acceleration are zero.

A torque effective upon the crankshaft will be gaed caused by the oscillating masses like
the connecting rod for example. This periodicalrgygoduces a torque on the crankshaft
similar to the gas force torque and will dependtanengine speed. It must be considered that
the gas force correlates to the engine load. Ootier hand the mass torqi#,, depends

upon the engine spead, = f (nengme).

The calculation of the crankshaft torglefor one cylinder is denoted by [19]
POA (R= M=-Rz/[( m+ m)0%% nif '@"w "W ") (4.32)

Wherem, and m, are the connecting rod masses, represents the piston mass angdu’
w andw' are geometrical parameters of the connecting rod.

Figure 4-10 represents the three mass model afahieecting rod and the equations (4.33) to
(4.36) describe the parametér, u", w andw".

Equation (4.32) describes the crankshaft torquedas a three mass model of the
connecting rod [19]. The connecting rod can be @yaprated by using the two mass model,
in which the massn, must be set to zero and the masgsrepresents the oscillating parts of

the connecting roan, = m,.

The total mass torque of the engine can be catulilay a superposition and a consideration
of the correct cylinder angle offset of the indivad cylinder torques.

u' ='|—15< +||—2Esin(¢/) —?Ebos(z//) (4.33)

o :'l_lw +||—2Etos(¢//) +2 Osify) (4.34)
I e . e

w =|—2@:os(¢/) +|_Dsu(¢/) —l—Dk (4.35)

W= —'I—Z sin(w) +|9 rcogy) —FD& (4.36)

57



POWERTRAIN SYSTEM

Figure 4-10  Three mass model of the connecting @stillating masam,, rotating massm, and
the centre of gravityn, of the connecting rod.
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4.4.3 Oscillating mass effects

The oscillating parts of the crank motion are tletgm with all associated components and
the massm,, of the connecting rod (by a two mass assumptidhetonnecting rod like in

Figure 4-11 presented). For an analytic formulatbthe connecting rod it must be separated
into two or three independent masses as mentianeldapter 4.4.1. The calculation of the
moment of inertia was conducted during the desrgegss by the program PTC Wildfire

[22].

The total mass forc€&, of the oscillating parts (up and down movementremced to

cylinder coordinate system "CSYS cylinder coordiiatrawn in Figure 3-11 can be
calculated by

F, =-m, (R @+ X3°). (4.37)

Where m, represents the oscillating parts of the drive systé the piston velocityx" the
piston accelerationy the angular acceleration agdthe angular velocity [19].
The crankshaft torqu#l  caused by the oscillating masses can be denoted by

M, =-m, (R [ X* [ + XOX(3?) (4.38)

The total mass torquil of the crankshaft drive can be calculated by [19]

mass

_ . 1 ’ 2
M Oy @+ M) @ (4.39)

mass

59



POWERTRAIN SYSTEM

Figure 4-11 Mass model of the connecting rod. Saer of the connecting rod to oscillating
mass pointm,,, and rotating mass poirm,, .
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4.4.4 Total masstorque

In order to reduce so called free engine torquasgesengines will be equipped with
additional mass balancers. The engine which wasstiyated for this thesis was designed
with one balancing shatft.

As mentioned in chapter 4.4.2, often it is not aeghble to reduce the whole mass torques
caused by the oscillating parts. It is also nospas to reduce the gas torque occurring
around the x-axis by means of balancer weightsdtéhe crankshaft.

In Figure 4-14 an arrangement of a balancer shathiown. If the balancer shaft is installed
with an offset (see distance "d" in Figure 4-14J antated an additional torque will be
produced.

The effects, which can be eliminated by using amahg shaft, are the forces on the x, y and
Z-axis.

If the balancer shatft is offset to the cylinder wboate system (see Figure 4-14), some
unwanted effects will be reduced or eliminated. @ug to the asymmetrical position of the
balancer shaft an engine torque around the x-akesenced to "CSYS engine centre" due to
the centrifugal forceR, multiplied by the distance will be produced. [19] Describes the

formalism and the effects farcombustion engine in more details.

Due to the small influence on the engine behavamar based on the reason to observe mainly
the gas torque which is considered around theeetlon of the coordinate plane "CSYS
engine centre" the reactions caused by mass effetite y and z-axis are not considered in
the model.

The total engine case torque caused by to thertwat torque was calculated with the
program PTC-Wildfire [22].
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The engine case torque around the x, y and z-aidenoted by

- lengine . _
M o [NM] = 475EE 6125) Csin( 3y - ), (4.40)
engine r]engine ’ . _7_T
by total [Nm] 831 7[E j ’{ 2y - j 26—6125j N S|E1 @ 3 (4.42)
and
_ rlengine ’ . _7_T nengine ? . _LT
sz_total [Nm] =277 ,2[?—6125j DSII{ p 6} + 4’416—6125] 0 SIE ay J (4.42)

The equation (4.40) shows the torque of all cylisd® the crankshaft which was not
balanced and consequently influences the engireernasement. The equation is referenced
to the highest engine speed at 6125 rpm. The emsat#.41) and (4.42) were not considered
in the model but mentioned in an effort to be thugio. It describes the influence on the
engine case coming from the balancer shaft. Anap@te system description can be
formulated with equation (4.40) only. It descriltlee engine case movement which can be
measured with a one axis acceleration sensor liegtah the engine block.

The position of the sensor can be seen in Figurd.4A/ith the sensor sensitivity in only one
axis (see Figure 4-13) the acceleration signal ngrfrom the engine movement in y and z
directions (see Figure 4-13) are small and camgbered.

At low engine speed the influence bf, ,, is quite low and can also be ignored. But at
higher engine speed the influence to the engine das to rotating masses gets higher and

has to be considered. Figure 4-12 shows the talyaecteristic versus the engine speed
caused by the unbalanced mass effects.

Mass torgue effect on engine case
500 T T T
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400 - ; : -
350 |- ; : : : : -
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=] @ S| b
3 = = )
T T T T
1 | 1 1

o
=]
T

1

1 1 | i I
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Figure 4-12  Characteristic of the mass torque d@ftacengine case versus engine speed
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Sensor sensitivity

g T

Sensor
position

y , CSYS centre of gravity

Figure 4-13  Overviews of coordinate planes with hesition of the acceleration sensor and
direction of sensitivity.

63



POWERTRAIN SYSTEM

Figure 4-14  Arrangement of a balancer shaft refesthto coordinate plane "CSYS cylinder
coordinate".
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4.5 Total engine torque calculation

The total engine torque or crankshaft torque cacabeulated by the superposition of the
individual cylinder gas and mass torques. The egud#.43) describes the sum of all
considered torques.

N

M case_ total = _z ( M g tat + M m total) (443)

The result presented in Figure 4-16 was calculatesh engine speed of 5000 rpm and shows
in the mid range the total crankshaft torque. dtudes all gas and mass phenomena. On the
top of the chart the gas (green line) and massiem@blue curve) are drawn. The third graph
represents the engine case torque. It can be katethé mass torque at high engine
revolutions due to the oscillating masses is nsigmificant. This leads to a torque influence
around the x-axis that cannot be ignored. Somerthahces in Figure 4-16 (are seen in some
other Figures as well), the blue curves are redsderaven the measurements of the in-
cylinder pressure. Figure 4-15 shows the measuregllinder pressure of cylinder 5 for
example. Each simulation is based on measuredlimdey pressure characteristics of the
individual cylinders. Disturbances on the measyma$sure curve leads to break-down in
simulation results. The disturbances in the nextBigures are marked by arrows.

In-cylinder pressure of cylinder 5

Pressure [bar]

i ]
B0 120 180 240 300 360 420 480 240 600 BED 720
Crank angle [*]

Figure 4-15  Measured in-cylinder pressure curvecgfinder 5.
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Figure 4-16

zas and mass torques
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Simulated gas and mass torques basedeasured in-cylinder pressure curves at 5000 rpm
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5 MODEL RESULTS AND SIGNAL
PROCESSING

Chapter 5.1 describes all mechanical relevant pérttse investigated reciprocating aircraft
engine which are also included in the analytic nhotlee model approximates the engine in a
good manner and shows simulation results in comgdido the real world measurements.

5.1 Engine model description

Figure 5-1 shows the mechanism of the analyticrengiodel.

The model structure was done in a way to splittleehanical system into certain blocks.
After a simulation each model block can be indepeatigl investigated. If this is completed
consecutively the working principle of the wholestgm can be understood easily by a
visualisation of the calculated model blocks.

The software algorithm starts first with the impoftmeasured in-cylinder pressure data.
Based on the individual pressure curves the cylifmtee can be calculated. All mechanical
parameters of the engine, i.e. piston diametersesastc, are included in a special data file.
Before the calculation can be made the parametess bbe loaded from this file.

After the in-cylinder pressure data is loadedhért can be modified online by a scaling
factor. A floating point number between 0 and 1 barchosen for each cylinder. This means
the in-cylinder pressure can be modified betwe@otdl pressure loss) and maximum
pressure magnitude which comes from the measutedadd depends on the engine load
condition. It would also be possible to increaseplressure by applying scaling factors
greater than 1. In this case engine behaviourgyhtih-cylinder pressure amounts can be
investigated.

By playing with the cylinder selective scaling paeters, different engine conditions can be
simulated. For example a total cylinder shut doan lse simulated by a factor 0O for the
related cylinder. In this case a standard pressumee is loaded and all further simulations of
the related cylinder will be done with the standeudve aforementioned in Figure 4-4. The
standard pressure curve represents a working eyttleut an ignition, giving a compression
and an expansion cycle. As mentioned before there wo considerations given to the
temperature and pressure rises during the cominustio

The in-cylinder pressure correction factor canuréher used to simulate different engine load
conditions by varying the scaling factor. This Ie&d selective controllable in-cylinder
pressures. After the individual pressure correcéind force calculation, the cylinder selective
crankshaft torque can be computed. If this stepispleted for all cylinders the total
crankshaft torque can be estimated. Before theretierythe individual ignition angle offset
of this engine type must be applied, this will lose automatically by the mathematical
model. Figure 4-8 shows a typical gas torque cheariatic of one cylinder. The total
crankshaft torque (due to gas forces) was show#igare 4-16 on the top, blue coloured. If
the total gas torque is known, the unbalanced noagse effects can be applied. Before a
superposition of both torque signals can be doeertass torque has to be corrected by the
right angle offset. As mentioned in chapter 3.44 ¢oordinate plane "CSYS engine centre”
must be considered for this calculation. The outeafthis calculation is the total gas and
mass torque on the crankshaft. Next the signal Ipashto be split. The total torque (gas and
mass) calculated at the end of the crank shafutaies the hydro damper, the torsion bar, the
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gear box and the propeller shaft with the assotiptepeller. Due to the interactions of the
pistons and the gear box to the engine block tiggnerwill be stimulated as well.

By inverting the gas and mass torque the engine tcague can be calculated and represents
one of the measurable signals by using an accelersg¢nsor located on the engine block.
The second signal path is fed to the torsion bafol® a calculation of the torsion bar can be
applied the total crankshaft torque signal hasstodnverted into several spectral frequencies.
By a consideration of a LTI system of the torsi@m, khthe calculation can be done with

derived spectral components. If all of the compds@ne calculated, the output signal of the
torsion bar is the sum of all computed partial it'ssTorque correction due to the tooth wheel
force of the gear box and further the engine caspie has to be calculated. To calculate the
total torque, the engine block caused by the gdsvaass torques and the gear box case torque
have to be superposed.

The total amount of the engine case torque is ddrbyehe engine mounts. The engine
mounts behaviour is frequency dependent and shdwesjaency-response characteristic like
a low pass filter. This will finally change the sa bandwidth of the engine torque which
causes the engine motion.

The engine movement around the x-axis is the outcoinall the calculation steps and can be
measured by a one axis acceleration sensor.
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Figure 5-1 Model overview of the mechanical systechthe torque mechanism
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5.2 Engine model description continued

A closer inspection of the system blocks shownigufe 5-1, explains the working principle
of the detection method. The investigated enging ad-cylinder V-type engine with 120°
crank angle offset. This means every 120° degraekaangle a firing event occurs and in
case of a good engine the air-fuel mixture fornratidll be ignited and a crankshaft torque
will be produced. With this consideration it is tguclear if one cylinder is on the TDC that
the corresponding has a 360° crank angle offsen the BDC. This is important as the
reaction of the engine by a misfire event shoul#dgg in mind. The corresponding cylinders
are

land 4

2and5

3and 6

Figure 5-2 shows the spectral components of ealaidey versus crank angle. A 720° crank
angle represents one 4-stroke cycle. It can betbeethe 0.5 (blue line) the 1.8 (red line)
and the 1 (green line) engine oscillation modes are domicantpared to the other
frequencies.
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Figure 5-2
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The main power is concentrated in these threelasoih modes and they are mainly responsible fereihgine power.
Figure 5-3 represents the typical spectral compisn@ar diagram) of the transversal force of the fgece.

1000

order=05,f=41B67Hz | Of- .
_1DDD T T 1 1 1 1 1 1 1 1 1

0° 60° 120° 180° 240°300° 360° 420° 480°540° B00° 660° 720°
VI e ,,—,——e---
0rder=1.D;f=83_333Hz| OF~—- - e L

2000 L—i i

0° 60° 120°180°240

1000

order=1.5,{=125000Hz| 0 :
~1000 T L i L i 1 i 1 i

0° 60° 120°180°240°300° 360°420° 480°540°600°B60° 720°

1000

order=20 ;1= 1BE.667Hz | D7 : : :
000 I L i L 1 I L i L 1 i

0° 60° 120°180°240°300° 360°420° 480°540°600°E60° 720°

I i L i L I i
3007 360" 420° 450° 5407 600 660" 720°

500 T — T T
0rder=2.5;f=2DB_333Hz| Ok PR ..... .....
500 1 1 t 1 1 i 1 i 1 i
® BO0° 12071807 240°300° 360" 420° 4507 540° 600" BE0° 720"
L e e Ry ey
0rd9r=3-0}f=250.DDUHZ| O SRRy R AR ..... ..... AT LA Wy

500 i L i 1 I i L i 1 1 i
° BO0° 12071307 240°300° 360" 420° 4507 540° 600" 660" 720°

)

)

500 ——— : — .
0rder=3.5;f=291_66?Hz| 1] VR A N S e R T TR ST NPT S W
-SDDD

500 T T T T
0rder=4.D;f=333_333Hz| 0 PN N TN A T TN TN
500 i | i 1 1 i | i | 1 i
0% B0* 120°180° 240°300° 360° 420° 480° 540° 600 660° 720°
200 A T A T T
order=45, F=375.000Hz | O/ N A e N A e N

i | i " I i M i h I i
® BO0° 12071807 240°300° 360° 420° 450° 540°B00° BE0° 7207

) i 1 } 1 1 1 i i 1 b
0% BO® 120°180° 240°300° 360° 420° 480° 5407 6007 660° 720°

Figure 5-3

Spectral analyses of the transversatdasf the gas force

Magnitude [M]

Magnitude

5000

4000

3000

2000

1000

-1000 -

-2000
0

1200

oo ke o

o0
=
[}

a7}
=
[}

.
[
[}

b
=
()

72

0 A
005115225335 44555856657 75885595510

Original & Synthese of F

narrmal Zyl-4

i I 1 i ] i 1 | i I i
°  B0® 120° 180° 240° 300° 360° 420° 480° 540° GOO® BEO® 720°
Crank angle

Fouriercosfficients

Order



MODEL RESULTS AND SIGNAL PROCESSING

The graph down the right-side shows the amplitdfdbecertain frequency based on engine oscillatioaes.
In Figure 5-4 an order analysis of the crankstmatiue of one cylinder is printed. As explained abthe main power is located in the lower three
engine oscillation modes.
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Figure 5-4 Spectral analyses of the crankshaftuergf cylinder 1. Watch the different scales usedhiigher engine orders.

73



MODEL RESULTS AND SIGNAL PROCESSING

In Figure 5-5 the upper three plots present the sliransversal forces of the corresponding cyliadad at the bottom plot the total sum of the
transversal force of all cylinders of the cranksi@ghown.
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Figure 5-5 Simulated spectral components of trarsatdorces of the corresponding cylinder pairs ahd total calculated sum of the transversal favoe

the crankshaft
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As you can see the main torque will be producethbyengine oscillation mode one and two.
Any other frequencies will be compensated or reduoe low torque value. In the bottom
chart the crankshaft torque versus engine osditlatiodes can be seen. THtehgine
oscillation mode based on 360° crank angle analysesow produces the main engine
torgue in the case of a normal engine condition.

The next step as shown the simulation model (sger&i5-1) is the computation of the mass
torgue on the crankshatft.

The upper chart in Figure 5-6 shows the torquetdugnited air-fuel mixture (blue) and the
mass torque (green) simulated on the crankshatft.

Gas and mass torgues
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Figure 5-6 Simulated gas and mass torques. Uppargas (blue) and mass torque (green).
Middle plot: Total torque on crankshaft and bottptat engine block torque.

The total crankshaft torque is calculated by addmeggas and mass torques. The result on the
crankshatft is presented in the middle and the sitadleffect on the engine case is shown on
the bottom plot. It must be considered that tharengase effect has to be added later on to
the gear box output as shown in the model overWgure 5-1.

The gas and mass effects on the engine block bypadsrsion bar and the gear box stage.
As previously mentioned the engine block torquegsal to the crankshaft torque but has no
joint to the torsion bar. In fact the torsion bannot be accelerated from the engine block but
it must be considered that the engine block isadlyeexcited.

In parallel the crankshaft torque signal appeatkeatorsion bar stage and further on the gear
box. This means the engine torque passes thendraioand the gear box. Due to the gear
box an additional engine block torque is produeddch has a frequency dependency
(coming from the torsion bar) and has to be addetlé engine block torque coming from the
transversal forces of the pistons.

Before the torsion bar can be calculated the ctaafk$orque signal has to be split into certain
spectral components. This can be done by an aseumgdftan LTI system of the torsion bar.
Before the mass effects on the crankshaft willddeudated the signal is independent from
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engine speed. This means that the crankshaft sigiyabdepends on the in-cylinder pressure
or in other words on the engine load conditipg,..., = f(engine _load.

Due to the frequency response of the torsion bahawn in Figure 3-8 the spectral
components of the crankshaft torque signal willehdiferent phase angles and magnitudes
after passing the torsion bar. This behaviour gartant for the misfire detection method and
must be considered in the signal analyses.

If all cylinders work fine, most of the producee@duencies will be compensated as during the
engine design specified. Only the oscillation m6dbased oz analyses window (equals

to oscillation mode 3 base&tiranalyses window) is dominant with a high magnitade

shown in Figure 5-5%plot.

This oscillation mode will be filtered and the mé#gde is reduced by passing the torsion bar.
Using silent blocks normal engine vibration camiasured on the engine block.

The signal output of the crankshaft then passestr the gear box stage. The green line in
Figure 5-7 shows the torque on the engine caseadine gear box. The significant oscillation
mode is mainly oscillation mode §'But with low magnitude compared to the crankshaft
torque. A magnitude comparison of the torque sgjshbws, that a torque amount with
approx. 60 Nm can be neglected and does not dreatigteffect the engine motion.
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Figure 5-7 Spectral analyses of the gear box torgpgearing on the engine block.
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In Figure 5-8 the total engine case torque amagneief line) is plotted versus crank. Below the 8peécomponents are shown. It can be seen that
the influence of the torsion bar is quite low ahd frequency spectrum is similar to the crankssigfial.
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Figure 5-8 Spectral analyses of the engine caspiaround x-axis.
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The next charts in Figure 5-9 show a summary dédiht model blocks. On the left hand
side order analyses are plotted off the graphasdidbwn the right column. On the top of this
the total engine case torque due to gas and migssseis plotted. In the middle the gear box
torque is printed and on the bottom the total emgimse torque around the x-direction is
listed. It can be seen in the last diagram in itletthand column, that the individual cylinder
torques are dominant and no low engine oscillatramades with high magnitude are present.
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Figure 5-10 shows an overview of the main torquesEs means the power chain of the
system can be observed. At normal operational tiondithe green line (represents thé"0.5
oscillation mode of the engine) are calculatedhatgear box and show the torque on it. The
amount of the 0B oscillation mode depends on the in-cylinder pressiifferences. As

above mentioned this oscillation mode is theor#yicadmpensated if the in-cylinder pressure
characteristics of all cylinders are 100 % equale @ small differences of the cylinders
caused by mechanical tolerances or thermodynamgores, this oscillation mode is normally
not totally compensated as shown in the diagramvhels revealed later, the gear box torque
amount is mainly responsible for the engine caseement.

In the next chart (Figure 5-11) the expected engase behaviour is simulated. This
calculation shows the acceleration in units ofgghormal engine operation. This calculation
includes the distance from the acceleration setostire centre of rotation of the complete
engine (see "CSYS centre of gravity"). For themmmknalyses the exact sensor location is not
necessary and also not included in the observatethod. The magnitudes of the spectral
frequencies are not the most important informatir. further engine analysis of the power
train system i.e. torque analyses of the torsioroba force calculation of the tooth wheels
installed in the gear box, it is also necessatyaie the information of the sensor position.
This information is important because the mechasirass calculation is based on the
amount of the engine movement as well.

The distance from the sensor to the centre ofiootatf the engine ("CSYS centre of gravity")
is only an assumption and not known exactly buha &pproach for acceleration estimations,
as it can be seen the acceleration amount 8féngine oscillation mode is little and has no
impact on the case movement. This means the engseeexcitation is mostly driven by the
6™ engine oscillation mode based 4n crank angle.
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Figure 5-10  Simulated torque signals on engine @send X-direction. Gear box torque (green), tat@nkshaft torque on case (red), mass torque
(turguoise) and total engine block torque (blue).

82



MODEL RESULTS AND SIGNAL PROCESSING

0.0s
order=15,f=125000Hz | OF

5 i | i i T H i i ; | i

0* 60° 120°130°240° 300°360° 420° 480°540° B00°EE0° 720°

0.0z T T T T T T T T T T T

order =20 = 1B6.B67Hz | D F et T T T s
-0.02 i | i L 1 i L H L 1 !

0®  60° 120°180°240° 300°360° 420° 4807 540° BOO*EE0" 720°

order = 2.5 ; = 208.333Hz

order = 3.0 ; f=260.000Hz

order = 3.6 ; f= 291 BE7Hz

") i | I 1 I i | i 1 1 i

0® B0 1207 180°240° 300° 3507 420° 4807 540° 600°6E0"° 720"
3

w10

0rder=4.D;f=333.333Hzl§ e R

0° B0° 120°180° 240° 300° 360° 420° 480° 540° 600° 660" 720°

order=4.5;f=3?5_DDDHz| oA S
-0.02 i T i 1 1 T 1 i 1 i

0* B0® 120°180°240° 300° 360° 420° 480°540° 600*EE0° 720°

05 T T T T T T T T T T T
order=5010 20 | 0 pereed el e S el e L d
R i ] 1 i | i ] 1 i | i

DS 1 1 1
0°  BO® 120° 150° 240° 300° 360° 420° 480° &40° 6O0° 6EO° 720°

Figure 5-11  Spectral analyses of the engine casiation.

Magnitude

Magnitude [g]

COriginal & Synthese of g ttotal

0E i I 1 i 1 i I 1 i I i
0°  BO° 120° 180° 240° 300° 350° 420° 480° 540° GOO° GBO® 720°

Crank angle

Fouriercosfficients

=

m

=
—ry
T

o

o

m
T

. : : L Lo Lo
006116225 336 445866665 7756868569 9510
Order

83



MODEL RESULTS AND SIGNAL PROCESSING

In the next Figure (Figure 5-12) a summary of thesnimportant calculation steps is drawn.
This simulation was done at 5000 rpm.

The upper plot on the left hand side representpigten forces of the 6 cylinders. On the

right hand side the alternated gas torque (bl lmd the average crankshaft torque is
plotted. In the middle left hand side, the totardtshaft torque including gas and mass effects
are drawn and on the right hand side (same rowgsomortant torque signals like gear box
torque (red), gas torque (green) and engine cageddpink) are printed. The last plot on the
bottom shows the simulated acceleration signaherptedefined sensor position on the
engine block. The total acceleration magnitudeveer than 1 g. This magnitude is in the
expected normal operating range.
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5.3 Simulation results of a misfire event

In case of a poor burn process of one cylindertdumisfire certain signal components which
are compensated in normal operation conditionsmaillfurther be compensated and
uncompensated frequencies appear at the crankbhsfite at one of the cylinder leads to a
distorted waveform of the torque appearing at emgase.

This can be seen in Figure 5-14 and Figure 5-15.

However in Figure 5-14 it shows spectral componehtle cylinder selective transversal
forces versus 720° crank angle (one full 4-strojae).

At cylinder 3 for example it can be seen that tigaa magnitude is lower than that of the
other cylinders with standard in cylinder pressuFes simulating a complete cylinder shut
down the scaling factor for the in-cylinder pregsused in the analytic model was set to zero.
As in this example, a complete cylinder shut dothie,cylinder torque drawn below in Figure
5-13 (green line) will be applied for a proper oger torque characteristic. If this torque
curve is applied instead of zero torque, a bettstesn description which is similar to the
engine will be reached.

In Figure 5-15 the third plot shows the resulthed superposed signals from cylinder 3 and 6,
which represents the corresponding pair of cylindircan be seen that more spectral
components are present on the crankshaft comparfédure 5-5. The most important
spectral component for the misfire detection isGH# engine oscillation mode. Later on it
will be demonstrated that only the H.8ngine oscillation mode is usable for the misfire
detection and no other frequency can be used &brdtection method, using an acceleration
sensor.

The 0.5 oscillation mode is not compensated and shows demyinant signal power.
Compared to the waveforms in Figure 5-5 (last plo) spectral components show significant
differences (number of oscillation modes and magia} which effect the engine case
movement.
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Spectral analyses of the crankshafjuer(green line) based on an analytic in-cylindexgsure characteristic.
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Figure 5-15  Spectral components of transversalderaf the corresponding cylinder pairs and theltstan at the crankshatft.
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As mentioned above the next analytic step is tothddnass torque effects of the crank
motion. The mass torque has to be added to thedsngroduced from the ignited air-fuel
mixture.

The next calculation is the computation of the deas torque. Before the proceedings of this
step can be taken the system behaviour of theotolsr has to be calculated.

The total crankshaft torque signal passes theawtsar and in parallel the crankshaft torque
appears on the engine block with negative algelsigit (represents the engine block torque).
The implementation of this system behaviour inrtieelel was achieved by computing a
spectral analysis of the crankshaft torque sige&idie passing the torsion bar.

The calculation of the torsion bar behaviour is ptated in an away that for each spectral
component of the crankshaft signal, the system\bethiaof the torsion bar will be simulated.
In the next step a superposition of the signal camepts will be ready. This leads to the total
torsion bar output signal. Due to the frequencyavedur of the torsion bar the frequencies
and further the whole engine behaviour will be etée dramatically especially at different
engine revolutions.

The outcome of the torsion bar has completely iffespectral components and signal
amounts compared to the input. These frequencsaa@s tooth force and further as gear
box torque on the engine case and influence thmemgse as explained above.

In Figure 5-16 the gas and mass torques are drEws chart shows the simulation result, in
the case of cylinder 3, it is de-powered whichinsilar to an injector fault of this cylinder.

The first chart (blue) represents the crankshaffue coming from the gas force. The graph
shows only 5 peaks over a torque of 500 Nm, as sgpto the six peaks an engine without
failures would expect. The third peak is missing timthe simulated misfire event. By adding
the mass torque to the crankshaft torque the ¢odalkshaft torque is calculated. The result is
printed in the middle. Also here the missing torgeak can be found. The last plot draws the
engine case torque. It is equal to the total craatgorque but with negative algebraic sign.
Figure 5-17 shows the result of the spectral amatiene at the total crankshaft torque. As
mentioned in the chapters before, the spectraysisashows a huge amount at thé"0.5
engine oscillation mode. This can be seen at theliagram and also on the left hand side
which represents the spectral components in madgénd phase angle.
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In the next analytic model block the gear box tereggicalculated. Figure 5-18 shows the
simulation result of this calculation. Comparedrtgure 5-7 the torque amount drawn in the
chart below is quite high and rises up to about M@0 At normal operation conditions the
gear box torque was calculated of approximate 60 Nm

This is the result of the non compensated spectraponents in case of a poor burn process
of one cylinder, which will be amplified by the soon bar in combination with the gear box.
A comparison of the torques at this stage betweend gnd bad engine condition (no misfire
or misfire) leads to a ratio of approximate by 1:10

In Figure 5-18 the reaction on the engine casealtiee gear box torque is drawn (green
line). The spectral analysis shows that the maimepmf the frequency is concentrated in the
0.5" engine oscillation mode. It also shows the sarseltras mentioned above by having a
good engine condition. All other signal componearts quite low in magnitude which will not
excite the heavy motor. But a comparison with Fegbi7 shows differences in magnitudes
especially at the 0"bengine oscillation mode. The maximum torque viguaso
approximately 10 times higher compared to an engitieout ignition failures. This is mainly
driven by the gear box torque.

This torque magnitude at the B.6ngine oscillation mode must not be ignored.

Figure 5-19 shows the total engine case torqumritbe seen that the .8ngine oscillation
mode is now dominant and contains the main sigoaip. A comparison with Figure 5-8
(good engine condition) results in a completelyedént analysis. The torque and the
frequencies changed dramatically and the enginawetr is affected by this change as well.
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Figure 5-18  Spectral analyses of the influenceniree case due to gear box torque.
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Figure 5-19  Spectral analyses of the engine cagpigaround the x-axis referenced to coordinataelaCSYS centre of gravity".
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Figure 5-20  Frequency overview of the total crarédfstorque, the gear box torque and the engine taigpie simulated around x-axis with the referetace
"CSYS centre of gravity".
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In the Figure above the most important calculasitages of the power train system are
drawn. On the top the torque on the engine cageesented, in the middle the torque on the
gear box and finally at the bottom the total engiase torque.

The left hand side represents all spectral compsradrithe engine case. One of the most
dominant engine oscillation modes is theé"0his oscillation mode includes a lot of the
signal power compared to that of a good engineuf€i®-9). With the engines without

misfire, this oscillation mode is more or less pasent because of the compensation of the
cylinder pairs. In the middle, left hand side, thsult of the spectral analysis of the gear box
torque is shown versus crank angle. Also on thehkefid side at the bottom the analysis result
of the whole engine case movement (torque) is @dinthe 0.5 engine oscillation mode is
dominant as well. A slight phase shift comparethtogear box torque can be seen.

Next the most important signals of the power tsistem are represented. Same signal as
mentioned in Figure 5-10 but under closer inspectibthe 0.8' oscillation mode big
differences can be found. The torque on the geal(dpeen line) shows a complete different
picture as that of the torque of an engine witHaitires. Also the abnormal peak of the red
signal which represents the torque on the engise isasignificant for the misfire event.

As explained before it is not necessary to knowetkect position of the acceleration sensor
on the engine block. To have a common understarafiaj simulation results, additional the
expected acceleration of the engine case with deraion to the sensor position is printed.
The result can be seen in Figure 5-22. The peakituatp of the 0.8 oscillation mode of the
acceleration signal is at least 15 times higherpamed to a good engine (see Figure 5-11).
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In the next figure (Figure 5-23) the influence dhalty cylinder on the engine case
movement will be explained step by step. As memtibim the model overview the calculation
of the simulation starts with the in-cylinder pness This can be seen on the left hand side
first column.

This chart shows missing in-cylinder pressure &hdgr 3. Only the compression pressure
(red line) of the cylinder is applied.

Over to the right the gas torque and the averaggiéoare printed. Also on this graph the
missing firing event can be noted.

The next picture, in the middle left hand side vgfithe calculated total gas and mass torques
on the engine case. The peak on the third cylirglgnesents the misfire event.

If a spectral analysis of the inverted engine blsigkal (representing the crankshaft torque) is
completed, the gear box input signal and the trtgine block torque can be calculated. This
leads to the signals represented in the middle highd side.

Finally the last plot shows the result simulatedimmacceleration sensor positioned on the
engine block. At 5000 rpm the acceleration pealpizroximately 2g compared to the
acceleration signal without cylinder failures whigsults in 0.5 g. Due to the frequency
behaviour of the system the acceleration peak @sahg changing the engine speed. This
behaviour is mainly driven by the torsion bar aad be seen in Figure 3-8.

This simulation peaks at an approximate maximu@2®0 rpm; this means the maximum
torque on the torsion bar will be expected at éimgine speed. This knowledge is important
for further engine analyses and the observatiqgredictive maintenance of the mechanical
parts installed inside the engine.
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6 SIGNAL PROCESSING

6.1 Fuzzy based engine health condition system

[51] Describes fuzzy based fault diagnosis forraiitcapplications. An extension of this
existing method with an additional accelerationseenvas described in [23].

"This paper describes a method for monitoring thedaon of reciprocating aircraft

engines. In contrast to existing solutions our rodtls based on information from a single
acceleration sensor attached onto the motor blMddel based signal processing using
modal analysis and fuzzy logic in a hierarchicdiraation scheme enables the possibility to
observe engine health level. For each cylindehefreciprocating system misfire detection
and the identification of combustion failures opex cylinder basis is possibfe.

The condition monitoring system is based on infdromaof engine case movement delivered
by a single possibly low-cost acceleration sentached to the motor block. The exact
location of the sensor with respect to the engaseads not essential for the monitoring
process — only the sensor orientation with resfeetiie centre of gravity of the engine is
important.

In addition to the information of the engine casgtie delivered by the acceleration sensor,
the signal processing chain also needs informatimut the actual crankshaft angle as
provided by the built-in crankshaft sensor. Sin@kshaft angle information is essential for
engine operation, controlled by ttengine control unit” (ECU) in modern combustion
aircraft engines, such sensor data is always dlaifar free.

The first step in the hierarchical data processimgn as sketched in Figure 6-1 is the change
of the sensor signals to the digital domain by-ahésing filtering followed by A/D-
conversion. The useful bandwidth of the engine lacagon sensor signal is between
0...400Hz leading to a sampling frequency of 1 kHzpi@ctical aircraft drive scenarios. The
digitized acceleration signal [n] is then fed iRBT-based order analysis, where the
acceleration signal is analysed in terms of pow&n®tion for relevant engine orders using
the available crankshaft angle information.

Since the most important engine oscillation modeg@valuated for estimating cylinder
health condition is order 0.5, the smallest windemgth is given by the duration of two full
engine turns (i.e. a full combustion cycle of thstebke engine).

The last step in the signal processing chain itauation of the time evolution of signal
power in certain engine orders. These expert steprried out in the Fuzzy based health
estimation process, leading to a cylinder healtid@en in arbitrary units and binary misfire
conditions “OK” and “NOT OK” for each monitored aytler.

The Fuzzy system uses overall signal power andigmal power of 08 engine order from
order analysis step as input variables. After flizaiion to linguistic variables using
triangular and sigmoid membership functions, sigsware used to estimate the cylinder
health condition linguistic output variable. Defifization based on centre of area leads to the
output value quantizing engine health conditiowleein values from ‘0’ for ‘NOT OK’ to ‘1’
for ‘OK’. The obtained characteristic input-outgigid for the developed fuzzy system is
shown in Figure 6-2.
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Figure 6-1 Hierarchical data processing chain ofuazy based condition monitoring system.
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Figure 6-2 Fuzzy map for health level estimation.
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Figure 6-3 shows condition monitoring results frameal world field test. During this test a

single cylinder failure has been simulated by disgtand enabling the injector associated to

a single cylinder. A shut down of an injector reésuh a very lean fuel-air mixture formation
and the combustion process for the correspondihigdey is stopped. The upper plot in
Figure 6-3 shows the evolution of the overall sigraver and the signal power in engine

oscillation mode 0.5 over the test cycle. UsingRhezy based estimation scheme, the engine

health condition can be estimated in a very robagtfast manner. During all field tests the
simulated failures have been detected immediatadyrabustly. If the manipulated injector
has been switched on again, the engine works imalasperation condition and the
calculated health level switched back to the nodmad! (lower plot in Figure 6-3).

Signal power, in a.u.

Overall RMS
— o5 engine order

# engine rotations

OK
o
S
5 061 ]
c
o
o
£
= 04r- -
[}
I
0.2 ]
NOT OK
0
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Figure 6-3 Condition monitoring results from a remdbrld field test. Upper plot: Acceleration

signal power from real world experiment: time evin of overall signal power and
signal power in order 0.5 for cylinder 1 being diéed and enabled. Lower plot:
Engine condition health level from Fuzzy-based magbndition estimation.
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6.2 Model based condition monitoring

Due to the analytic model, simple signal processiggrithm can be applied. It can be shown
that only the 0.8 engine oscillation mode is usable to detect irircidr pressure losses and
locate the faulty cylinder by using the proposetédion method. This can be seen later on in
Figure 6-8 to Figure 6-12.

One proposed detection algorithm to discover agedengine health level, which means a
pressure loss in one of the cylinders, was puldishg¢23]. In this paper a method was
described how a failure on the engine, which iategl to an in-cylinder pressure failure, can
be found.

A second tested signal processing method wa'stheirical mode decomposition(EMD)
algorithm [27]. This algorithm was developed fonrgiationary signals and it is applicable
on LTI system, which this thesis assumes. The EMDrahm splits the signal in a set of
oscillating modes calletintrinsic mode functions”(IMF). In the next analysis the Hilbert
transformation will be calculated. The amplitudel #me phase angle information are the
output of the Hilbert transformation. This would éeactly the information which is needed
to detect misfire and to locate a defect cylinder.

In order to investigate the performance of différgignal processing methods the EMD
algorithm was applied on a vibration signal comfirggn a faulty engine with misfire.
Analysing the vibration signal with the EMD algdwih could indicate an in-cylinder pressure
loss.

Using the EMD algorithm (without modifications) forisfire detection, signal acquisition
length and sampling rate have to be consideredul&trans showed differences in results
coming from changes as mentioned above.

In order to prevent misinterpretations expert kremge of the EMD algorithm and detailed
system information are required.

Figure 6-4 and Figure 6-5 show the calculated tedy applying the EMD algorithm on a
measured vibration signal with a simulated in-ayéinpressure loss at cylinder 1.

Figure 6-4 represents the calculated signals (itof 111) with a signal length of 20000
sampling points.

In Figure 6-5 the computed results of the sameatidtin signal but with different signal
length (15000 sampling points) can be seen. Theakigf 7 shows signal changes
(magnitude and frequency) in a range between sampbint 12000 and 14000 which leads
to possible misinterpretations. With expert knowlea failure indicator for misfire events
could be derived by observing the effected intdmabde function.

At this example (see Figure 6-4) the misfire evat be discovered by monitoring the signal
imf 7. As soon as an in-cylinder pressure loss suasilated by deactivating the associated
injector the waveform of the signal imf 7 changeshe 0.5' engine oscillation mode.
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Figure 6-4 EMD results. Calculated intrinsinc mddaction (IMF) and measured vibration signal comfngm engine tests with cylinder 1 deactivated.

Engine was operated at 2500 rpm. Bottom right hsidd the vibration signal is shown. Imf 1 to imfrépresents the intrinsinc mode functions
derived from the vibration signal (vibr sign) wihsignal length of 10000 sampling points.
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EMD results. Calculated intrinsinc mddaction (IMF) and measured vibration signal comfngm engine tests with cylinder 1 deactivated.
Engine was operated at 2500 rpm. Bottom right hsidd the vibration signal is shown. Imf 1 to imfrépresents the intrinsinc mode functions
derived from the vibration signal (vibr sign) wihsignal length of 15000 sampling points.
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A simple observation method is to calculate the mitage of the signal power of the 8.5
oscillation mode and the sum from oscillation mode up to the 1

By calculating a failure indicatam,, ., via computing the ratio of both signals a bad eegi
condition can be detected.

The magnitude of the failure indicator can be dal@ad as followed.

=

0.5")
n’k failure) ~ o (61)
T

M

Proposed decision rules:

If the failure indicatormy ., is lower or equal onen ., <1 the engine works well.

If the failure indicatormy,,,, is greater than I, ., >1 misfire will be detected.
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The results of the proposed algorithm are showkignre 6-6 and Figure 6-7.

The first picture represents a normal engine camdiwvithout failures on cylinders and the
second shows a simulated cylinder failure. As noe@til in previous chapters it can be seen
that the signal power in the 0.8ngine oscillation mode is quite low at normaliaeg
conditions. The differences in magnitudes of oattidh mode one and the sum of the others
are significant.

The magnitude of the signal power of oscillationd®® one to the 10is at least 4 times
higher than the magnitude of the 0 dscillation mode.

In Figure 6-7 the magnitudes are completely diffiete the picture below. The peaks of the
oscillation modes 1 to 10 are higher comparedeémttrmal engine condition. This behaviour
is also affected by a misfire event but cannot gedufor the misfire detection algorithm
because there is no relation traceable to thelindsr pressure.

In case of in-cylinder pressure loss thé'@Scillation mode rises higher than the sum of the
other oscillation modes. Most of the signal poveeiocated in this engine oscillation mode.
This makes it possible to distinguish between amabengine condition and a faulty engine
with a failure on one of the cylinders.

The variablem ., can be used for the health level calculation eféhgine. A healthy

engine has a level lower than one. If this indicattanges the probability of a failure on the
engine which is related to an in-cylinder pressass increases.

Acceleration signal at sensor position (gear box)

s .
045
D4R

035

0261

Magnitude [g]

2 e e e

0.5th order accumulated order (1 to 10) at 5000 rpm

Figure 6-6 Computation of the signal power withermine faults. The blue bar represents the
0.5" engine oscillation mode and the red the sum ftSo 10",
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Acceleration signal at sensor position (gear box)
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Figure 6-7 Computation of the signal power with iegraults (misfire). The blue bar represents
the 0.8 engine oscillation mode and the red the sum frio 10",
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In Figure 6-8 the magnitudes of certain enginellagiin modes of all cylinders are plotted
versus engine speed. It can be seen that all @brtave more or less the same peak value at
one engine oscillation mode. Due to this fact lufaion a cylinder can't only be detected by a
computation of the magnitude information. It wobkl quite impossible to explain a cylinder
by an observation of the disturbance magnitude tiBipeak signal information can be used
as a pre-indicator for a faulty engine. Which cgén fails must be calculated by a further
signal processing step. This will be covered later

For example in Figure 6-9 the amplitude of thé"G&Bgine oscillation mode is printed. It can
be seen that the differences on the vibration amisuno low for a robust detection method
with high probability rate to find a faulty cylinddn the drawings it can be seen that the first
peak at approximate 1000 rpm is not in the normalation range and occurs during the
starting transition phase. The maximum peak shdvapparoximate 1800 rpm represents the
detection limit of this detection method. This ¢snseen in Figure 6-12 as well.

As already explained the peak values of certainnengscillation modes related to cylinders
are more or less equal.

Figure 6-10 represents the  &scillation mode of all cylinders in case of difeé. Due to

the similar vibration curves it is not possibldfital the affected cylinder which is responsible
for the engine fault. This behaviour can be measaral simulated at the other engine
oscillation modes as well.
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As mentioned above by using only the magnitudermédion of the acceleration signals, it is
not possible to find the faulty cylinder. Next aposed method on how the cylinder can be
found will be explained.

A signal can be described with the frequehgythe amplitudéand the phase angte The

frequency and the vibration amount are generakyus find a faulty engine. To work out
the cylinder responsible for the misfire event, phase angle information has to be
calculated. As mentioned in previous chapters masigan be described by using the Fourier
theorem as well. With a misfire event, the relatgithder does not produce a high in-cylinder
pressure due to the burn process and either ressreingine torque is produced from this
cylinder. This means if no torque is produced retutbances can be generated from this
cylinder.

But as mentioned above each cylinder has a comelapg cylinder which has 360 degree
crank angle offset. In an ideal engine conditiothlmylinders produce the same torque,
meaning they have the same signal power and thenation of both signals is zero. This can
be described by a summation of two periodical dgynéh 180 degree offset.

Toynacys) = Vo) T Noywrnso) = o [Sin(at) + Ty Bir(at + 180) =0 (6.2)
Tyacys) = Neyp) ¥ Toywraso) = Yoy [Sin(at) + Ty DBir(at + 180) =0 (6.3)
Toyascye) = Neye) T Noyortso) = Yoy [Sin(at) + Teyg Birlat + 180) =0 (6.4)
With

Tiey) = Tioyiariso) (6.5)
T(cy'2) = T(cy'5+180) (6.6)
Ty = Toyorsso)- (6.7)

In case of unbalanced in-cylinder pressures cheniatits the torques are not equal.

T(cyll) # T(cyl4+180’) (68)
T(cyl2) 4 T(cy|5+180) (69)
Ty (6.10)

(cyl6+180)

114



SIGNAL PROCESSING

The summation of two periodical signals with 18@me offset is no longer zero. This means
in case of a misfire event, a spectral frequencigchvts not compensated, can be measured on
the engine case. This can be done because the pbaee cylinder is missing. It must be
considered that the detected signal is not theabigyming from the faulty cylinder because
this cylinder does not produce frequencies, bisttite signal from the corresponding cylinder
which has 360 degree crank angle offset. In thé diegrams (Figure 6-11) the phase angle
versus engine speed of all oscillation modes ancy/hders are shown. To detect the faulty
cylinder it is necessary to have different phaggemat each cylinder over the whole engine
speed. As in the graph below taken at the engiolat®on modes 1, 1.5, 2, 3, 4, 4.5 aldl 5
the phase angles are equal at some engine spekdssanot possible to distinguish between
the cylinders. To figure out the related cylindes phase angles must be different for each
cylinder over the whole engine speed range. Tingetas given by the oscillation modes

0.5", 2.8" and 3.4.

As in the graphs shown, sometimes a phase andtecahibe found. The reason for this is the
360 degree angle limit of the analyses methodslfaal raises the limit and an overflow
occurs and the angle starts next at -360 degree.

Now the signal power must also be considered, lsectr the signal analyses a proper signal
to noise ratio must be given. This target is orlkeq at the 0.8 engine oscillation mode. Al
other frequencies have too little signal power tokwvith it for analyses using an
acceleration sensor. This means for the propossfirendetection method only one spectral
frequency must be monitored. To find a misfire éumnusing an acceleration sensor thd"0.5
engine oscillation mode must be observed.
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Figure 6-11
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In Figure 6-12 the phase angles of the six cyliadersus engine speed are drawn.
The affected cylinder due to a misfire event camdo@d by a computation of the phase angle
based on the 0"5engine oscillation mode.

As in the simulation proofed, the detection methaaks from approximated 1800 rpm’s up

to the maximum attainable engine speed. The refasdhe limitation of the lower engine
speed is a resonance frequency of the system.risicengine speeds the phase angles have
equal values. This makes it impossible to allota¢eaffected cylinder. Same behaviour can
be seen on torques (see Figure 6-8).

It has to be further considered that the idle spdelis engine type is also in this engine

speed range. Below 1800 rpm there is no guaraateave a controlled idle speed. This may
lead to an unwelcome engine shut down.
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Phase angle of the 05" arder
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Figure 6-12  Angle offset of the 8.6scillation mode (referenced to cylinder one) dated at the torsion bar versus engine speed.
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/ RESULT

To proof the analytic model and the results fromshmulation, real world measurements
were done on an aircraft. For the tests an engaseeguipped with a one axis acceleration
sensor. The sensor position was chosen on thebggarut it is not limited to this position.
The measurement direction of the acceleration semas based on the coordinate plane
"CSYS engine centrelescribed in chapter 3. The engine vibrations wesasured in z-
direction of the coordinate plane. To simulate mesévents, the engine was equipped with a
modified harness which allows disconnecting thedatgr via a switch. All the tests were done
in this way because no modified software for thrkof test was available.

If an injector is switched off, the related cylimde immediately switched off and no torque is
produced. This test setup is exactly the samenaglaied in the analytic model. First the
aircraft was started in normal engine condition.sAen as idle speed was reached and the
engine was stable on, the predefined injector watslsed off and the engine was accelerated
to maximum engine speed. For the signal proceshmgngine speed signal, the camshatft
signal and the vibration signal were monitored. Tamshaft signal was used to have trigger
marks which are in relation to an engine cycle mptesents one full engine burn process of
720° crank angle. The engine speed was calculadetdthe camshaft signal. The crankshaft
signal which represents 36-2 pulses per revolutias used to have an engine speed signal
with higher signal resolution for detailed signahfyses. This signal can be used to measure
the engine speed in between the camshaft pulselseana resolution of 10 degree crank
angle. The vibration signal was monitored electmstagle ended with engine ground as
reference. After the tests a program for the signalyses was developed. The whole signal
analyses were done with the program Flex Pro [24].

As explained before in the analytic model, thet fitep at the condition monitoring system is
to observe the gradients or the progression o®tiengine oscillation mode.

Figure 7-3 shows the result after the signal amadyprocess.

The black bar diagram represents the charactedtiee 0.8' engine oscillation mode. The
X-axis represents the engine cycles in all thretupgs. This means every 720° crank angle a
new signal was calculated and equates to one edgstreke cycle. The middle diagram
shows the characteristic of the phase angle o #éengine oscillation mode referenced to
the camshatft signal and in the last chart the engjreed is plotted. As it can be seen in the
first plot below, the magnitude of the 8.Bngine oscillation mode rises dramatically as soon
as the injector was switched off. This was donerafpproximate 173 engine cycles. The
phase angle first shows a random signal untilrifector was deactivated. After de-powering
the injector the phase angle shows very smoottabraracteristic with a slightly positive
rise. The change of the phase angle can be exglainehe moderate engine speed loss due to
less engine power.

Figure 7-4 shows a zoom of the first picture dramvRigure 7-3. It can be seen that the
engine works well until the 17%engine cycle. At the next engine cycle the magieitgrows

up to 6000 units. Already after 4 cycles, afteritijector was switched off, the signal value
reaches a value which is 14 times higher than ahalbengine condition. This means by an
engine speed of 4000 rpm's the misfire event catebected after 120 ms time delay.

As soon as the failure is detected by the obsemalystem the phase angle will be computed
and based on the analytic model the cylinder cdiolned.

Figure 7-4 shows how accurate the system works.

119



RESULT

Figure 7-5 to Figure 7-10 presents test resul@obtilated misfire events of each cylinder.

The tests were carried out as explained above.

The engine was started with all cylinders. As sasidle speed was reached one cylinder was
switched off and the engine speed was increasad wids done sequentially for all cylinders.
Before the injector is de-powered the phase arfglevs a stochastic behaviour. As soon as
the injection is switched off the phase angleofolhs expected and in the analytic model
calculated characteristics. This unique engine \ielhamakes it possible to locate the faulty
cylinder by analysing the phase angles versus ergpred. For a comparison a test was done
with good engine conditions. The result of thig teshown in the next figure (Figure 7-2). It
can be seen that the 8.8ngine oscillation mode is lower than the magrétddring a test

with an in-cylinder pressure loss. The phase aogtee shows random behaviour without any
tendencies.

Figure 7-1 shows the results of a simulation oéagine without failures related to an in-
cylinder pressure loss. The calculated phase anglgessions of the vibration signal, shows
no tendency as Figure 7-2 presented. As long asrtgime works fine the phase angle of the
0.5" engine oscillation mode shows stochastic signahtieurs with less signal power. This
behaviour comes from the combustion process amdist be considered that the phase angle
calculation was taken from a signal with low magdé, like an engine without failures
expected. It must be also considered that due'staadard" combustion process the"0.5
engine oscillation mode is not perfectly compergaidis leads to stochastic waveforms of
the 0.5" engine oscillation mode.

Phase angle of the 0 & ardar
400 T T T

200 : | . : | ! : -

100 |-+ ; 1 i i § |

Phase angle [*]

200 - ook t 4 |

300} : : : : o

| | 1 | |
1000 2000 3000 4000 5000 G000
Engine revalution [rpm]

-400
i}

Figure 7-1 Simulated phase angle curve of thé& @rigine oscillation mode versus engine speed
referenced to cylinder one with good engine behavio
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The next charts (Figure 7-11 and Figure 7-12) sha@emparison of the cylinders. This was
calculated from real world measurements. The filst below represents the magnitude
progression versus engine speed of each cylindealr&ady mentioned it is quite impossible
to locate the faulty cylinder by only calculatifigetmagnitude information. The magnitude of
the cylinders shows insufficient differences inv@iprogression. The second chart below
draws the phase angles of each cylinder of a faugme versus engine speed. To locate the
faulty cylinder it is essential to have differencephase angles over the whole engine
revolution. If an overlap of the curves occurs aegain engine speed, the faulty cylinder
cannot be found at this operating point of the eagi

As drawn in the chart an inaccurate working cylinckn be found in between 1800 rpm up to
maximum engine speed. This is exactly the samdtr@ssimulated and proves the
theoretical aspects and simulation results. Atdbglication misfire detection below 1800
rpm makes no sense because idle speed is in aahoge 1800 rpm and below there is no
possibility of a controlled engine working rangé&eTupper engine speed limit of the
proposed detection method is given by the maximngine power which leads to a
maximum engine speed.
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Figure 7-11 Measured magnitude of the"Deligine oscillation mode during misfire eventshef t
individual cylinders (cylinder 1 to 6) drawn versaisgine speed.
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Figure 7-12 Measured cylinder selective phase angtee of the 08 engine oscillation mode
versus engine speed referenced to cam shaft signal.

For test reasons a test with only 4 operating dglia was carried out on the test bench. The
test was done in the same way as the test atrtrafaifor a 5 cylinder operation mode
investigation. Figure 7-13 shows the test resula @gmopeller test bench. The total average
engine power is less compared to engines operathdingle cylinder failure.

Compared to a 5 cylinder engine operation modsiteal magnitude of the 0"&ngine
oscillation mode is quite a bit higher.

The phase angle curve referenced to the cam spaél shows also a unique phase angle
characteristic. It can be seen that the phase angle is different to 5 cylinder operation.
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Magnitutithe 0.5' engine oscillation mode versus engine
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versus engine cycle.

Engine operated with 4 cylinder. Cybnd and 2 were de-powered. Upper Plot

cycle. Middle plot

Figure 7-13

engine speed
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8 SYSTEM EXTENTION

In the chapters one to seven the misfire detectiethod was described from theoretical point
of view up to tests results. Due to the engine madeich was developed for the misfire
detection method, further important information ¢enderived.

The analytic model makes it possible to have a latkthe engine by using an acceleration
sensor mounted on the engine block. This realizepossibility to get additional information
about the mechanical parts which are installedlanghe engine and which are not accessible
during engine operation. This information can beduas a preventive maintenance tool.

In the case of a misfire event, maybe a mechapaudlis overstressed and the stress limit of
the torsion bar, as an example, will be exceedbd.pFesented monitor system can analyse
the poor engine conditions and the failure infoipratan be transmitted to the pilot. If the
stress limits of, e.g. the torsion bar are critmateaches a critical range, the pilot can be
informed by the system. To reduce mechanical saesEngine speed change can be
suggested from the monitoring system for examphes &ction will help to be furthest away
from the critical natural frequency of the torsioer. A change in engine speed can reduce the
mechanical stress and the probability of a meclaafaclt can be reduced.

In the Figure 8-1 and Figure 8-2 the simulationuliesf a good and a poor engine is
presented. On the right hand side different torqueshown and on the left hand side the
torsion angles are drawn. A proper engine condigads to expected torsion angles which
are not critical for the parts. A bad engine candileads to an abnormal angle displacements
and torsion stress. This can be seen in Figure 8-2.
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Figure 8-1 Overview of simulated stress analysd¢h@imechanical components of the power train sysiirawn are crankshaft angle displacement,

torsion angel at gear box, torsion angle at propehaft and torque at torsion bar. Simulation wase with good engine condition.
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Figure 8-2 Overview of simulated the stress anayfaehe mechanical components of the powertrategy. Drawn are crankshaft angle displacement,

torsion angle at the gear box, torsion angle atp@iter shaft and torque at torsion bar. Simulatiwas carried out with bad engine condition.

135



SYSTEM EXTENTION

A second good idea is an automatic burn processredtson of the engine. In case of a power
tolerance of the cylinders the engine leads tstoded movement which can be detected as
well. In principle the working algorithm is the saras at the misfire detection used, but in
cooperation with the ECU which controls the englhe.rise of the 0.8 engine oscillation
mode is detected and the faulty cylinder is locditeddisturbance can be eliminated by a
change of the cylinder parameters. To do this dmeesponding cylinder which has 360°
crank angle offset must be switched off completelthe power of the corresponding
cylinder must be reduced to at least the same tvble other cylinder. This can be done by
reducing the fuel amount which results in a leasfusl mixture formation. A second
possibility is to change the ignition angles; itshbe considered that the exhaust gas
temperature will be affected by changing the fugdrgity and the ignition angle.

In case of a total malfunction of one cylinder doeresponding must be also switched off.
This reduces the engine vibration to a normal I&wlwith reduced engine power. In case of
mechanical or electrical tolerances on the systenengine can be balanced by using this
proposed observation method. This can reduce dasttyrbances in the cockpit compartment
and increases the passenger comfort as well.

The next view pictures show how the result of saichsturbance can be compensated by a
completely shut off of the corresponding cylinder.

Figure 8-3 shows the spectral components of tmswexsal gas force of each cylinder. In this
example cylinder 2 is defect and cylinder 5 is devated.

The effect of the controlled power reduction of @yénder on the crankshatft is drawn in the
in Figure 8-4. The first three pictures show thegitrency components of the corresponding
cylinder pairs of the transversal gas force. TH@lt represents the spectral components of
the transversal gas force on the crankshaft. Téwekshaft signal is the sum of all three
signals of the corresponding cylinder pairs.

In Figure 8-6 the torques acting on the engine dasgeto the crankshaft interaction, the gear

box and the engine block are drawn. As a comparigtina poor engine, this means one
cylinder is defect and shows significant lower tgrgnagnitudes.
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Figure 8-3 Overview of the cylinder selective spgaomponents with a simulated failure at cylin@eaind controlled cylinder shut off of cylinder 5.
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Figure 8-4
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Spectral components of transversal gasef of the corresponding cylinder pairs and thaltsum at the crankshaft.
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Figure 8-5 Torque signals on the engine case iirgetion referenced to coordinate plane "CSY Sreeoft gravity". Gear box torque, total crankshaft

torque simulated on the engine case and mass tsrguengine block by a faulty cylinder 2 and de@atéd cylinder 5.
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Figure 8-6 Frequency overview of the total cranKsharque, the gear box torque and the engine ¢taspie simulated in x-direction and refernced to

coordinate plane "CSYS centre of gravity".
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Next diagram (Figure 8-7) shows the most imporsagmals of the power train system. As it can ba ske simulated acceleration signal is in a
normal range.
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Figure 8-7 Overview of calculation steps from gaé to engine case acceleration if cylinder 2a$edt and cylinder 5 is switched off.
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In Figure 8-8 the frequency spectrum of the engame movement is drawn. It shows
completely different spectral components compaoeal faulty engine. It can be seen that the
signal power is split on several spectral companeaspecially the 0"5engine oscillation
mode is compensated.
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Figure 8-8 Simulated frequency spectrum of engase @cceleration with a faulty cylinder 2 and a deaated cylinder 5 (misfiring compensated).
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By using the signal processing method, which wap@sed in chapter 6, the result shows a
good engine with a slight tendency to higher vilratevels at high engine oscillation modes.
This can be seen in Figure 8-9.

Acceleration signal at sensor position (gear box)
14 T

Magnitude [g]
o
@
T

o
)
T

04t

accumulated order (1 to 10) at 5000 rpm

Figure 8-9 Computation of the signal power of th8"@&ngine oscillation mode and the sum
from the £'to the 18 engine oscillation mode with a faulty cylinderitea
deactivated cylinder 5.

If the disturbance due to a defect cylinder is cengated the mechanical stress of the internal
parts is reduced to a normal value which is nahgrrcritical. This is shown in the next

figure (Figure 8-10) last plot right hand side. §hhart represents the torsion bar for
example. A comparison with Figure 8-1 (good engar@) Figure 8-2 (poor engine) shows

the stress reduction on this device.
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Figure 8-10  Overview of the stress analyses ohteehanical components of the power train systeanclignkshaft angle displacement, torsion angle on
gear box, torsion angle on propeller shaft and taran torsion bar. Cylinder 2 defect and cylindeteactivated.
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9 SUMMARY

In this thesis a new approach to detecting misfiren aircraft combustion engine was
described. Based on theoretical aspects, an anatgitlel was developed and the engine
behaviour was simulated. A bottom up descriptiothefsystem was established and proofed
by comparing simulation results with real world m@@ments. The comparison of the
analytic model with measurements completed on ramadi show good agreements. The
proposed condition monitoring system recognisedimien a tested combustion engine with
an amazing detection speed and a high detectidrapility rate.

An easy installation on the engine can be real®edsing an acceleration sensor which has
no restrictions to installation or location on #rggine.

Due to the model description and the measuredtsgshé signal processing leads to a simple
signal algorithm with at least four samples perieagvorking cycle equal to 720° crank
angle.

There is no system training required in order tpuae data from the engine under normal
operating conditions.

In case of misfire, further actions based on thedydic model of the engine like cylinder shut
down, variation of ignition angle and injected faelantity will mitigate mechanical stress
from the engine.

Furthermore a preventive maintenance managemerecastablished by monitoring the
engine case acceleration. Existing condition momigpsystem can be extended by adding
this proposed method.

The described misfire detection method can be epmn engines with different cylinder
counts as well.

Vibrations of engines that are designed with synmmimégnition angle offset can be reduced
by applying controlled cylinder shut down.

Proposed misfire detection method could also béiexppn remote controlled engines like
compressor stages for pipe lines or power genexaas well.
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10 OUTLOOK

Some rig tests showed that an improvement of theetreosensitivity and the sensor signal
processing will help to increase the dynamic ramige sensing system.

Misfire detection would benefit from improved acsjtion quality of the acceleration signal,
which reflects the engine block's displacement rate

This opens new opportunities for the future, susketecting deviations of the compression
ratio between cylinders.

Durability tests involving different aircrafts wittifferent propeller settings are essential to
complete the definition of system limitations.

Information of the engine block vibration allowsveéoping strategies for predictive
maintenance as well.

Due to successful test series new ECU's have tiebeloped based on the functional
prototype. Furthermore the implementation of theppsed misfire detection method in
standard ECU's including test procedures and gquadifinitions are next steps which have to
be done in the future.

Finally extensions of existing onboard diagnoseading the proposed method can be
established.
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