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Testing the Effectiveness of the Misfire Detectigystem

Simulation of system response to potential distucba

Master’s Thesis in the Master Degree ProgrammegrAative Engineering
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ABSTRACT

A methodology to analyse and predict the behavaduhe current misfire detection
system & algorithm is presented with special foonghe effects and contribution of
the noise contributed mainly by the variation iiveline configuration.

The existing line up of CNG engines are used to pame the performance of the
simulating model with the real time functioning thie system. Two distinct diesel
vehicle models with known and reported significanarying driveline disturbances
are investigated along with the developed modéhefsystem.

Sufficient tolerance band coupled with accurateoiigms in the existing misfire
detection system have been a key advantage prgviblen opportunity to extend the
same system across future possible vehicle variasgite of noise contributions.

A misfire generating system designed and built vtfitb possibilities to induce and
generate misfires at controlled rate in order tsishsreal time evaluation of the
detection system and diagnostics performance éspatssented.

A comprehensive study from available literatureshie automotive research industry
carried out to determine possibilities to improkie existing misfire detection system
and algorithm resulted in identification of usadewiable alternate detection system
as an assisting contribution to the current alponit

Key words:

Misfire detection, Sl Engines, Engine roughnesssfivé generator, Alternate
detection systems
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1 Introduction

1.1 Background

The term misfire is applied to a total absencearhisustion during a normal power
stroke. Misfire can result from a number of causegh as missing or improperly
timed delivery of fuel, insufficient delivery of bgder intake air, or a missing or
improperly timed cylinder spark event (1).

Misfires are majorly caused due to unfavourablelsplug temperatures, low ignition
energy, Fuel system malfunction, Improper Mixtuagia, flame propagation speed.
Misfires have a great potential to destroy catalgtinverters due to increased exhaust
temperatures caused by unburned fuel from the maisfilinder. Significant increase
in HC and CO emissions have been observed at 2%samate. (2)

Apart from emissions and catalytic converter damagsfires lead to reduced engine
torque, decreased engine efficiency, engine stalltagh specific fuel consumption.
Legal requirements by California Air Resources Boaaquire reliable detection and
misfiring cylinder identification over the engin@erating range to comply with On
Board Diagnostics-1l. (OBDIl) (3) The following twaonditions of misfire are
legislated to be detected and reported in OBDII

A. Catalytic converter damaging misfires
B. Emission related misfires

Catalytic converter damaging misfires, as the nardeates are the misfires that are
required to be detected that could potentially dzenahe catalytic converter.
Continuous operation temperatures above a certaindf about 900 — 1000°C cause
irreversible damage to the catalyst (4).

Emission related misfires are those that lead tmerease in emissions by a factor of
more than 1.5 times the legislated emission limisl the detection diagnostic is
carried out every 1000 cycles. OBD Il legislatiorequire that a Malfunction
Indicator Lamp (MIL) is switched on with the appri@te Diagnostic Trouble Code
(DTC) and if possible cut off the misfiring cylind® protect the catalytic converter.

This project is focussed on the misfire detectigsteam of the Scania Engines “OC9
G04 & OC9 GO05”. The CNG fuelled, Otto cycle, Euxg lean burn engines are
operated with Lambda up to 1.6. The misfire detectlgorithm used is based on the
crank shaft speed sensor signal processed datadetedmination of variation in
instantaneous angular acceleration / torque thraufrmulated misfire index. The
current system employs a crank sensor, a 58 tobdehand an Engine Management
System (EMS). The current misfire function has biegpiemented and is operational
in four vehicle variants including two Bus variaatsd two Truck variants.
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1.2 Objective

The misfire detection system is evaluated for thigustness against the influence of
possible influencing factors including external dions such as rough road and
vehicle conditions such as drive-train vibratioheTperformance of the system under
different vehicle driving conditions to evaluatee thystem under different operating
points is determined. The existing vehicle lineisigvaluated and their performance
IS recorded.

The expected behaviour of the system for changelutle configuration is simulated

and analysed. The choice of the vehicle configaratinder study is carried out with a
vehicle with a known worse behaviour and a standsgilable vehicle. The results of
the experiments carried out with available resalts used to predict the system
performance on vehicle variants studied.

A misfire generator is designed to induce and gereknown rate of misfires in the
engine. This enables controlled production of mesfiin the system thereby providing
a possibility to evaluate the system response vaticurately known misfire
conditions. The system will assist in the evaluatid the system as to what extent the
system fulfils the legislated requirements and ysed of any changes / improvements
in the current system.

There are several systems available for the deteatf misfires including both
intrusive and non-intrusive methods, each with eeipe advantages and limitations.
A comprehensive study of these systems is carnigdodetermine a possibility of
improving the current functionality for future apgations.

1.3 Scope and Limitations

The system under study is a simulated study andattadysis of the results thus
obtained is based on theoretical estimation, lichitexperimental data and
assumptions. Hence the vehicle behaviour may varg tertain degree from the
estimations as described under the respectiveosscti

The vehicle variants employed in the drive-trairctéa contributions study are
primarily Diesel engine powered and hence the coispa of performance is done
with respective diesel engine trucks to ensureinfiwence of the change in operating
cycle. The project is primarily carried out with armerest to study drive-train and
road influences on the misfire detection systemusTbther possible confounding
factors are eliminated for the study.

Also an outcome of the project is to advice on feitdevelopment and provides
recommendations for the improvement of the system.
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2 Theory behind Misfire detection by Engine Speed
Fluctuation

A number of research works has been carried oumvtestigate the correlation of
cycle to cycle variation of combustion on the résglspeed fluctuation and use of it.
The following brief is an explanation of the ungery concept and logic behind the
misfire detection algorithm implemented with theiatance of established and proven
methodologies from the works based on the crangmesystems for misfire detection

(5) (6) (7) (8).

Absence of combustion or presence of incompletebemtion leads to instantaneous
change in the torque and speed in a multi cyliretggine due to the absence of the
Power stroke. This speed fluctuation when monitaesetthe approach that the current
system uses to detect misfires.

2.1 Engine model

The balance of moments at the crankshatt is giyethd equation:

(2.1)
Where,
= Engine torque
=load torque
= moment of inertia
= Angular speed on the engine

The fluctuations in engine torque caused by misflead to fluctuations in angular
acceleration— of the crankshaft. The angular speed within theetperiod from
the ignition of one cylinder to that of the nextiagler is given by:

(2.2)

Where,
= Number of radians in 2 revolutions (for a 4 kek@ngine)
= Number of cylinders
= Ignition time of firing cylinder

Angular acceleratign —_ — $—%%—&
"#

) (2.3)

CHALMERS, Applied MechanicsMaster’s Thesis 2011:36



2.2 Engine roughness index theory

The Engine roughness index is based on differeeb@den two consecutive angular
accelerations

+ -+

() * Lk #

() = Engine roughness index

I

(2.4)

Under steady state operating conditions, a miswvent causes a relatively high
positive engine roughness Index for the misfirigginder’'s misfire index. A misfire
event can be detected with a comparative evaluafitime expected engine roughness
under the same operating conditions. (2)

The index obtained above also accounts for engaresient operation such as change
in load or engine speed or both. Thus a correaiiocompensation term to eliminate
this influence is to be included in the index. Thesm is determined by using the
median mean value or the arithmetic mean of thghteiuring. The selection of the
compensation term is dependent on the engine typé&soperating point.

In the case of the current engine, the median meahre is used for the compensation
time. The factors influencing the selection inclugtegine operation load and speed
range and expected driving factors.

Calculation of compensation time — median procedure

The following measurement values are evaluated:
345461 145 4617 8

/012 5 (2.5)
/01: D1+, %01+ %28 (2.6)
/01= DL+ 2, %01+,8 (2.7)
/01 DI : ,%01+« 2,8 (2.8)
/01> DI+ =,%01+< : ,8 (2.9)
/?01= = median [/012@ /01:@ /01=@ /01 @ /01>8 (2.10)
Where

ABC20 ABC> differential values corresponding to respectggment times
BCHE, - Corrected segment time of crankshaft segmént
AFBC= Compensation Time

The median of the determined values is used asctimgpensation term. In the
algorithm implementation, it corresponds to thedherm after arranging012 to
/01> in the descending order.

Thus, the final expression for misfire indéx0%, is:

345461 ,145+6,81IK 47

GHO, 2576

(2.11)
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2.3 Determination of the reference engine roughness wa

An increase in the engine roughness index abovérestiold determined from
operating condition indicates the occurrence of @&film event. The factors
determining the roughness reference index include following since non
consideration will lead to large errors (9):

Engine Load

Engine Speed

Mechanical variations
Drive-train contribution

External environment influences

agrwnE

The operating range of the engine load conditiordiigded into 3 sub regions
determined in accordance with engine expected tperand limitation in EMS
computation ability. The engine speed range islanyidivided into 8 sub regions.
The magnitude of variation of the misfire indexdeppendent upon the variation of the
crank shaft sensor input.

Changes in the ignition timing over the differepecating range and the variation in
combustion duration have a profound influence. ®hgserved and recorded findings
of the crank speed under various load and speechtopee conditions is noted from
the perceptual drop in engine speed caused byrenafross the range of operation.

The reason is that the periodic duration betweaoranal combustion process and a
misfire event differs, for instance for 6-cylindemgines, by only 0.2% although the
comparable figure for low engine speed and highl li@&tors can be as high as 8%

(5).

6-cyl. engine, 251
PPy . - T /,.f"
W . S y LTy :
£00

g 1 1 L
1000 2000 3000 4000 5000 pm
Engine speed \

Figure 2.1 Perceptual drop in engine speed causeg misfire (5)

Mechanical variation may arise due to productioteramce of the sensor and
associated measurement mechanism such as tootlnimgaérrors, run-out, sensor —
wheel gap. The correction factor for such a contidn is determined using a
learning algorithm during non -misfire events. THagv evaluations are thus filtered
through a factor learned from the behaviour ofspeed sensor inputs at the various
operating point windows defined by the engine spaatiioad.
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A bad gear shift, transient drive-train charactarjsdriveline noise or torsions
contributes to an erratic change that may appe#&eta misfire event even though
there is no misfire occurrence. The misfire algontcan either be turned off during
the expected drive-train disturbances or the tlolgsban be increased. The selection
is dependent upon the availability of data fronvehtrain. Due to the absence of the
data, the threshold is set to a considerably hitjimer.

External environment influences include rough rdasling conditions which induce

mechanical disturbances in the crank sensor measuate The solution to this

contribution is similar to the drive-train factorhe commercial implementation in
most engines is using the speed sensor data ofvitleels from the ABS sensors.
Using the difference in their speed of rotation aodable filtering enables evaluating
the road conditions for its contribution. Alternateethodologies include gas tank
pressure measurement, air mass measurement, usiagcalerometer or signal &
statistical processing of crank speed sensor cos.cgD)

Also observed during engine operating conditiores dgviation due to cold engine
operation, cranking, cylinder cut off and memoreidhow conditions. In such cases,
an offset may be used or the misfire detectionréalyn can be disabled temporarily.
The current system determines engine roughnesgeneie value in accordance with
the load, speed and learning conditions and istédrfor future references as lurs(n).

2.4 Distance detection method

From experimental verification and theoretical d@ation, it is found that the

magnitude of difference in engine roughness is gbMhe same between normal
firing and misfiring cylinder/s. The case is valai occurrences of all types of misfire
occurrences including but not limited to single fings, continuous misfiring of single

cylinder or multiple cylinders, symmetrical misfig cylinders, consecutive cylinder
misfires etc.,

single misfire continuous misfire multiple misfire multiple misfire

.....

Figure 2.2 Comparison of Engine roughness indices different conditions

This phenomenon is used for reliable detection @ffires in such conditions. The
cylinder individual engine roughness luts(cyl) iisefed by a recursive low pass filter
and compared with an adaption threshold luar. Tneshold luar is defined to be
offset by the minimum luts in the current camshafation. A variation limiter is used
to keep the reference value under check so thaalistic values of engine roughness
are not permitted.

The theoretical background of the misfire detectigorithm explained as above is
implemented with the Bosch ME7 Engine Managemeste3y on the OC9 G04 and
OC9 GO05 Engines. A brief description of the hardwand the function details are
elaborated in the following sections.
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3 System Hardware and Engine Management
System architecture

3.1 Powertrain description and Specifications

The engines under study “OC9 G04 and OC9 GO05"G@ite cycle operated, In-line 5
cylinder, Turbocharged and Euro 5 compliant engirldse engines are currently
coupled to an automatic transmission gear box aadoaque variant models of each
other. The engines are being employed for use sndenfigurations each of bus and
truck. A detailed specification chart of the engiise given in the Appendix 1

accompanied by the engine layout diagram in AppeRdi

3.2 Engine Management System

The engine is controlled by the gas engine managesystem gEMS. The gEMS
consist of the following ECUs connected via a detid CAN bus (CAN 3):

1. S7 ECU which acts as the interface to the truck &mdthe electrical
architecture

2. Bosch ME7 / EGC 1.1, controlling the functions aft@ which are unique for
the gas engine

The ME7 controls and monitors the airflow, fueleiciion, ignition, emission control
and diagnostic. The S7 control the basic functaithe engine which are identical to
the Diesel engine. The diagnosis is performed in7Niad the result is reported to
S7/S8 via the CAN 3 bus. S7/S8 sets the DTC’s iNIA&RIA clearer picture of the

distribution of functions is given by the diagramioalescription in Appendix 3.

3.3 Misfire detection system overview

The misfire functionality system overview is prosd by the function DMDUE
(Diagnostic routine misfire detection overview).eTfunction DMDUE provides an
overview of the dependencies, flow of informatiamddlags among the several sub
functions constituting the misfire functionalityh@ functionality overview gives a
broad perspective of the functions involved andhingnts major data or flag
interactions. The figure is a block diagram repnéstgon provided by the DMDUE
function overview. A detailed description of thelividual blocks that implement the
theoretical definitions IS followed.

v
N

v \b\

-
|t
|
\ 4

I

—]

\ 4

Figure 3.1 Misfire detection system functionality eerview (DMDUE)
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3.3.1 Segment time

The misfire detection algorithm is based upon Weduation of the time between two
ignitions during which the crankshaft covers 14#t @ 5 cylinder 4 Stroke engine =
720° /5) wide consecutive angular sectors. The segmime is evaluated from the
signal of the crank sensor facing the 60 teeth Whdée optimal position of the
angular sector in the engine cycle can be selecti) the calibration.

3.3.2 Segment time formation (DMDTSB)

From the tooth time table, the segment time formhedgaition is determined in the
measuring window, the start of which is set by lébcation value.

The ignition information is estimated from the siyranized crank sensor tooth time
table using the cylinder configuration information.

Length of measuring window =360 / (No. of cylinsi@) °CA
=360/ (5/2) = 144 °CA

The analog signal from the 60 teeth wheel, mountethe crankshaft (clutch side), is
pre-processed in order to extract the time intsrmaleded to perform the 6°CA wide
angular sectors between one tooth and the nextoatied "tooth time"), evaluated by
considering two consecutive zero crossings in tascending part of the analog
signal. At this point, a simple sum of 24 (for theylinder engine) consecutive tooth-
time intervals provides the segment time, thahéliasic information for the misfire
detection algorithm.

Figure 3.2 Segment time definition using the crankpeed sensor and wheel
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3.3.3 Segment time correction by learning and adaptation
(DMDFON)

The DMDFON function outputs the corrected segméanet(tsk). The adaptation
learns systematic camshaft-synchronous and thdrewtylinder-individual
disturbances of the segment time. These disturllanctude disturbances caused by
mechanical inaccuracies of the sensor wheel (chaflkksynchronous) as well as
disturbances caused by torsional vibrations (cafttslgachronous). The adaptation
defines the 24 operating points with 8 base speetdgand 3 load points.

1;+<, + 2 L1IM+2, 01+2,, (3.1)

Where,

CD = Corrected segment time
NC® Correction factor

BE Segment time (Raw value)

3 31 23 33 43 53 63 73 83
T " 21 22 32 42 52 62 72 82
rl
relative 11 21 31 41 51 61 71 81
rl1
load
nl n2 n3 n4 n5 n6 n7 n8
(engine speed) nmot ———>

Figure 3.3 Learning adaptation table

The segment time tsroh_w is assigned the individylhder in accordance with the
firing order obtained and thus the segment tim@4,t4s02, ts03, ts04, tsO5 are
estimated. The deviation between a computed valdeaaneasured value is evaluated
using the reference segment ts01, the measuredsv&d02, ts03, ts04, ts05 and the
dynamic correction.

_ 34S +1 145 +.8
P1Q:+R, 01Q2+R, % 01Q2+R; T OVTW

Where,

XCQ:to XCQ= Dynamic correction factor
BCQ® BCQ= Segment times

YZ[Y\= Number of cylinders (= 5)

(3.2)

The deviation is normalised and converted to ahegmgportional variable

) 4S9 +,
]1Q.+R, 259+,
Where,

ACQ:to"CQ>=Normalised segment time values

(3.3)

The normalized segment times are smoothened bywa pass filter. Further
processing is done to ensure that the learningfanttrix NCO+™Ms carried out
under normal engine running conditions and theeglearnt are reliable.
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3.3.4 Engine roughness calculation (DMDLU)

Engine roughness is calculated from corrected segmh@ration and compensation
time. Compensation time is determined accordingéalian procedure or arithmetic
mean procedure depending on the engine speedeshdid.
GHOL+<, 145+61.1 4546, ‘abc64W 6 ac,

45+6,

(3.4)

The reference value for engine roughness (lursplisulated depending upon engine
conditions of load, speed, temperature, and adaptstate. The threshold reference is
defined with previous learning from behaviour affetent operating conditions in
case of normal combustion and misfire presence.

Misfiring is detected by comparing lurs with lut§.luts>lurs, a single misfire is
detected. After a misfire is detected, the misfietection is deactivated for the next
defined number of segments to avoid misdetectian tdupost oscillation caused by
single misfire.

3.3.5 Diagnostic Misfire Detection distance method (DMDLW)

The function is used to detect continuous misfifes.defined in theory, the engine
roughness values are filtered over a low passr.filihe reference value for
comparison is adapted for each cam shaft revoluiesed on the minimum engine
roughness value in the cycle along with the offsethe engine operating conditions
determined similar for luts.

LGHO01+deG,+R2 % LLGHO<, LGHO1+deG,+R % 2, LLGHO< GHOl1l+deG,+R,

(3.5)
Where,
NNI[fBE Filter factor
YZ[= Firing Cylinder number
— Cam Shaft Revolution
GHgh GHghiLL GHghj< (3.6)

kOIO@

[Al_ mEF EO InfFKEOCC X CB\E O IONOIOE O o\[fO

[AIPE g MEF EO InfFKEOCC X CB\E O IONOIOE Opolffp
[AINNN g MEF EO InfFKEOCC X CB\E O IONOIOErDINGOB

If NfBC+YZ[r/fll misfire is detected in the corresponding cylindéontinuous,
symmetrical, consecutive misfires can thus be dedec

3.3.6 Logic and delay for misfire detection (DMDLAD)

The logical block evaluates the results of the masdetection blocks of DMDLU and
DMDLUA and relays the information collectively fahe logical operation of the
Malfunction Indicator Lamp (MIL). The Stop conditis if present due to any other
flags from external blocks are also evaluated stadecide the final output to the
MIL block.
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3.3.7 Fault treatment of misfire detection, control on MIL and
rectification (DMDMIL)

In accordance with legislated norms, two misfirarders are evaluated, one for every
1000 crankshaft revolutions (Emission related naymg) and the other for every 200
crankshatft revolutions (Catalytic converter damggirisfire monitoring).

The threshold for catalytic converter damaging masfis decided considering the
temperature increase for the misfire rates and tth@mnaging effect. The limit for
emission related misfire is decided based on is&rea emissions to 1.5 times. The
MIL is switched on with generation of Diagnosticolible Codes (DTC) in the event
of exceeding the threshold limit.
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4 Model for simulating the Misfire detection system

4.1 Model Development

The theoretical formulations and the available rimfation from the current system
description defined in the chapters 1 and 2 ard tselevelop the Simulink model.
The model is made up to represent the similar satgrehown in the ME7 description
and they are described as to how each have bestedria the following sections.

4.1.1 Segment time formation

For use of the segment times with the algorithmindgr number assignment is
carried out. The input data being supplied is §rekronous corrected segment time
and cylinder number with the output being the segntames of the respective

cylinders with the time stamp information. Also tegnchronous engine speed is
estimated from the segment time. The Simulink mddelthe estimation of the

cylinder assigned segment times and engine spéadatéon is shown.

1 P X
= 60 > nmot

Divide RPM conversion Engine Speed

Constant

eps

NaN avoidance

Conversion fse_ch

Constant -
Terminator
tsk P tsk tsk01 ts01
Corrected TS01
Time segments tsk02 —I
P ts02
tsk03 TS02
1 »| 2y tsk04 P  ts03
iring Cylinder No. TS03
tsk05
> ts04
Time Segment Formation
and Cylinder assignment TS04
' o ts05

TS05

Figure 4.1 TSK calculation subsystem model
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4.1.2 Engine Roughness Index Reference

All conditions to determine the reference enginggfmmess value is kept as standard
during the recording. This includes a considerabliening time of the engine to
evaluate possibilities of cold start influencesghar coolant engine temperature,
automatic gear transmission etc. Thus the refergatee depends entirely upon the
engine speed and load operating point. The veatbrgthe reference values are
provided as input to the Simulink block for detemation of the current reference
values decided from the engine speed and load.Slimallink block of the same is
shown.

Engine Load
nmot
Engine Speed
KFLURB1 }
Engine Roughness Ref Load1 luts1
ot +— =
KFLURB2 Terminator
»|KFLURB1
Engine Roughness Ref Load 2 KFLURB2 . > . Relational luts1<>lurs
P{KFLURB3 Operator
KFLURB3 H Terminator2
| KFLURB4
Engine Roughness Ref Load3 i KFLURBS lurs
P|KFLURBG
P{KFLURB7
KFLURB4 —quLURBa fse,c;

Engine Roughness Ref Load4 Lurs calculation

KFLURBS

Engine Roughness Ref Load5

KFLURB6

Engine Roughness Ref Load6

KFLURB7 H

Engine Roughness Ref Load7

KFLURBS H

Engine Roughness Ref Load8

Figure 4.2 Engine roughness reference estimation meb

4.1.3 Engine roughness test value estimation (luts)

The luts values (Engine roughness index) betweerdhsecutive firing cylinders are
calculated in accordance with the equation (3.4 Tompensation time used in the
calculation of luts values for each ignition to itgpm comparison involves special

care in that each value as per the equations ¢259) is evaluated for every set of
values of segment time. The compensation time isaseording to the median

procedure as outlined in equation (2.10). The sstbsy model for each cylinder to

cylinder ignition is created accordingly. A SimWinsubsystem model for the

compensation time evaluation used is shown in Eigu8 and Figure 4.4

The overall model for calculating the luts values éne pair of consecutive firing

cylinders is shown in Figure 4.5. The same is ogpiid for the rest of the luts

calculation between other cylinders with care targe the variables internally
according to the cylinder number in concern. Thusotal 5 sub models are created.
The firing order with the timestamp is used to deiae the synchronous luts value at
any point of time. The instantaneous calculatioshigwn in Figure 4.6
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Dts5 Matrix

Concatenate

Figure 4.3 Compensation model — Median calculatiosubsystem model

P+

2

Subtract1

Constant

Figure 4.4 Compensation value calculation subsystemodel

Cylinder 2 -
Time segment

»
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Comp - |

»

X

e
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4.1.4 Engine roughness — distance detection (fluts anddu)

The calculated value of engine roughness lutdtexdid by a low pass filter and fluts
is thus calculated as per the equation (3.5).Therahknation of luaroff, luarmn and
hence luar as per the equation (3.6) is done asrsiothe Simulink model below.
The other offsets to the luar are eliminated duegeration under standard defined
conditions to avoid any other deviation / distud@mccording to the driving model
as described in Chapter 2.
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Figure 4.7 Engine roughness index comparison modalilssystem — distance detection
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4.1.5 Misfire detection

A misfire event is detected in case luts>lurs at giwen point of time. A counter is
provided to show the number of misfire events detécSimilarly a misfire event for
fluts>luar is also counted. The Simulink modeltoe same is shown below.
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Figure 4.8 Overall model with all subsystems
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4.2 Data Acquisition

The following input to the model is to be acquifemm the systems to be tested

Time stamp
Segment times
Relative load
Cylinder number

PR

Depending on the vehicle and experimental requirgspethe data needs to be
obtained from either the Bosch ME7 EMS or the Sza8i7//8 EMS. A brief
description of the methodology and approach useabtaining the same is described
in the following sections.

4.2.1 Data Acquisition from Bosch ME7 EMS

The segment time data from the CNG engine trucksbisined by recording the
synchronous corrected segment time from the BosuhinE Management System
using the INCA tool. The data thus obtained comesis to the processed and filtered
segment time with the implementation of learnirgnirthe previous segment times in
the entire operating range of the engine (provittezl engine has been run for a
sufficiently long time under varied conditions). ite the segment times have been
adjusted for mechanical / production tolerances rmedsurement system variations.
Each element corresponds to the current firingndgdi’s segment time followed by
the segment time of the subsequent firing cylindé&ise time stamp of each data
element is also recorded.

The algorithm has a defined and demonstrated depeedon the engine speed and
load conditions. The engine speed is estimated trentrank segment times and the
distance covered (144°CA). In order to verify tladidity of the same procedure, the
synchronous engine speed of the engine used yNtg&was compared and found to
be in congruence and sufficient agreement thusditthe usage of the segment time
to evaluate the engine speed. For defining theatipgr engine load, the relative load

terminology defined in the EMS is used which isecentage of the engine rated
load. This is a relative term where the wide opmottle corresponds to maximum

engine load demand whereas the idle is rated mmimu

4.2.2 Data Acquisition from Scania S7 ECU

The standard Scania ECU evaluates and provideffer lwith memory of the last run
cam shaft revolution tooth times of the crank semgteel also sometimes referred to
as tooth time table. Thus at any given point ofetib20 tooth times are stored in this
table or stack. This also includes the missing hitomiformation interpolated in
accordance by the average between the start andfathé gap. The trigger to add
new tooth times in the stack is set constant ceantite degrees (42 °CA) before every
firing cylinder. An additional set of codes is adde calculate the segment time using
the trigger information. Thus the segment timethefengine are stored consecutively
in their firing order. For limited memory considgoas, 1000 segments are stored
successively in a new data set.
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The time stamp of the data is calculated using shgment time information
implemented in the matlab scripts for post processif the data file obtained. The
cylinder specific segment time is calculated usoyjnder numbers introduced in
firing order. Engine speed is calculated usinggbgment time information and the
segment distance covered (144°CA). The engine &aylisition in synchronous
mode is not available directly. However, the vehidtiving conditions are carried out
with care to note the engine relative load in avkm@cale so that they are interjected
manually for use. The model for the misfire aldumt is the same for both the
systems thereafter since all required data reqdmedrocessing has been determined
either experimentally or calculated theoreticalljne data acquisition is carried out
using ATI Vision tool.

Synchronous relative load date is thus recordedgside the segment time. The data
thus obtained from each recording includes TimenptaSegment times, Relative

load, and Cylinder number. The additional data méet include Engine speed,

Engine roughness and associated terms predefindte iEMS and described in the

algorithm and implementation sections.
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5 Design of Experiments and Evaluation of System
Performance

5.1 Vehicle Selection

‘Pegas’ is a CNG - 5 cylinder inline engine powetadck, which has the engine
under study that will possibly be extended on otfarants of trucks and buses. The
truck has been tested and confirms to legal anddoparformance requirements. The
truck used to carry out measurements and expergmsmirovided with a break out
box both for the S7 ECU and the ME7 ECU. Also thailability of the CNG engine
in the bus chassis configuration gives the possibibr a comparison of the same
engine on two variants. This also enables to aehsegongruence of the results of the
misfire algorithm.

In order to evaluate the influence of vehicle /i@ configuration on the misfire
detection system, a choice of available vehicleavds is selected on the following
basis. The worst case condition of vehicle andatram vibration from Scania’s
experience is the 5 cylinder, diesel run trucklifap”. The long vehicle wheelbase
with the 2-axle chassis configuration of the vehiohakes a good case for higher
drivetrain disturbances. The vehicle is thus sudiewing to its drivetrain
configuration and a possible future worst case alehconfiguration on the CNG
engine. Appendix 4 shows the Power — torque cufteeoCNG engine and the diesel
engine.

Since the truck under study is diesel engine posyesecomparison to the behaviour
of the gas powered engine can prove to be inconelulie to the combustion profile
deviation which could be quite unpredictable. N&weless, a comparison is made to
study the possible visibility of contribution ofetfdrivetrain. However in order to have
a fair comparison, a known truck with lesser dmaet disturbances “Lisen” is
selected. The reasons also include that both thieles are driven by the same engine
but with known relatively different extreme levelsdrivetrain noise and vibration.

5.2 Model Validation tests

The test conditions for verification and validati@me set such that the Engine
operating conditions and vehicle status are masitdao be maintained to set an even
platform for a fair comparison. The test / expenaé conditions are classified into 3

categories with brief explanation as follows

5.2.1 Steady State Tests

The vehicle under study is set in idle with theiepagperating at the set idle speed
with minimal accessory load. Also the idle datawasigjon is carried out after a
sufficient long run at the test track so that timgiee temperature conditions and
associated characteristics are repeatable andleelidpart from this, the engine
speed is raised and set to rated speeds and #heortiesponding data is taken.
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5.2.2 Transient conditions

These test cases are undertaken mostly to intetprdiehaviour of the vehicle when
it is run under expected favorable conditions. Tihidudes a normal vehicle speed
drive and a high vehicle speed drive and sometimnesx of the two explained as
below.

Low Speed normal running: This is a case of theickelbeing run at a speed of
around 45 kmph. For most of the automatic transomsgear box installed vehicles, a
gear shift is possibly avoided. In case of unavaliglaecordings, notice is done of the
shift and taken up for further consideration famare interesting case analysis. This
provides a possibility to understand system behavad low engine speed and low
load conditions.

High Speed Normal running: The vehicle is driverspgeds of around 80-90 kmph
and most of the period at high engine speeds alloae 1500 rpm. The test
conditions enable to study the system responseghtdngine speed and high load
conditions.

5.2.3 Turbulent conditions

These are the worst case conditions aimed at indugreater disturbance to the
misfire detection system. The scenarios are mardtazlosely such that the test
vehicles are given the test parameters are magtdire same.

Rough road conditions: The rough road track witlkerimittent speed bumps placed at
regular intervals is used. The same stretch oteketrack is used to have the same
test conditions performed at a low vehicle spee@0#0 kmph, it is thus carried out
at low speed and low load conditions.

Tip-in Tip-out: The vehicle is run such that theattie / accelerator is varied from
zero to maximum and alternated such that therehage transient in engine speed
and vehicle speed. These test conditions providgs#m insight under appreciable
transient conditions. It provides to observe thdaveor at erratic acceleration
demands on the vehicle.

Single cylinder and Twin Cylinder induces misfirés:the case of the gas vehicles,
misfire induced running is also taken up. A tessecaf single cylinder misfire

induction and twin cylinder misfiring condition i&ken up both at idle and at
transient running conditions. Also included werstteases to combine up with
turbulent driving conditions.

5.3 Model Validation using Gas Engine’s data

The time segment data from “Pegas” is used in thul$hk model developed and the
raw engine roughness index obtained is used to ammagainst the Bosch system
generated roughness index. The comparison is davtiealso to ensure that the time
segments are assigned the ignition cylinder apmtgby in the sub system model.
Also to be noted is that the calibration data vakieised in the model wherever
applicable as provide in the ME7 documentation arallable from INCA.

Having done such a comparison, engine roughnesevalf the data acquired from
Scania S7/8 is compared against the INCA acquiresults. The following

compilation of test results and discussion confitims appropriate usage. Primarily
the Gas vehicle data and results are discussethandarning is transferred to Diesel
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vehicles. A comparative study of the response &, itransient and induced
disturbance conditions is carried out. As verificatmeasure misfires are induced to
look for expected patterns.

5.3.1 Steady State conditions

Using data from Pegas, Kongas, and Logas, theatoggs of the model to indicate a
change or reflect a disturbance is studied. At stkte vehicle conditions, Engine
roughness index values are compared and matchbd &xpected values.

Limited information is available on filtering, prer post signal processing and
simplification as discussed in the previous sedtifirearning adaptation, DMXRLU,

phasing by 120 combustion events). Thus the rougghimadex estimated from the
model is sought for pattern influences rather thlasolute magnitude of the signal.

A close resemblance of roughness index at idledsperdition to the INCA output is
evident from the figure [5.1]. Further at idle, whtthe misfire is induced, it is noted
that the expected characteristic from the respeatidinder contribution is observed.
Thus concluding the model is fit under steady statelitions and can suitable predict
misfires just as the ME7 combination system wouwddehdone.

The engine roughness comparison indicated thag lseat scaling factor which is not
very clear with information obtained just from idbehavior. Hence a misfire is
induced to determine the limits to be set in thelehoThe result of a misfire induced
in the 29 cylinder under idle conditions is shown [Fig 5.2]

Figure 5.1 Engine roughness index comparison betweenodel and INCA at idle (Combined and individual)
- Pegas

Figure 5.2 — 2nd cylinder misfiring continuously;Left - comparison of luts (INCA - magenta) and model
(yellow) Right — Cylinder individual luts values (Misfire cylinder in magenta)
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It is observed that the model follows closely theséh system behaviour quite closely
and the two signals differ from each other onlyabmagnification factor. There is no
loss of significant information required as is saerclosely congruent with the
expected behaviour. As can be seen a reductioheofénerated signal by a factor,
arrived after comparison optimized with differeattor values is close in magnitude
and the behaviour is still preserved.

Figure 5.3 — 2nd cylinder misfiring continuously; Lét - Comparison of luts (INCA - magenta) and model
(including scale factor - yellow); Right — Magnifiel for visibility

5.3.2 Transient conditions

Depending upon the magnitude of change, variataitem is replicated at the time of
occurrence of the incident. Also to be noted isghase difference of 128 combustion
events. Transients at low speed in comparison whibse at high speed show
significant difference in magnitude as is expedieun the system. The reduction
factor to the output is provided to ease the comparto the expected behaviour and
greater visibility.

The roughness index is appreciably of a higher nage at high speed and load
conditions in comparison to low speed and low |gamhditions, an expected
behaviour however undesired. The distinct diffeeemc magnitude is noted between
the idle and the transient conditions due to aoldai noise generated by the
acceleration / deceleration of the engine.

Figure 5.4 Transient operating points (Left) and Engire roughness index response comparison (INCA and
model on Right)
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The transient behaviour conditions thus primarihg @omparable to the actual
outcome from the present system in the respectoth Ipattern similarity and
magnitude variation. The results from kongas ase @&bnfirmative of the findings
from pegas. The variants show similar characteri®ehaviour under transient
conditions put through comparison with INCA and thedel output are shown to
indicate the same.

5.3.3 Testing under the influence of a disturbance

The potential impact of the external road influesydead gear shifts, heavy transient
operating conditions is also studied apart fromdteady state and regular transient
engine / vehicle conditions. The rough road tragkedtest and tip-in tip out tests are
carried out for verification of the same. The netidisturbances are also potentially
influenced by a combination of load and speed factélowever vehicle speed
expected to be driven under such rough road camditare relatively lower. The test
is thus carried out in both bands of engine opegatonditions including some
transients. As noticed and expected, both the madelthe actual output correlate
and are sufficiently lower than the tolerance bsetin the calibration providing fool
proof detection. The same is verified in the tHed&&G vehicles and confirmed.

Figure 5.5 Rough road test — Engine roughness indéxeft — Pegas; Right - Logas

The change in gear shifts is evident when theeessdden drop in engine speed even
as engine load request continues to be linear. rOlghness index increase in
observed in all these cases and the magnitudeapigehare kept under the calibration
limits. Some false trigger conditions are deviatthgp to the absence of filtering in the
model though the severity is quite low and stilt mwontributing to a malfunction
indication. Thus the model is reliable and stablelar the different operating
conditions of the gas engine and matches the iedtal/stem behaviour.

The model behaviour is now validated for inputsimie segments from both the ME7
and the S7. The significant characteristic behavimder steady state, transient and
external disturbance data thus establish the dpgdlmodel as fit for carrying out the
simulations and experiments for the other vehiaegant conditions as laid out in the
project plan.
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5.4 Results and interpretation from the Diesel Engine dta:

The roughness index values of the diesel vehick#aimed from the segment time
data used in the validated model is discussed Vatluating primarily the expected
behaviour of the misfire detection system undemgkeaof drivetrain and potential
noise contributing factors. However it is to beatbthat the combustion process can
influence key aspects of magnitude and patternhef roughness index since the
combustion duration and torque delivery are sigaiftly different under the
perspective that each combustion event is studidioei model as input.

Thus in order to ease and provide a comparisonchib&ce of vehicles describes the
selection of extremely performing vehicles in termok disturbance expectancy
however powered by the same diesel engine. A cdsgmarunder steady state,
transient and externally induced disturbance cenwt is studied to have an
understanding of the possible contribution prinyaloy the vehicle variation in build /
construction. Further the study of patterns and nitade variations under the
different conditions are compared to the Gas engefeaviour to note any possible
links and predictions.

5.4.1 Steady state conditions

The model engine roughness index to idle input dstanalysed. As mentioned

before, care is taken to ensure that the enginebbas run over a long operation
sufficient enough to have a warm engine and thadyae under standard expected
engine operating conditions. The figure [5.6] shaws luts values of the vehicle

variants under idle condition. It is noticed thia¢ fpattern and magnitude are similar
since there are no external influences and no ldteveontribution. Even though the

engine idle speed settings of the vehicles are PO0Rapart, the engine roughness
index values are congruent and confirming to exgzephattern.

Figure 5.6 (a) Engine roughness index at idle Lisen

Figure 5.6 (b) Engine roughness index at idle - Lofbiop

A comparison of the steady state conditions ofdiesel vehicles to the gas vehicles
show that the pattern of the roughness indicesteesame and have a marginally
higher magnitude. The attributes of the magnituglenot be ascertained since there is
a significant amount of influencing factors rangiingm combustion to idle running
conditions.
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5.4.2 Transient operating conditions

The magnitude and pattern of engine roughness inger operating under transient
conditions by taking up a normal test drive at dagpeeds, loads and including
several transient conditions is analysed. The \Wehis operated with driving
conditions such as low engine speed and load opesato high engine speed and
load operations. Also varying vehicle speed drivaditions are studied to see the
influence on the roughness index. The steady ststdts and the gas engine results
are used for an understanding and interpretatidgheophenomenon displayed.

The change in load and speed conditions has guitéas influences on the engine

roughness. Also noticed is the sharp increaseughoeess when a quick transient of
speed or load occurs. A high speed and load conditidicates a higher roughness
index than that indicated at low speed and loadditimm. The characteristic

behaviour of a higher magnitude in case of tratsée driving conditions of the

CNG engines is also visible in the result. Thusspite of a distinct engine, the
influence of load and speed condition is estabtidlhebe a general contributing factor
to engine roughness. Also noticed is that the ntadaiis quite less in the driving

cases than the gas engines.

Figure 5.7 (a) Transient operating conditions Lisen

Figure 5.7 (b) Transient operating conditions Lollippp

The concluding result of the transient and steadyescondition results from the
diesel vehicles behaviour is that the influenceengine load and speed operating
conditions on the engine roughness index are cabp@mand in proportion as far as
the contribution of the change in driveline is cemed. The above results provide a
platform for comparison of purely external disturbes provided by the rough road or
high frequency transient conditions.
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5.4.3 Induced disturbances

The contributing factors of the diesel combusti@véh been distinguished with the
interpretation from the steady state and the tesmis8ngine operating conditions. The
distinct contributions of the chassis variationgsponse to road conditions and its
influence on the detection system can thus beedudi

Figure 5.8 (a) Tip in Tip out test — Engine roughnesmdex - Lisen

Figure 5.8 (b) Tip in Tip out test — Engine roughnesmdex - Lollipop

The influence of change in load is profoundly neticin case of a high frequent
transient condition very much displayed by figu&8]. It is observed that the
response pattern to the disturbance in the testscahow close relation to the
operating conditions with contribution of increasatine roughness index from the
turbulent conditions. The magnitude change is oleskto be relatively less on the
two configurations with a slightly higher level aollipop.

5.5 Conclusion

The model is validated and found to indicate sigarit characteristics of the Bosch
ME7 misfire detection system confirmed with theistssice of ETAS INCA tool and
the associated literature. The characteristichathree defined operating conditions
have been studied in detail. The confirmation coraéisr verification in three
different versions of the vehicle powered by thes& NG engine.

The response to transients and turbulent conditiwass assisted in interpreting the
diesel engine results of the model. The learning thansferred show that there is less
deviation at almost all conditions. There is a $nmarease in engine roughness in
lollipop when compared to Lisen under transient amtulent conditions. However
the difference in magnitude is quite small and kimio the change observed among
the CNG vehicles. In summary, the extension of @G engine with the same
misfire detection system to variants such as thiipop is believed to work as
efficiently as it does in the current configurason
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6 Misfire Generator and Alternate detection systems

6.1 Misfire Generator concept

In order to induce a misfire artificially, the igioin or the fuel interruption is to be
done. The fuel interruption in case of a non-dinegected engine and other such
conditions provide a complex situation for the ploifisy. The ignition system in the
current and future vehicles is controlled mostlytbg Engine Management System.
The ignition control signal in the Bosch EMS isinger specific. A schematic of the
ignition system is shown in the following figure.16. As seen in the figure, a misfire
can be induced by breaking the ignition circuiteTdontrol signal for each spark plug
is provided individually from the EMS. Thus breagithis signal induces a misfire in
the respective cylinder.

Figure 6.1 Ignition circuit — Pegas

A control signal to the ignition circuit can be ¢alled by a different misfire
generating signal according to the requirementsdesited demands. This gives the
opportunity to generate misfires at an accuratenknoate. Also the testing of the
misfire system is done reliably to a ensuring aatge accuracy by evaluating its
performance. An advantage of using such a coneeftait a single control signal is
sufficient to generate desired misfires in anyha&f tylinders at accurate misfire rates.
Also it provides the capability to generate a snglisfire much accurately and thus
system responses to such an occurrence can mahi®ueh a system thus offers to
accurately generate misfires accurate to everylesiegent and at any specific
cylinder. Further several patterns of induced masfis also possible.

6.2 Design and Construction

The ignition signal to the ignition circuit fromehBosch EMS is studied. The PWM
signal present is such that at the time of ignjtithre constant 5V supply is to be
interrupted to OV. In order to interrupt the igari an inverted signal is to be
provided thus generating a misfire in the speafitnder. The Bosch EMS provides
five ignition outputs to the ignition circuit, eagertaining to a specific cylinder. In
the construction of the misfire generator, the masfjeneration is done for a single

CHALMERS, Applied MechanigsMaster’s Thesis 2011:36 29



cylinder with a view that expansion to five cylimdecan be carried out when
necessary. Hence a trigger from an external cosigvlal can be used to invert the
normal signal thereby producing a discontinuitytie ignition circuit. The circuit
diagram of the misfire generator is shown as below:

The circuit was tested in the Pegas truck and tiséirenparameters were monitored.
The control signal for the misfire generator wasskea by using a 5V supply signal
since it has not yet been developed. The resulisofg the circuit was success in
generating a misfire in the specific cylinder. Tdueuit can be expanded to cover all
five cylinders and the control signal can be geteerdrom S7 due to availability if
control system opportunities.

6.3 Alternate Detection Systems and algorithms

Alternate misfire detection systems developed usiagous approaches have been
studied and the listed papers are discussed tadigiglthe principle and methodology

employed. lon current sensing is the only intrusnethod and the rest are all indirect
methods of detection. Misfire detection methodst thave been researched upon
include:

1. Crank signal processing — Several approachgsrithms [6.3.1 to 6.3.5]
2. lon current sensing and measurement [6.3.6]

3. Exhaust gas pressure signal processing [6.3.7]

4. Lambda — Wideband O2 sensor signal processiBg]6

6.3.1 Advanced Engine Misfire Detection for SI-Engines (b

The system concept is based on evaluation of vamstin crankshaft speed. The
system includes a sensor stage, signal processing-e&ture extraction and
classification stage. The influence of speed aradl iz removed from the segment
time of the cylinder in a separate module and fea&xtraction is performed. This is
the concept that has been used in the currentrsyated defined elaborately in
Chapter 2. It is to be noted that percentage dnogngine speed caused by misfiring
varies on the Operating conditions of Engine load 8peed. In general Low load &
high speed have minimal deviation and Full load &hhspeed have a bigger
deviation.
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6.3.2 Misfire and compression fault detection through theenergy
model (11)

This article proposes a simple algorithm for mesfiletection in reciprocating engines.
The algorithm, based on an energy model of thenengequires the measurement of
the instantaneous angular speed. By processingripme dynamics in the angular
domain, variations in the working parameters oféhgine, such as external load and
mean angular speed, are compensated. A dimensofgatire has been abstracted
for evaluation of the combustion as well as comgoesprocess of each cylinder. The
proposed technique is expected to be easy to ingpierand to provide useful
information for on-line monitoring of the in-cylied processes in an internal
combustion engine.

The energy model estimates the energy change ikiaetl potential) in the engine
components (Piston, Connecting rod, Crank shafttcB). The contribution of energy
change from each cylinder is assigned to the réispesqual distribution according to
the number of cylinders. The compression and expansdex are obtained from the
division of this segment of each cylinder. The dnsienless indices are used to
interpret the occurrence of misfiring.

6.3.3 Engine misfire detection (using Kalman filter) (12)

In this paper a simplified engine model is introgdicin order to estimate the
combustion torque from angular velocity measuremersing a Kalman filter

approach. Signals from conventional angular spesmts®s of available engine
management systems are used. The crank speed saysalris processed using a
Kalman filter to evaluate the combustion torque.isTlestimation is used for
determination of misfiring. The current estimatiomit of this approach is between
3000 and 4000 rpm.

6.3.4 A methodology for increasing the signal to noise ta for the
misfire detection at high speed in a high performace engine
(13)

This paper is quite similar to the fuel on/off atijon of the DMDFON function. It
focuses primarily on the reduction of noise ratidhe critical operating ranges of the
Engine. The paper presents a methodology for pregssing the combustion time
intervals that is the basic signal used in misfietection strategies, with the aim of
increasing the signal-to-noise ratio to enable aemefficient misfire diagnosis,
especially when the engine is running at high speed low loads.

From the experiments, it is seen that with incregasingine speed, it becomes difficult
to achieve a misfire detection performance over 80fhout false alarms. The
combustion time signal presents a noise leveltliaatabout the same amplitude of the
misfire effect on the signal itself. A methodolotgyincrease the signal-to-noise ratio
is therefore the introduction of a pre-processinggs of the combustion time
intervals, in order to decrease the noise levehtedl to a different systematic
behaviour of the combustion inside each singlencdr.
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The reason for computing an 8 samples moving aeeiaghat, if the noise on the
combustion time signal presents a cyclic repeatgbit should essentially disappear
after the averaging process. The difference betwsoombustion time signal and its
moving average allows isolating the noise fromdigmal.

6.3.5 Misfire Detection on S.I. Engines by Instantaneou$orque
Analysis (14)

The instantaneous torque signal is the superpositidwo major components. The
first one is resulting from the combustion takilgge successively in each cylinder.
The second results from engine dynamics, mostly tdusotating parts dynamics.

When combustion doesn't happen, or is even not eypvhatever the reason is, the
combustion component of the engine instantaneoupieoencounters fluctuations.

The detection algorithms based on engine instaotendorque present the same
structure as the ones dealing with crankshaft amgyleed. The misfire indicator used
in this experimental part is a non-uniformity ingdérased on extremums sampling of
the torque signal.

6.3.6 lon Current Sensing for Spark Ignition Engines (15)

This paper describes an ion current measuremernémsysvith a new, modified
inductive ignition system and evaluates the detactjuality for misfire and knocks
detection. The System uses an ignition circuit wétjustable spark duration
limitation. The measurement circuit is locatedha iow tension side of the secondary
ignition coil. The ignition and measurement systegnves to sample the ion current
with the spark-plug electrodes as sensing element.

The analog pre-processing delivers an ion currngnias without any offset value. As

the low frequency part of the signal mainly consaihne combustion information, the
high frequency part was suppressed by a fourthrdddssel low-pass filter. For an
easy implementation of the function for misfire etton, two plain features were
used, the maximum value and the integral valuehefion current signal within a

specified measurement window. The ion current dignereases with increasing
engine load and speed. Also affecting the signalfael additives, EGR dilution,

Ignition retard, Stratified charge operation an@®plug type. The advantages of lon
Current Sensing include additional capability fond€k detection and A/F ratio

measurement.

6.3.7 A Time Domain Based Diagnostic System for Misfire Btection
in Spark-Ignition Engines by Exhaust-Gas Pressure Aalysis
(16)

For the cylinder-selective monitoring of combustytles in spark-ignition engines,
the dynamic exhaust gas pressure is analysed. shaesvn that even within the

operating areas of high engine speeds and low loadngines with a high number of
cylinders good classification rates can be obtaif@i each combustion cycle, each
exhaust valve opens once in the gas exchange miae engine. The pressure
waves in the exhaust manifolds are excited by tbhdden relaxation of the

combustion gases and the piston movement when xhaust valves open. The
exhaust-gas pulsations depend on the combustiocegsoand therefore on the
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cylinder pressure when the exhaust-valve opens. fohmation of the resulting
pressure waves is influenced by the characterisfitse exhaust system.

If a cylinder misfires, the exhaust-gas pressuopslisignificantly, due to the missing
combustion and the resulting lower cylinder pressuCompared to a regular
combustion without misfires, additional frequencgmponents of high intensity
below the 6th EH (Engine Harmonic) arise. For theasurement of the exhaust-gas
pressure, certain requirements regarding the spa&idh of the pressure transducer
and its location in the exhaust system have toakert into account. The pressure
sensor should have a cut-off frequency of at 12a6tHz (for six-cylinder) in order to
measure misfire related frequency components agrped as possible. Additionally,
the measurement requires a careful design of tegdilet coupled pipe with regard to
its damping characteristics, resonance behaviadite@nperature influence.

The intensity of the spectral amplitudes dependsngty on the engine operating
point and the resulting exhaust gas temperatuneceSa change of exhaust-gas
temperature causes a shift of the damping charsiitethe gradient of the damping
characteristic around an engine operating poingi(enspeed and load) is crucial for
the stability of the amplitudes. Since the presstaesducer is not directly positioned
at the exhaust port but approximately 1.5 m awayha catalyst mixing tube, all
occurring temporal delays must be taken into accouorder to allocate the excited
pressure waves in accordance to the cylinder. ddniserns the transport delay due to
the propagation speed of the pressure waves asawéhie group delays of the used
filters and the pressure transmitter. Taking albge into consideration one obtains
the point in time of the exhaust-valve opening akhe cylinder related to the
measuring point, independent on the engine operatint (engine speed and load).

6.3.8 Application of a Wide Range Oxygen Sensor for the Mfire
Detection (17)

A wide-range oxygen sensor, installed at the cemite point of the exhaust
manifold, was adopted to measure the variationxygen concentration in case of a
misfire. The signals of the wide-range oxygen sengere characterized over the
various engine-operating conditions in order toide¢he monitoring parameters for
the detection of the misfire and the correspondaudty cylinder. A misfire could be
distinguished more clearly from normal combustibrotigh the differentiation of the
sensor response signal. Amplitude of the flucturabb the differentiated signal was
used as a monitoring parameter for misfire detactiransient response was fast
enough to detect the misfire even at a high engpeed of 5000RPM. The phase
delay angle of the second peak of the differerdiaignal from a reference signal was
found appropriate for identification of the fauttylinder.

When an ignition induced misfire is allowed to happin a specified cylinder,
hydrocarbon concentration at the confluence pairthe exhaust manifold fluctuates
in a pattern that has twin peaks during two cycl®sygen concentration also
fluctuates in the same pattern as that of hydracadoncentration. The fluctuation of
the differentiated signal by a misfiring was morgiceable than the fluctuation of the
raw signal, so that the former was used as a mamitsignal for the detection of
misfiring using a wide-range oxygen sensor. Theaoase rate of the wide-range
oxygen sensor increases with engine speed and ifieendetection is enabled even
under high engine speed conditions, since the esthgas flow rate and temperature
increase with engine speed. The basic pattern of pgaks for one misfiring was
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maintained as the engine load changed, but the italof the first peak was
increased with engine load.

6.4 Conclusion

The misfire generator thus built is a starting stefhe process of developing a fully
functional and capable system to fulfil the inctineequirements. The current design
can be extended to multiple cylinders. The cordgighal input can be developed from
the S7 inputs.

The alternate detection systems thus studied attiefudiscussions held so far have
indicated that the current algorithm based on thalcspeed is accurate in the speed
range of the engine. Further in the cases of higled, assistance to confirmation of
misfire presence can be performed using the exlgasspressure sensor. Simplicity,
accuracy and low cost of implementation are priegsons to arrive at such a
conclusion.
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Appendix

Appendix 1: Engine Specification (CNG)

0OC9 G04

0OC9 G05

Swept volume

9.3 litres

9.3 litres

Maximum power

270 hp (199 kW) at 1900 r/min

305 hp (224 kW) ad@¥min

Maximum torque

1100 Nm between 1000 and 1400250 Nm between 1000 and 14

r/min

r/min

DO

Euro 5 technology

Lambda control, oxicat

Lambda control, oxicat

Gearboxes Allison 6-speed automatic gearbokx  Allison 6-spegih@atic gearbox
Fuel system Bosch Bosch

Fuel Compressed Natural Gas Compressed Natural Gas
Lambda control Broad band Broad band

Exhaust treatment Oxicat Oxicat

Cylinder configuration

In-line 5 Cylinder

In-line 5 Cylinder

Aspiration & Cooling

Turbocharger with Intercooler

Turbocharger withehaboler

Fuel delivery

Premixed CNG before throttle

Premixed CNG beforettlao

Firing Order

1-2-4-5-3

1-2-4-5-3
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Appendix 2: Engine Layout (CNG)
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Appendix 3: Bosch ME7 and Scania S7/8
Communication and data exchange
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Appendix 4. Power Torque Curves for OC9 G04 270
(CNG engine) and DC9 38 280 (Diesel engine)
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