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Abstract

Current research efforts in the areas of automotive control aim at developing new control
algorithms so engine can work efficiently with different fuel compositions. Progressing in
this direction, this thesis pioneers and researches novel control strategies to reduce the engine
emissions gasses, Carbon Dioxide (CO;), Oxygen (O;), Carbon Monoxide (CO) and Nitric

Oxide (NOx), while keeping optimum performance with unknown fuel mixtures.

A two-zone engine combustion model is developed and thoroughly validated against the
computational data from commercial engine simulation packages. The engine model is suited
for the development and testing of control systems. The simulation uses the following fuel
mixtures: isooctane (Cg-H,g), methanol (C;-H4-0O,) and ethanol (C,-He-O)). The results
obtained provide better understanding of the control parameters, including fuel-to-air ratio,
ignition timing, exhaust-valve timing and intake-valve timing. Moreover, the model

facilitates control design.

The novel engine controller is studied on the fuel composition as the additional parameter
where such parameter has not been widely considered in engine control research. Efficient
methodologies to estimate the original fuel composition by using the exhaust gas composition
obtained from the engine are proposed and investigated. Two novel approaches based on
feed-forward neural network and Adaptive Neuro-Fuzzy Interface System (ANFIS),
respectively, are proposed. The portion of mixture for Isooctane-Methanol and Isooctane-
Ethanol are effectively calculated. Moreover, results suggest that the feed-forward neural
network outperforms the ANFIS approach and that the performance of the fuel estimator is

stable in the continuous time process.

Further in this research, a Multi-Input-Multi-Output (MIMO) engine control system is
developed. The methodology used is a system identification employing a state-space model.
In order to reduce the complexity of the state-space model, the developed Al fuel estimator is
used to facilitate on the model reduction by feeding gains to controllers for the individual
components. In addition, it uses the linear quadric regulator (LQR) method to find the closed-

loop gain in the development of the closed-loop control system.

The above techniques have been evaluated and results show that the controller is able to
identify the minimum levels of the emission gases in terms of CO,, O, CO and NOx ina

continuously changing engine speed.

i



Acknowledgments

I would like to thank all involved in this project to make its completion of possible. | would
earnestly express my special thanks to all of my supervisors: Prof. Andrzej Ordys, who gave
the best support and guidance to me so that I can focus my work directly on the project. Dr.
Olga Duran, who advised me on artificial intelligence strategies used in the project. Dr.
Konstantin Volkov, who provided me the knowledge of thermodynamics in the development
of engine simulation platform. Dr. Jiamei Deng, who shared her valuable engine control
experience to improve the controller. Also thanks to all correspondent technical staff in
Kingston University SEC department who spent their time on all technical supports needed in
this thesis.

Finally, I would like to thank my parents, Anson and Angela and my brother Kin Wang who

give me their dedicated support outside the project which had been very encouraging.

iii



Contents

Chapter 1 INfOQUCLION cuiiuiicienininnririesinistisiisissiesessssnsnisissesnssssiontsssessessssessssessssesnasssssesissesasseons 1
1.1 INEFOAUCHION. vttt st st a st s e s s ot sobsaesbsab e s e st saesan b s 1
1.2 Contents of the thesis ... sonmsemmmonsassssessssasissessesass 1
1.3 MOUIVAUONS treeeiiiieinenniniesintisestissinneeisssassesnissestostossosssssesssssnsssnssassnssssnsssssossisssntensosnns sssnees 2
1.4 AIMS aNd ODJECHIVES c.ciuiiririceiieisnienireeenesrssissastesissineesenssasnessssssssssnonmenssressssssassassanitessasssssnersess 4
1.5 LIEratUrE FEVIEW wouiviceicnnisnisistisinsiisiisissssisseseieniseisisess it sssessassasasssssssnsss esstssesntspasssssssssossass 6
1.6  Methodology of the thesis.....iiimiiiiiirir st ssssssressnons 16

1.6.1 Engine simulation MOdel .......ccciciiimennennnarensioismmmemmsessmemsomsios 16
1.6.2 Fuel estimation SYSEM ...ciiivieniiimsmsiiiinnnnmnsniinrirssessiimeesisrissssnoressiosssssnssssesssssss 16
1.6.3 ENgine cONtrol SYStEM .....cuivccirinscsnmissinnnnmsemsssesieniiesosessnnssesinsis 17
1.7 CONIIBDULIONS covieiutiriessnersrsstnsssrennimmeessiesssntesssessternesessnsesssessssnse sasessssssersasssesstsssssssnssessessaass 17
1.8 CONCIUSIONS euireerectisarvismmresensessisssssienenssensassstssestostonsssssesnsnesststostssessesnsssstossssesssssnsorssssasassassns 18

Chapter 2 Working processes in ICEs and their control.......cniimnniiniiimemeis. 19
2.1 INEFOAUCHION. .1 cceeiiicriesisteiias st sssesaarrtos st essenanseesansse st esessssrnntassesressnssssessssstosssarsansnsan 19
2.2 Internal combustion engine hiStory in brief ... 19
2.3 Overview Of ngine CONMIOL..cucnuiniercisissnnesiisionnnnesmsisisnmssmssssissiemsiimssssens 20

2.3.1 Types of controller............ AT 21
2.3.1.1  Open-loOp SYSIEM ueucviinuierererssnsmsresisessisssesmsssssisssesssssssssssssmsessosssssrsssssssessansassssasses 21
2.3.1.2  CloSed-100p SYSLEM ...cvevuiiersiceririisnessisciiniiisssisstesisisnesisisissnssissiisssssssasssssnsssens 21
2.4 Engine Control Unit (ECU) ..cciieiniereninccsnensmeriinmsessmsmsesonssnssssesssssassisssssesssssssasssssssis 22
2.5  Operating parameters against engine performance ... 24
2.5.1 Intake manifold length and VOlUME....ccvverreeeerrercntinennerirenscoinienescesssionien 24
25.2 Start Of COMDBUSHION ..couuiiiiieciiircrrsiie i rerstsstsissenessnscssssesrestssesisaesssssssiressess 24
253 Valve timing and valve [ifl....c.cimiiniemnnimnessnenmneemsssssssse 25
254 Exhaust gas reCirCUltion .....cccvevireecinimneerneeerrereesesssirnessensersessessosesiesssrsessessessans 25
2.5.5 Composition of air and fUel.....eiiiiinmreierieineemee s 26
2.5.5.1 Complete and incomplete COMDBUSLION .....ccviiiniiiiriiieinnnneceiererieeeneesssnsassens 27
2.5.5.2  NON-tOXIC EMISSIONS.ciiieriiireesssnsienssesserirrsassessrnarssesstosanssrssserssssssassresnarasessenssessesss 28
2.5.5.3  TOXIC-EMISSIONS suvrvrruirirsrnrerssnsnsasissssssssisiussersssessssssssossassesessssssssssassessssssnssssersnsans 29
2.5.6  Combustion Chamber deSiZN .....ccuermininriinmminimsimenmesemimesnsese 30
25.7 AL trEAtMENT SYSIEIM viveeeuecereeienrreritenusresesersessessssrseresssansressareserssesassassasnassstosaess 30



2.5.8 FUEl-t0-aIr Tatio CONIIOL..ccvieriirricrsrssseereiirericerteeieersessssssnsssssssssnssasssssssessasssessssssossns 31

259 Combustion temperature CONLIOL......ccceiivisirsntisiististesissneranessnressssstonsesssrossasss 31

2.6 ENGINE SEMSOTS wevvivirrrrinisieiniissiisissiiiestssnsninsssessssssssssssesssssestsssssassssssssssssssesss snasassnessssnnss 31
2.6.1 Intake air mass and teMPErature SENSOT ......ccouciriinmsissesseonannnisenstseisiersennssssesssssans 32

2.6.2 Manifold absolute pressure (MAP) SENSOT..cuueuuiriiiiiseeisinnnenininimrismas 33

26.3 Crankshaft POSItiON SENSOT ....ccciceerrerrinresriisscsscssissisrissersinnmsnnesisnsossssssssosssssssssses 33

264 Camshaft POSIION SENSOT ..ccuviiriieuiisieinsnsisissaneriissssisssissssnissssssssssesisssssns 34

2.6.5 Oxygen (Lambda) SENSOT .....ccvmimersmsimnsinieismsisminmiimismsssim. 34

2.6.6 Emission (NOX) SENSOIS....cicirinrisrsssnnsimnicsimssssesansonioresssessarssssssssessossssasssssssasssassans 35

2.6.7 Cylinder pressure and teMPErature SENSOT c....oueisiieeriserrsresssssssinmsrssresssrossorssessens 35

26.8 KNOCK SENSOT....iciiiiinrensinisnrirnrinsiicssinesnensnssisssossassiessssnsssssssasssarsssssssssssssssssssssanss 35

2.7 ENGINEG ACHUALOIS .covieriiiiiessisestisissnsisnssuniasmssssssssensaessstsstassssssssssssssssssassssssssssssssssasssnssanssassans 36
2.7.1 Air/fuel MIXTUTE CONMTOL ..ccviiiiirrereciennrriiesnsrnesansessvsnsesissssssisenorssnesrsonsssronssssesssssases 36

2.7.2 ENGINe throttle...uciuiciiniiiiiineenineinniesenieneecrisessessuestassssenssssenssionessssnesssassssassans 37

273 Fuel injection SYStEm ...t e 38

2.7.4 [ZNILION SYSIEM iuiiiiiininvennismiiec s essssesbassesstsrssssatsrssansnissases 40

275 ValVe tIMING eeoiiviiinniiniiiiiiinsssinensimessassens st sssssssssssesssissessosnons 41

2.7.6 Camless VVT SYSIEM wuuivieiniminmissiniissssonmnisisrsssisrssssmisisiissssamsisssesin 42

2.8 Engine simulation SOftWAre.......ccviininrcicninniinnnnisiseismsiesmsss 44
2.8.1 Lotus Engine Simulation...uieiiimmiemimismsmmssssss 44

2.8.2 RICArdO WaVE....covvcirriiiniiicsassnisninsesissismisssiesorinsisssssssisssiesesisssasssasesns 44

283 MATLAB. .ottt sassssessssessesssessasasssssassass 45

2.9 CONCIUSIONS...ccveeneceeeciaireeeereesecsnesisstsrareesssesseeresasassaressnesesateseesesseshesnsorsnsnssstonesssssasssesiossans 45
2.10  Summary of Chapter 2.....iieiiimnmniiiiriisecsrre e s sssessssosssssees 46
Chapter 3 Development of mathematical model and its implementation ..........cccoeesrecnnnnsnnsriesnsicinnns 47
3.1 INtrOQUCHION. ittt sre s st ee et srsrssassrsnssrossssnoenrensanssssssersortanssnssssesss 47
3.2  Simulation of 4-stroke engine CYCle......oovviimirininnnisnmniisimmessorsmmeme 47
3.2.1 CoMPression SITOKE . ..cceerreisrinniessseisneniisionnineesesenesmmmeesiessseessisessine 48

322 Combustion StTOKE .c.ceiimescermmmnimisscmmiiicessseissmsssse 48

323 EXPansion StrOKE ....cccmiieiimimnminesmnineesismiieismemmossissos 49

324 Exhaust and intake StroKe........ccevenveeissiinnsinnnscinessnineeeaeseesmssssrsessessseses 49



3.3 Cylinder EOMELIY wuueicciivnriircarsieiisisisesnssesristmncssnssisnsnieiisssissasssssssassssresssnessseesses 49
3.4 PiStON MOtION coricuiiuiicirinricrserssississrsnseessssessssesnesrsstmssssesssiossssisetsstssesnssassrsasssaresessessessssessnseas 50
3.5  AIr and fuel PrOPErties ......coiviriirircerrreecrsresnesisricissssnerssssesssessssessrssssasensernsessssssssassssssssassassne 52
3.6  Heat release MOodel.....uiiiieninniniiiinincnicnniensiinsssissssce s sesssesssnsssesassinerssassasnnas 54
3.7 CONAUCLION..ciiiisins sttt st ss st n e s st s s s s assasn e s e sreseabEsresbsatsnssessaonsbastassase 56
3.8 Heat transfer Model......cuiiiiinieinininiiiniinconerssnssenensnsmeresesesessssessesnssnsesssaisssane 57
3.9 FHCHON iisneiiiiiniiiiniissssiesssse i ssisssesnssuse e satsassssssessnssassessasssessssssssesssssssatstsssans 60
3.0 BloOW-DY .ttt s st st st sessen s srsses s sassssnas 60
.11 EMUSSIONS trvieviiiiienicnteicieineinsievienisnnerssensnsraresnsontesssssessneseessesnsrssssesssentassesessnassssssnnessossvsrsoness 61
3,12 ValVe MOtION..iciiiiicnimieiini e asessessssssssssesssssssssssessssiesenss 61
313 SCAVENZING .ivuiriirriierarecssisiiiieeiiemsressisrsssssiinissesetessassessstassssstesnessnsssssssesssssessisssssssssssesotsonses 63
3.14  Overview of engine MOEl....icvernerniicrenierinnreesninrnseesinnesnensisesesssissaesissserssssssssssssasssesssssessess 63
3,15 Network MOdel....cuiinriniinicciiieinienririissnnssnsirssnissressssissnsesssmesssesssnsssessrssnes 66
3.16  Full engine Simulation.....cccciviiinimninmneninicnissmissmmseenimseisismesissossisns 67
3.16.1  ENGINE tOrQUE vevvversiniuesmnmaniesnsninniinnimsnsssnnssinsssisesssmsssnsssssseisesssisssssinsssassssssoses 67

3.16.2  Intake MANIfOld c.ocivieiiimniiinsnsininiisninieiss s sssssssssssne 68

317 CONCIUSIONS.ccuiecnsineiristimnieesisnseiessiansniessnanesstssosssnisnstsstssesrsnsassnssnssssssess sssssssssssssssnssasionsone 69
3.18  Summary of Chapler 3 ..o 69
Chapter 4 Validation of engine simulation Model .........coccivvcniininiiniesmmemss 71
4.2 CAPADILItIES .overieerireeriarineseririernenireresenessesiesnessnererresaresasereanesesnessnsessesnnons sntertesnesaestssesasaneas 71
43  Development of engine Models.......vviniinmnmninnnininnsssissn. 73
4.4  Validation of enging Model......coivsimniiiicnminimmisnsmms 74
4.5  SCENATIOS Of 1ESIS.ciirnirieseraisenisisesisreiisisisiss st srersssassesesesssssssssssssassssesssssnsssssssnsisnsseneas 75
4.5.1 RICAIAO WaAVE...cirvieiivnntesismmsinniiiisncisiimesnseesinsssnisossesrssstssssesssessssesssossarsenses 77

45.2 Lotus Engine Simulation......c.ciimiiienimenniomiosomemse 78

453 MATLAB Engine Simulation Code (MESC).....ccciververenrnrvinnrererenesrernesesssnesnnns 78

4.6  Comparison With reference reSUMS.....cuiiiiieiiiienenininenrenesrseriaesessiereenesessesessiesress 79
4.7  Varying ignition tIMING....coeciimimiiiiimmsmeismommarsrmssiesssernensramsssseseenses 83
4.8  Varying fuel-t0-air Fatio....ciiiiisiiiininiiniisiiisineemssmmmsssin 87
49 Varying COMPIreSSiON TALIO c.uvueevuivrisisssisiisresessrisesmessnesrsnsessessesssssesasssssssestonssetsssessessessesssssssass 89
410 Comparison Of [eVel Of EMiSSIONS ...vv.euriesrresrmusressmersesssessisesssessssssessssesssssessssessssssasssanssaess 91
A1 CONCIUSIONS..coiiurinrersesssssusisusntsessssssressmsisrsrsesssssssnsasseresssssssssrsessessssssssrssssssessenssssssssssrossssses 92
4.12  Summary Of CRAPLET 4 ....coviviciiiiiiinniiiniiiisniinnisisieestmnessssnenssessssmsressessssassessessses 92

vi



Chapter 5 Artificial Intelligence for Fuel EStimation ........ciininiinnisnensnenessesiesressosessesnessesessons 93

5.1 INtTOAUCHION et iinisieicie ittt st s ssssas s sranesassaseesaaresresesrestssessesnenneseans 93
5.2  Artificial Neural NetWork (ANN) e coicieriencrcnnennnenneninininnresnesssesesssnissssessssssessssssssssnessess 94
521 Feed-forward Neural NetWork c....occvcniiniinnniniiosiinnemeemecioeoememe 94

5.2.2 ANFIS MOdel it sssessssesnensesssrssssssssssssnssses 95

523 Neural network data colleCtion ......cuvviinsssasienisssiisienmeersisnmonmismsesin 96

524 DiviSion Of dataset ........coriverissiisminicsinnniiersiiseesienssssesnosans 97

525 Data NOrmaliSation ....uueecisriernisnnioiiscisessisiesionsesiesssessesersssssessssressesssssssssssssssssess 97

5.3  Behaviour of exhaust g8as COMPOSItION ..cuiericeriresinistsinnsmrisscnmeresssmmsnsnmesessnarssesssssessssscosses 99
5.3.1 FUel-t0-air ratio (FAR).ivcicirrirreeriescriseinssreesseriseessseeissnssssesssanessessassesssesssssonne 100

5.3.2 [ENItION tIMING.cctieerrcircrrererririenernesresensiesessessaereessssmessesserassaessessessessssassserassasssesans 101

533 VaIVE tIMING.eeviirreiricerreiieeseesecirnseesansrssseressressssssersesssssssassesssasnsssssassasssesnsssnsansss 102

534 FUET COMPOSIHION....cutiiiieriisrncniicrinsiisiinirenneseerseressssssresnssesassnsnesssssssssssssssesaasasssananes 103

5.4  Fuel composition eStiMation ....ccc.iveirincerrinmiiensesoriensimminsiiomsiiesismesnsosssmens 106
5.4.1 Engine Model ..o i 106

54.2 FURI-L0-QIT TALIO cucveuciiniernsrinienismiienissiis et snsssisssssssssssssssssisssissssssssessssasns 106

543 IZNItION tIMINEuiiiiiiinsaisenscisiiventernrsessereoerersssessssesssssossrassnossrsevassassssesssasssssasnns 108

544 FUET MIXLUTE vttt ssssstssnsssassssessesssssssssssrssssssassas 110

5.4.5 Fuel composition estimation by likelihood .......cociveiiniinscsnsnsnieisisssineoiesen 113

5.4.6 Comparison of the tWo NEtWOTKS ....c.ciuiiiriienmrisicsnsniniisiinnssiseseerenns 115

5.5  Fuel composition estimation in CONtINUOUS tME ...cccuveiiiinirvenmminisnsrsscsssssesssssnsssiosssssnosese 115
5.5.1 Case | Isooctane-Ethanol MiXture ......ccceveecieinciniinsinininnnnenemnns 116

5.5.2 Case 2 [sooctane-Methanol MiXtUre...eiiieecorecresmnisnisiiesnmieinesssss 118

5.6 CONCIUSIONS..cueriveirnresrisiireisiinierseisisssemsessistsstsssssantesmsesesssssesnessasssnssessensennessssensssasssrasssnssns 120
5.7 SUMMArY Of CRaPLEr S .c.uccuiiiiiienrreiceniarrnccnireessnsnneesenasesessnessssnesesssssressssssessessssssssessesssrsenns 121
Chapter 6 Engine COntrol c...iucciiiiinnenimmmmiiimieimmimmssnimms e 122
6.1 INEPOAUCTION ccoteiicriieitietesin i sssss e asesssessesissnssestesaensossrassaeretsssassssssrassn 122
6.2  Engine model and aSSUMPLIONS iuuivrieeereerecerserienunnimrrrensriserrersesessessessossesesassnesssseressassersns 123
6.3 Engine control event and data COlleCtion ..uuuicicimenirnenomnieieeneesmssssessemens 124
6.3.1 Closed-100p eNZINE CONLIOL ....ccviciriveriivisiorinireniiniensnnssesernssnsesisesesseosssessessassnsrenes 125

6.4 PID CONIOMOr uiiiiiiierercreesiensrienecsecessieesaesneesssserseesseeoesseesssessesrossessnssransssostesasnesassasssnssnns 126

vii



6.4.1 Engine simulation using Pl CONroller......c.ccuuiviiiuicrnnnineennnnserisnssnsessrimsesesinnes 127

6.5  Non-linear Auto Regressive (NAR) Neural NetWork ......ccvverernnnrrenecresnsserserincsssesssarsnsanss 128
6.5.1 Open-loop NAR vs. closed-100p NAR.....ccccceeciienirinrnrinecerer e sreecreenens 130

6.6 State-feedback Model using LQR ...covivceiiiiniiniiniiinciecnneneeiesessssessssssensssersssossonss 131
6.6.1 State-space engine simulation model without fuel estiﬁation switch....covcieenns 137

6.6.2 State-space engine simulation model with fuel estimation switCh...ccecoeccnniriicanas 139

6.6.3 CONtroller COMPAIISON...civiiieeiicrrrersenreeesierseressseresssessessssssssoresseassesssssasasssssassrssnes 143

6.7  Engine control in different speed with different fuel mixture.........covevvvninininveneiiisiesenens 144
6.7.1 Isooctane-Ethanol mixture with different speed .........coverviivnniinnnnenannn 144

6.7.2 Isooctane-Methanol mixture with different speed ......ccocovvnieneiininniivenreaiinrennns 147

6.8 Engine control in basic engine cycle with different fuel mixture ......ccocvvviiniiinininninin. 149
6.8.1 Comparison of engine cycle tests with and without control .......cccevninvcrnirinnne 149

6.9 CONCIUSIONS.cooitisiiririrnetiestisistsiss et st itsstsnsseesasessnsiessssssessesbassaseissnsossorssessonssns 154
6.10  SUmMMAry Of ChapLer ... 154
Chapter 7 CONCIUSIONS ....ouviiiuirisiciinisisaeresisisessnsssiassnsrssnsists s saessssssesisssasssssstssssassssesasssassssssnssanse 156
7.1 CONCIUSION crivvirrieiiesisrsnsnesreniiinisnitsissrsiseisessetssterssssmsssssssssseanesssesssssssasssssnssnnsnessstsnes 156
7.2 Engine simulation MOdel .....vviiiniimiminiiineniiiinnmsisssmssmssimasos 156
T3 FURL @SHMALOT.c.c.ecciiieeticiienircnrnrrcnrsasstsrnsecsissesseesesnssensrsasesssssssesssssssssesnsssostoseesssassnssans 157
7.3.1 Feed-forward artificial neural NEtWOTK «.c.cvvvvieivirinnicinninnninniemmmeeen. 157
7.3.2 Adaptive Neuro-Fuzzy Interface System (ANFIS)...cccocecnicninnnnninnennninninn 157

7.3.3 Fuel mixture estimation by probability distribution........eceininiiinirisiniiniinnnne, 158

7.4  Engine operating parameters OptimiSatioN.....ccouvivecreeessrensonssesssasmsrsssssassossssssssesssssessoses 158
74.1 Pl CONIOlIEr it iiniiciinnineiiiisiineinessssssniesssestsssnsssesssssssesssssssses 158

74.2 Nonlinear Auto-Regressive neural network (NAR)...c.ccccennnerinsinscnsmneseereans 159

7.4.3 Closed-loop state-space COntrol ... 159

7.4.4 Engine control at different SPEed .......ccccievirrervrneensmrereninsresisenenionnmesssesions 159

7.5 CONMIIDULIONS.couiveiiinirsensisnsniireisiisesiisiss sttt sisassse sttt st sebsessnssnesesbasssts srestsssstesusssssistsnes 160
7.6  Final version of virtual engine control SYSteM ......ccccevrecrererrierersmnnessessessescresesssssresssssnsnsenes 160
7.7  Recommendations and fUtUre WOTKS.....covereesnicoriniseninniseniioniosninenenisssessssnssssesssnessssssene 163
REEIEINCE  wovreviriririririnisintsierisnissistsnsieestsisssssssesstsssesesssssasssasssnsstesssssssssesssssssnsssssasssonsessssonssssssasssess 164
N o0 O S 000 ORI 175
APPENAIX B ottt st sasasae s s s s sas s s s sbsnste s s b s 183



List of Figure

Figure 1 Valve overlapping in term of piston position [71].......ccvviimnivvnsinininnennimn. 9
Figure 2 Block diagram of an open-100p cOntrol SySteM.......coevmierireiniessiescensissnssssessssseesaesesieress 21
Figure 3 Block diagram of a closed-loop control system [S5]..cccccernininnriicninnsnnicsnisnsnnnnesisincns 22
Figure 4 Electronic Control Unit and few available sensors and actuators examples ......cc.coceneerernnne 23
Figure 5 Block diagram of an engine control SYStEmM. .iuccciiienmenimeinnnesimimeseiommesos 23
Figure 6 Air and fuel flow in ICE. .....uiiiinciiinnincinniinisssesiosismesissssssesmsssssess 26
Figure 7a) Diagram of Flap-type air-flow meter, b)Hot-wired air-flow meter [55][56].......ccoennervinens 32
Figure 8 Throttle connected to COMPULET tO PrOZFAMT ...cviuiuiirimsirecesiensressssisisisisessissrerssererseeessersnenes 38
Figure 9 Fuel control SyStem in Fed .....cuvuceeciiiesnessssinnenmnimssiiniisimsmissimsssms 39
Figure 10 System diagram of a fuel injector operation [SS5] .....cvviiiinvivinisnsnsneninieneisnennnnsee 40
Figure 11 Block diagram of electronic ignition system in red.......cusenniirniimsnsmsnnnssnsnnneensnsn. 41
Figure 12 a) The shape of cam lobes and b) The left valve is closed and right valve is being pushed

QOWNutiierrenrionsinssissinninnniriutsosniesiessiessntsesstesnessnssssssesshisisensssesisssassesssserssnerantesbatessesssssssssnsssssssssessssssarans 42
Figure 13 Structure of thermodynamic based simulation of ICE operating cycle. .......coevururerususuerenenas 48
Figure 14 Geometric solutions for slider VOIUME ..cuveirenieriinnmnnennnnssssinee 50
Figure 15 Input, states and output of the engine as an air SystemM.....cuveiermeerissnsnusisnnsiee 64
Figure 16 Development of engine MOdel.......cocuiivnminiiniiiniiiniimenisismnn. 73
Figure 17 Engine model designed With RW. ... 78
Figure 18 Engine model designed with LESOft. ....ccovmiinnnnnicnnnnnninineniommeime 78
Figure 19 Comparison of pressure profiles with reference data of [39] ......cccovevmviinninnrininininsiinnns 80
Figure 20 Comparison of unburned and burned temperature profiles with reference data of [39]....... 81
Figure 21 Comparison of averaged temperature profiles with reference data of [39]. ......c.cccvevvvnnncnnee 82
Figure 22 Profiles of pressure for different ignition timing......coccecvirneincnnniniiii, 84
Figure 23 Profiles of temperature for different ignition tiMing ......c.uc v, 85
Figure 24 Profiles of pressure for fuel-to-air ratio. w.uecieeiiieiessnniienissssommo 88
Figure 25 Profiles of temperature for fuel-to-air ratios.......c.cvevivvcsnceroninnmnnin, 89
Figure 26 Profiles of pressure for COMPression ratios ..o S0
Figure 27 Profiles of temperature for COMpression ratios. ..., 91
Figure 28 Block diagram of a hidden layer in an ANN ..., 95
Figure 29 Block diagram of a output layer in an ANN.....c.iiiininnnnnionmmnnmsssses 95
Figure 30 Block diagram of an ANFIS model......cccunmiiiinnmmmiiiiinnsninmin, 96
Figure 31 Engine data collection model .....cvuvnivernrinnnininniio e, 97
Figure 32 MATLAB code for computation of R-sqaure of feed-forward NN and ANFIS...... I 99
Figure 33 Behaviour of CO;, O,, CO and NOx at different fuel-to-air ratio......cocveerenvsensinneesssnnnnns 101
Figure 34 Behaviour of CO,, O,, CO and NOx at different ignition timings ........ccreereernsvsrvrmsssansscens 102
Figure 35 CO level found at different fuel-to-air ratios..........cccveeiriersisnninereeseersrmnesesinescsnssessenssosens 103
Figure 36 NO level found at different fuel-to-air ratios........cvunericnsicninnnsnsisesn. 104
Figure 37 CO level found at different ignition timings. The red line represents Methanol................ 105
Figure 38 NO level found at different ignition timings. The red line represents Methanol............... 105
Figure 39 Block diagram of fuel estimation SyStem ......c..ccceuiinisvnrearieerensssssesseniessnsnsesmasessassonsaes 106
Figure 40 Fuel composition estimation, atoms in C and H against different fuel-to-air ratios with fixed
IZNILION tIMING.eeviiviiiiniiinimii s s s asesess s sencsssssases s eassasiseses 107



Figure 41 Fuel composition estimation, atoms in C and H against ignition timing, with fixed fuel-to-

AIr ratio @QUALS 10 Lauiviiirciiiniciiiitcncsinie et a s n sk sa e saes 109
Figure 42 Block diagram of a feed-forward pattern recognition neural network .......ccevievirervcunnisnes 113
Figure 43 Engine simulation model with fuel estimator which is run in continuous time ................. 116
Figure 44 Results of Isooctane estimation by likelihood percentage in continuous time. ......ccceveuenn. 117
Figure 45 Results of Isooctane estimation by likelihood percentage in continuous time.. ......cocueueees 117
Figure 46 Results of Isooctane estimation by likelihood percentage in continuous time.. .....oeiurnene 118
Figure 47 Results of Isooctane estimation by likelihood percentage in continuous time.......c.ccoeuue 119
Figure 48 Results of Methanol estimation by likelihood percentage in continuous time.. .....cvcovvueenes 119
Figure 49 Results of Ethanol estimation by likelihood percentage in continuous time.. ......c.c.ceureuunn, 120
Figure 50 Engine emission COMrOl SYSIEM .....cccccvvrereeesinrinisriiisnisnitimsissmsrssssssnissseissssessessssasisseses 123
Figure 51 The control event of @ ST engine.........ccviiinmnerrinninisiniinisnciesrene e sssaseanns 124
Figure 52 The control event of @ Cl engine. .......ccovivivermenninniisiininiseme. 125
Figure 53 A Closed-loop Control System design definition.........ccevveniiieniinnnnninnnesninnsnninnnninne 125
Figure 54 Simulation block of Pl engine CONtrol..........cccuvveriinninsnisissisisesasinsnisnmonososo. 127
Figure 55 Level of emissioms found in fixed torque and speed condition for 10 seconds................. 128
Figure 56 Control parameters of engine simulation in fixed torque and speed condition for 10 secs 128
Figure 57 Closed-loop NAR neural network SyStem .......ocecivieinvniniiienesinnmsiimmeasnsns 129
Figure 58 Simulation block of NAR neural network engine control ........ccecviverinesnniennnnnninni. 130
Figure 59 Result of NAR and closed-loop NAR control of CO,, O;, CO and NO levels found in fixed
torque and speed condition for 10 SECONS ...c.uiviiirinriiiimimimiemsemmemsm. 131
Figure 60 Block diagram of state-Space SYSteM.....cceeriverisnisnsnsnersisnssmsnsesisasssassssssssesssesssnsnsisssasssseses 131
Figure 61 A, B, C and D matrix format in @ MIMO SYStem ........cecornriiinsmnisissnnsneriismsmesesssisinsnsnsseas 133
Figure 62 State-space engine MOdel .......oivvriviiiniiiniiiniiiiiieesse s 135
Figure 63 Block diagram of closed-loop state-space system with closed-loop gain K obtained from
LQR MELROM.....coiiciiiriiiniiniiniiiimininiiniiimiistimsissitiesioemasessmmerenmesstsssasssssesssassstsssses soasssssssssses 136
Figure 64 State-space result of emission level.......ciiiienennneenisnncnnninsnioiemms 138
Figure 65 State-space result of emiSSioN 1EVE ......vcvumiurimiiinisicssnisismimmreeiensnenn 138
Figure 66 MATLAB Simulink model of a state-space control with aid of fuel estimator ................. 139
Figure 67 Pure Isooctane state-space result of emission level ... 140
Figure 68 Pure isooctane state-space result of emission level ..o, 140
Figure 69 Pure methanol state-space result of emission level ........ccvcvvvvnciinsineniinicinnon, 141
Figure 70 Pure methanol state-space result of emission level .........cccccvivrnciisvnnininnninnnsenieens 141
Figure 71 Pure ethanol state-space result of emission level .........cccevccrennicncnnniicininccicsininns 142
Figure 72 Pure ethanol state-space result of emission level ..., 142

Figure 73 The engine operating parameter of simulation data in red, and the state-space optimized
engine operating parameters in blue, state-space with LQR optimized engine operating parameters in

L3 T OO PO OO PURRORPOI 143
Figure 74 State-space and neural network comparison at different engine speed ........coevvvenverurucnenes 144
Figure 75 Speed of State-space control with fuel estimator in different portion of Isooctane-Ethanol

IMEXTUTE cveeiiseisriinseisreisestioressmonesiissesasstesssasssssssesss shetsnsssssossbosssssssssss sossstsssensresnessssssesssssissarsarsssnaseasness 145
Figure 76 The level of emissions found in the engine simulation using state-space control with fuel

estimator in different portion of Isooctane-Ethano]l MiXIUTE......coueerererersrisuernsssssniesressnsssrsssessorsesessaess 146
Figure 77 The engine operating parameters recorded in the engine simulation using state-space control
with fuel estimator in different portion of Isooctane-Methanol MIXTUTe. ......c.cveveevereererenrcnienmerenennies 146



Figure 78 Speed of State-space control with fuel estimator in different portion of Isooctane-Methanol

INEXEUTE «eeeecveeereesastestnrionreneereesiessossesosstsossssessssssss sassmaneessnsesstsosts sasessostssossssssssssstrennarnnnesnnssssssostsssstssses 147
Figure 79 The level of emissions found in the engine simulation using state-space control with fuel
estimator in different portion of [sooctane-Methanol MIXtUTe.......ccvcviiiinisisiecnencrisnesnes 148
Figure 80 The engine operating parameter recorded in the engine simulation using state-space control
with fuel estimator in different portion of Isooctane-Methanol mixture. ..........cccecevevcncrnnecnineciseninans 148
Figure 81 Engine cycle used in the final testS.....ccvviiiinnniniciinnisn e, 149
Figure 82 The level of emissions found in the engine simulation with and without control with given
FUET-L0-AIT FALIO. c.ueicvieireiseeesiesieaisetiinssmsaenstisstitessrnessssssossssssssntonnsssstsassesessnnesssessasssisstisssssssssesrssssssses 150
Figure 83 The level of emissions found in the engine control simulation of engine cycle in different
portion of Isooctane-Methanol MIXIUTe. ... s 151
Figure 84 The engine operating parameters recorded in the engine control simulation of engine cycle
in different portion of Isooctane-Methanol MIXLUTE........ccveerriererersnsisrssesessisssssoseonsrssseosssssssssrssasassens 152
Figure 85 The level of emissions found in the engine control simulation of engine cycle in different
portion of Isooctane-Methanol MIXIULE. ..., 153
Figure 86 The engine operating parameters recorded in the engine control simulation of engine cycle
in different portion of Isooctane-Methanol mixture..........coreriensnenes vesversrenenes cenrenes veeereersenereeseeraesnsnne 153
Figure 87 Block diagram of the final model engine control this thesis .........coviireisinisnnrisisnirinnes 161

xi



List of Table

Table 1 Principle constituents of dry air [S3] ...ccccverireinimiinniieninniiniic i 27
Table 2 Examples of fuel composition used in different combustion processes ........c.occceeevvereeerscreenne. 27
Table 3 Effects of incorrect mixture strengths [8] .cocuvivuiriciriscriresressersnssessenieesanressssanssssnssssessessesresses 37
Table 4 Default model used in the thesis ... 63
Table 5 The capability of different engine simulation software packages. ......ocvccrniesisicensssennsnssisesans 73
Table 6. Geometry of the engine and engine operating parameters used in the test. .......coceeeerverrvereeees 76
Table 7 Varied engine operating Parameters. .......ccvviciiiscreeriensesisesessssssssessnssnssaeressnsnsesssessessnevesssnssssnes 76
Table 8 Input parameters fOr referenCe tESt.....cuvivierreiieererrrenrriersersessseseessrrsessessersrsssesisasssesssssesassasenes 79
Table 9 Input parameters for varying ignition timing test. ....c.c.cvrererirrrmsrenmoserserssmssssinssssmsssessans 83
Table 10 Location of pressure peak predicted with various packages. .......ccvevirniicsniscnsecninninnnennns 85
Table 11 Location of temperature peak predicted with various packages. ......ccecrerssnnivnnvieisnisnivennes 86
Table 12 Input parameters for varying ignition timing test, .......cceceeververrrerrersrseesesssnssersesseseessessessassesses 87
Table 13 Input parameters for varying ignition timing test. .......c.ercrvrnrererccnsnnrcnissnsssisnssimsessesrosses 90
Table 14 Parameters and the ranges are used to record the experimental simulation dataset............... 97
Table 15 Fuel composition estimation errors of feed-forward neural network at different fuel-to-air
ratios with fixed ignition tIMING....ccovivmiimininiiiiiis e esrse s 108
Table 16 Fuel composition estimation errors of ANFIS at different fuel-to-air ratio with fixed ignition
EIMUNES coverererererrernneerirenesersesssreresiersssassesressssssessserssssssasnesssssnsssnsssanarssssnsrsessans vesrsrees et nes sseeneens 108
Table 17 Fuel composition estimation errors of feed-forward neural network at ignition timing, with
fixed fuel-to-air ratio EQUAIS 10 L. .iiciieriverirnrennirenneniuiseessrerseessessossostsseraessessnessestssnisessisssasississtsns 109
Table 18 Fuel composition estimation errors of ANFIS at different ignition timing, with fixed fuel-to-
AIF TAtI0 EQUALS 10 Luiiiiiiiciiiniiiiiiiiiinicisiisiissss st eeresesas s ssessessamsesetsssesssesortasssssssssssanssssnesss 110
Table 19 Number of C and H estimation with isooctane- ethanol mixture......cccconnesininsisennisisiine 111
Table 20 Error of the mixture in C and H estimation with isooctane- ethanol mixture........cocerreeneas 111
Table 21 Number of C and H estimation with isooctane- methanol miXture ......ccccccerinicnsseresrisnnne 112
Table 22 Error of the mixture in C and H estimation with isooctane- methanol mixture.........c.ceeuuns. 113
Table 23 The probability of isooctane, methanol and ethanol estimated with isooctane- methanol
IMIXEULE covureeeerieeresnensessnsonsnessarsssesssssssesssssassesssostonsasssnsnsassssrsnssssssssssssssesssnssasetssssssens vt 114
Table 24 The probability of isooctane, methanol and ethanol estimated with isooctane- methanol
MIXIUTE cviirecrnncressnrsnnsnins b st s b s e st nas OO 115
Table 25 Parameters of the final engine simulation Model.........coovvirrinvinrecinerecininnnnnneeneesseesenees 161
Table 26 Parameters of the fuel estimator model ......cccccorvviniianiannin veresrsesansiens vareres BN 162
Table 27 Parameters of the final engine operating parameter control mode! .......cceeeveevirerrervernscrnnnens 162

xii



Abbreviations

3D 3 Dimensional

ADC Analogue to Digital Converter
ALU Arithmetic Logic Unit

ANFIS Adaptive Neuro-Fuzzy Interface System
ANN Artificial Neural Network

BDC Bottom Dead Centre

BMEP Break Mean Effective Pressure

C Carbon atom

CFD Computation Fluid Dynamic

Cl Charge Ignition

(8[0) Carbon Monoxide

c0o2 Carbon Dioxide

ECU Engine Control Unit

EGR Exhaust Gas Recirculation

EVC Exhaust Valve Closed

FAR Fuel-to-air Ratio

H Hydrogen atom

H20 Water Vapour

HCCI Homogenous Charge Compression Ignition
ICE Internal Combustion Engine

IVO Intake Valve Opened

LESoft Lotus Engine Simulation Software
LQG Linear Quadratic Gaussian

LQR Linear Quadratic Regulator

LTR Loop Transfer Recovery

MAP Manifold Absolute Pressure
MESC MATLAB Engine Simulation Code
MIMO Multi-Input-Multi-Output

MISO Multi-Input-Single-Output

N Nitrogen atom

NO Nitrogen Monoxide

NOx Nitrogen Oxide

(8] Oxygen atom

02 Oxygen

03 Ozone

PCA Principle Component Analysis
PCCI Premixed Charge Compression Ignition
pem Predictive Error Measurement

PM Particulate Matter

ppm Parts Per Million

RW Ricardo Wave

S1 Spark Ignition

SISO Single-Input-Single-Output

SSr Sum of Squared Residual

Xiii



SSt

VCR
TDC
VVT

Zr02

Total Sum of Square
Variable Compression Ratio
Top Dead Centre

Variable Valve Timing

Zirconium Oxide

Xiv



Chapter 1 Introduction

1.1 Introduction

This thesis proposes novel control strategies for optimal Spark-Ignition (SI) engine control
when engine uses different unknown fuel compositions. The target is to find the optimal
engine operating parameters aiming to keep the similar performance with different mixture
where engines produce the cleanest emissions. The controller should be capable, on the one
hand, of estimating the original fuel composition using the residual gas composition after
combustion. On the other hand, after fuel estimation is achieved, the controller should adjust
to the optimal set of engine operating parameters. This thesis contributes towards the research
on control strategies able to optimise the engine operating parameters while utilising different
types of fuels. The end product will provide vehicle users with more choices on purchasing

the fuel with different compositions without compromising the engine performance.

The overall methodology builds a two-zone combustion model which describes
mathematically the behaviour of the engine, then it utilises different Artificial Intelligence
(A1) approaches for fuel identification and employs closed-loop state-space-based control

strategies to provide optimal parameters.

1.2 Contents of the thesis

This thesis is organised as follow:-

Chapter 1 provides the introductory discussion of the thesis, includes the aims and objectives

of the project, literature review, motivation, methodology and contributions.

Chapter 2 presents an overview of internal combustion engines (ICE). The chapter begins
with the background, and then discusses the availability of electronic engine controls
including the Engine Control Unit (ECU), sensors and actuators. The chapter also discusses

commercial engine simulation software packages available for engine simulation studies.

Chapter 3 discusses a model for engine simulation that uses combustion theory with
different sub-models. This thesis uses an in-house engine simulation model MATLAB
Engine Simulation Code (MESC) and the development of this model is discussed throughout
the chapter. The code estimates engine combustion process and energy conversion based on

zero-dimensional thermodynamic theory.



Chapter 4 compares the engine simulation model developed in Chapter 3 with two reference
software packages for the validation of MESC. Two commonly used commercial engine
simulation software packages, Ricardo Wave (RW) and Lotus Engine Simulation (LESoft),
are used as tools to compare the engine operation, in terms of temperature and pressure
during combustion stroke. The comparisons include three steady-state tests for three engine
operating parameters, which are fuel-to-air ratio, ignition timing and compression ratio. The
results showed that the MESC developed provide the similar cylinder temperature and

pressuré envelopes.

Chapter S presents the development of non-linear system identification of original fuel
composition, which can be used as an additional parameter in engine control. This required
the artificial intelligence methodologies to model the inverse engine composition process
between emission content and fuel composition. Neural network models are trained which are
capable of estimating the type of fuel composition. Three compositions, Isooctane, Methanol
and Ethanol are used. The virtual engine model is built up, and its control parameters, which
can capture the behaviours of fuels, are identified. The neural network is aiming at finding
the inverse model in order to estimate the fuel composition based on the exhaust gas
composition. Two algorithms, feed-forward neural network and Adaptive Neuro-Fuzzy

Interface System (ANFIS), are tested and results are compared.

Chapter 6 studies a closed-loop Multi-Input-Multi-Output (MIMO) control algorithm
capable of minimising exhaust gas emission without affecting the engine performance. The
control parameters use in the controller include fuel-to-air ratio, ignition time, and valve
events. Three closed-loop controllers, PI controller, Nonlinear Auto-Regressive (NAR) neural
network and state-space with LQR, are tested. The controller is combined with the fuel

estimator developed in Chapter 5, and the performances of all controllers are investigated.

Chapter 7 is the final chapter which summarises the thesis with conclusions, and

recommendations for future work.

1.3 Motivations

The growing number of vehicles running in urban areas has raised the problem of the
consumption of fossil oil which is a scarce natural resource. Different fuel producers may use
diverse fuel additives in fuels which may be unknown to the general public. Car fuels are
usually classified into ‘Gasoline’ and ‘Diesel’. Quality measurement is introduced to ensure

smooth combustion process. The quality measurement in ‘Gasoline’ is counted by Octane
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number, and ‘Diesel’ is counted by Cetane number. The composition of fuels varies since
fuel producers blend fuels with some other chemicals. Methanol and ethanol are commonly

used alcohols to enhance the reduction of Carbon Monoxide (CO) emission [25][75][77].

The other concern is the growing number of vehicles around the world leading to the increase
of the production of emissions which contaminate our world partly contributing to global
warming. Authorities are concerned about the vehicle pollutions especially in urban areas.
Thus they introduced legislations to lower the level of engine emission to alleviate public
concern about worsening air quality [15][55]. The act gives guidelines to car manufacturers
and car users to protect from engine pollution [53]. In order to optimise engine performance

to meet the tightening emission limits, the approach of advanced electronic engine control is

one of the alternatives to satisfy the laws.

The main challenge ahead is the control of engine emission without affecting the engine
performance. The pattern of engine emission is determined by both of the fuel composition
and the engine combustion process. In chemical terms, the combustion process is a chemical
exchange process which involves chemical atoms found in fuel and air. Engines work in high
temperature and high pressure where the energy conversion process takes place in a cylinder
of small volume. The high temperature process produces a residual gas which contains
portions of toxic gases, including Carbon Monoxide (CO), Nitric Oxide (NOx) and
Particulate Matter (PM). They adversely affect the environment and human health. The
products of such process form emissions that may be altered from different engine operating

parameters and different fuel compositions.

One possibility of improvement on combustion process is to adjust the geometries of the
engine cylinders. However, the geometry of the engine is fixed, and it is very hard to adjust
or modify adaptively in present technologies. The improvement of the engine geometries
relies on laboratory tests and research results design the geometries with the end product
during manufacture. Another identified area to improve engine combustion is to adjust the
fluid flow process. This can be achieved by optimising the engine operating parameters such
as fuel-to-air ratio, ignition timing, valve timing, etc. The engine operating parameters
concerned are in-cylinder pressure and temperature and hence the starting time of the ignition
of fuel.

The other challenge in engine control is the improvement of fuel consumption. Although this

is not limited by law, less fuel consumption is a pecuniary concern to vehicle drivers. Fuel
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consumption can be reduced by better engine design as to the approach of complete
combustion. Complete combustion may mean less unwanted end products. Combustion
involves Oxygen (O;) and the end products are Carbon Dioxide (CO,) and H,O [15]. Modern
engines are equipped with Engine Control Units (ECU) and various sensors and actuators
where engines are capable of adjusting the engine operating parameters to achieve certain
performance. It is noted that these requirements can lead to contradictory constraints to be

satisfied by the control algorithms [56].

While mechanical engineers are making efforts to develop actuators capable of working in
high pressure engine processes, control engineers are developing control algorithms in
parallel to achieve better engine operation. Recent works on engine control are based on the
data obtained from real engine-bed test. However, engine tests may require mechanical
modifications to install the correspondent components to the engines for special needs. For
example current variable valve timing (VVT) system and variable compression ratio (VCR)
require a large mechanical system to operate. A more flexible way to investigate control
algorithms substitutes the engine bed with computer based virtual engines which allow better
observation of behaviours and relationships of engine parameter changes without any

laboratory works.

This thesis proposes novel engine Multi-Input-Multi-Output (MIMO) control algorithms to
be used with engines fill with blended fuel of unknown composition. Results are simulated in
a computer based engine simulation code, and can be validated using the data of real engine
log. The objective is to prove the possibility of using more choice of fuel to run the engine.
Vehicle users could use fuels with different compositions without concerns on engine
performance, while the optimised engine control should achieve the desired level of

emissions and performance.

1.4 Aims and objectives

The aim of this thesis is to control an engine with the optimal engine operating parameters

with an unknown fuel composition.
The objectives of this thesis are:-

a) To estimate the original fuel composition by using the exhaust gas composition

obtained from the real engine.



b) To run the engine with the unknown mixture of fuel so that the lowest possible
emissions in all constraints are achieved while the engine is kept in the optimal performance

by developing novel control strategies.

The overview of this thesis is first to identify the parameters for the engine control. Two
commercial engine simulation software packages, Ricardo Wave and Lotus Engine
Simulation, are used as tools for parameter identification. Such engine simulations are off-
laboratory way to observe the behaviour of emission in the variation of different engine
operating parameters. Those engine simulation packages have been validated by comparing
the simulated results with real engines. Once parameters are identified, an engine simulation
platform based on MATLAB/Simulink has been developed, and hence underlined the

minimum set of parameters needed.
The advantages of using engine simulation compared to real engine bed test are:-

1) Simulation has more flexibility in the engine operating parameter research. In real engine
development, such research may require heavy demand of mechanical systems or even
engine modifications which usually are not cost-effective on commercial engines. For
example, if a research is on exhaust or intake valve timing control, a mechanical Variable
Valve Timing (VVT) system is required to be fitted onto the normal engine. This requires the
modification of the intake manifold. Another example is a cylinder pressure sensor that

requires drilling holes for its installation into the cylinder.

2) Actuators for engine control may not be practically ready. Mechanical engineers are
working on the possibility of camless engines. For example, to modify the valve lift profile,
engine cam needs to be replaced. Camless valve can provide a pulse event which gives better
control of pressure and temperature inside the engine cylinders. Camless valves are currently
under development but they are not practically ready due to high pressure engine process.

Simulation can go further while the valve events are generated virtually on the computer.

Once the engine simulation code is developed, the engine can be used for fuel estimation and
control algorithm development. The fuel estimation can be achieved by using artificial
intelligence methods, including feed-forward neural network and Adaptive Neuro-Fuzzy
Interface System ANFIS. The fuel estimator provides further control to the optimal engine

operating parameters.



1.5 Literature review

Engine components determine the engine operation timings. The timings of the engine
operations are controlled mechanically by engine cams, whose lack of flexibility does not
allow making adjustments. This thesis starts with reviewing the available engine components

in order to outline the following:-

a) Understanding of the engine behaviours by varying the engine operating parameters.
b) The limitations of implementation of electronic engine systems in practice.

¢) Possible solutions by replacing the mechanical system with electronic actuators.

The outlined system includes the Variable Valve Timing (VVT), the Variable Compression
Ratio (VCR), the variable intake manifold length and exhaust gas recirculation systems. The
literature review covers the outlined engine systems which can be found in Spark-Ignition (SI)
engines and Compression-Ignition (CI) engines, and even the possible Homogenous Charge
Compression Ignition (HCCI) engines and Premixed Charge Compression Ignition (PCCI)
engines, with discussion on the relationship against engine performance and emissions from
1.5.2to 1.5.15.

The second half on the literature review discusses the control algorithms implemented onto
the engine and experimental works that had been done in practice. Most studies focus on the
ideas of HCCI or PCCI, which involves the control of the valve timings, injection and
ignition control, and exhaust gas recirculation. The emissions can be estimated and controlled
through the algorithms including artificial system identifications by using ANN and fuzzy-
logic controller. These are analysed in 1.5.16 and 1.5.17. In order to apply the controller to
the virtual engine, engine simulation models and platforms are needed. Those are discussed
in 1.5.19.

1.5.1 Engine control algorithm

Desired engine control aims to develop engines which can cover the advantages of two
engine combustion processes; Spark Ignition (SI) and Compression Ignition (CI) combustion
processes (see Appendix A). By comparing the advantages and disadvantages of both
combustion processes, it is noted that if engines generate lower combustion temperature, the
emission products in Sl engines are at lower level of CO2 and NOx. Lower combustion
temperature also makes engines more durable and cheaper to manufacture. On the other hand,

Cl engines are more efficient to generate high power due to higher compression ratio



resulting in higher combustion temperature. Cl engines are also found to have better fuel
economy [16]. One limitation of SI engines is that they are unable to perform compression
ignition as the material used in SI engines cannot achieve such high compression ratio. An
overview written by Brijesh discussed the emission behaviours in these two combustion
techniques [16]. Brijesh underlined that the challenges to achieve the new combustion

techniques are the handle of the trade-off between different parameters.

The possibility of the next generation of internal combustion engines (ICE) needs new ideas
of engine combustion process which utilises charge ignition using gasoline as fuel, with the
aid of electronic engine control. Such combustion process is called Homogenous Charge
Compression Ignition (HCCI) and Premixed Charge Compression Ignition (PCCI) (also see
Appendix A). Yao et al. presented the recent trends of HCCI combustion process. They found
that engine simulation tool is a good method to investigate HCCI [111]. HCCI process
applied to various fuel types, and air and fuel mixing process are important to control the
combustion process. PCCI studies shared similar ideas, but used the premixed charge where
the air and fuel mixture are well mixed to enhance the homogenous charge to perform

compression ignition [S1][67].

1.5.2 Variable Valve Timing (VVT)

The period of valves opening determines the amount of air/fuel mixture entering through
intake valve into the engine cylinder or exiting through exhaust valve from the engine
cylinder. This determines the mixture flow rate which affects the pressure and temperature
once combustion starts. The effective compression ratio is also varying from different valve
timings. Studies from Walter and Ye have shown that engines perform differently at different
rotational speeds and at different loads [104][114].

In engines using camshaft valve opening control, the duration of valves opening is fixed due
to mechanical action of camshaft and valve lobe. Current variable valve timing systems,
using in commercial engines, have limitation on the design of valve profiles. The limitation
lies on dimension of lobe which is fixed in shape and the shape cannot be adjusted during the

running of engine.

Two methodologies currently use in variable valve timing (VVT) control. Firstly, the ‘Cam
Phasing’ approach uses additional gear components to shift the valve opening angle to

optimal range. Secondly, the ‘Cam Changing’ approach is fitted more than one lobe and



additional mechanical components allow the lobe shift to different valve profile according to
the speed range. More detail of the systematic description in commercial VVT system will be
discussed later in 2.7.5. Camshaft valve control limits the valve profile curve leads to a one-
off open and close action in exhaust and intake stroke. Electronic camless valves are under
research aiming at more valve timing profiles such that valves can be opened in compression
stroke allowing optimal control in cylinder pressure and temperature happening in the engine

operation.

1.5.3 Reaction of engine combustion using different valve timing

For reduction of engine emission using different valve timing, Walter et al. discussed about
the emission of CO, NOx and particulate matter (PM) against different valve timing [104],
and Kapus et al. discussed the fitting of valve timing system to improve the emission of CO,
[66]. The principle of valve timing control acts as possible Exhaust Gas Recirculation (EGR)
where part of the exhaust gas returns into the cylinder from the exhaust valve end. VVT also
boost the possibility of homogenous charge mixture. Yap and Verhelst discussed the gasoline
HCCI engine which used the VVT method to minimize the emission of NOx. The exhaust
gas has higher pressure and temperature compared to atmospheric air, thus a certain portion
of it returns to the engine cylinder to boost the initial pressure and temperature of engine
cycle [92][103][112]. Walter also found that VVT reduced fuel consumption by the EGR

approach which re-burned the fuel.

1.5.4 Valve overlapping

Valve overlapping happens when both intake and exhaust valves open for the same period
[47]. A sketch of the valve overlapping timing against piston position of the complete engine
event is shown in Figure 1 [71]. Typically, valve overlapping is performed at the period when
the intake valve opens at the timing before the piston reaches the TDC in exhaust stroke (at
position 1 in Figure 1); and exhaust valve closes after the piston moves beyond the TDC in
the intake stroke (at position § in Figure 1). The advantage for valve overlapping is a
continuous variable valve timing (VVT) that provides adaptive adjustment to improve engine
torque delivery across different revolution range [102]. When the engine speed is high, more
air is needed for higher energy combustion; therefore duration of intake valve opening needs
to be longer. A portion of exhaust gas will suck back to the combustion chamber while the

exhaust valve is opening, and hence increase the mixture pressure and temperature.



1. Intakevalve opens 1 Valve overlapping .
| ‘ 5.Piston atTD.C,

combustion happens

5. Exhaustvalve closed

2. Intake valve closes
com pression starts

4. Exhaustvalve opens

[Iafake’] Compression

Figure | Valve overlapping in term of piston position [71].

1.5.5 Negative Valve Overlapping (NVO)

The other approach in VVT is Negative valve overlapping (NVO). Urushihara studied the
possibility of NVO [102]. Negative valve overlapping uses the valve timing when both
exhaust and intake valves close for a period of time during exhaust/intake stroke. Exhaust
valve closes before piston reaches the TDC (at position 1 in Figure land intake valve opens
after piston moves beyond the TDC (at position 5 in Figure 1). The concept is similar to the
role of the exhaust valve in exhaust gas recirculation systems. When the intake valve opens,
the hot residual gas heats up the fresh mixture and the high temperature mixture is enhanced
for compression ignition. The results, presented in [102]. showed that the injection timing is
an important parameter in conjunction with NVO. The new fuel injection strategy is injecting
a portion of fuel during the negative valve closing interval and injects the rest in the intake

stroke that was also examined in [102].

1.5.6 Late intake valve closing on diesel engine

Another VVT approach is late intake valve closing (LIVC) which is found in diesel engine
research. There are some researches investigating the performance on LIVC on diesel engines

[81][86]. The idea behind LIVC is that the mixture combusts at a lower combustion
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temperature, and hence emissions of Nitrogen Oxide (NOx) are reduced. However, the trade-
off of the approach is that the concentration of Hydrocarbons (HC) and Carbon Monoxide

(CO) increases. Detailed description of exhaust gas behaviour is given in 2.5.5.1 and 5.3.

1.5.7 Valve Event Control

Valve profiles and valve events are important in the achievement of HCCI and PCCI control.
Jang studied in the HCCI engines by using different valve lift and engine camshaft profiles
and the effect in combustion efficiency [62]. He found that by using three different cam
dimensions in the valve timing control, the engine produced the EGR effect by reducing
exhaust valve profile and event. The higher exhaust valve lift is benefited in the high load
condition but demerits the engine at low load. The EGR effect occurs due to the Negative
Valve Overlapping (NVO) valve events where a portion of the exhaust gas is tapped and
compressed before the fresh mixture enters the engine cylinder, providing boost in pressure
and temperature while the engine is induced [62]. The study concluded that the fuel
conversion efficiency was higher with higher exhaust valve lift rather than that with lower.
The late exhaust and intake maximum opening point made the fuel conversion efficiency

improve.

In the study of valve timing, Yap et al. give the overview of valve phasing control [112]. The
engine sets the optimum valve timing aiming at the lowest NOx. The valve timing is then
adjusted according to the performance. They discussed the effects on combustion temperature
and compression ratio with valve timing variations. Results also show the reduction in NOx

with optimising the exhaust valve event.

1.5.8 Variable Compression Ratio (VCR)

The compression ratio for a given internal combustion engine is almost always constant since
the geometrical shapes of the engine components in the cylinders are unmodifiable. The
typically values of compression ratio are ranging from 8 to 12 for spark-ignition engines, and
from 12 to 24 for compression-ignition engines [55]. When compression ratio is high, the fuel
and air particles are closely packed together and a higher explosive velocity during
combustion is obtained, i.e. better performance and less fuel consumption. However,
compression ratio is limited in two respects: 1) the material strength is limited due to
maximum stress at certain pressure; 2) engine knock occurs in SI engines in combination of

the compression ratio exceeding the range and fuels with incorrect value of ‘Octane number’
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used. A study from Turner and Barclay tested variable compression ratio systems where they

changed geometries of combustion chambers [13][101].

To design engines for different driving compression ratio profiles, engineers develop engines
which are capable of varying the position of piston or shape of combustion chamber
[81[13][69]1(80][101]. To achieve the optimal engine compression ratio, the geometries of
engine cylinders can be adjusted by varying the geometries configuration of mechanical
component by either vary the position of TDC [13] or vary the length of connecting rod to
modify piston position [8][80]. The other possible VCR approach is a ‘tilting” methodology
where the engine cylinder is hinged to the crank case and can be tilted by a hydraulic adjuster.
Different tilt angles result in different clearance volumes which give different compression
ratios [34]. Although VCR technologies are practically possible, they involve heavy

mechanical systems and engine modifications which are not desirable.

1.5.9 Reaction of engine combustion using different compression ratio

Debnath et.al discussed the effect of VCR using a single cylinder engine {27]. They found the
implementation of VCR affects engines with reduced entropy, increased cooling water and
exhaust gas flow availability, resulting in increased energy relcase after combustion.
Shivakumar et.al estimated that different compression ratio achieved lower NOx level by
using neural network estimation [98]. Drangel found that VCR approach improved on fuel
economy by 30% [34]. Ye also studied the improvement on fuel economy with VCR
combined with VVT on a four-cylinder engine [114]. By consideration of practical use, Ye
found that the VCR method performed significantly better at light engine loading, but limited
or zero improvement at heavy loading. It can be summarised that VCR technologies are far
from mature. VCR systems are suitable for light loading engines, with reduction on NOx
emission, better fuel economy, but they are hard to install in internal combustion engines due

to the heavy mechanical components that are required to modify cylinder geometries.

1.5.10 Variable Length of intake manifold

Airflow is one of the main factors in controlling the performance of engine combustion. The
pipe geometries determine the air flow, and affect the pressure and temperature of air/fuel
mixture inside engine cylinders. The amount of air and the flow velocity entering the

cylinders depends on its shape (circular or rectangular).
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1.5.11 Reaction of engine combustion using different length of intake manifold

Ceviz et al. [18][19] tested on the variation of the length of intake manifold against the
engine performance. They found the improvement on fuel consumption at high load and low
speed by extending the length while low speed condition. Soares et al. studied on the variable
intake manifold length engine in different intake air temperature relationship [95]. They
found there was 3% difference in acceleration time at a set speed (40km/h) in a 1000m.
Another study by Yan investigated the component design of intake manifolds and the
reconstruction of manifold temperature without manifold modification [109]. Yan found that
EGR optimised the manifold pressure and temperature. However variable length of intake
manifold systems can be very hard to implement onto engines as they also involve heavy

mechanical systems, which make the technology not practical for commercial use.

1.5.12 Exhaust gas recirculation

Exhaust gas recirculation (EGR) is the idea of emissions control and act as turbocharge in
engines by feeding back some portion of the exhaust gas back to the cylinder. Due to current
emission standard is getting tightened; engines are designed to use relatively leaner mixture
for combustion [58]. The disadvantage in leaner mixture is the increase in the emissions of
Carbon Monoxide (CO). EGR is one of the solutions to tackle the lean mixture problem. An
additional path is installed which allows the exhaust manifold to connect to the intake
manifold. Fresh air is then mixed with exhaust gas to produce rises in the initial temperature
of mixture in compression stroke. The amount of exhaust gas that returns to the intake

manifold is determined by ECU regarding to the level of emissions and exhaust temperature.

1.5.13 Reaction of engine combustion in exhaust gas recirculation

Studies show that the EGR heated up the intake air by feeding hot exhaust gas into intake
manifold, which acts as a pre-heater to boost the initial temperature of air in the compression
stroke. Ibrahim et al. studied the use of EGR in SI engines [58]. Their investigation found a
significant reduction on NOx emissions by 50% where stoichiometric air/fuel mixture was
used in their engine bed test. Ghazikhani and Ishida studied EGR effects in Cl engines
[46][59]. Ghazikhani found that EGR can reduce the engine combustion temperature while
Ishida et al. found improvements in NOx-PM trade-off. NOx and PM have an inverse
relationship against each other but they can both be reduced with lower combustion
temperature. By summarising all studies it may be concluded that EGR affects the lower

combustion temperature, leading to the reduction of toxic emissions of NOx, and PM.
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1.5.14 Fuel composition mixture control

For PCCI combustion process, the main control parameter is the quality of mixture between
air and fuel particles. Two studies from Hanson and Kokjohn respectively investigated the
possibility of running a PCCI heavy duty engine with different blend of gasoline and diesel
composition [51][67]. The studies use the engine operating parameters including injection
timing, injection mass and intake valve closing timing. Results show that the methodology is

able to achieve 50% thermal efficiency of the engine combustion.

1.5.15 lgnition and injection control

In the HCCI and PCCI studies, the engine bed experiments use fuel of gasoline or gasoline
blended with other composition such as ethanol and methanol. With electronic engine control,
engines can be fitted with a spark-plug. The ECU can make the decision on whether the
engine should run in SI mode which requires a spark on, or run HCCI/PCCI mode without
spark on. Gao researched camless VVT and EGR methodologies with and without spark
assistance [44]. The method used a modified engine with self-developed ECU. Results show
that the method is able to run HCCI processes by controlling the cylinder pressure profile and
that it is able to switch modes according to the engine load. Misztal studied the particulate
matter and found that the injection timing and the homogeneity of the mixture is decisive to

PM level and that it lowers the variation by split injection [78].

1.5.16 Engine control systems

Bosch GmbH developed a Sl engine control system called ‘Motronic’ fitted with emission
sensors and a single ECU to control electronic fuel injection and electronic ignition [15].
Motronic used both open-loop and closed-loop control algorithms. The objectives were to
reduce engine emissions, reduce fuel consumption and improve engine performance, driving
comfort and driving safety. Engine control strategies, included idle speed control, emission
control by using EGR and second-air system, camshaft control for operating timing, and
component protection such as anti-engine knocking control, provided the advantages on

electronic control compared to mechanical engine system,

The other single system called ‘Jetronic’ is a single system for fuel injection control [15].
Fuel injection is essential to engine control to comply with the emission regulations [55].
Bendix produced the first commercial fuel injection control system [55]. Various sensors are

fitted in the air path to monitor the condition of the air path, such as throttle; and control the
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fuel path, such as the electronic fuel injector [15]. Fuel injection system can be operated as

single point injection or multi point injection depends on the system chosen.

1.5.17 System identification algorithm

Engine emissions are considered to have non-linear relationships against engine operating
parameters, therefore it is impossible to obtain the transfer function for the controller. The

emission compositions can by estimated by using system identification method [35].
- Artificial neural network

One outlined method for system identification is the artificial neural network
[52][721[87][113][118]. Such estimation can be optimised by using additional gain in the
closed-loop controller. Atkinson developed the neural network based engine control in order
to reduce NOx and PM emissions [11]. Arsie studied on the recurrent neural network which
is able to estimate NOX in transient SI engine cycle [9]. He estimated NOx with an error of
less than 2% in given transient engine cycle. Deng developed the regressive artificial neural
network able to model the estimation of emission in Particulate Matter (PM) using CI engines
[30]. They also studied the methodologies by using Principle Component Analysis (PCA) and
observed the power spectral density to minimize the number of data needed to train the neural

network models while accuracy had no significant drops [31].

- State-space model

The other system identification method is the state-space approach [65)]. The dynamics of the
system may be represented by a set of n™ order differential equations in the vector valued
state. State-space can be controlled by using state-feedback controller by designing the
feedback gain. One problem in the development of state-space in multi variable systems is
order number in the differential equations that can be high, hence producing a complex
controller. Zolotas et al. presented the MISO robust controller in a non-linear oscillatory
system. They were able to reduce the number of order by using Linear Quadric Gaussian
(LQG) control [119], in addition the Loop Transfer Recovery (LTR) was used improve the
effect of unknown disturbances. Jaimoukha proposed mode! reduction in linear parameter-
varying systems [60], by using the synthesis Riccati inequalities to define appropriate
Gramians. It can be useful in engine control providing that the system is linearized using

state-space.



1.5.18 Emission control algorithms

In combination of the emission estimation, various studies used PID [36]{42] and fuzzy logic
as the closed-loop control. Zhang studied on the artificial neural network emission estimation
combined with closed-loop fuzzy-PID control [115]. The results of Zhang showed the
reduction in emissions included the composition of NOx. Ghaffari used the fuzzy-PID control
algorithm to tune the fuel-to-air ratio [45]. The results showed that the controller was able to

match the actual response of the specifications.

1.5.19 Engine simulations

The engine simulations can be generated by ‘simple’ approach using zero/one dimensional
estimations or by ‘detailed’ approach using three dimensional (3D) estimations. For ‘simple’
approaches, the engine performance can be calculated by using zero or one dimensional sub-
models based on thermo-dynamic theories. Two common commercial engine simulation
software packages, Ricardo Wave [91] and Lotus Engine Simulation {71], and two studies
from Ferguson [39] and Ohyana [83] generated engine simulations using this approach. The
‘detailed’ approach uses the detail description of Computation Fluid-Dynamic (CFD). CFD
simulations contain 3D meshes which describe the behaviours of particles movement in
consideration of all directions, and has been widely used in fire frame spread in safety studies
[28][29] and the turbulence studies [33]. The ‘detailed’ engine simulations are aimed for
studies in designing the geometries of engine components rather than engine performance
control simulations. Three commercial software packages, AVL fire [12], Ricardo Wave3D

[91] and GT-Power [110] use ‘detailed’ approaches for engine simulations.

1.5.20 Sub-models of engine simulations

The sub-model used in the commercial engine simulation packages covered the heat transfer,
heat release with the combustion model, piston motions and gas exchanges. Woschni
developed the heat transfer model [107] which is commonly used nowadays. The heat release
model, also can be called combustion model, estimated the mass fraction burned and can be
represented by the Wiebe model [39]. However the emission estimation may not be included
in every software packages. Ricardo Wave [91] package included the emission sub-models
which covered the level of Carbon Monoxide (CO), Nitric Oxide (NO;) and Particulate
Matter (PM).
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1.6 Methodology of the thesis

The engine control can be divided into three parts, the engine simulation model, fuel

estimation system and engine control system.

1.6.1 Engine simulation model

This thesis develops the virtual SI engine simulation using the ‘simple’ approach based on the
first law of thermo-dynamic. Various sub-models are used to generate the estimations in heat
release, heat transfer and gas exchange process. The engine simulation is able to calculate the
engine performance of four-stroke medium size engine, and return the emission compositions
of CO,, O,, CO and NOXx, and exhaust gas temperature. The developed model is validated by
comparing the calculations with the reference models. Three models are used as reference
tools, including two commercial engine simulation packages, Ricardo Wave and Lotus
Engine Simulation, and a book from Ferguson [39] who developed an in-house engine
simulation. The comparisons are made based on the parameters affecting the combustion
performance, including the peak pressure timing and peak temperature timing during

combustion stroke.

1.6.2 Fuel estimation system

The engine may tolerate different compositions of blended fuel. Different compositions in
engines are valid by matching the standard of ‘Octane number’, The ‘Octane number’ is the
value to ensure fuel injected into engines is able to avoid the resulting incorrect portion of
mixture. Engines cannot operate or combustion happens at the wrong moment, hence
affecting emission and performance control. The typical value of ‘Octane number’ should be

in the range of 0.93 to 1.

The original fuel composition can be estimated by using Artificial Neural Network (ANN)
using the concept of modelling the inverse behaviour of combustion process. To collect the
dataset to train the neural network, sampling engine tests are needed. Therefore the tests are
run on the given engine cycles which should be able to cover most of the behaviours that can
be found in different condition of the engine, including different fuel-to-air ratio, different
ignition timing, different valve events, and different speeds. During the engine cycle testes,
past information of exhaust products, including the level of Carbon Dioxide (CO;), Oxygen
(0,), Carbon Monoxide (CO), Nitric Oxide (NOx) and exhaust temperature, are recorded for
the dataset. Two ANN algorithms, feed-forward ANN and Adaptive Neuro-Fuzzy Interface

System (ANFIS), are used for fuel estimation and results are compared.
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1.6.3 Engine control system

The engine operation parameters can be updated by the Engine Control Unit (ECU) where the
computer optimises the fuel-to-air ratio; ignition timing and valves event are investigated by
the emission composition. The controller is built as Multi-Input-Multi-Output (MIMO)
system. The number of inputs needed for the controller is investigated. The behaviour of
engine combustion is considered as a non-linear behaviour [64]. System identification
method, such as state-space and neural network is used and parameters can be optimised by a

closed-loop control.

1.7 Contributions
The contributions of this thesis are outlined as follows:-

- Artificial Intelligence (Al)
Fuel estimation current SI engine combustion studies are focused on the design geometries of
the engine [74], which ignore the fact that the minor effects of fuel composition in ‘Gasoline’
can be different for each fuel producer. The thesis studies an Al fuel estimation method,
which is able to provide additional control according to the exhaust gas behaviours. The fuel
estimator captures the inverse engine process and estimates the original fuel composition and
hence feeds gains to controllers for individual components according to the composition of
blended fuel.

- Control algorithms
Engine control is the trend of future engine development. This requires innovative ideas
covering possible engine variables in different conditions, such as different fuel compositions,
different speed and torque. This thesis investigates on novel engine control algorithms aiming
to minimise engine emissions while maintaining the performance for engines with different
unknown compositions. The controller uses exhaust gases including CO3, O, CO and NOx to
return the single engine control variable in the development of Multi-Input-Multi-Output
(MIMO) systems. The controller is simulated on the virtual engine which has also been
developed in this thesis. Results and performances are being compared. Recommendation of
the most suitable controller is discussed.

- Development of engine simulation model
The advantage of using engine simulation was discussed in 1.4, which concluded that
electronic engine control requires the modification of engine with high costs involved. This

thesis develops the virtual engine in such a way that it facilitates its use for control research

purposes.
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1.8 Conclusions

The introduction chapter discussed the detail of the ideas and the setup of this thesis. The
literature review analyses current engine control systems and methodologies of modelling
such systems in practice. This included the availability of engine sensors and actuators which
are able to monitor and control engine combustion process respectively. The literature
reviews also covered different control techniques, such as variable valve timing (VVT),
variable compression ratio (VCR), variable length of intake manifold and exhaust gas
recirculation (EGR) system. The possibilities of developing those techniques are discussed.
This can be concluded that both VCR and variable length of intake manifold systems required
large mechanical components in order to control and will not be considered in this thesis.

This chapter is also discussed the methodologies of this thesis which are outlined as follows:-

1) An engine simulation method is needed to develop. The engine simulation returns the
level of emission and exhaust temperature with different engine operating parameters

2) A fuel estimator is going to develop, enable an additional parameter in engine control.
It can also able to find probability distribution of given fuels, namely Isooctane,
Methanol and Ethanol, while the mixture of fuel is unknown.

3) The novel Multi-Input-Multi-Output (MIMO) controller aims to optimise engine

combustion performance.
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Chapter 2 Working processes in ICEs and their control

This chapter gives an overview of engine control systems. An understanding of the form of
emissions and their behaviours is required in order to identify the control parameters which
control the emissions while achieving maximum performance. Emissions can be divided into
toxic and non-toxic categories. The cause and behaviours of the emissions depend on the
combustion performance. To improve the existing internal combustion engine, the
mechanical components of the engine are to be replaced by computer controllable
components. This chapter also studies the background of the sensors and actuators which
draw the possibility of achieving camless engines where the engine is completely controlled

by electronic elements.

2.1 Introduction

The internal combustion engine (ICE) performs energy transfer from combustion power into
kinetic energy. The main components of the internal combustion engine consist of the
combustion chamber (which can be referred as to engine cylinder due to its shape), a piston
and a crank. The concept of ICE can be described as follows: - By considering the ICE as a
volumetric pump, air and fuel particles mix together and pack inside a limited volume of the
combustion chamber. The movement of the piston then reduces the cylinder volume and
compresses the air/fuel mixture to higher pressure and temperature. As air contains oxygen
which acts as a reactor, the mixture reacts once it reaches the ignition temperature either
using a spark or possibly self-ignition through compression. The mixture reacts and the
resultant expansion of the mixture propagates throughout the space in the chamber and hence
applies force to push the piston in the downward direction. As the volume increases, the
pressure and temperature drop. The piston connects to a crank, and converts the motion
mechanically to angular motion to complete the energy transfer. A detail description of

different engine combustion processes is discussed in Appendix A.

2.2 Internal combustion engine history in brief

Before the use of the internal combustion engine in vehicles, engines existed in various
applications on heavy works. The power generated in engines is massive which humans and
animals cannot achieve. In the 1860s, the internal combustion engine was practically invented
and built for commercial use [54]. The first internal combustion engine available in the
market was developed by J.J. Etienne Lenoir. He used the idea of a cylinder, a piston and a

crank, and the burned coal-gas-air mixture was injected into a cylinder and mixture was
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ignited by a spark. This drew the first shape of an internal combustion engine. Although this

was a good start, the efficiency was low at best about 5%.

A later idea from Nicolaus A. Otto in 1876 developed a more successful engine. Otto
introduced the idea where one engine cycle worked on four-strokes, hence generated power
in every 720° of crank angle. Air and fuel mixed before entering into the cylinder and
produced a homogeneous charge mixture. The mixture entered into the cylinder and was
compressed. The mixture ignited by a spark, hence called Spark-Ignition (SI) process. The
combustion transfers the power large enough for four strokes piston movements. This was a
further improvement of the prototype shape of engine commonly used in vehicle in the past

one hundred years.

In 1892, Rudolf Diesel developed a new type of internal combustion engine. The new feature
of Diesel’s idea was that the ignition was not started by a spark. Air entered into the cylinder
and was compressed to higher pressure and temperature. Diesel was injecting a liquid fuel,
with a lower boiling point, to ignite the combustion. This new type of engine resulted in
doubling the efficiency and a higher expansion ratio, without the effect of engine knocking.
The combustion process was called the Compression-Ignition (Cl) process. Diesel invented
an alternative idea which was also commonly used in vehicle in the past one hundred years.

The fuel that he used was named as Diesel for his contribution [54].

2.3 Overview of engine control

To control an engine, a micro-processor is fitted onto the car. The micro-processor is called
the Engine Control Unit (ECU). It is an electronic device which takes information from
engine sensors and provides algorithms to control the actuators which give the optimal
parameters to perform efficient combustion. It also aims to provide cleaner exhaust gas,

better fuel economy and better engine performance [55].
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2.3.1 Types of controller

The type of controller can be divided into two types, open-loop control and closed-loop

control:-

2.3.1.1 Open-loop system

In an open-loop system, a control criterion is sent to the main system and computes the
output. The block diagram of an open-loop system is shown in Figure 2. The open-loop
system usually stores past experimental data in the program and controls the system through a
look-up table or a network. It is not capable of optimizing performance when the condition,

which is not included in the dataset, has changed.

Control Main
—® System [T———% System * output
Input 4 y

Figure 2 Block diagram of an open-loop control system

Engine control algorithms considered as open-loop system include the use of look-up tables
and system identification methodologies. The engine data is collected from engine tests in the
laboratories where the data recorded is able to cover a wide range of engine behaviours, such
as different speeds and loads, by using engine cycles. This dataset can be used as a set of
reference parameters in the look-up tables, or can be trained for system identification. System
identification can be achieved by artificial feed-forward neural networks, which use neurons
to update weights between parameters or state-space, whose weights are updated by state

changes.

2.3.1.2 Closed-loop system

A closed-loop system uses the output of the plant (i.e. SI engine in this thesis) to compensate
the new set of parameters and the control settings by feedback signals. Figure 3 shows the
block-diagram of a closed-loop system. There is an output comparator which corrects the

setting when the criteria meet the threshold.
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Figure 3 Block diagram of a closed-loop control system [55]

The closed-loop control algorithms which are used in engine control include PID, fuzzy logic
and regressive neural network controllers. PID algorithm is the most commonly used closed-
loop control algorithm. The disadvantage of using PID in engine control is that the PID
approach cannot return the fast enough response in the situation of the rapid changes in
engine behaviours, while the speed, engine load and other factors such as resistance force and
frictions etc. vary arbitrarily in function of time. Faster controller is needed and fuzzy logic
and ANN based nonlinear auto regressive (NAR) are used in engine control provides faster

control in closed-loop algorithm where the results of real-time engine information are used as
feedback.

2.4 Engine Control Unit (ECU)

Engine control units (ECU) compute units which give digital control to adjust the mechanical

part of the engine when needed. The ECU consists of an arithmetic logic unit (ALU) which
communicates with long and short term storage of data embedded in the system. Engineers
can program and store in programmable EPROM, which is able to make changes of the
program with flash memory for data manipulation. The computer calculates the adjustment in
real-time to optimize the combustion parameters. The operating parameters include fuel-to-
air ratio, ignition timing (SI engine only), or injection timing, intake and exhaust valve timing
and event and other parameters which the internal combustion engine needs to keep running
[15]. The aim of engine control is to increase the efficiency and control the emission to
minimum. Various sensors are installed onto the engine to monitor the combustion process.
The microprocessor collects information of engine combustion product. The signals are
converted into digital format through analogue to digital converter (ADC). The converted
digital signals are sent to the program. Overviews of commonly used sensors and actuators

are shown in Figure 4.
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ii) Fuel injection system
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Some sensors that connect to the ECU, as shown in Figure 5, use open-loop control strategies

including air-flow sensor, air temperature sensor and throttle position sensor. In open-loop

configuration, the ECU adjusts the engine parameters according to the sensor outputs with the

help of past dataset information. Some other sensors, such as lambda sensors, engine

temperature sensors or knock sensors, shown in Figure 5, use the closed-loop control

configuration. The engine parameters, such as the ignition timing and fuel-to-air ratio, are

then continuously optimised according to the feedback of the respective sensors.
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Figure 5 Block diagram of an engine control system.
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In order to develop the suitable controls strategies, engine simulation has been a valuable tool
to predict and optimise key parameters in the engine control system. Engine simulation
allows flexible and low cost development of control algorithms without the need for an
engine bed, or modification of engines by installing the needed components. Once the

algorithm has been developed and tested, it may be installed into the ECU.

2.5 Operating parameters against engine performance
The performance of ICEs depends on several geometric and thermodynamic parameters. The

volume of the combustion chamber is calculated from the dimension of the cylinder. The
cylinder is assumed to have a fixed bore size and a stroke length. When the piston is moving,
the volume is calculated according to crank-slider model which depends on the connecting
rod length as a function of crank angle. The piston movement is also a factor that estimates
heat transfer, blow-by losses and energy losses due to friction. The combustion performance

is treated using thermodynamic calculations with heat release sub-models.

2.5.1 Intake manifold length and volume

The geometry of intake manifold affects the flow of air/fuel mixture. The intake manifold
length can be varied in some engines using adjustable mechanical parts [18][19]. The
dimension of the length affects the mixture turbulence inside the combustion chamber, and

hence affects pressure and the burning velocity duration.

2.5.2 Start of combustion

In terms of engine control, the spark plug can be controlled by the ECU to decide the timing
the mixture needs to ignite by spark. It gives more flexibility to an engine with spark ignition

and compression ignition combined, according to the engine condition.

- Engine Knock

The maximum pressure developed during combustion should occur at the crank angle at
about 10 to 40 degrees prior the arrival of TDC depending on engine speed and engine load
[54]. The burning gas takes a comparatively long time to burn; therefore the spark must be
timed well before TDC. Correct timing of ignition is important to give the highest engine
power without knocking. If the timing of spark happens too early, a rapid burning leaded to

engine knocks; conversely a late spark causes slow burning and produces low engine power
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and poor fuel economy. The optimal moment of ignition is a function of several variables,

such as the engine speed and the engine load.
- Auto-Ignition

Another factor that should be avoided in the engine design is auto-ignition. This happens
when the mixture reaches auto-ignition temperature and ignites in the random part of
combustion chamber. While spark plug ignites, auto-ignition causes more than one frame
envelope generate in the combustion chamber. Resulting in the needed energy does not locate
in the desired position to push the piston, hence produces poor engine performance or even
damages the engine. Different fuel compositions have their auto-ignition temperatures, for

example, gasoline’s is 540 °C and for diesel fuel is 260 °C.

2.5.3 Valve timing and valve lift

Valves in the cylinder determine the amount of gas entering (intake valve) or exiting (exhaust
valve) the combustion chamber. Valve events have effect on the fluid flow inside the cylinder;
hence affect cylinder pressure and temperature distribution. The reason of changes in fluid
flow is due to the pressure and temperature differences between the working engine and
atmosphere. The optimal valve timing also optimises the reduction on effective compression
ratio [2][5][64][68][96] and improves the benefit of Exhaust Gas Recirculation (EGR)
[ro4jfriipe2].

Valve events are controlled mechanically by the engine cam and the lobe which pushes the
valve to open. Due to the geometry of the valve components, the valves have fixed valve lift
event and timing. However the valves events can possibly be optimised at high cost, by

fitting a heavy mechanical control component to add a few more profiles.

2.5.4 Exhaust gas recirculation

Engine emission can be reduced by the methodology of Exhaust Gas Recirculation (EGR).
EGR is based on the idea of feeding back a portion of the exhaust gas back to the cylinder for
re-burning. The block diagram of EGR is shown in Figure 6. EGR provides a boost effect on
the starting temperature and pressure at the intake stroke. The fresh mixture at its atmosphere
pressure and temperature mixes with exhaust gas at its exhaust gas pressure and temperature,
in which the averaged pressure and temperature of the mixture is boosted. EGR also provides

a ‘re-burn’ process for any un-burned fuel and Oxygen left in the previous cycle.
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EGR system connects to the exhaust manifold to the position in conjunction with the throttle.

Fresh air is mixed with exhaust gas through the throttle and consequently the temperature of

the gas rises. The amount of EGR is controlled by ECU. Temperature of air is heated up by

exhaust gas. which acts as a pre-heater before entering the combustion chamber at low speed.

Figure 6 Air and fuel flow in ICE.

2.5.5 Composition of air and fuel

- Air
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An engine acts as a gas exchanger. Engines take air at the atmosphere condition. Dry air

consists of roughly 79% of nitrogen and 21% of oxygen. More detailed compositions of dry

air with the common species are shown in Table 1.

Gas ppm by volume Molecular Mole fraction Molar ratio
weight
Oxygen 209500 31.998 0.2095 I
Nitrogen 780900 28.012 0.7905 3.773
Argon 9300 38.948 NIL NIL
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Carbon dioxide 300 40.009 NIL NIL

Air 1000000 28.962 1.000 4.773

Table 1 Principle constituents of dry air {54]

- Fuel

Fuels can be divided in two categories, gasoline and diesel. For the fuels which are available
for commercial vehicle uses, the composition of fuel form in a compound contains atoms of
hydrocarbons. According to the combustion process, fuel suppliers provide a blended
composition with alcohol type substances which includes small amount of oxygen atoms, in
helping the reduction of CO in emissions. Within such composite mixture the research of the
fuel suppliers ensure smooth engine process within the range. Gasoline consists of
hydrocarbon with 4 to 12 carbon atoms per molecular in the mix [17]. Diesel fuel consists of

hydrocarbon from CjoHao to Cyo Has. A few examples of fuels are listed in Table 2.

Fuel C H 0 N
Gasoline_f[39] 7 17 0 C7-H17
Gasoline_h1 [54] 8.26 15.5 0 C8.26-1115.5
Gasoline_h2 [54] 1.76 13.1 0 Cr76-Hi131
Diesel_f [54] 14.4 249 0 Ciaa-Haao
Diesel_h [54] 10.8 18.7 0 Cios-Higr

Table 2 Examples of fuel composition used in different combustion processes

2.5.5.1 Complete and incomplete combustion

Ideal complete combustion happens without any secondary reactions. The product of the
complete combustion of hydrocarbons would contain only Water Vapour (H;0) and Carbon
Dioxide (CO;) without the unwanted by-products. In reality, it is not possible to achieve the
complete combustion in continuous engine process since there will be minority of other
species presents in the mixture. The combustion condition cannot be kept constant all the

time. Therefore in real situations, exhaust gas would form combustion by-products.
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Bosch [15] explained other unwanted species available during combustion while the
combustion is not ideal. Fuels consist of the compound of hydrocarbons. After the
combustion, any unburned hydrocarbons (HC) left in the exhaust gas are considered as
unwanted species. The partially burned hydrocarbons react with oxide that produces
unwanted species of combustion such as Carbon Monoxide (CO), Aldehydes (CH.CHO),
Ketones (CH.CO), Carboxylic Acids (CH.COOH), etc.

The other important factor of incomplete combustion is the combustion temperature. High
temperature combustion generates emissions contain Carbon Monoxide (CO), Nitrogen (N),
Carbon (C), Nitrogen Oxide (NO/NOX), etc. Diesel engines works in higher temperature
combustion compared to gasoline engines, therefore NOx emission control is focused more in

diesel engine studies although smaller amount of NOx can be found in gasoline engine.

Combustion by products can be divided into a) non-toxic emissions which have not many
negative effects to environment and b) toxic emissions, which are to be controlled as lowest

as possible. Detailed discussion is presented in the next sections.

2.5.5.2 Non-toxic emissions

- Oxygen (02)

Oxygen (0y) is a natural component which is presents in the atmosphere as intake air (Table
1). Any unburned oxygen will be emitted as oxygen compounds. Oxygen level in the exhaust
gas can be treated as a measure of the mixture quantity in fuel-to-air ratio. The level of
oxygen can be obtained from a lambda sensor (refers to 2.6.5) and the measurement of

Oxygen is typically in terms of mass fraction (% by volume).
- Carbon Dioxide (CO;)

Carbon Dioxide (CO;) can be found through human activity or reaction between an oxide and
Carbon (C). Although CO; is naturally presented in the atmosphere (Table 1), it is treated as
waste gas. It is considered as one of the causes in the greenhouse effect. Authorities concern
of the growth of the number of automobiles and target the level of CO, emissions are needed
to control in vehicles. The measurement of CO; is typically in terms of mass fraction (% by
volume). Statistic in 1995 found the atmosphere has increased by approximate 20% since
1920 [15].
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- Water Vapour (H;0)

Water vapour (H;0) can be found in the engine emission after the reaction of hydrogen and
oxygen. It is a natural resource on the Earth with no harm to human nor the environment. No

measurement is necessary in engine emissions.
- Nitrogen (N2)

Nitrogen (N2) is a natural component which presents in the atmosphere. It is a natural gas and
not consider as toxic. Any unused nitrogen during engine combustion will be emitted as

nitrogen compound. No measurement is necessary in engine emissions.

2.5.5.3 Toxic-emissions

- Carbon Monoxide (CO)

Carbon Monoxide (CO) can be found in the partially burned engine combustion. If the
distribution of the fuel-to-air ratio is unequal [53], Carbon Monoxide is formed with the
reaction of carbon and oxygen. It is a colourless, odourless and tasteless gas. Carbon
Monoxide is harmful to human and can cause death even with small concentration in a short

moment [15]. The measurement of CO is typically in terms of mass fraction (% of volume).
- Nitrogen Oxide (NOx)

The term NOX refers to together with Nitrogen Monoxide (NO) and Nitrogen Dioxide (NO,).
Both NO and NO, are the product of the reaction after Nitrogen (N) and Oxygen (O) in high
temperature combustion process. Engines aim to design as highest compression ratio as
possible, leading to the higher frame speed and work in higher temperature [55], and hence
level of NOx becomes more significant. NOx is harmful to human health and has negative
effects on environment, i.e. acid rain to forest [15][74]. The measurement of NOX is typically

in terms of Parts per Million (ppm).
- Hydrocarbon (HC)

Hydrocarbon is the compound of the fuel or the by-product of Hydrogen and Carbon,

therefore this can be divided into two form of HC emission:-

One form of the HC is any unused HC is emitted as exhaust gas. There are two reasons of HC

atom left unused. Firstly it happens when the frame speed is slow, resulted in not all the HC
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atoms are burnt during the short duration of combustion [54]. Secondly the incorrect amount
of fuel-to-air ratio use in fuel air/fuel mixture, resulted in HC atoms are not fully burnt while

all air is reacted with HC.

The other form of HC is happen as the by-product of combustion reaction between Hydrogen
and Carbon. In this case, HC presents in various forms [15], alkanes, alkenes, alkines, cyclic
aromatic, namelybenzene, toluene, and polycyclic hydrocarbons. Most of hydrocarbons have

no harm on human, but some hydrocarbons are considered as cancer causing [53].

- Particulates Matter (PM)

Particulates in the form of particulates matter occurs during an incomplete combustion [6].
They can be found in diesel engine. Particulates matter consists of tiny particles of unburned
Carbon (can be referred as soot), or a small portion of PM is form of burned HC, works in
high temperature combustion and being cooling and forms in the expansion stroke. PM
considers as toxic emission and cause health hazard to human [53). The measurement of PM

is typically in terms of Parts per Million (ppm).
- Ozone (03)

Ozone is the production of Oxygen. It has the compound of three Oxygen (O) atoms.

However, ozone is a toxic emission, which is harmful to human [15].

2.5.6 Combustion chamber design

One of the study areas in engine emission reduction is the combustion chamber design. It is
the main factor of the frame propagation speed in cylinder and has effect on the combustion
quality. If mixture burns too fast, exhaust gas found higher level of NOx. But when the
mixture burns too slow, this produces higher level of HC [55]. The geometries of the engine
are fixed. The combustion chamber design is based on laboratory works so it is almost

impossible to use electronic control to modify the shape in real-time.

2.5.7 After treatment system

The emissions reduction of modern passenger vehicles relies on the after-treatment system.
Vehicles fit with catalytic converter in the exhaust pipe decompose engine emissions, i.e. re-

burn the exhaust gas to perform the second reaction to reduce CO, NOx and HC {55]. It is the
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post-combustion process for the exhaust gas based the decomposition method of the chemical

reaction, but no engine parameters optimization is involved.

2.5.8 Fuel-to-air ratio control

The exhaust gas composition is highly influenced by the distribution of fuel-to-air ratio.
Heisler and Ferguson discussed the behaviour of the emission with different fuel-to-air ratio
[39](53]. The minimum Hydrocarbon (HC) is found at the ratio slightly richer than
stoichiometric but maximum level found at the ratio went to more extreme to leaner or richer.
However, the level of Nitric Oxide (NOx) found in exhaust gas trend to have opposite
relationship against HC. The highest level of NOx happens when the HC level is about the
lowest, and level of NOx decreases with the ratio went to extreme to leaner or richer, The
lowest Carbon Monoxide (CO) level happens when the mixture is rich, and increases when

the mixture becomes richer.

2.5.9 Combustion temperature control

The combustion temperature is possibly controlled by the engine ignition timing and valve
timing. Ignition timing holds the key of the peak temperature happens at the optimal piston
position, and the valve timing holds the key of the peak pressure during compression stroke.
Combustion at higher temperature produces higher level of NOx, and hence exhaust

compositions vary with those two engine operating parameters.

2.6 Engine sensors

Engines performance is different under different speed and engine loads. Old-type engines
are operated by mechanical components which are controlled by crankshaft. There is no
flexibility of making adjustment to mechanical components. The engine operating parameter
design, such as ignition timing and valve timing, are calibrated on crankshaft experimentally.
The main advantage to computer engine control is that engine parts will have tears and wears
after operates at high speed at long period which affect performance. To overcome those
problems, vehicles fit with various sensors to monitor the engine condition in real-time. The
microcomputer adjusts engine performing parameters through control algorithms and controls
the appropriate actuators. Some actuators can be detached from cam tear and wear free to

operate engines.
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2.6.1 Intake air mass and temperature sensor

The amount of air entering the cylinder has big influence on the performance combustion and
emission. The flow rate affects the fuel-to-air ratio and the pressure in the cylinders. The
engine speed is determined by the manifold pressure [49]. Therefore, the amount of air drawn
into the engine is a measurement of the engine loading condition. An intake air mass sensor is
positioned at the entrance of the air pipe and measure the air flow and temperature. There are

two types of intake air mass sensors, flap-type air-flow meter and hot-wired air-flow meter:-

Hot Wi Measuring
a) Flag Air Flow Sansor b) ot Wi ansor resistor
L
B 25 poOrt .
| YRass pa I Hotwire

screen

Figure 7a) Left picture, diagram of Flap-type air-flow meter, b) right picture, Hot-wired air-flow meter [55][56)

- Flap-type air-flow meter

The systematic diagram of a flap type air flow sensor showed in Figure 7a. The sensor
records the flow rate by measuring the angle of deflection of a flap. Air passes the entrance
and flow into the sensor. As the air speed or density increased, the force acting on the flap
also increases. The air current produce a force pushes the flap and this opposing force
counteract the return spring. The angular position of the flap is determined by the
potentiometer measures in voltage, the calibration of which is such that the relationship

between the air throughput and the voltage output is inversely proportional.

- Hot-wired air-flow meter

The hot wire air mass meters, shown in Figure 7b, rely on the cooling effect of air as it passes
over a heated wire. Due to the difference of atmospheric air temperature and heated wire
temperature the sensor temperature fell as air flow increased. The cooling effect on the wire

changes its resistance. The measurement of this changes and determines the amount of air
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flowing into the engine. It can also record the air temperature and act as an intake air

temperature sensor.

2.6.2 Manifold absolute pressure (MAP) sensor

Intake manifold locates between throttle and cylinder. It is the path of air in the engine. The
cylinder pressure is proportional to the manifold pressure since the manifold pressure can be
considered as initial pressure of mixture before entering into cylinder. Reflecting on the
mixture turbine inside manifold, in the situation when throttle is wide open, the intake
manifold is usually at ambient atmospheric pressure. In other situations, when throttle is
partially closed, cylinder does not have enough air, therefore manifold become vacuum and
cylinder pressure drops. The dimensions and geometries of intake manifold are factor of
engine performance. Length and curve has to be as match as possible for different cylinders

to match combustion.

Measurement of the amount of air entering the engine can be determined by utilising a
manifold absolute pressure sensor. The engine load determines the air pressure within the
manifold. The manifold absolute pressure sensor can either be located within the ECU or
mounted remotely on the engine (usually on the inlet manifold). In the cases of MAP sensors
are located within the ECU; they are connected to the inlet manifold via a small bore hose.
The manifold absolute pressure sensor converts the relative air pressure within the inlet
manifold into an electrical signal. The ECU interprets the signal and deduces the quantity of

air entering the engine.

2.6.3 Crankshaft position sensor

Crankshaft is the disc which transfers the piston energy into engine torque. It connects to the
piston through a connector, and connects to the wheel through gears and axle. Therefore it
holds information of the piston position and engine speed. Crankshaft collects the position in
degree and sent to the ECU with an input signal. ECU uses the information in combinations
with ignition system and fuel injection to determine the timing of ignition and the amount of
fuel needed. It is typically use Hall Effect sensor to measure the position of the valves and

signal is sent to ECU for reference.

It should be noted that the ECU cannot determine the exact position of the engine within its
four stroke cycle from the crankshaft position sensor alone. The camshaft position sensor

must also be referenced to provide sufficient data for ignition control and sequential injection.
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2.6.4 Camshaft position sensor

Camshaft of a vehicle is used in conjunction with crankshaft. The main function of camshaft
is to covert the rotational force of crankshaft into a linear motion to active the intake valve,
exhaust valve and mechanical ignition system. The open timing of the valve is proportional to
the piston position. The duration of the open valve is determined by the size of the cam lobe,
which has a fixed geometry and only able to optimise the timing with a large mechanical
system (refers to 2.7.5). Camshaft sensors are similar to crankshaft sensors where typically

use Hall Effect sensor to determine their position.

2.6.5 Oxygen (Lambda) sensor

Oxygen sensors, usually refer to Lambda sensors, are the sensors which records the value of
oxygen level in exhaust gas. In the prefect case, oxygen is expected to burn completely with
fuel. However during the fast engine process, there will be certain level of oxygen left
unburned and exhausted. Oxygen is an oxide which is the resource of burning. During the
engine combustion, a minimum amount of oxygen is needed to maintain a long enough
duration of combustion for the desired power, especially while accelerating. However if the
mixture is leaner than needed, there will be an amount of oxygen left unburned and exhaust
as waste. It can be adjusted by the fuel-to-air ratio and hence oxygen sensor determines the
fuel-to-air ratio whether it is lean or rich in real time. The production of 6xygen sensor
normally uses zirconium oxide (ZrO,) for its active material. It consists of a thimble-shaped

portion of ZrO; covers with two thin and porous platinum electrodes [55].

The operation of the oxygen sensors are similar to galvanic battery cell, in the case of the
sensor the ZrO; acts as the electrolyte. At high temperature, this electrolyte becomes
conductive so if the two plates are in contact with different amounts of oxygen, then a small
voltage will be generated across the two plates. This action is produced because of oxygen
atoms carry two free electrons so this means that the atom carries a negative charge. The
ZrO; attracts oxygen ions with the result that negative charges build up on the surface of the
ZrO; adjacent to the platinum electrode. The sensors do not actually measure oxygen
concentration, but measure the amount of oxygen needs to completely oxidise any remaining
combustibles in the exhaust gas. Therefore they measure the change of voltage. Rich mixture
causes an oxygen demand. This demand causes a voltage to build up, due to transportation of

oxygen ions through the sensor layer. Lean mixture causes low voltage, since there is an
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oxygen excess. Because the sensors function in high temperature, it cannot function at engine

start, or cold start, and requires some period of time to warm up.

2.6.6 Emission (NOx) sensors

NO and NO2 is a toxic emission and usually grouped as Nitric Oxide (NOx) (refers to
2.5.5.3). Many countries and European Union are determined to limit emission of NOx. NOx
sensors are currently available in research engines because they cannot take measurements in
real-time [106]. Engineers and authorities are pushing hard to introduce NOx sensors which
can take real-time measurement. But for commercial engines, NOx sensors are under
development at the time of this thesis. Therefore current tasks on lower NOx emission are

depended on laboratory works.

The principle of NOx sensors is based on the concept of oxygen sensors which NOx sensors
find the decompose rate of NOx to oxygen to determine the level of NOx. The material uses
in making NOx sensors includes gold or titanium electrode, which are able to find the decay
of the dioxide and taking residual of oxygen level to estimate the NOx. There is other
approach by Akbar et al. [3] and Figueroa et al. [40] use the ceramic material and the exhaust

temperature to determine the level of NOx in exhaust gas.

2.6.7 Cylinder pressure and temperature sensor

Cylinder pressure and temperature hold valuable information of combustion process. The
peak pressure and temperature during compression stroke are crucial to the combustion
performance. By considering the engine life, commercial engines do not fit with in-cylinder
sensors. Engines are calibrated during production based on laboratory work, therefore in-
cylinder pressure and temperature sensor available in research and development engines.

Such research engine requires drilling holes to fit the sensors.

2.6.8 Knock sensor

The cause of engine knock has discussed in 2.5.2. The principle of knock sensors is detecting
vibrations from combustion knock in the frequency range 1-10 kHz. The piezo-electric knock
sensor, a microphone, bolts to the engine block responds to unique frequencies causes by
engine knock. The Engine Control Unit uses a filter to filter away background noise and

detects actual engine knock.
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2.7 Engine actuators

Engine actuators can be divided into the control of air path/fuel path and ignition. In SI
engine, the main factors of combustion performances are fuel-to-air ratio and the ignition
timing. To control fuel-to-air ratio, control algorithm can be simplified by control either path.
SI engines have throttle for the air path which determines the amount of air. The further
control can be done by adjusting valve timing in which ERG produces a boost effect of
mixture pressure, has been discussed in 2.5.4. SI engines also have the fuel injector in which
the mass of fuel injects to the cylinder can be controlled by ECU. The consideration in

ignition timing can be controlled by spark plugs.

2.7.1 Air/fuel mixture control

Fuel-to-air ratio is the ratio of mass of fuel and mass of air in the fuel mixture. In the ideal
situation, the stoichiometric fuel-to-air ratio is found when the fuel mixes with all free
oxygen; the combustion burns all the gas and converts the combustion energy into highest
kinetic energy and least pollution chemically. The stoichiometric ratio can be defined as the
ideal ratio which all air are burned with all fuel available, results in only Carbon Dioxide and

Water Vapour. Hillier [56] defined the ratio as shown in Equation 1.

25
702 + Cngg had 8C02 + 9H20

Equation |
The ratio of mass of fuel against the mass of air to achieve stoichiometric is approximately
14.7:1 (by mass) or fuel-to-air ratio, ¢, of 1. The highest explosive velocity and highest
power is obtained from a ratio which is slightly higher than ¢ of 1. When the rich mixture is
used, the explosive velocity decreases considerably. When ¢ is larger than 1, the mixture is
considered as rich mixture, and when ¢ is smaller than 1, the mixture is considered as a lean

mixture. Table 3 outlined the effect when the mixture is leaner or richer.

Fault Effect Symptom

Rich mixture | Incomplete combustion | Black smoke from exhaust

High exhaust pollution
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Slow burning Low power output

High fuel consumption

Sparking plugs soon Misfiring

soot-up Poor starting
Lean mixture | Slow burning Low power output
High fuel consumption
Overheating
Detonation Pinking (excessive knocking)

Low power and if condition persists will
give blue smoke from exhaust showing

piston failure

Table 3 Effects of incorrect mixture strengths [8]

The fuel-to-air ratio can be adjusted by electronic control. ECU gets the information of mass
of air from air flow sensor. The response signal gives adjustment to fuel injector, allow a fine

and precise adjustment to the amount of fuel needs for combustion.

2.7.2 Engine throttle

Throttle is the valve which controls the amount of air enter engine, locates at the entrance of
intake manifold. The main function of a throttle regulates the fuel-to-air ratio and hence
optimises the manifold pressure by controlling the air flow rate where it has effect on the
power output of the engine and composition of exhaust gas. The air flow sensor locates after
the throttle valve to measure the amount of air enters i.e. the amount of air enter into cylinder
represents the engine load, and also a throttle position sensor sends signals to E.C.U to
determine the amount of fuel needed. In the study of Verhelst et.al, and experiment is carries
out while the engine speed is fixed of 1500rpm, the throttle affects the break torque and NOx
emission [102]. The results showed that the NOx emission is exponential increase against
throttle position. The best break torque is at throttle 80% open. However, compression

ignition (CI) engines do not fit with a throttle since there is no need to control air volume.
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In one practice, a throttle position system is run using National Instrument CompactRio as
shown in Figure 8. The throttle has 6 pins, two sets connects to 12V power: two sets receive
PWM from ECU control the opening position of the throttle and one pin output the position
in voltage. There is a return spring pull the throttle to close position. The opening of throttle
determine by the PWM signal from ECU The PWM gives the DC motor enough power
against the spring and throttle open therefore the pulse width determine the position. The

detail discussion can be referred to Appendix B.

Figure 8 Throttle connected to computer to program

2.7.3 Fuel injection system

Fuel injection systems control amount of fuel needs to perform combustion. An example of
an electronic fuel injection system is shown in Figure 9. The mixing process of fuel and air
happens in this stage to blend mixture before entering the engine cylinder. Fuel injection
system injects fuel in a fine spray form to generate a better mix process with air. In old-type
engines, air and fuel is blended in a carburettors, but carburettors perform poorly in terms of
emission. Current engines replaced carburettors with electronic fuel injection system, which
gives the flexibility of adjusting settings in different engine loads and speed. In this section,

both systems are discussed.
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Figure 9 Fuel control system in red

- Closed-loop electronic injection system

Electronic fuel injection systems consist of various sensors which are able to give feedbacks
of real-time conditions and optimizing actuator settings when necessary. The procedure of

electronic fuel injection system can be summarised as follows:-

1) The fuel pump sends fuel to the injectors from the fuel tank.

2) The fuel injector injects fuel to form the air/fuel mixture before it enters the cylinders.

3) Multipoint injection — one injector per cylinder just before the cylinders

4) Throttle body injection — one injector only that discharges fuel into air stream

5) Pressure regulator controls the fuel pressure and sends the surplus fuel un-use by fuel
injector bank to tank.

6) ECU controls the fuel injectors by controlling the pressure and the opening time of the
head, according to the amount of air flow throw air flow sensor.

7) While the engine is working, ECU takes information of crankshaft position and speed,
engine temperature and oxygen of exhaust gas and calculates the amount of fuel needs

for next cycle.
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- Electronic fuel injector

Electrical
connection

Magnet

Spray tip (TO ECU]

Fuelout

Return spring Solenoid

Figure 10 System diagram of a fuel injector operation [55]

Air and fuel mixture is formed by spraying finely-atomized fuel into the throat of the inlet
port. Injector valves are solenoid operated. Fuels are delivered by opening the valve using a
solenoid winding of resistance about 16€2, overcomes a return spring which is fitted to hold a
nozzle against its seat when it is closed. Needle valve is lifted by approximately 0.1mm. The
front end of the needle valve is provided with a specially ground pintle for atomising the fuel.
The pull in and release times of the valve lie in the range of 1 to 1.5 ms. A particular spray
angle in connection with a specific distance of the injector relative to the engine inlet valve
must be maintained to ensure good fuel distribution with low condensation loss. A system

diagram of a fuel injector is shown in Figure 10 [15].

2.7.4 lgnition system

In SI engines, combustion starts when the engine control fire a spark to the compressed air
and fuel mixture [48]. The spark plugs are needed to assist the engine combustion because the
temperature of the compressed mixture is not high enough to perform compression ignition.
Spark plug sends a high voltage spark to ignite air/fuel mixture in the most appropriate
moment. The engine combustion performs in function of time; means the combustion spend a
period for the reacted air and fuel particles propagate throughout the space inside the cylinder.
therefore, the mixture should be ignited before the TDC (represents by minus degrees in the
controller prior to TDC) in considerations of frame propagation. To provide the highest

efficiency, the timing of the highest combustion energy occurs when the piston is typically at
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around 12° beyond the TDC, which such timing can be transferring the highest energy to the

crankshaft mechanically.

2.7.4.1 Electronic ignition system

Since the mechanical ignition system cannot improve on engine performance and reduce
emission, electronic ignition system is introduced to replace mechanical ignition system in
providing more precise timings of spark during different engine speed and engine loads. The

system replaced the distributor by a pulse generator.

The system of the electronic ignition system shows in Figure | 1. To eliminate the cam event,
electronic systems usc engine control unit (ECU) to take information of the position of the
crankshaft. The engine load is also measure by investigating the intake air flow rate and air
temperature. ECU also takes information of the engine speed, piston temperature and
camshaft position to calculate the best time for sending the spark for combustion. The ECU

also checks from the knock sensor if a knock would happen and starts ignition through spark

plug.
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Figure 11 Block diagram of electronic ignition system in red
2.7.5 Valvetiming

An example of cam valve presents in Figure 12. The shape of the cam lobe is similar to a
‘waterdrop’. When the cam turns to the longer end of the lobe, the valve is being pushed to
the opening position. Mechanical valve events are controlled by a cam. The valve profiles can
be represented by the amount of valve lifts and the duration of the opening period, where they
are determined by the geometries of the cam lobe. To optimise the valve event, study on

variable cam timing can be found in the earlier stage [63]. Later study focus on variable valve
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timing. It can be given additional profiles in different speed and load by fitting mechanical
system. There are two types of cam VVT available in current vehicle engines, cam phasing

and cam changing. Those two methods can be combined to provide more profiles to match

the best performance for different revolution and power range.

Figure 12 a) The left picture shows the shape of cam lobes and b) the right picture the left valve is closed and

right valve is being pushed down
- Cam phasing VVT

Cam phasing VVT varies the valve timing by shifting the phase angle of the camshaft
actuates by mechanical parts controlling by ECU. The phase angle can be changing in
advance to let intake valve opening earlier and can also control the duration of valve opening.

The phase angle can be controlled continuously or in fixed angles.
- Cam changing

Cam changing VVT uses two different cam lobes profile. The system changes profile
depends on engine load and speed. One of the lobes is longer, which allows longer opening
time at high speed. There is a pin, which controlling by ECU, locks the rocker arms with the
longer lobes, allows more aggressive cam profile and longer valve opening at high speed.
When the engine speed decrease the pin detach and the short lobe controls the opening of

valve.

2.7.6 Camless VVT system

Compare to cam controlled VVT, camless VVT uses valve control which is isolated from the
camshaft. Both ideas prove VVT theory improves fuel consumption, engine performance and

emissions [103][114]. However, valve lifting is still depends on mechanical part which
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limited the cam VVT systems to certain valve settings or profiles. Cam-phasing VVT shifts
opening and closing timing but it has no ability to change the amount of valve lift. Cam-
changing VVT controls the lifting duration and the amount of lift of the valve, but only
limited to certain profiles at certain speeds or/and loads. Recent engine technologies use the
combinations of cam phasing and cam changing to provide the significant flexibility to
optimize the engine parameters. However the cost is expensive, heavy and rather complex to
design. To overcome those limitations the valves need to be isolated from the camshaft. The
position and the timing and duration of opening of the valve are determined by ECU. The
ECU sends signal to the actuator and active the valve. Traditional electric and hydraulic servo
systems require low bandwidth, therefore new ideas for actuators is needed. There are few

approaches to achieve of camless valves and actuators are under research.

- Electromagnetic valves

One approach is using a spring system to stable the valve in the middle position
[32][851[116][117]. Two springs are supported the position of the valve while two solenoid
magnets are employed to control the force of movement of the valve to open or close position.
There are discovered challenges against electromagnetic valves. The problems occur in the
nonlinear force to current relationship of solenoids at small air gap, and valve lash. This is
because the high compression pressure inside the cylinder against the valve and valves must
open with sufficient force. The other problem is the noise and wear associated with high
contact velocity while opening and closing if the valve [57]. To overcome those problems

will be costly.
- Electro-Hydraulic valves

Electro-Hydraulic valve is another solution for camless valve. The system consists of
hydraulic pump and servo valves which the flow of the fluid is controlled by ECU
[11[7][44]1[50][99]. The viscosity of the fluid is strong enough to hold the valve in the
position needed. The main disadvantage for hydraulic valve is the valve lift function is

affected by viscosity changes in some temperature range.
- Piezoelectric valve

Piezoelectric valves use the ‘piezoelectric effect’ to control the position of the valve. The
piezoelectric effect, as it named ‘piezo’, means piezoelectric materials (such as quartz and

ceramics) expands or contracts according to the voltages supplies to the material. One study
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from Jalili used ceramic as the piezoelectric material to control the position of the valve. The
valve end is connected to the ceramic. The position of the valve changes due to the
expansions and contractions of the ceramic which the amount of voltage supply is controlled
by ECU. The reaction of piezo-ceramic is amplified by summing into a larger displacement,

using a ratchet-type mechanism [61].

2.8 Engine simulation software

Various commercial packages have been developed to solve engineering problems relates to
design and optimisation of internal combustion engines (ICE). There are four primary engine
simulation commercial packages uses in the automotive industry today: Ricardo Wave (RW),
Lotus Engine Simulation (LESoft), AVL fire, and GT-Power. These packages are similar in
purpose and functionality. They require detailed input parameters to simulate the engine

operation in an integrated manner rather than using different sub-systems.

2.8.1 Lotus Engine Simulation

LESoft is an in-house code developed by Lotus Engineering. The package processes engine
simulation in two modules, the data module and the solver module [71]. The data module
allows user to input the engine dimension data. The solver module is a built in combustion
and heat transfer zero-dimensional equations and fuel/gas composition solver according to
user input data in data module. The code is able to predict gas flow, combustion and overall

performance of ICEs.

2.8.2 Ricardo Wave

RW is an engine simulation package designed to analyse the dynamics of pressure waves,
mass flows, energy losses in ducts, plenums and manifolds of various systems and machines
[91]. RW provides simulation of time-dependent fluid dynamics and thermodynamics using

two-zone model.

However, software costs generally prohibit use in small organizations, primarily making
them industry-specific software packages. Moreover, commercial software packages are
based on Computation Fluid Dynamics (CFD) since they are designed to improve mechanical
aspects of the engine. While mechanical models are used to calculate the moving parts of the
engine in order to obtain the engine torque and acceleration, control models are used to allow

calculations in feedback control schemes to optimise engine performance, such as variable
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valve timing, ignition timing, fuel-to-air ratio, and other variable engine geometries systems.

Open source packages have been developed by small research groups to solve specific issues.

283 MATLAB
The in-house package, MATLAB Engine Simulation Code (MESC), has been developed for

the solution of optimisation problems relating to the development and operation of ICEs. The -
code solves a full engine cycle with compression, combustion, expansion, exhaust and intake
strokes in a single cylinder model. The user is able to specify the cylinder geometry and input
data such as air and fuel composition, valve and ignition timing, engine speed, parameters for
heat transfer and heat release sub-models. The solver is based on a two-zone model and uses
the first law of thermodynamics and real-gas law to calculate pressure, temperature, heat flux
and other functions. On top compared to commercial software packages, the code gives more

flexibility on engine control using various fuel compositions.
2.9 Conclusions

This thesis focuses on control algorithms in SI engines. The background chapter gave an
overview of the internal combustion engine and the related engine combustion performance.
The chapter investigates the relationships between the engine operating parameters and
engine emissions and shortlisted the possible parameters which can be obtained from various
sensors and can be controlled by the existing actuators in practice. It can be concluded that
the parameters needed to realistically control the engine emissions and performance have

been identified, and include the following:

1) The engine operating parameters which are important to engine combustion are fuel-
to-air ratio, ignition timing, exhaust valve closed timing and intake valve opening
timing.

2) The emission compositiohs targets to be kept to the minimum and also used to
monitor the fuel compositions are Carbon Dioxide (CO,), Oxygen (O;), Carbon
Monoxide (CO) and Nitric Oxide (NOx).

3) The exhaust gas temperature can be used to understand the combustion performance.

These parameters are used for building the engine simulation model and the engine controller.
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2.10  Summary of Chapter 2

This chapter gave discussions of the background knowledge of engine parameters and an
overview of control systems. The brief engine history is introduced in 2.2, which concluded
in 2.3 and 2.4 that electronic controlled engine is needed to improve engine performance.
Exhaust gas product is formed of natural and toxic substances after the high temperature
combustion process. Behaviour of different exhaust compositions against different engine
operating parameters is discussed in 2.5. The cause of toxic emission draw the idea on the
control parameters needed to reduce toxic emission to a minimum. 2.6 and 2.7 summarised
the availability of various engine sensors and actuators, and also the possibilities of future
engine control components, such as camless engine system. The contribution of this
background gave a valuable discussion in 2.8 in order to find the possibilities of engine

control and parameters needed to build the engine simulation platform and the control model.
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Chapter 3 Development of mathematical model and its implementation

The development of a computer based engine simulation of a four strokes SI engine has been
discussed in this chapter. The in-house engine simulation software package is developed
based of the 1st law of thermodynamic. The sub-models that are used in the simulation,
involves in heat transfer, heat release, gas exchanges and any other engine dynamic factors,
such as blow-by and frictions has been explained. The estimation of cylinder temperature is
divided into two zones, burned zone and unburned zone; and the estimation of pressure is
treated as a single zone. All of the mathematical representations used in sub-models are
compared with the commercial software, namely Ricardo Wave and Lotus Engine Simulation.
The advantage of using MESC in this application is it allows the engine run in transient
condition where the controller updates engine operating parameters in continuous time. Also
MESC is able to estimate the level of CO; and O;, whereas RW and LESoft cannot obtain
such components (refer to 1.5.20). The result of the development of this engine simulation

provides the platform which researches on the engine controller.

3.1 Introduction

This chapter describes the virtual engine model development of a 4-stroke spark-ignited (SI)
engine which is the most commonly used in vehicles. To match the thermodynamic process
of real engines, a category of sub-models is needed to provide the detailed description of all
relevant processes such as burned gas composition, mass burning rate, heat transfer, blow-by
and others [39][83]. Engine sub-models are divided into various categories, including the
cylinder geometry and piston motion, combustion models, heat transfer models, and some
others factor such as friction and blow-by. The descriptions of sub-models are based on data

presents in user’s guides [71][91] and literature [39][54].

3.2 Simulation of 4-stroke engine cycle

The engine simulation divides the engine cycles into processes which follow the changes in
thermodynamic and chemical state of the working fluid. The virtual engine used in this thesis
is a 4-stroke engine. The division of simulations includes different engine process of intake
process, compression process, combustion process, expansion process, and exhaust process.
Calculations in each process are generated as functions of time. The starting point of these
cycle simulations is using the first law of thermodynamics in an open system. The structure
of this type of engine simulation is indicated in Figure 13. During each cylinder process, sub-

models are used to describe geometric features of the cylinder and valves/ports, the

47



thermodynamic properties of unburned and burned gases, the mass and energy transfers
across the system boundary, and the combustion process needed only in the combustion

stroke.

Thermodynamic analysis Phenomenological

of cylinder processes process models
Intake —> Cylinder and
valve geometry
$ Thermodynamic
Compression properties
J Flow rate
Combustion Heat transfer
l Transport
properties
Expansion Combustion
* rate
Emissions
Exhaust mecharnism

Figure 13 Structure of thermodynamic based simulation of ICE operating cycle.

3.2.1 Compression stroke

During the compression stroke, the working fluid has no reaction (referred as ‘frozen’ in

Ricardo Wave as the contents of the charge assumed to be ‘frozen’ as all reaction cease [91]).

The thermodynamic properties, in terms of the rate of change in pressure (ﬁ—:) (full

description is in Equation 18) and temperature?-g (Equation 19 and Equation 20), are

determined using sub-models to calculate the thermodynamic behaviours. Sub-models
including geometries of cylinder, heat-transfer, and gas exchanges are required in
compression stroke. The mixture compositions are calculated based on thermo equilibrium
state .The heat transfer is calculated using one of the Nusselt-Reynolds number correlations
for turbulent convective heat transfer [54]. The transport properties, viscosity, and thermal

conductivity use in these correlations are obtained from semi-empirical relations.

3.2.2 Combustion stroke

During the combustion stroke, the combustion process starts. The equations of generating
thermodynamic properties including geometries of cylinder; heat-transfer and gas exchanges
are the same as equations found in the compression stroke. In addition, heat release sub-

model representing the behaviour of the combustion is included to virtualise the engine. This
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sub-model can estimate the combustion process in one or two zones, burned zone and

unburned zone, although two zones calculations are considered in this thesis.

Many approaches can be used to predict the burning or chemical energy release rate. They are
successfully meet the specifications of different simulation objectives [39][54]{71][91]. The
simplest approach uses a one-zone model where a single thermodynamic system represents
the entire combustion chamber contents. The energy release rate is defined by empirically
based functions specified as part of the simulation input. Quasi-geometric models of turbulent
premixed flames are used with a two-zone analysis of the combustion chamber contents (an

unburned and a burned gas region) in more sophisticated simulations of ICEs [54].

3.2.3 Expansion stroke

The simulation of the expansion stroke is similar to the compression stroke. The expansion
process is either treated as a continuation of the combustion process or, once combustion is
over. The information of burned gas is used as the initial condition of the expansion stroke.
Sub-models include geometries of cylinder, heat-transfer, gas exchanges are needed in

expansion stroke.

3.2.4 Exhaust and intake stroke

The exhaust process uses conservation equations for a one-zone open-system model of the
cylinder contents, means no 3D meshes are involved. Mass flows across open valves are
usually calculated using one-dimensional compressible flow equations for flow through a
restriction or filling and emptying models [39][54]. The more accurate unsteady gas dynamic
intake and exhaust flow models are sometimes used to calculate the mass flow into the engine
cylinder in complete engine cycle simulations when the variation in engine flow rate with

speed is an important (the disadvantage is much increased computing time).

3.3 Cylinder geometry

Geometric sub-model is used to define the topology of the combustion chamber as well as to
specify geometric surfaces and volume zones use for heat transfer and combustion sub-
models. The cylinder volume depends on the engine geometry (bore, stroke, connecting rod
length and compression ratio), and is a function of crank angle and the rate of change of

cylinder volume.

The model uses to specify the cylinder geometry is piston, head and cylindrical liner [54].

Both of the piston and head surface area are assumed to be equivalent to the area derives
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from the bore diameter with multipliers of this area allows in the Woschni heat transfer
model. The sketch of the engine geometry including the cylinder and the crank is shown in
Figure 14. Typical values of these parameters are /s = 0.8 to 1.2 for small and medium size
SI engines. decreasing to about 0.5 for large slow-speed Cl engines, //a = 3 to 4 for small and

medium size engines, and 5 to 9 for large slow-speed engines.

Ha

Figure 14 Geometric solutions for slider volume
where,
[ is the length of connection rod
a is the crank radius
b is the bore diameter
s is the length of stroke
x is the distance between the surface of the piston head and the TDC

3.4 Piston motion

Piston motion sub-model is used to determine the instantaneous position of the piston in the
cylinder and the volume of the combustion chamber as a function of crank angle. The piston

position is fed to other sub-models.
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The crank—slider model, shown in Figure 14, used to characterize the arrangement of
mechanical parts is designed to convert translational motion into rotational motion. The
piston motion is defined by including geometric inputs for the cylindrical combustion
chamber, crankshaft and connecting rod. The position of piston is derived from basic
trigonometry equations [39]. The cylinder volume can be calculated by Equation 2.

vV_ 1 1 _ _ —
V.= +2[1+R cos @ — /(R? sm20)]

rer—1

Equation 2

where,
v is the cylinder volume
vd is the displacement volume
r.r is the compression ratio
Ris2l/s

Upon differentiation, the volume change in function of crank position in degree defines in

Equation 3.

d . . _1
;:- =2sing [1 + cos O(R? — sin2 6) z]

Equation 3

The movement of the piston in the cylinder can be considered as a volumetric pump, the

formulation of such model can be defined by calculating the mass flow rate:-

h(t) = pin(®)-V(®) = pin(). 4P, ). 5 55
Equation 4
where,
pin is the density of gas at engine intake

Al is the volumetric efficient

Va is the displaced volume
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N is the number of revolutions (N = 2 for four stroke engine)
Q¢ is the engine speed

The term volumetric efficiency, i, determines the amount the combustion power generates to
push the piston and the power of engine can move. However it is hard to predict since many
factors affect it. To approximate the volumetric efficiency, assume the ideal engine cycle is

applied:-

1
A — Ve+Vy — (pout)’_\; &
L Va Pm Va
Equation 5

where,
pou is the pressure of exhaust side
pm is the manifold pressure
Ve is the compression volume
K is the constant for most of working fluid K= 1.4

3.5 Air and fuel properties

The air properties use in this thesis have been discussed in Chapter 2.5.5. The simulation
which uses the same composition found in atmosphere air consists of 21% oxygen and 79%
of nitrogen (for each mole of O, there are 3.76 moles of N,). Selected 'physical properties of
oxygen and nitrogen are given in the textbooks and tables [54]. Extension of the analysis to
different air mixtures encountered in practice is straightforward. The most frequent
differences are the presence of water vapour, carbon dioxide and argon in the atmospheric air.
The amount of water vapour in the atmospheric air normally depends on temperature and

degree of saturation. The gas species considered in software packages include:-
COZ; CO’ NZ, H2Os 02, H2’ C8H|83 Cl2H26, CH49 Hs N9 NOs Oy OH

In RW and MESC calculations, the fuel is a user-defined composition of C, H, O and N
atoms (the most common hydrocarbon fuels have no O or N unless mixed with ethers or
alcohols). In LESoft calculations, the fuel types are limited to those compose of C, H and O

atoms [71].
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Combustion products are a mixture of some gases. The gas properties are based on the
appropriate governing relations, e.g. perfect gas equations for air-only thermo-chemistry or
ideal/real gas equations for the thermo-chemistry of hydrocarbon/air mixture for general
C/H/O/N fuel types. The thermodynamic properties of the individual gases are calculated as
functions of temperature with these properties being averaged as molar functions to give the
overall properties of the mixture [39]. The real-gas enthalpy and internal energy are
calculated from their ideal-gas counterparts shown in Equation 6, along with the specific

heats at constant pressure and volume.

H=U+pV
Equation 6

where,
H is the enthalpy (Joules)
U is the Internal Energy (Joules)
p is pressure (Pa)
V is volume (m®)

The gas property sub-model is based on polynomial curve fits to thermodynamic data
for each species [54] shown in Equation 7. In a real gas model, the compressibility factor is
calculated using empirical correlation [91]. For a gas mixture, the critical temperature and

pressure, and acentric factor are calculated according to the mixing rule.

h a; a ., 4., Q. _, g
ﬁ—a1+?1'+?1' +‘Z"T +?T +—T“

Equation 7

where,
h is the specific enthalpy
R is the gas constant
T is the temperature

a to ag are constants of integration determined by matching the specific enthalpy at

some reference temperature
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Dissociation effect on effective heat release is developed through the use of maldistribution
factor [71]. The maldistribution factor is incorporated to allow for a reduction in effective
caloric value of the fuel due to poor charge mixing and dissociation. A factor of 0 implies
almost perfect mixing and a high effective caloric value for the fuel. A typical gasoline
engine would have a maldistribution factor of between 1.0 and 3.0. Values less than 1.0

imply better combustion and may be appropriate for gas fuelled engines.

The coefficients of chemical reactions are determined from the equilibrium calculations [39].
Fuel evaporation and condensation are not taken into account in the calculations (these sub-

models are available in RW).

3.6 Heat release model

The amount of heat releases during combustion transfer to energy pushes down the piston in
an appropriate time. The burning rate is defined as the rate at which the fuel mass in the
cylinder is consumed in the combustion process to become products of combustion.
Regardless of the final state of the air/fuel mixture (emissions products, free radicals), the

initial fresh air and fuel no longer exist in their natural states when combustion has completed.

The heat release rate is calculated using empirical heat release function derived from the
Wiebe equation. The Wiebe model is widely used to describe the rate of fuel mass burned in
thermodynamic calculations, and this model is available in all packages. The Wiebe function

is described in Equation 8 [39].

Equation 8

where,
xp is the mass fraction burned from 0% to 100%
a is a burn rate cover 10-90% of mixture burned
@ is the crank position in degree
0s is the angle of start of burn

6, is burn duration is degree
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n is the exponential factor

The combustion duration is defined as the number of crank degrees between 10% and 90% of
mass fraction burnt. The combustion phasing is defined as the number of crank degrees after
TDC firing at which 50% of the fuel has been burnt.

Wiebe model allows the independent input of function shape parameters, combustion
duration and combustion phasing which are functions of the type of fuel being used [54]. It is
known to represent quite well the experimentally observed trends of premixed combustion.
By adjusting the individual Wiebe function component shapes and their relative proportions
through the fuel mass fractions, a complicated overall burn rate curve is defined. Varying the
50% burn point simply shifts the entire curve forward or backward. Varying the 10-90%
duration extends the total combustion duration, making the profile extend longer or compress

shorter. Varying the Wiebe exponent shifts the curve to burn mass earlier or later.

The two-part Wiebe function takes into account the mass fraction burned in the premixed
combustion period and the mass fraction burned during the diffusion combustion period
[71][91].

As an alternative to Wiebe combustion models, the user may choose to enter a complete
profile of combustion [91]. This way allows the user to enter a cylinder pressure profile
obtained from testing, internally derived from a heat release profile using the applied heat
transfer model and thermodynamic properties, and output a fuel mass burn profile for

combustion calculations.

A more advanced sub-model, turbulent flame combustion model, calculates the rate of fuel
burned using the turbulent flame speed and of instantaneous flame area [39]. It responds to
changes in cylinder flows and in combustion chamber geometry. The model also provides

spatial resolution as to the instantaneous flame location needed for heat transfer calculations.

A combustion model follows a constant combustion fuel-to-air ratio under the assumption
that the air/fuel mixture is fully premixed. In certain engine designs (e.g. Spark Injection
Direct Ignition engines), the fuel and air are not fully mixed at the start of combustion. The
spark-ignition stratified sub-model is used in [91] to impose a combustion equivalence ratio
that is different from the overall equivalence ratio of the cylinder, for the purpose of
simulating a stratified charge mixture. This model allows combustion stoichiometry to vary

during combustion, and is used to improve accuracy of results for systems that add or remove
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air or fuel during combustion, since the system will respond more accurately to changes in
cylinder contents. The spark-ignition stratified sub-model creates an adaptive mixture which
begins at a user-entered equivalence ratio and adjusts as burn progresses to consume the

available air.

3.7 Conduction

Conduction sub-model is used to calculate cylinder surface temperature. Accurate surface
temperature improves boundary conditions for the in-cylinder heat transfer sub-model, and is
used to assist in engine component design. One conduction sub-model is available in MESC
(it is referred to as ‘simple’), two conduction sub-models are available in LESoft [71] (they
are referred to as ‘simple’ and ‘conduction’), and three sub-models are implemented in RW

[91] (they are referred to as ‘simple’, ‘conduction’ and ‘swing’).

The ‘simple’ engine conduction sub-model uses a pre-defined thermal network which
represents the cylinder liner, cylinder head, piston, and intake and exhaust valves. This model
enables the prediction of the surface temperature of the combustion chamber and heat

rejection of the engine to the coolant. This model is offered by all packages.

Other conduction sub-models, offered by LESoft and RW, use a more detailed pre-defined

thermal network than ‘simple’ model.

In the ‘conduction’ sub-model used in LESoft and RW, the cylinder wall temperature is
specified or calculated via a simple one-dimensional heat transfer calculations for cylinder
head, piston and linear walls. The cylinder walls are assumed to have a wall thickness that is
directly proportional to the bore. The heat transfer coefficients of coolant and cylinder head
are constant values, and conductivity of material is specified by choosing material used. The
cylinder head temperature is calculated as the area average of the wall temperature and the
valve temperature. Valve head temperatures are calculated for both inlet and exhaust valves
as a function of fuel type and fuel-to-air ratio. The piston temperature is assumed that it is
equal to the area averaged cylinder head temperature. In the RW, this sub-model has more
spatial resolution and also allows substituting portions of the pre-defined mesh with existing

finite element models built using other commercial software [91].

The *swing’ sub-model from the RW accounts for cyclic temperature transients on
combustion chamber surfaces and other engine surfaces exposed to gases, which are

produced by the peaked nature of the gas-wall heat fluxes [91]. This is especially relevant for
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in-cylinder surfaces with low conductivity where temperature fluctuation is quite high (100—
200 K).

The calculations presented are based on ‘simple’ conduction model, and cylinder wall

temperature is fixed in all calculations.

3.8 Heat transfer model

Two non-dimensional parameters, the Nusselt number and the Reynolds number, are used to
estimate the heat transfer correlated with fluid conditions. Those two parameters vary in time,
therefore heat transfer to and from the cylinder gases are calculated at every crank angle
increment. These calculations require knowledge of wall area, wall temperatures, and surface
heat transfer coefficient. The cylinder surface areas are calculated using surface area to bore
area ratio which are a function of combustion system. The linear area is calculated at each
increment by the piston displacement from TDC. Gas velocity depends on piston mean speed,

amount of swirl, the amount of combustion and the gas turbulence [39].

Various heat transfer sub-models are offered by each package for the calculation of the
convective heat transfer coefficient in the engine cylinder [71][91]. The heat transfer models
proposed by Annand, Woschni and Eichleberg are available in LESoft and MESC. Heat
transfer models offered by the RW include Woschni, Annand and model referred to as ‘flow’
model [91].

Woschni, Annand and Eichleberg models are derived from a basic Nusselt number
correlation for flow in pipes [39][54]. The equation to calculate Nusselt number is shown in
Equation 9. Each model employs coefficients that have been developed to best reproduce the
heat transfer results obtained by experiment. The Woschni heat transfer sub-model is the
most commonly used heat transfer model since Woschni accounts for the increase in the gas
velocity inside the engine cylinder during combustion. It views the charge as having a
uniform heat flow coefficient and velocity on all surfaces of the cylinder, and calculates the
amount of heat transferred to and from the charge based on these assumptions [107]. The
Annand and Eichleberg heat transfer models are typically used as a mean of comparison for
the results from the Woschni model. Annand and Eichleberg are rarely used in practical
applications [54]. Different from the Woschni model, the Annand model assumes a constant
gas velocity equal to the mean piston speed. The heat transfer coefficient can be calculated

using the Equation 11.
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Since the Woschni heat transfer correlation is the most commonly used, the engine simulation

use Woschni as the primary heat release model:-

Nu = 0.0035R,%®

Equation 9

where,
Nu is the Nusselt’s number
Re is the Reynold’s number

The Annand heat transfer sub-model is typically used as a mean of comparison for the results
from Woschni heat transfer sub-model. It is rarely used in practical applications. Different
from the Woschni model, where the increase in the gas velocity in the cylinder during
combustion is accounted for, the Annand model assumes a constant gas velocity is equal to

the mean piston speed. The Annand correlation is

Nu = aR,%’
Equation 10
The constant, a, is 0.49 for four-stroke engines and 0.26 for two-stroke engines.
The heat transfer coefficient is [107]:-
y 08
h=1281572p" 7% Cu,,, +C,T, —L=Ln
V., b,
Equation 11
where,
b is the bore (m)

V is the cylinder volume (m?)
p is the cylinder pressure (kPa)
T is the cylinder temperature (K)

Upm is the mean piston velocity (m/s)
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Pm is the motored cylinder pressure (kPa).

Subscript r corresponds to the reference pressure p, (kPa), reference temperature 7, (K)
and reference volume ¥, (m?). User specific multiplier constant . is 1. The constant
C, is 2.28 for combustion and is changed to 6.18 for scavenging. The constant C;

defines the combustion term. Its value is 3.24x107 in closed cycle, and 0 before
combustion and scavenging therefore the term [CZ.VL’;—/-. - pm)] can be ignored
during compression, and exhaust and intake stroke [91].

The detailed finite heat release model presented in Equation 12 includes the cylinder wall

heat transfer, dQ,/dt, if the instantaneous average cylinder heat transfer coefficient 4 and

engine speed N are known.

dQy T(6) - Ty
—— = h(0)A,(0) ————
= h(0)A,(0) —
Equation 12
where,
T, is the area-weighted mean of the temperatures of the exposed cylinder wall, the
head and the piston crown.
h is the heat transfer coefficient calculated from Woschni model
A, is the exposed cylinder area, which is the sum of the cylinder bore area, Ayqu, the
cylinder head area, Apeaq, and the piston crown area, A4pision, assuming a flat cylinder
head shown in Equation 13.
m
Ay(0) = Ayay + Apega + Apiston = nby + -2-b2
Equation 13
where,

y is the exposed cylinder wall height
b is the bore size
Apision = b /4
The ratio of the cylinder head surface area to the piston surface area, Anead/4pision, is a
measurable quantity, and it is about 1.2,
The ‘flow’ model, implemented in RW, predicts convective heat transfer from gases to
combustion chamber walls, and its spatial and cyclic temporal variations are driven by the

instantaneous mean and turbulent gas motions [91]. Prediction of heat transfer coefficient is
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linked to the fluid dynamics of combustion gases, which is determined by periodic piston
motion, valve flows, injection process, combustion, motion of piston and chamber geometry.
The multi-zone flow model solves differential equations for swirl and turbulence and an
algebraic equation for squish in a number of combustion chamber flow zones. The heat
transfer coefficient for each surface is obtained from the Colburn analogy of heat and
momentum transfer and is directly linked to the effective velocities. One of the main benefits
of this approach is that it captures the dependence of the heat transfer coefficient on the
magnitude of instantaneous in-cylinder flow velocities. Another benefit is the improved

ability of the model to represent the spatial non-uniformity of the heat transfer coefficients.

Thermal radiation from gases to surrounding combustion chamber surfaces is a significant
component of heat transfer for diesel engines, due to soot formation during diesel combustion
[39]. Instantaneous and mean levels of heat radiation are functions of the volume and
distribution of burning gas, amount of soot present in the burning gas, combustion chamber
geometry, and surface emissivity and temperature. The sub-models employed in the radiation
model calculate the soot loading in the burned zone, volume of the radiating burned zone and

radiation temperature.

3.9 Eriction

The Chen-Flynn friction model is used to calculate the work done by friction in the engine
and accompanying systems [71][91]. Friction model takes into account engine speed, mean
piston speed, maximum cylinder pressure and compression ratio. The Chen—Flynn correlation
has a constant term (for accessory friction), a term which varies with peak cylinder pressure,
a term linearly dependent on mean piston velocity (for hydrodynamic friction) and a term

quadratic with mean piston velocity (for windage losses).

3.10 Blow-by

Blow-by occurs when a portion of gas escapes through the gap between piston and cylinder
wall into the crankcase [39]. The consequence is the pressure inside the cylinder decreased by
a portion. This is also taking into account when sub-model calculates the enthalpy. The blow-
by model calculates how much gas is removed from the cylinder during the cycle and blown

by the cylinder’s rings, optionally into the crankcase.

In MESC calculations, the fraction of blow-by is specified with initial value of 0.8. In RW
calculations, blow-by sub-model assumes the net gas flow past the first ring is zero and

enables the thermodynamic model for the first crevice [91]. The input parameters for the
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model are cold piston liner clearance and distance of the top ring from piston top. During
compression, the air/fuel mixture is packed into the crevice volume (absorption process)
allowing unburned hydrocarbons to escape the combustion process occurring in the main
chamber. The absorbed unburned hydrocarbons return to the cylinder during expansion as a

source of hydrocarbons emissions.

3.11 Emissions

Emissions sub-models are used to calculate the in-cylinder formation and destruction of
common engine emissions species [39][54]. Emissions sub-models for the engine include CO,
HC, and NOx. The CO emissions sub-model predicts CO production during combustion and
exhaust in an engine cylinder element. The HC emissions sub-model predicts HC production
during combustion and exhaust in an engine cylinder element as well as in the flow network.
The NOx emissions sub-model predicts NOx production during combustion and exhaust in an

engine cylinder element.

The emissions sub-models are available in RW packages. The calculation is.only valid in two
temperature zones model, therefore it is not available in LESoft. Thus the require constant is
based on the arrhenius relationship rate constant multiplier. RW has the recommended value
but such constant has no other supporting articles. The initial setting in RW does not switch

on this option. Therefore emission sub-models are not used in the simulations presented.

3.12 Valve motion

Valve motion is specified by means of a few simple parameters such as diameter, maximum
lift, and duration of opening and closing ramps [39][49][54]. The lift valve sub-model defines
a lift profile using polynomial lift curves. The mass can be estimated using Equation 14,
where flow function shown in Equation 15 determines the constant related to direction of

flow.

t - At pin(t) ly( pm(t))
R TR 0

Equation 14

where,
m is the mass of the flow
cq is the discharge coefficient
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A is the cross section area of the valve
pin is the intake pressure

Ppout is the output pressure

R is the gas constant

Jin is the intake temperature

w is the flow function which is defines in Equation 15.

. £ R
2 -1
{ P ) K[KH] Jor Pos < Pa
Yoo = '
\Pou Do 25 l_pouz 3 Jor po 2 Py
L Pin K-l Py

Equation 15

the critical pressure where the flow reaches sonic conditions in the narrowest part [49] in

determines by:-

K
pcr K+ l 'pin

Equation 16
In this thesis, assume K ~ 1.4, Equation 15 can be simplified as:-
1
1 Jor - Pow <= Pa
p.0), _ V2
ly( P (’ ) 2p()ul paul l
out for p()lll = p"l
2
Equation 17

The valve lift duration is specified by the number of crank degrees between valve opening
and valve closing. The valve-flow model assumes a steady, adiabatic and reversible flow of

an ideal fluid through a duct. The valve flow in an engine is not an ideal flow, and the
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discharge coefficient is introduced to account for real gas effects. The mass flow through the
valves depends on the effective open area, pressure ratio, upstream pressure, specific heat,

upstream temperature and ratio of specific heats.

3.13  Scavenging
The gas exchange process in the four-stroke engine is driven primarily by the piston motion,

and a fully mixed scavenging model is most commonly used [39]. With the perfect mixing
model any charge gas entering the cylinder is instantaneously and homogeneously mixed

with the gas currently in the cylinder.

3.14 Overview of engine model

Various sub-models found in engine simulation have been discussed in 3.3 to 3.13. Such sub-
models calculate the mass flow of the correspondent areas, including heat release, heat
transfer, gas exchange and type of injection. The results generate different engine condition if
different sub-models are used. The final engine is developed as standard engine geometries
and set of sub-models are used as default unless further study is conducted. The parameters

used in this thesis are shown in Table 4.

Engine simulation model Definition in simulation
Combustion process Spark ignition
Number of stroke 4
Heat release model - Wiebe
Heat transfer model Woschni
Injection type Port injection
Number of valve | exhaust valve, 1 intake valve
Gas exchange Thermal equilibrium

Table 4 Default model used in the thesis

The engine simulation is treated the engine air system as a receiver. The inputs and the
outputs are the mass and energy flow. By considering the engine at constant time, t, the
volume, V, gas constant, R, and the specific heat at constant pressure, cp, and volume, cv, are

constant. The block diagram of the air system is shown in Figure 15 [49].
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V, R, ¢cp and cv are constant

Figure 15 Input, states and output of the engine as an air system
where,

m is the mass flow, the subscripts indicate the related direction of the flow

H is the heat

p is the cylinder pressure

& is the temperature

U is the energy

V is the volume

R is the ideal gas constant

¢, is the specific heat at constant pressure

¢, is the specific heat at constant volume

The engine condition of four stroke can be solved by the differential equation of pressure, p,
and temperature, J, based on ideal gas law and portion in the different in mass flow rate in
and out of the cylinder. The unburned and burnt mixture zones are considered as separate
open systems. The differential equation of the cylinder pressure with respective of crankangle
(d0) is presented in Equation 18.

1dV VC,, vbdlnvbdﬂ v, dInv, dd dx
dp _mdt "mo _*9,dnd, a0 ~ 1 "V, gmmg, a9 (> ~w7g

a0 ‘“m’b+(1_ )_udlnvu

Equation 18
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where,

v is specific volume of the gas, subscript u of unburn zone and subscript b for burned

zone

x is the mass fraction burned

9 is the cylinder temperature, subscript u of unburn zone and subscript b for burned zone
p is the cylinder pressure, subscript u of unburn zone and subscript b for burned zone

V is the volume

m is the mass of the piston
C, is is the blow-by coefficient, C,, = %, and m, is the leakage due to blow-by

For two zones temperature, the rates of change in temperature in function of crankangle are presented

in Equation 19 for burned zones and Equation 20 for unburned zone.

d?d, h Z vpdinvydp h, — hpdx Cp
N A
de MWCppX bi(%p = Fut) +cp,,dln 9 d9+ XCpp Ldt X
Equation 19

dd, _ h v, dlnv, dp
df = mwcy,(1-x) Z Aui (O = i) + Cudind, db

Equation 20

where,
o is the engine speed
h ,heat transfer coefficient, subscript u of unburn zone and subscript b for burned zone

Calculations in different strokes have different mass flow, since the sub-models may not be
valid in certain stroke. For example, the combustion model is used in combustion stroke but
not in other stokes, and mass flow calculation in valve events only valid in intake stroke. The
detail of the strokes modelling is discussed in 3.2. Here is the list of the mass flow

calculations used in different strokes:-
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- Compression stroke

The mass flow includes the calculation the cylinder volume in Equation 3 and the heat is
generated in the heat transfer in Equation 11. The specific heat changes during the gas
exchange. The calculation of change in temperature is only for unburned zone because engine

process is beyond combustion.
- Combustion stroke

The pressure is calculated in a single zone. The mass flow of the burned zone and unburned
zone is the sum of two zones. However the temperature calculates in two zones, the
calculations of change in temperature have two results where the mass flow of burned zone
and unburned zone is not combined. In combustion stroke the heat is added from the

combustion model in Equation 8.
- Expansion stroke

The calculation of is similar to compression stroke, since it acts as a volumetric pump. The
different is the change in temperature in expansion zone only considers the burned zone. The
temperature at the starting point of expansion zone uses the value calculated as the last point

in the temperature of burned zone in combustion stroke.
- Exhaust and intake stroke

The start temperature used is the finishing point of temperature in burned zone. The mass
flow changes as valve opens. The mass is calculated from the change in volume and flow

events shown in Equation 17.

3.15 Network model

Flow elements are used to construct the flow network, which is the primary part of any model.
The collection of flow elements available are organized into groups, representing element

types. These elements are similar in various packages [71][91].

Ambient element is used as flow sources and sinks in a model and attach to the rest of the
flow network via a single duct. This is most-commonly used element to represent an infinite

reservoir at standard atmospheric conditions.

Cylinder elements is typically used to model the cylinder of an engine, however additional

elements includes to model piston compressors and crankcases. Cylinder element is zero-
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dimensional and simply represents a volume changing with time. Cylinder connects to
multiple flow elements via valves and usually require numerous sub-models in order to

correctly represent the desired system.

Duct element represents a portion of a flow network which is long (in respect to cross
sectional area) creating one-dimensional flow. It is automatically discretized into a series of
computational cells based on a discretization length. A duct must be connected at each end to

one ambient or cylinder element.

A fuel-to-air injector element injects the amount of fuel into a cylinder which enough to meet
a specified fuel-to-air ratio, based on the total air flow through throttle. The actual fuel-to-air
ratio is more or less than the demand ratio based on some of the air or fuel exiting through the

valves.

3.16 Full engine simulation

The output of the engine is the power generates by the combustion and the resultant thermal
expansion develops a force which pushes the piston to downward position and hence converts
the mechanical movement into forward direction. The full engine simulation is required to
achieve the increase and decrease of the speed, and the torque. Two additional models, intake
manifold model and torque estimation model, are required to compute the full engine

simulation.

3.16.1 Engine torque

The definition of torque is the angular moment which generates the mechanical power of the
engine. However the relationship between torque and speed is that speed is represents by the
level variable, which is not arbitrarily assignable, but torque can be arbitrarily. While engine
is generated torque in the forward direction, there is torque push in the resist direction. This
resistance force includes the weight of vehicle, air resistance and friction etc. Therefore, the
engine torque has direct relationship with vehicle speed but also arbitrarily affects by the

engine load.

The definition of torque can be explained by the pressure that has to act on piston during
expansion. This pressure is called brake effective pressure (BMEP). BMEP is the mean
pressure therefore it gives the averaged pressure of one cycle. Since engine torque depends
on the engine displacement volume, the mathematics representation of brake mean effective

pressure presents in Equation 21.
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_ TeAnm
Pme = Va

Equation 21

where,
Pme is the break mean effective pressure
Te is the engine torque
Va is the cylinder displacement volume

In this thesis, the engine torque calculation is simplified by using the BMEP. The brake
torque is presented in Equation 22, it defines as the difference between engine torque and
load torque. The assumption is the load torque known where this value can be calculated with

vehicle free body model but such calculations are not consider in this thesis.
Torque=T,(t)-T,(t)

Equation 22

where,
Te is the engine torque

Ti is the load torque

3.16.2 Intake manifold

The speed of the engine increases by opening the throttle. The effect of the intake manifold
pressure changes the initial pressure of the cylinder when the intake valve opens. An intake
manifold model is needed to generate the change in speed. To calculate the rate of change in

pressure, the intake manifold model can be modelled by Equation 23 [49]:-

RT, Pa 1 p(t) Vd.-weo)
v,

d
P = m(A(t),/—R.Tm.ﬁ—R-Tm' e

Equation 23
where,
R is gas constant
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Tm is manifold temperature
Vm is manifold volume
pa is atmosphere pressure/ throttle pressure
Vais cylinder volume
weo is engine speed
The throttle is considered as a valve with the mass flow can be estimated using Equation 17.

3.17 Conclusions

The virtual engine is developed in this chapter. The implementation of the sub models use for
detailed descriptions of engine process, including heat release (Wiebe), heat transfer
(Woschni), gas exchange (thermal equilibriums), valve motions, and other factors such as
friction and blowby have been discussed. The engine is further developed as a full engine
simulation by implement the intake manifold allowing the estimation of engine speed

according to the throttle opening event.

The engine simulation development can be concluded and the outlined contribution

summarised as follows:-

1) The virtual engine simulation development is done as a 4-stroke medium size SI
engine.

2) The engine simulation is generated based on the 1¥ law of thermo-dynamics,
including various zero-dimensional sub-models contain detailed engine process
descriptions.

3) The variable of the engine simulation includes the engine operating parameters
outlined in 2.9, which are fuel-to-air ratio, ignition timing, exhaust valve closed
timing and intake valve opening timing.

4) The outputs of the engine simulation return the exhaust composition including CO,,
0,, CO and NOXx, and the exhaust gas temperature.

5) The speed can be updated by throttle event.

3.18 Summary of Chapter 3

This chapter can be summarised by the development of a complete engine simulation in all

considerations. The engine simulation is developed in four strokes combustion process,
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where the differences of simulation development approach is discussed in 3.2. The
combustion in the engine processes in a tiny cylinder shape space and the geometry of the
engine and mathematics approached in piston motion is explained in 3.3 and 3.4 respectively.
Sub-models are required for the detailed combustion estimation, such as heat release (in 3.6),
heat transfer (in 3.7 & 3.8) and the other matters including friction (in 3.9), blowby (in 3.10),
emissions (in 3.11), valve motion (in 3.12) and exhaust factor (in 3.13) are explained. The
network model which packs up the intake has been addressed in 3.15. The model is finished
by the consideration of application in real engine, where engine speed and torque are the
measurement for the engine output. Such model has been discussed in 3.16. The conclusion
of this chapter is the engine model is developed for engine control simulation where most of

possible factors in real application are included.
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Chapter 4 Validation of engine simulation model

This chapter discusses the validation of the engine simulation developed in Chapter 3. The
capabilities between different platforms are compared. The scenario is to build a single
cylinder engine with same volume and geometries. All sub-models are applied with the same
parameters. The comparison has been made through sets of steady state input parameters with
varying fuel-to-air ratio, ignition timing and compression ratio. The comparison shows that
the developed model agreed the performance of reference model, namely Ricardo Wave and

Lotus Engine Simulation.
4.1 Introduction

The newly developed engine simulation is built and the detail of such development has been
discussed in Chapter 3. The advantage to develop the engine simulation platform is that this
thesis can focus on the required parameters for engine control [83]. To validate the model, the
performance of the in-house engine simulation code is compared with three reference engine
simulation platforms, namely Ricardo Wave, Lotus Engine Simulation and a book written by

Ferguson [39].

The comparison of combustion performance can be determined by investigating the moment
peak pressure and temperature in function of crank angle in the combustion stroke. Those two
parameters drew the frame of combustion envelope. Therefore the engine performance and
the form of emission can be incorrect if such timing of peak temperature and pressure

between the model and reference are very different.

4.2 Capabilities
Cylinder and plenum are zero-dimensional elements in that they have properties of mass,

pressure, temperature and volume but not length. The conditions within these elements are
calculated at each crank angle by solving the mass equation and the energy equation derived

from the first law of thermodynamics.

The mass equation accounts for changes in in-cylinder mass due to flow through valves, and
due to fuel injection. A separate accounting is made for fluxes of air, fuel and products of
combustion. The energy equation equates the change of internal energy of in-cylinder gases

to the sum of enthalpy fluxes in and out of the chamber, heat transfer, and piston work.
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There are two options: one-zone and two-zones. In the one-zone model implemented in

LESoft [71], the whole cylinder is treated as one region. Whereas in the two-zone model

implemented in RW and MESC, the cylinder is divided into two regions: an unburned zone

and a burned zone which share a common pressure [91]. This thesis chose the two-zone

model in which it can capture more detail of the engine processes taking place during the

combustion period. It is noted that all combustion models may be used in either one or two-

zone model, but emissions models generally require the two-zone model [39].

Table 5 shows the capabilities of different engine simulating software. The sub-models use in

simulations is only presented in the table, with + means yes and — means no.

Sub-model/Controlled parameter LESoft RW MESC
Geometry + + +
Compression ratio + + +
Air/fuel properties C/H/O C/H/O/N C/H/O/N
Fuel composition + + +
Air/fuel ratio + + +
Injection timing - - -
Heat release Wiebe/Others Wiebe/Others | Wiebe
Ignition timing + + +
Conduction Simple Simple Simple
Heat transfer Woschni Woschni Woschni
Annand
Eichelberg
Friction + + +
Blow-by Simple Simple Percentage
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Emission 5 + +

Valve motion Simple Simple Simple
Valve lift % + ia
Valve timing + + +

Scavenging Simple Simple Simple

Table 5 The capability of different engine simulation software packages.

4.3 Development of engine models

The solver reads a model from a main input file which contains all data required for a
simulation (the model network, initial conditions for the flow field and all control data for the
run). The solver produces an output file when run. The output file contains information,
important in understanding the input, run-time processing and output of a model (time step
output, engine summary, fuel burn progress summary, engine geometry, operating conditions,
engine cylinder heat transfer, and performance). A general flow diagram for the development

of a model is shown in Figure 16.
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Figure 16 Development of engine model.
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The basic engine data include engine geometry (bore, stroke, connector rod length, and
compression ratio), engine inertia (mass and inertia of various components), cylinder and
valve event phasing. Initial conditions such as exhaust temperatures, intake temperatures, and
wall temperatures need to be input as reasonable values. The motion of the piston is
calculated based on the data specified for bore, stroke, and connecting rod length. The

clearance volume is calculated based on the compression ratio.

Once the basic inputs are defined, the advanced inputs need to be defined. These inputs are
port flow coefficients, valve lift per crankshaft rotation, combustion and heat transfer
modeling (types of models to be used for representing the combustion and heat transfer
processes and the surface areas and temperatures of various components within the cylinder,
phasing of cylinder firing with respect to TDC). Some intuition is used to determine the

parameters due to the large difference in engine operating speed and difference in engine

type.

To define the operation of the cylinder head, the valve lift per incremental camshaft rotation
is defined. The results of valve lift versus incremental camshaft rotation are related to
crankshaft rotation based on published valve opening points with reference to crankshaft
position. Flow versus valve lift is defined. The input is in the form of flow coefficients or

discharge coefficients taken from the empirical data [54].

Once these basic and advanced inputs have been satisfied, the simulation format is specified.
Convergence detection allows the package to move on to the next case once a user-specified
tolerance for convergence (tolerance is about 1%) towards a solution is attained on the active
case. Simulation duration sets the number of cycles for the engine to run before settling on a
solution. If auto-convergence is enabled, the package will move on to the next case once
convergence is reached regardless of the number of cycles specified. If convergence is not
reached by the number of specified cycles, the package will output a warning to let the user
know that convergence was not reached within desired tolerances and will continue on to the

next case.

4.4 Validation of engine model

Three engine models are designed with various packages, and engine operating parameters

and sub-models are chosen to perform the tests.
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4.5 Scenarios of tests

The tests with three packages, RW, LESoft and MESC, are performed for fixed engine
geometry and different engine operating parameters. Test | is focused on comparison of the
results computed with various packages and reference results presented in [39]. Ignition
timing, fuel-to-air ratio and compression ratio are varied in the Test 2, Test 3 and Test 4
respectively. Profiles of pressure and temperature are plotted for various tests, and

discrepancies of the results computed with various packages are discussed.

The engine model, used in the tests, represents a simple single-cylinder four-stroke engine.
The engine geometry and engine operating parameters, which are fixed in the tests, are
specified in Table 6. The engine cylinder has a bore of 0.1 m, stroke of 0.08 m and
connecting rod length of 0.15 m. The engine speed is fixed at 2000 rpm. The intake
temperature and pressure are 300 K and | bar. The exhaust temperature and pressure are 700
K and 1 bar. Initial temperature and pressure of the cylinder are 350 K and | bar. The fuel is
gasoline (CgHjg) with an equivalence ratio of 0.8. The Wiebe combustion model is used in all
tests with parameters which fit many experimental data [39][54] (¢ = 5 and n = 3). The
burning duration is fixed at 60 degrees although crank angle corresponding to the start of
combustion may be varied in calculations. Heat transfer in the cylinder is described using
Woschni correlation (C) = 2.28 while valves closed and C'; = 6.18 for scavenging) [91]. The
averaged cylinder wall temperature is fixed at 420 K. Exhaust valve opens and closes at 170

and 390 degrees, and intake valve opens and closes at 330 and 550 degrees (valve

overlapping).
Parameter Value
Bore, m 0.10
Stroke, m 0.08
Connecting rod length, m 0.16
Engine speed, rpm 2000
Intake pressure, bar 1
Intake temperature, K 350
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Exhaust pressure, bar 1

Exhaust temperature, K 700

Fuel CsHig

Equivalence ratio 0.8

Combustion model Wiebe model

Combustion duration (deg) 60

Heat transfer model Woschni model

Wall temperature, K 420

Valve timing, deg EVO 170, EVC 390, IVO 330, IVC 550

Table 6. Geometry of the engine and engine operating parameters used in the test.

The engine operating parameters, which are varied in the tests performed, are presented in
Table 7. All engine operating parameters are fixed for the Test 1. The burning initiation time
is varied in the Test 2, fuel-to-air ratio is varied in the Test 3, and compression ratio is varied

in the Test 4.

Test Varied parameter Interval of values

Test | No Fixed values

Test 2 Ignition timing, deg From -60 to 10 with step 10
Test 3 Fuel-to-air ratio From 0.8 to 1.2 with step 0.1
Test 4 Compression ratio From 6 to 14 with step 2

Table 7 Varied engine operating parameters.

Detailed verification and validation of sub-models describing chemical composition of
combustion products, heat transfer, friction and combustion processes, and gas dynamics of
intake and exhaust systems have been performed. The results obtained have been compared
with the reference data presented in [39][54], and these results are not presented in the paper.

Main attention of the thesis presented is drawn on predicting cylinder pressure and
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temperature distributions with various packages, and the use of the engine simulation

packages in development of control systems.

Three packages are used to model the cycle of single-cylinder four-stroke engine, and three
engine models are designed with various packages. The engine model itself consists of the
flow network designed using flow elements, sub-models applied to the flow elements, and a
control network, built using control elements. The piping and manifolds of the intake and
exhaust systems are also modelled using the flow elements. The flow network. and intake and

exhaust networks are then linked together through engine elements and sub-models.

4.5.1 Ricardo Wave

The engine model. designed with RW, is shown in Figure 17. The engine model consists of
cylinder (*cyl1” element), and intake and exhaust networks each of which is designed using
ambient and duct elements. The intake network consists of *Intake’ ambient element
containing a fresh air at the temperature of 350 K and pressure of | bar, and *duct2” duct
element connecting manifold and cylinder. The exhaust network consists of *Exhaust’
ambient element containing exhaust gases at the temperature of 700 K and pressure of | bar.
and ‘duct3’ duct element connecting cylinder and manifold. The fuel injector (“injector!”
element) is installed in the middle of the connecting duct (*duct 2" element). Fuel is mixed
with fresh air, and pre-mixed air and fuel mixture enters the cylinder. The cross-sectional area
of intake pipe is 35 mm? (*duct2’ element), and cross-sectional area of exhaust pipe is 28
mm? (‘duct3” element). The maximum valve lift is 9 mm, and the default lift profile is used.
The friction and blow-by parameters are by default. Other engine operating parameters are

specified in Table 6.

injgctor1
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Figure 17 Engine model designed with RW.

4.5.2 Lotus Engine Simulation

The engine model, designed with LESoft, is shown in Figure 18. The engine model consists
of the cylinder (*CYL1" element), and intake and exhaust networks each of which is designed
using three elements representing connector, port and valve. The inlet connector (*INLI1"
element) contains fresh air at the temperature of 350 K and pressure of | bar. Fresh air goes
through an intake port ("PORT1" element) with the diameter of 35 mm. The intake port is
connected with the intake valve ("PVALI" element). The exhaust gases leave the cylinder
through the exhaust valve ("PVAL2" element) and exhaust port (‘PORT2" element) with the
diameter of 28 mm. The exhaust port is attached to the exit pipe ("EXT1" element), and the
boundary conditions for exhaust gases are fixed at the temperature of 700 K and pressure of |
bar. The maximum valve lift for both intake and exhaust valves are 9 mm, and the lift profile
is ‘fast lift" profile. The friction and blow-by parameters are by default. Other engine

operating parameters are specified in Table 6.
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Figure 18 Engine model designed with LESoft.

4.5.3 MATLAB Engine Simulation Code (MESC)

The engine model, implemented with in-house package, MESC, is designed using flow and
control elements specified in the text file (there is no graphics user interface, as this is in-
house package). The friction and blow-by parameters are the same as in RW and LESoft

engine models. Other engine operating parameters are specified in Table 6.
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4.6 Comparison with reference results

The reference test is intended to match input parameters and settings for three packages as
similar as possible. The engine models, designed with various packages, have been validated
by comparing the results computed with reference results presented in [39]. The geometric
parameters and operating parameters of engine are shown in Table 6, and three engine
operating parameters, which are specific for this test, are presented in Table 8. The engine is
a basic single-cylinder engine. The ignition timing is 35 degrees prior to TDC in the
combustion stroke, compression ratio is 10, and fuel-to-air ratio of 1 (equivalent to fuel to air

ratio is 14.7 by mass).

Parameter Value
Ignition timing, deg =35
Compression ratio 10
Fuel-to-air ratio |

Table 8 Input parameters for reference test.

The accuracy of the curve coefficients that are used to describe the thermodynamic properties
of the fuel, air and combustion products is established through internal consistency check and
comparison to well established properties at the reference conditions (T=298.15K andp=1
bar). Based on these results, it is concluded that the fundamental thermodynamic properties
of the fuel, air and combustion product species are in agreement with published results in [39]

to within the scatter of those results (typically less than 1%).

The pressure and temperature distributions in the engine cylinder, computed with various
packages, are compared with the tabulated outputs from [39]. Comparisons between the

results computed and those from [39] confirm that three packages produce reasonable data.

- Pressure distributions

The pressure profiles in the compression and combustion strokes are presented in Figure 19.
The pressure distributions are started with crank angle of —180 degrees when the piston is at
BDC. The pressure increases when the piston moves up to compress the air and fuel mixture.
Ignition starts at —35 degrees before TDC when the combustion model starts to estimate the

heat generated during combustion. The pressure rises due to the heat added to the compressed
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gas. The energy generated in the combustion process pushes piston down. volume increases
and pressure drops. The results, predicted with RW and LESoft, are very close. The pressure
profile, predicted with MESC, has a slightly delay in the maximum pressure point (this shift
is about 2 degrees). and the maximum pressure level is about 6% lower compared to RW and
LESoft results. Comparing the results obtained with the reference results of [39]. calculations
give delay in the maximum pressure point (this shift is about 10 degrees for RW and LESoft
calculations, and it is about 8 degrees for MESC calculations). although the maximum
pressure level, predicted with various packages. is close to reference data (discrepancy is

about 3% for all packages).

5 ». MPa
—a— RW
—a— LESoft
—— MESC
o Reference
results

-180 -90

Figure 19 Comparison of pressure profiles with reference data of [39]

- Temperature distributions (two zones)

The results, presented in Figure 20, show the distributions of temperatures of burned and
unburned mixture during compression and combustion strokes. Ignition starts at —35 degrees
before TDC, when the combustion model starts to work in the burned zone. Calculations in
the unburned zone continue without addition of heat due to combustion. Ignition duration is
60 degrees, and work of combustion model is finished at 25 degrees after the TDC. The
temperature profiles corresponding to the burned and unburned mixtures are overlapped
during the combustion interval (it is fixed at 60 degrees). The calculations after combustion

depend on the temperature level reached in the burned zone. The reference results from [39]
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are plotted with the temperature step of 10 degrees. The reference results show a slightly
lower level of temperature in the unburned zone and slightly higher level of temperature in
the burned zone compared to the results computed with RW and MESC. Calculations with
LESoft are based on one-zone model allowing prediction of averaged temperature in the
engine cylinder. Discrepancy of the results computed with various packages may be
explained by the different implementation of combustion models (there are some parameters
and settings which are not controlled by the user) and small discrepancy in physical and

chemical properties of fuel and combustion products.
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Figure 20 Comparison of unburned and burned temperature profiles with reference data of [39].

- Temperature distributions (averaged single zones)

The results, presented in Figure 21, show distributions of temperature averaged over burned
and unburned zones (averaged temperature is not presented in [39] but may be calculated
using results computed in burned and unburned zones). LESoft calculations are based on one-
zone model. whereas results predicted with RW and MESC calculations are based on two-
zone models. The temperature profiles out of combustion interval, which is fixed at 60
degrees, are very close for all packages. As for the profiles of temperature, presented in
Figure 21, main discrepancy of the profiles of averaged temperature is related to the results
corresponding to the combustion interval. LESoft and RW results are similar, although there

is a slight delay in the peak of temperature occurring in RW calculations compared to LESoft
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calculations. MESC calculations have a visible delay in the occurrence of peak of averaged
temperature and the maximum level of temperature which are about 3 degrees and 5%

respectively.
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Figure 21 Comparison of averaged temperature profiles with reference data of [39].

The main factor affecting the pressure and temperature distributions in the engine cylinder is
the calculation of heat generated during combustion (combustion sub-model). Although the
heat release equation is matched in various packages considered, other factors may affect the
results computed. In MESC and reference calculations from [39], the heat release escapes
through the piston and cylinder wall gap using a blow-by fraction of 0.8, whereas RW and
LESoft use default settings. Other factor affecting pressure and temperature profiles is heat
transfer sub-model, which is not flexible to modify in RW. Inlet and exhaust pipe dimensions
also affect the flows of air and combustion products in the cylinder, but these factors are not

considered in the calculations presented.

The indicated mean effective pressure from the calculations with MESC package is 0.9528
MPa, whereas a value of 0.9510 MPa was obtained in [39] (a difference is about 0.2%).

Discrepancies in the conservation of mass and energy are about 0.05% for all calculations.

82



4.7 Varying ignition timing

Ignition timing is one of the most important parameters in engine combustion control. In this
test, different ignition timings are examined in terms of distributions of pressure and
temperature in the combustion chamber. The geometric parameters and operating parameters
of engine are shown in Table 6, and some other input parameters, which are specific for this

test, are presented in Table 9.

Parameter Value
Ignition timing, deg -60, -50,-10,0
Compression ratio 10
Fuel-to-air ratio (Fuel to air ratio) 1(14.7)
Valve timing, deg EVO 170, EVC 330, IVO 390, IVC 550

Table 9 Input parameters for varying ignition timing test.

- Pressure distributions in different ignition timing

The pressure distributions, predicted with three packages, are presented in Figure 22. The
results obtained are very similar in early ignition timing. For the late ignition timing, the
discrepancy of the results computed is more significant in terms of occurrence of pressure
peak. LESoft gives the earliest self-ignition which takes place just before crank angle of —10
degrees. The pressure peaks, predicted with RW and MESC calculations, are in a good

agreement.
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Figure 22 Profiles of pressure for different ignition timing of (a) is ~60°, (b) is ~50°, (¢) is ~10° and (d) is 0°.

There is a small difference in the maximum value of pressure, predicted with various

packages. The location of pressure peak, predicted with three packages, is shown in Table 10.

RW calculations give the earliest location of pressure peak, and LESoft calculations give the

latest location of pressure peak in terms of crank angle.

Start of ignition, deg RW MESC LESoft
-60 -2 -2 -4
=50 2 0 -6
—40 2 6 2
=30 8 10 8
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-20 14 14 16
-10 22 20 24
0 32 30 34
Table 10 Location of pressure peak predicted with various packages.

Temperature distributions in different ignition timing (averaged one zone)

The profiles of averaged temperature are shown in Figure 23. The profiles of temperature are

very similar for three packages. There are, however, small differences in the maximum level

of temperature and small differences in the corresponding crank angle. Those differences are

caused by different assumptions on energy transfer in intake manifold, and intake and exhaust

valves, and extra parameters like the cylinder materials.
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Figure 23 Profiles of temperature for different ignition timing of (a) is —60°, (b) is ~50°, (c) is - 10° and (d) is 0°
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The main discrepancy of the distributions of temperature, predicted with various packages, is
related to the location of peak of temperature. These results are shown in Table 11. The
temperature profiles, before crank angle corresponding to the ignition, are very similar. The
location of peak of temperature, predicted with LESoft and MESC, takes place earlier than
peak of temperature, predicted with RW. The sharp temperature decreasing taking place after
the maximum of temperature during the expansion stroke is also similar between LESoft and
MESC calculations. RW gives more slowly temperature decreasing during the expansion
stroke. This behaviour may be explained by the combustion sub-model implemented in
various packages. In the combustion model, implemented in RW, the timing is determined by
the moment of 50% burned, rather than the start of ignition. The curve of mass fraction
burned in LESoft and MESC packages may not be the same as in RW simulation. There is a
more rapid increase in temperature when ignition started, until maximum of temperature
reached. This result leads to a higher temperature when combustion finished even though the

duration of burn is the same.

Start of ignition, deg RW RW MESC LESoft
burned averaged burned
60 -8 -8 -16 -16
-50 -2 0 -12 -6
—40 -6 2 -8 2
=30 0 12 —4 10
-20 12 24 2 20
-10 22 34 10 30
0 28 46 20 40

Table 11 Location of temperature peak predicted with various packages.

If the start of heat release begins too late, it occurs in an expending volume, resulting in lower
combustion pressure and lower network. If the start of heat release begins too early during the
compression stroke, the negative compression work increases, since the piston is doing work

against the expanding combustion gases. Delay of the initiation of combustion leads to the
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pressure peak occurring later during the expansion stroke. The pressure rise at 8, =-10° is
almost double that at 6; = 10°. As the start of heat release is changed from 05 =-10° to 65 =

10°, the work input and the mean effective pressure decrease.

4.8 Varying fuel-to-air ratio

The other important parameters in engine combustion control in fuel-to-air ratio. Similar
approach is done as in 4.7, but replaced the variable to fuel-to-air ratio. It is noted in some
simulation platforms the input of the parameters of fuel-to-air ratio can be presented as fuel-
to-air ratio (as shown in bold number inside bracket in Table 12). The geometric parameters
and operating parameters of engine are shown in Table 6, and some other input parameters,

which are specific for this test, are presented in Table 12.

Parameter Value
Ignition timing, deg -25
Compression ratio 10

Fuel-to-air ratio (Fuel to air ratio) 0.8 (18.38),0.9 (16.33), 1.0 (14.7), 1.1 (13.36)

Valve timing, deg EVO 170, EVC 330, IVO 390, IVC 550

Table 12 Input parameters for varying ignition timing test.

- Pressure distributions in different fuel-to-air ratio

The profiles of pressure computed with various packages in different fuel-to-air ratios are
presented in Figure 24. All packages predict the maximum pressure level when the fuel-to-air
ratio is stoichiometric. For leaner mixture, RW results are closer to those predicted with
LESoft, whereas RW results for richer mixture are closer to the data computed with MESC.
The comparison of the pressure profiles show that the shape of profiles is very similar for
various packages, but the maximum pressure level is slightly different. The location of

pressure peak takes place at the same crank angle for various packages.
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Figure 24 Profiles of pressure for fuel-to-air ratio of (a) is 0.8, (b) is 0.9, (¢) is 1.0 and (d) is I.1.

Temperature distributions in different fuel-to-air ratio (averaged one zone)

The impact of fuel-to-air ratio on temperature profiles is similar to pressure as this is
presented in Figure 24. The maximum temperature occurs when the fuel to ratio is
stoichiometric. RW results are closer to LESoft results for learner mixture and closer to those
predicted with MESC for richer mixture. In leaner mixture, RW predicts the location of
temperature peak closer to the ignition point compared to MESC results. This may be
because RW considers the position of the injection in a pipe. which affects the flow of

mixture. and hence takes into account this effect in pressure and temperature distributions

computed in the engine cylinder.
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Figure 25 Profiles of temperature for fuel-to-air ratios of (a) is 0.8, (b) is 0.9, (¢) is 1.0 and (d) is 1.1.

4.9 Varying compression ratio
Compression ratio is defined as the ratio of the maximum cylinder volume to the minimum

volume. The compression ratio determines the peak pressure and the peak temperature in the
cycle. The efficiency of the engine and formation of pollutants are strong functions of the
compression ratio. The compression ratio is limited by the material strength and engine knock
Engine heads and blocks have a design a maximum stress, which should not be exceeded.
limiting the compression ratio. Compression ratio is difficult to control due to fixed geometry
of cylinder. In practice, compression ratio can be varied by changing the piston head surface
shape. The geometric parameters and operating parameters of engine are shown in Table 6,

and some other input parameters, which are specific for this test, are presented in Table 13.
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Value

Fuel-to-air ratio

Parameter
Ignition timing. deg -25
Compression ratio 6.8.10,12
1.0

Valve timing, deg

EVO 170, EVC 330, IVO 390, IVC 550

Table 13 Input parameters for varying ignition timing test.

Pressure distributions in different compression ratio

The results of pressure distributions computed with three packages are presented in Figure 26.

The pressure increases as compression ratio increases, and the data obtained are in agreement

with theory [39][54]. The position of maximum level of pressure slightly depends on the

compression ratio.
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Figure 26 Profiles of pressure for compression ratios of (a) is 6. (b) is 8, (c) is 12 and (d) is 14
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Temperature distributions in different compression ratio (averaged one zone)

In LESoft and MESC calculations, the temperature slightly increases as the compression ratio

increases as this is presented in Figure 27. In RW calculations, the highest temperature is

observed at the compression ratio of 10. There is no significant change to observe in different

compression ratio used in simulations.
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Figure 27 Profiles of temperature for compression ratios of (a) is 6, (b) is 8, (c) is 12 and (d) is 14.

4.10 Comparison of level of emissions

In practice, the level of emissions between different packages are worth to investigate for theirs’

performance. However the comparison is not valid while the resultant emissions cannot be obtained

from reference book [39]. Compare to the commercial package, the LESoft package has no emission
data as output [71]. The only comparison can be made is the MESC and Ricardo Wave. Ricardo Wave

has the emission sub-models which covered the level of CO, NO, and PM. The level of CO, can be

estimated from the level of CO [91]. With such limitations, the comparison of emissions is not

considered in this thesis.
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4.11 Conclusions

The engine model used in this thesis has been developed in Chapter 3. This chapter gave the
validation check for the in-house developed code for further use in this thesis. Two
commercial engine simulation packages, Ricardo Wave (RW) and Lotus Engine Simulation
(LESoft) have been used as reference as those two shortlisted packages had developed such
codes based on many Laboratory works. In addition, the results presented in [39] have been
also used as reference for comparisons of results. The conclusions of this chapter can be

drawn as follow:-

1) The performance between different packages has been compared in terms of the
distributions in engine combustion, including the investigation of timing of peak
pressure and peak temperature.

2) Further comparisons include different variables, namely, fuel-to-air ratio, ignition
timing and compression ratio.

3) The in-house model has similar performance compared to the two commercial engine
simulations packages, and better than the results published by Ferguson [39].

4) The results including the engine simulation model and the validations discussed in
Chapter 3 and Chapter 4 have been published [21].

4.12 Summary of Chapter 4

This chapter completed the validation of the developed engine simulation code using
MATLAB. The capability between different simulation software packages has been
discussed in 4.2. The developed software and candidates of comparison are explained in 4.3
& 4.4. The setting of the test is given in 4.5. The initial test was based on a set of fixed engine
operating parameters and results are explained in 4.6. The next step is to test the variable
engine operating parameters. They are set to a single variable input while other parameters
are fixed. The test results, including variable ignition timing in 4.7, variable fuel-to-air ratio
in 4.8 and variable compression ratio in 4.9, agreed that the MATLAB engine simulation
estimation of combustion envelope is similar to the ones provided by the two commercial
software. These two commercial software packages include more detail in the engine
modelling with respect to the developed code; however, this does not affect the overall
performance of the MATLAB code.
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Chapter 5 Artificial Intelligence for Fuel Estimation

This Chapter develops an artificial intelligence fuel estimator which is able to identify the
likelihood of given fuel compositions input into the engine. The outcome of fuel estimator is
aimed to provide further engine parameters control while fuel composition is continuously

changing after refuelled.

Three different fuel compositions, Isooctane, Methanol and Ethanol, are used as input
composition. Dataset contains engine operating parameters and levels of emission, are
collected using random engine operating parameter. The development of the fuel estimator
generates the model which is able to find the relationship between emissions and input fuel
by developing the neural network of inverse the engine process. The original fuel
composition can be estimated through the composition of emissions, include the level of CO,
0,3, CO and NOx.

Two methodologies, Adaptive Neuro-Fuzzy Interface System (ANFIS) and artificial feed-
forward neural network, are used to achieve the Al fuel estimation. The original tests are
targeted the estimation of fuel in number of atom of Hydrocarbons. The results show the
comparison between two models of feed-forward neural network and ANFIS. Former one
performed better than the latter. As a matter of facts that ANFIS requires a large set of fuzzy
rules which are extremely difficult to handle a large set of engine data unless the method for
data reduction is found. Further study develops the feed-forward fuel estimator which is able
to estimate the number of the given fuels by likelihood, providing proportional control in

engine operating parameters.

5.1 Introduction

The composition of the exhaust gas is determined by the original fuel composition and
combustion performance; therefore by inversing the combustion process, the combustion
performance can be computed through the engine exhaust gas. Although the actual
composition of the fuel contains number of atoms of Hydrocarbon, this information remains
unknown by the engine since the fuel mixture provides from fuel suppliers do not give any of
this information. Fuels are categorised by name and standardised by Octane number. The
importance of using fuel as parameter against combustion performance has been discussed in
Chapter 2.5.5. Therefore, fuel composition information is believed to be an important

parameter in engine control if it is obtainable.
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In practical situation, the information of exhaust gas can be obtained from the sensors
discussed in Chapter 2.6, which includes CO,, CO, O, and NOx. In simulations, exhaust gas
compositions can be estimated using engine model which is discussed in Chapter 3. In order
to develop the artificial intelligence system to estimate fuel through idea of inverse engine
process, dataset recording the exhaust gas data and various engine operating parameters are
needed. The dataset should be able to cover most of engine behaviours in various situations.
The dataset can be treated as reference training set to generate the system identification
models. The investigation of two system identification methods, artificial neural network and

ANFIS, will be discussed later in this chapter.

5.2 Artificial Neural Network (ANN)

Artificial Neural Network (ANN, refer as Neural Network) is a model which can be used as

system identification, pattern recognition and model linearization. Engine emissions are
arbitrarily affects by engine loads, engine speeds and engine operating parameters, and
formed as nonlinear response which is unlikely to obtain the transfer function. Artificial
neural network methodologies can generate the model capable of defining the relationship
between the input and output and also predicting the desired variables through the statistical
training process. The artificial neural network is inspired by biological nerves system. The
model finds the correlation of non-linear behaviour and stores the weighting as
interconnected neurons. Neurons are generated are based on the adjustment on the weight

according to the difference between the network output and the targeted value.

5.2.1 Feed-forward Neural Network

A simple feed-forward neural network is the methodology of ANN considers as an open-loop
control. Different from a look-up table, the network is able to update the weighting through
the learning process. Dataset of past data is trained using the back-propagation method. The
network is developed including neurons in hidden layer and in output layer. Figure 28 shows
the block diagram of the hidden layer. Inside the hidden layer, the inputs are weighted and
stored as neurons. These neurons are added and bias if needed. Finally the net input will be
passed through the artificial transfer function, normally uses ‘tansig’. In any ANN, the neural
network can have more than one hidden layer. The output layer is similar to hidden layer. The

inputs of the ‘output layer’ are the weighted net output from the ‘hidden layer’.
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Figure 29 Block diagram of a output layer in an ANN

5.2.2 ANFIS model

Adaptive Neuro-Fuzzy Interface System (ANFIS) is an ANN method based on Takagi-
Sugeno type fuzzy interface system. ANFIS only returns to a single output only although
there is no limit on the number of inputs [24]. Such system contains both fuzzy logic and
neural learning principle in a single framework. The structure of ANFIS for two inputs model

is shown in Figure 30.
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Figure 30 Block diagram of an ANFIS model

The procedure of ANFIS can be summarised as follow:-

1) Once the dataset is collected, the data is fuzzified and the If-Then rules are used to
generate rules for neural training.

2) The fuzzy sub-set is used as the input of the neural network. The learning algorithm
uses a hybrid method combines with least-square and back-propagation gradient
descent.

3) The output is the summation of the weighted value of neurons evaluating from the

neural network.

5.2.3 Neural network data collection

The preparation of the experimental dataset before training can enhance the performance of
the neural network. In the development of fuel estimator, the data records the emission using
three different fuels, which are Isooctane, Methane and Ethanol. The dataset also records the
behaviours of engine using random engine operating parameters, including fuel-to-air ratio,
ignition timing and valves event and the ranges of these parameters are shown in Table 14.

The species of emission compositions record are CO;, O;, CO and NOx.

Parameters Range

Fuel used Isooctane (CgH3g)
Methanol (C|H4O|)
Ethanol (C;H¢0))
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Fuel-to-air ratio 0.8to 1.2
Ignition -10 to -50 deg
Exhaust valve open timing 330 to 390 deg
Intake valve open timing 330 to 390 deg

Table 14 Parameters and the ranges are used to record the experimental simulation dataset

The engine model is shown in Figure 31.
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Figure 31 Engine data collection model

5.2.4 Division of dataset

The dataset are divided into two parts:-

Training set — The number of data are recorded for training in 1092 seconds. This training set

is only used in training for development the engine control model.

Validation set- The number of data are recorded for validation in 630 seconds. This

validation set is not used in training and treats as blind data. The dataset is used for testing

data when needed.
5.2.5 Data normalisation

Data normalisation is important to the improvement of ANN performance. By considering
the values of data collected in different range, for example, the valve timing has the range
between 330° to 390° whereas the emission is CO; in range between 0.07 and 0.12. The
difference which can be very large compared one parameter with another, produces a bigger
bias to some parameters. The recommendation of developing better neural network
performance is always a good practice to normalise the data. The dataset is also normalised

by calculation of Equation 24.
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X _xmin

max

Normalise =

Equation 24

The performance of the neural network can be represented by r-square. R-square is a statistic
term where the calculation of the square of residuals finds the correlation between the
response values and the predicted response values. The equation to calculate r-square is

shown in Equation 27.

Sum of squared residual (SSr)

5Sr=3" ()~ u(®))’

Equation 25
where,
y() is the predicted data
u(1) is the experimental data
Total sum of square  (SSt)
sst=3 (o - yof
Equation 26
where,
;(t) is the mean value of the experimental data
RSquare =1~ SSr
SSt
Equation 27

Figure 32 shows the r-square calculated from feed-forward neural network and ANFIS

system. The r-square of feed-forward neural network is 0.8415, which is higher than that of
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ANFIS system r-square which is 0.7116. The feed-forward neural network has the higher

accuracy in the fuel estimation.

?> for 1 = 1:1500

SSr(i) = (fuel_val (i, 1)-NN_vall (14i,61))°2;
SSt(i) = (fuel_val(i,1)-fuel_mean(l, 1))°2;
end

|SSres = sum (S5r) ;

|SStot = sum(SSt);

ESquare NN = 1-(SSres/SStot)

for i = 1:1500

SSr(i) = (fuel_val (i, 1)-ANFIS_val (1+i,1))°2;
SSt(i) = (fuel_val (i, 1)-fuel_mean(l, 1))°2;
end

SSres = sum (SSr):

SStot = sum(SSt);

RSquare_ANFIS = 1-(SSres/SStot)
RSquare NN =

0.8415

RSquare_ANFIS =

0.7118

»
Figure 32 MATLAB code for computation of R-sqaure of feed-forward NN and ANFIS

5.3 Behaviour of exhaust gas composition

The product of an internal combustion engine contains Carbon Monoxide (CO) and Nitric
Oxide (NO). The amounts of these two compositions which are the major source of pollution
to urban areas need to be limited to the level stipulated by law. Fuels consist of a number of
carbon and hydrogen atoms. When fuel reacts with atmospheric air, air contains oxygen and

large amount of nitrogen formed the products of Carbon, Hydrogen, Oxygen and Nitrogen.

CO, forms of reaction in Carbon and Oxygen, can be generated when the engine performs
incomplete combustion. Insufficient amount of fuel and air injected into engine cylinder
results in some oxygen left unburned and a portion of the carbon reacts with un-used oxygen
during the combustion stroke producing CO. NOx forms due to the high temperature burning
process. The high temperature burns gas behind the frame. It contains nitrogen and oxygen
which form when they do not reach chemical equilibrium. Both toxic compositions, CO and
NOXx, cool down during the temperature drop in the expansion stroke and are emitted during

the exhaust stroke.
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5.3.1 Fuel-to-air ratio (FAR)

One of the most important engine operating parameters in emission control is fuel-to-air ratio
(¢). The engine has been designed to run the engine with fully burned and the ratio is
stoichiometric (see 2.7.1), at which ¢ can be calculated from Equation 28 and has a value of

1. The fuel-to-air ratio can be obtained from Equation 28. When the value of FAR is less than
1, the mass of air increases and the mixture is considered as leaner mixture (excess in air)

[76]. When FAR is bigger than 1, it is considered as richer mixture (insufficient air) [76].

mass ., 1

FAR(9) =

mass,, 14.7

Equation 28

where,
massyye is the mass of fuel
mass,i, is the mass of air.

Engine normally operates close to stoichiometric combustion or slightly leaner to ensure

reliable operation [54].

However, engine control can adjust fuel-to-air ratio slightly richer or leaner. In a cold engine
temperature fuel vaporization is slow. Mixture is easier to be combusted with more fuel
particles enter and flow in the cylinder, that means cold temperature is better operates at
richer mixture [55]. When the engine is warmed up, the enrichment is no longer valid. More

fuel particles produce higher level of CO so FAR ¢ needs to be adjusted.

Figure 33 shows the engine simulation of the behaviour of CO,, 02, CO and NOx at different
fuel-to-air ratio. Assuming the engine temperature and all other engine parameters are fixed,
CO; level is the highest at stoichiometric state. When the mixture is lean, higher level of NOx
is produced and more O is left unburned after combustion. When the mixture is rich, higher
level of CO emitted. Same behaviours of exhaust composition also found in various articles
[54][55].
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Figure 33 Behaviour of CO,, O, CO and NOx at different fuel-to-air ratio

532 Ignition timing
The other important engine operating parameter which can be controlled is the emission

spark timing, sometimes called ignition timing. The maximum pressure which is developed
during combustion should occur at about 10° to 40° beyond TDC, depending on engine speed
and engine load. Ignition timing is designed to achieve this. The timing of ignition determines
the duration the frame propagates before cylinder volume expands, and hence it determines
the combustion temperature. Discussed in 5.3, temperature is a factor of the formation of CO
and NOx. By slightly adjusting the ignition timing improves emissions. However, ignition

timing needs to be carefully determined to avoid engine knock.

Figure 34 shows the behaviour of CO,, O, CO and NOx at different ignition timing. Other
parameters, fuel-to-air ratio, valve events, engine speed and engine torque are fixed. The least
level of Oz, CO and NOx is found at the correct ignition timing at about -26° to -28°, The

trade-off is at the same ignition timing, the maximum of CO; level is found in that range at
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0.1211. By comparing the minimum level of CO, found at other ignition timing, which is

0.1209, the increase is not significant (i.e. 0.0002) at the optimal ignition timing.
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Figure 34 Behaviour of CO,, O,, CO and NOx at different ignition timings

53.3 Valve timing

35 -0 25 -0 -16 -10
Igndion Timing (sec)

The intake valve event determines the temperature and pressure during the compression

stroke, whereas the exhaust valve timing determines the end temperature in the exhaust stroke

and the amount of exhaust gas trapped in the cylinder (EGR process). Both valves event also

determine the amount of air enter the cylinder and hence change the fuel-to-air ratio.

However the ratio can be adjusted by the actuation of the throttle and the fuel injector. There

are various studies in valve timing and have been discussed in 1.5.2. The studies on valve

timing are mainly focus in different speed ranges although they also have effect on emission.

In this thesis, the assumption is made on the envelope of the valve profiles are fixed. The

controller only optimises the exhaust valve closed timing and intake valve opening timing in

unit of crank degree.
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5.3.4 Fuel composition

The combustion product is the reaction between air and fuel in a high temperature process.
Fuel composition determines the form of emission after engine combustion process.
Simulation results are used to compare the different fuel compositions with different fuel-to-

air ratio and ignition timing.

The behaviour of emissions using different fuel-to-air ratios has been discussed in 5.3. Figure
35 and Figure 36 show the simulation results of CO and NOx using different fuel
compositions and operates at different fuel-to-air ratios. Different colours represent different
fuel compositions and the behaviours are shown in curve diagram with fucl compositions

against different fuel-to-air ratios such that the level of emissions varies.
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Figure 35 CO level found at different fuel-to-air ratios
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Figure 36 NO level found at different fuel-to-air ratios

Figure 37 and Figure 38 show the result of simulation which varies ignition timing when
FAR ¢ is at stoichiometric ratio. The simulation is to observe the behaviour of CO and NO.
At certain ignition timing, mixture almost burned completely before the beginning of
expansion stroke. The red line denoted in both Figure 37 and Figure 38 represent results in
Methanol which is found to have the highest CO and NOx level. In reality, Methanol can be

the source of fuel mixture only in a certain portion of it added in the fuel.
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5.4 Fuel composition estimation

In this thesis, two methods are investigated, i.e. feed-forward neural network and Adaptive
Neuro-Fuzzy Interface System (ANFIS). The dataset is collected from a random set of engine
parameters such as fuel-to-air ratio, ignition timing, and valve timing events. The dataset is
taken data from three different set speeds, 1000rpm, 2000rpm and 4000rpm, and 3 different
fuel compositions. The idea for the network is to build a neural network which is capable of
finding the portion of different fuel mixture and gives the switch to the engine controller

modelled with different fuels.

5.4.1 Engine model

The simulation is aimed to estimate the number of atoms in Carbon and Hydrogen using four
exhaust gas parameters, which are the levels of CO;, O;, CO and NOx. The block diagram of
the fuel estimator is shown in Figure 39. The fuel estimator is trained with two methodologies,

using a feed-forward neural network and ANFIS for comparison.

Co2

Sa—

02 Fuel Estimator

Engine _I\ Exhaust __—_:"> .
Model ——/| 8assensor CO .; (ANNFF/ANFIS)

NOx

——>

Figure 39 Block diagram of fuel estimation system

5.4.2 Fuel-to-air ratio

The simulation runs on a fixed value of ignition timing (-25°) and on different fuel-to-air
ratios, ®. The results of fuel composition estimation against different fuel compositions and
& are shown in Figure 40. The results in feed-forward neural network, blue line denotes
Carbon and red line for Hydrogen. The results provide reasonable estimations. Most of the
results allow. distinguishing between Isooctane (CsH;s) as shown in Figure 40a, Ethanol
(C2H0) as shown in Figure 40b and Methanol (C,H40,) as shown in Figure 40c. The fuel-
to-air ratio is a very sensitive parameter. When the fuel-to-air ratio is 1.2, the errors in the
number of carbon and hydrogen atoms estimated are greater. The error compared to the

difference in the Hydrocarbon atom found between Isooctane, and alcohol type substance
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Methanol and Ethanol are treated as one category so no further study is conducted on the
distinction between them. The other fuel estimation method using ANFIS shows Figure 40,
red dotted line denotes Carbon and yellow dotted line denotes Hydrogen, found the similar
results compared to feed-forward network. The errors in ANFIS as shown in Table 16, are
larger than feed-forward neural network as shown in Table 15. ANFIS has worse

performance therefore feed-forward neural network is recommended to be the fuel estimation.
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Figure 40 Fuel composition estimation, atoms in C and H against different fuel-to-air ratios with fixed ignition

timing. a) Isooctane (top left), b) Ethanol (top right), and ¢) Methanol (bottom left)

Fuel-to-air [sooctane Ethanol Methanol
ratio -
error of C | errorof H | errorof C | errorof H | errorof C | errorof H
atom atom atom atom atom atom
0.8 2.79% 2.5% 7.90% 5.27% 7.90% 3.98%
0.9 0.31% 0.28% 3.55% 2.35% 16.20% 8.10%
1.0 0.85% 0.11% 22.70% 15.12% 29.10% 14.53%
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1.1

32.45%

28.83%

21.45%

14.30%

5.20%

2.60%

1.2

25.83%

22.94%

184.95%

123.33%

5.20%

2.58%

Table 15 Fuel composition estimation errors of feed-forward neural network at different fuel-to-air ratios with

fixed ignition timing

Fuel-to-air Isooctane Ethanol Methanol
ratio
errorof C | errorof H | errorof C | errorof H | errorof C | errorof H
atom atom atom atom atom atom

0.8 12.09% 10.72% 59.30% 39.55% 71.00% 35.25%
0.9 9.21% 8.17% 65.00% 43.32% 27.00% 18.25%
1.0 1.73% 1.56% 182.50% 121.67% 100.00% 53.25%
1.1 41,58% 36.94% 61.05% 40.72% 1.80% 1.00%
1.2 13.71% 17.89% 139.00% 92.50% 89.50% 44.75%

Table 16 Fuel composition estimation errors of ANFIS at different fuel-to-air ratio with fixed ignition timings

543

Ignition timing

The simulation runs with a fixed value of fuel-to-air ratio of 1 and in different ignition

timings. The results of fuel composition estimation against different ignition timings are

shown in Figure 41. The feed-forward neural network shows good results. The estimation of

the three fuels, Isooctane (Figure 41a), Ethanol (Figure 41b), and Methanol (Figure 41¢) in

number of atoms in Carbon and Hydrogen have less than one atom different at different

ignition timing. In Isooctane, the results are in the range between CH 7 to CyH,9 from

originally CgH s, and same for Methanol and Ethanol. Compared to ANFIS, the estimation in

ethanol has a bigger error. The ignition timing is not a sensitive parameter. The variation is

acceptable and the fuel estimation system is able to distinguish between all three fuels. In the

comparison between two methods, feed-forward neural network is recommended which has

smaller error compared to ANFIS, as shown in Table 17 and Table 18.

108




— C a0t
""" s 12} —e
204 Wen | | ee=— Coanta
H18 10 e
o o
> > 8
15
: 2
O H e
- ?
10 1 4
cs8
Cc2
-50 -40 -30 -20 -10 % -40 -30 -20 -10
Ignition timing (de Ignition timing (de
g 9 (480 1s00ctane CaH18 g %)( Ett?a)ncl C2H601
6 — C a0 Pt
----- Canfa
5 Hanntt
_H4
g
93
Q2
C1
a P
.50 40 30 -20 10

Ignition timing (deg) <) Methanol C1H401

Figure 41 Fuel composition estimation, atoms in C and H against ignition timing, with fixed fuel-to-air ratio

equals to 1. a) Isooctane (top left), b) Ethanol (top right), ¢) and ¢) Methanol (bottom left)

Ignition Isooctane Ethanol Methanol
timing
#of C #of H #of C #of H #of C #of H
(deg)
atom atom atom atom atom atom
-10 0.52% 0.44% 22.95% 15.28% 27.02% 13.50%
-20 0.09% 0.06% 22.65% 15.12% 29.33% 14.68%
-30 0.29% 0.27% 22.80% 15.20% 27.91% 13.95%
-40 1.19% 1.06% 23.55% 15.70% 22.58% 28.18%
-50 2.99% 2.67% 25.90% 17.27% 13.11% 6.55%

Table 17 Fuel composition estimation errors of feed-forward neural network at ignition timing, with fixed fuel-

to-air ratio equals to |
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Ignition Isooctane Ethanol Methanol
timing
(deg) #of C #of H #of C #of H #of C # of H
e
8 atom atom atom atom atom atom
-10 2.10% 1.89% 183.00% 122.00% 100.00% 54.13%
-20 1.70% 1.50% 182.50% 121.67% 100.00% 53.18%
-30 1.88% 1.67% 182.50% 121.83% 100.00% 53.73%
-40 2.68% 2.39% 183.50% 122.33% 100.00% 55.98%
-50 4.31% 3.83% 184.50% 123.00% 100.00% 60.20%

Table 18 Fuel composition estimation errors of ANFIS at different ignition timing, with fixed fuel-to-air ratio

equalsto 1

5.4.4 Fuel mixture

The exact chemical composition of gasoline is unknown and varies between different fuel
producers. In section 5.4.2 and 5.4.3, fuel composition estimation is performed and results
have been discussed. Here, the intention is to provide the same neural network to estimate the
different mixed fuel composition. One assumption is made that the fuels were perfectly
mixed. Two case studies, isooctane-methanol and isooctane-ethanol mixtures, have been used
for the simulation, with 100% of Isooctane used as initial fuel and blended with Methanol and

Ethanol with percentage of 5%, 10%, 15%, and 20% into isooctane.
- Case | Isooctane-Ethanol mixture

The time of the simulation is run for 5 cycles; the first set of tests used the blending of
Isooctane (Cg.Hg) and Ethanol (C3.He.O;). The original composition estimation is shown in
Table 21, and percentage error is shown in Table 22. The error is higher while the percentage
of methanol increases. To improve the results, laboratory experiments may be conducted to

find the specific heat capacity, enthalpy and entropy for the new mixed fuel compositions.
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Fuel Feed-forward NN ANFIS Calculated

Isooctane Ethanol #of C #of H #of C # of H Composition
atom atom atom atom

100% 0% 8.009 18.02 8.138 18.28 CsoHi5000
95% 5% 7.940 17.88 8.105 18.21 C77H17.400,05
90% 10% 7.865 17.73 8.069 18.14 C7.4Hi6300.1
85% 15% 7.784 17.57 8.031 18.06 C7.1H16200.15
80% 20% 7.694 17.39 7.989 17.98 CesHi5600.2
75% 25% 7.596 17.19 7.943 17.89 Co.sH 1500025
70% 30% 7.488 16.98 7.893 17.79 Co2H144003

Table 19 Number of C and H estimation with isooctane- ethanol mixture

Fuel Feed-forward NN ANFIS Calculated

Isooctane Ethanol Error C Error H Error C Error H Composition
atom atom atom atom

100% 0% 0.11% 0.11% 1.73% 1.56% Cs.oH 15000
95% 5% 3.12% 2.76% 5.26% 4.66% C7.7H17.400 05
90% 10% 6.28% 5.57% 9.04% 7.98% C74H 6500,
85% 15% 9.63% 8.46% 13.11% 11.48% C7.1H16200.15
80% 20% 13.15% 11.47% 17.49% 15.26% CesHis56002
75% 25% 16.86% 14.60% | 22.20% 19.27% Co.sH1500025
70% 30% 20.77% 17.92% | 27.31% | 23.54% Co2H144003

Table 20 Error of the mixture in C and H estimation with isooctane- ethanol mixture
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- Case 2 Isooctane- Methanol mixture

Similar experiment is run but the second test replaced Ethanol with Methanol, which has

different composition (C;.H4.0). The original composition estimation is shown in Table 19,

and percentage error is shown in Table 20. The errors have same trend, therefore we can draw

the same conclusion as in Case 1.

Fuel Feed-forward NN ANFIS Calculated
Isooctane | Methanol | #of C | #ofH | #ofC | #ofH Composition
atom atom atom atom
100% 0% 8.009 18.02 8.138 18.28 CsoH 3000
95% 5% 7.858 17.70 8.062 18.12 C765H17300.05
90% 10% 7.673 17.35 7.979 17.96 C73H16600.1
85% 15% 7.477 16.95 7.888 17.78 Ce.9sH15900.15
80% 20% 7.261 16.52 7.787 17.57 Co6H152002
75% 25% 7.022 16.04 7.675 17.35 Ce.25H14 50025
70% 30% 6.763 15.53 7.550 17.10 Cs9H138003

Table 21 Number of C and H estimation with isooctane- met

hano! mixture

Fuel Feed-forward NN ANFIS Calculated

Isooctane | Methanol | ErrorC | ErrorH | ErrorC | ErrorH Composition
atom atom atom atom

100% 0% 0.11% 0.11% 1.73% 1.56% CsoHi3000
95% 5% 2.72% 2.31% 5.39% 4.74% C1.65H17.300.0s
90% 10% 5.11% 4.52% 9.30% 8.19% C13H16600.1
85% 15% 7.58% 6.60% 13.50% | 11.82% Ce.95H15900.15
80% 20% 10.02% 8.68% 17.98% | 15.59% Co6Hi52002
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75% 25% 12.35% | 10.62% | 22.80% | 19.66% | CoasHissOgos

70% 30% 14.63% 12.54% | 27.97% | 23.91% Cs9H 138003

Table 22 Error of the mixture in C and H estimation with isooctane- methanol mixture

5.4.5 Fuel composition estimation by likelihood

The performance of two artificial intelligence approaches, feed-forward neural network and
ANFIS has been discussed in 5.4.4. The results proved that the feed-forward neural network.
which performs better, has been chosen for further study of fuel estimation. However in
engine control, the controller needs to understand the fuel probability of the mixed fuel rather
than their actual chemical contents. Another approach, the pattern recognition feed-forward
neural network. is used to identify the fuel for engine control. The block diagram of such
neural network is shown in Figure 42. The transfer function of the output layer is replaced by
the *softmax” function in which the sum of the output is added up to one and it is able to find
the probability distribution of the fuel. The pattern recognition neural network is able to
classify the percentage of similarity of the given fuels. In this experiment, three fuel

compositions listed in Table 14 are used for the classification.
r‘l Pattern Recognition Neural Network (view) LE_lﬂlé1

Hidden Output

Figure 42 Block diagram of a feed-forward pattern recognition neural network

The dataset uses to train and validate the network is the same as the dataset used in 5.2.3. The
performance is counted by the R-square which is equal to 0.7892. The engine operating
parameters and fuel mixtures of pure Isooctane, Isooctane-Ethanol and Isooctane-Methanol

used are the same as in 5.4.4.
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- Case | Isooctane-Ethanol mixture

The first case study is the estimation of probability between Isooctane, Methanol and Ethanol
with the mixture of Isooctane (CgH,s) and Ethanol (C;HgO,) mixture. The mixture contains
Isooctane ranging between 70% to 100% and Ethanol ranging between 0% to 30%, and one
case with 100% Ethanol for reference of pure Ethanol. The Results show in Table 23, the
estimation pure Isooctane is not accuracy with the fuel composition with 100% Isooctane
contains 20% of Ethanol. When the Isooctane contains a portion of Ethanol, the neural
network estimated with the changing in the portion of mixture. The estimation of 100%
Ethanol is 0.9876 which has a high accuracy. The neural network is able to provide further

control to different portion of mixture of Isooctane-Ethanol.

Fuel Probability (%)

[sooctane Ethanol Isooctane Methanol Ethanol
100% 0% 0.8045 0 0.1955
95% 5% 0.7820 0 0.2180
90% 10% 0.7586 0 0.2414
85% 15% 0.7394 0 0.2606
80% 20% 0.7237 0 0.2763
15% 25% 0.6787 0 0.3212
70% 30% 0.6680 0 0.3320

0% 100% 0.0036 0.0088 0.9876

Table 23 The probability of isooctane, methanol and ethanol estimated with isooctane- methanol mixture

- Case 2 Isooctane-Methanol mixture

The second case is the estimation of probability between Isooctane, Methanol and Ethanol
with the mixture of Isooctane (CgH 3) and Methanol (C;H;0,) mixture. The mixture contains
Isooctane ranging between 70% to 100% and Methanol ranging between 0% to 30%, and one
case with 100% Ethanol for reference. The Results show in Table 24, the result of 100%

Isooctane estimation is the same as Case 1. When the portion of Methanol is mixed with
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Isooctane, the estimation of the mixture is resulted as Isooctane-Ethanol mixture because
both Methanol and Ethanol are considered as alcohol type substance. The mixed composition
in hydrocarbon is closer to composition of Isooctane-Ethanol mixture. The estimation of
100% Methanol is 0.9970 of Methanol which the probability is high. The neural network is

developed for further control to different portion of mixture of Isooctane-Methanol.

Fuel Probability (%)

Isooctane | Methanol Isooctane Methanol Ethanol
100% 0% 0.8045 0 0.1955
95% 5% 0.7778 0 0.2222
90% 10% 0.7307 0 0.2693
85% 15% 0.6532 0 0.3468
80% 20% 0.5415 0 0.4584
5% | 25% 0.4262 0 0.5738
70% 30% 0.3656 0.0001 0.6343
0% 100% 0.0001 0.9970 0.0029

Table 24 The probability of isooctane, methanol and ethanol estimated with isooctane- methanol mixture

5.4.6 Comparison of the two networks

. The Results show in 5.4.2 & 5.4.3 agreed that feed-forward neural has higher accuracy.
ANFIS system is also included in large set of fuzzy rule. The time needs to train or control is
slow. The conclusion of the comparison can be made that feed-forward neural network is
more suitable in fuel estimation compared to ANFIS which is more suitable in Single-Input-

Single-Output (SISO) systems or systems with small number of input parameters.

5.5 Fuel composition estimation in continuous time

The results show in 5.4 have used a fixed set of parameters to test the network. It has been
agreed that feed-forward neural network performs better than ANFIS. To perform further test
on the performance of the fuel estimator perform in use of real application, the simulations

run in continuous time. The fuel estimation is using the same feed-forward neural network
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developed in 5.4.6. The engine model is run at a fixed speed at 2000rpm and fixed torque.
Two mixtures are under investigation, Isooctane-Ethanol and Isooctane-Methanol. Figure 43
shows the setting of the fuel estimation test is the continuous time. The engine is running for
5 seconds for each mixture. The fuel used the 100% Isooctane and blended with Methanol
and Ethanol by 10%. 20%, 30% and 40%. It is noted that the engine operating used is
different from 5.4.5. The fuel-to-air ratio used is slightly richer mixture between the values of
1.02 and 1.05. The tests also included the intake manifold model developed in 3.16.2 allows

tiny variations in the air mass.
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Figure 43 Engine simulation model with fuel estimator which is run in continuous time
5.5.1 Case | Isooctane-Ethanol mixture

The simulation is run for 5 seconds to see the performance of the fuel estimator developed in
continuous time. The results present in the likelihood of three given fuel Isooctane (Figure
44), Methanol (Figure 45) and Ethanol (Figure 46). The estimations between the fuel with
100% and 80% of Isooctane generated the similar estimation. with the probability of
likelihood is at around 83% of Isooctane and 17% of Ethanol. The performance of the fuel
estimator is improved by increase the percentage of Ethanol to 30% (equivalent to 70% of
Isooctane) and 40% (equivalent to 60% of Isooctane), the fuel estimator is able to pick up the
variations. During the five seconds tests, the Results show few cases have slightly different
estimations, but the errors are not significant. Therefore the trends and the conclusion is the

same as 5.4.5.
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Figure 44 Results of Isooctane estimation by likelihood percentage in continuous time. Magenta line denotes
100% of Isooctane, blue line denotes 90% of Isooctane and 10% Ethanol, red line denotes 80% of Isooctane,

black line denotes 70% of Isooctane, and green line denotes 60% [sooctane.
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Figure 45 Results of Isooctane estimation by likelihood percentage in continuous time. Magenta line denotes
100% of Isooctane, blue line denotes 90% of Isooctane and 10% Ethanol, red line denotes 80% of Isooctane,

black line denotes 70% of Isooctane, and green line denotes 60% Isooctane.
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Figure 46 Results of Isooctane estimation by likelihood percentage in continuous time. Magenta line denotes
100% of Isooctane, blue line denotes 90% of Isooctane and 10% Ethanol, red line denotes 80% of Isooctane,

black line denotes 70% of Isooctane, and green line denotes 60% Isooctane.

5.5.2 Case 2 Isooctane-Methanol mixture

A similar test has been done compared to 5.5.1 but replaced with the Isooctane-Methanol
mixture. The performance of the fuel estimator is the same as case one. The Isooctane-
Methanol is again estimated as Isooctane-Ethanol and concluded the same reason which has

been explained in 5.4.5.
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Figure 47 Results of Isooctane estimation by likelihood percentage in continuous time. Magenta line denotes
100% of Isooctane, blue line denotes 90% of Isooctane and 10% Methanol, red line denotes 80% of Isooctane,

black line denotes 70% of Isooctane. and green line denotes 60% Isooctane.
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Figure 48 Results of Methanol estimation by likelihood percentage in continuous time. Magenta line denotes
100% of Isooctane, blue line denotes 90% of Isooctane and 10% Methanol, red line denotes 80% of Isooctane,

black line denotes 70% of Isooctane, and green line denotes 60% Isooctane.
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Figure 49 Results of Ethanol estimation by likelihood percentage in continuous time. Magenta line denotes
100% of Isooctane, blue line denotes 90% of Isooctane and 10% Methanol, red line denotes 80% of Isooctane,

black line denotes 70% of Isooctane, and green line denotes 60% Isooctane.
5.6 Conclusions

This chapter develops the fuel estimator which is capable to provide further control on
different fuel mixtures. Three fuels, Isooctane, Methanol and Ethanol have been used in the
development of the fuel estimator. The input parameters of the system have been identified as
the level of CO,, O,, CO and NOX in addition of the exhaust gas temperature. Two artificial
intelligence methods, ANFIS and feed-forward neural network have been investigated and

the conclusion can be drawn as follows:-

1) The performance of feed-forward neural network approach is better than ANFIS.

2) One negative factor of ANFIS is that it is more suitable for SISO systems. Large
fuzzy-rules are difficult to handle in multi-variable system, as it happened in this
thesis.

3) The fuel estimator can provide the proportional control by the likelihood of given
fuels.

4) Results show that the fuel estimator can handle the changes of different percentage

used in blending mixture of Isooctane-Methanol and Isooctane-Ethanol fuel.
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5.7 Summary of Chapter 5

This chapter studies the development of Al fuel estimators. Two methodologies are
investigated, ANFIS, which is a neuro-fuzzy system, and feed-forward neural network, which
is a neural network system control through the learning process. The mathematical
representations of the two methodologies have been discussed in 5.2. To identify the
parameters needed in the network, the behaviour of emission composition between different
fuels against engine operating parameters, i.e. fuel-to-air ratio and ignition timing, were
analysed in 5.3. The observation of the emission behaviours determined the range of the
control parameters used in the fuel estimation. The two methodologies for fuel estimation and
the comparison are also discussed. The initial tests ran through the pure fuel composition and
gradually mixtures of Isooctane with Methanol and Ethanol respectively. The portions of
mixture varied in steps of 5%, 10%, 15%, 20%, 25% and 30%. The results shown in 5.4
confirm that the feed-forward neural network performed better in the fuel estimation
application. Further simulations tested the fuel estimator in continuous time. Results shown in
5.5 draw the same conclusion as in 5.4 where the performance of the fuel estimator is not

affected in the continuous time process.
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Chapter 6 Engine Control

This chapter studies three closed-loop control algorithms in engine control, including PI
control, Nonlinear Auto-Regressive (NAR) neural network and state-space mode! with LQR.
The mathematical representation of those controllers will be discussed throughout the chapter.
Each controller is tested based on the engine simulation platform developed in Chapter 3. The
objective of the controller is to provide optimal control where the fuel composition and speed
are changing. Results show that the state-space with LQR combined with the fuel estimator
developed in Chapter 5 are able to achieve the minimum levels of emission in all constraints

while the performance is reasonably maintained.

6.1 Introduction

Engine operating parameters, including fuel-to-air ratio, ignition timing, and the valve
opening and closing event affect the combustion performance. These four engine operating
parameters can be obtained from existing engine systems. It is noted that there are other
factors related to the engine combustion process but they are not commonly used since those
parameters cannot be easily obtained or controlled. Two of the outlined parameters discussed
in 1.5.8 and 1.5.10, namely variable compression ratio and the variable manifold length,
require large mechanical components to adjust the engine geometries and they are not
practical to fit onto the engine. Thus, compression ratio information is hard to obtain in real-
time engine process. Therefore the identified engine operating parameters to use in this thesis

are outlined as the four parameters that can be obtained.

This chapter discusses the development of the engine control algorithm which can be used in
real engines. The objective of the controller is to identify the optimal engine operating
parameters with unknown composition of mixture and produce engine emission at the lowest
level in all constraints, while the performance of the engine running in different speed ranges
is not affected. The controller is tested using the engine simulation described in Chapter 3.
The engine simulation is able to generate the exhaust gas composition and allows off-line
research on control algorithm. The outlined emission composition is considered the
obtainable parameters. Modern engines which are fitted with engine sensors, as discussed in
2.6 those are able to measure the levels of Carbon Dioxide (CO,), Oxygen (O;), Carbon
Monoxide (CO) and Nitric Oxide (NOx) of exhaust gas.
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6.2 Engine model and assumptions

The engine control simulation consists of three parts, namely, the engine model, the exhaust
gas sensor block which records the discrete exhaust emission, and the engine parameter
control system. The block diagram is shown in Figure 50. The emission control is considered
as a multi-variable system. The controller takes the exhaust data from the engine simulation
against CO,, O,, CO and NOx and additional parameters of exhaust gas temperature (Tex).
The engine runs according to the control parameters, which are fuel-to-air ratio @, ignition
timing Oig, exhaust valve closed timing Oeve and intake valve opening timing Oie. The
simulation is run on a single cylinder engine with the assumption that the controller

developed is suitable on the same geometries with other cylinders.

@ fuel air ratio

Qignition time

.. Control Engine
System @ in valve open Model

cO2
02
e T
C
= Exhaust gas
NO sensor

Exhaust gas temperature

Figure 50 Engine emission control system

Engine control can be considered as a discrete engine event of a single cylinder working in a
4-strokes process. Most of the common vehicle engines usually contain more than one
cylinder. However, an engine research usually tests under the single-cylinder engine. The
reason for using the idea of a single-cylinder engine is that research treats the improvement of
engine design on the cylinder combustion [10]. Single engine cylinder is connected to one
exhaust path which removes the unwanted effects in the flow of emissions in several exhaust

paths. The multi-cylinder researches are mainly focused on the design on manifold
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geometries or turbo-charge design. Therefore the engine simulation considers single-cylinder
engines in this thesis. Once the controller is developed. it can be implemented and the

optimal engine operating parameters can be found in a multi-cylinder engine.

6.3 Engine control event and data collection

Although the engine runs in continuous time, engine operating timing can be considered as a
discrete event due to the engine process being divided into strokes [49]. The collection of
exhaust gas information is valid while the exhaust gas valve is opened, and finishes when the
valve is closed. The optimal ignition timing related to the past emission information can be
updated during to the time gap between the timing of exhaust valve closed and the igniting

timing in the coming stroke.

However the fuel injection timing and the amount of fuel injected into the cylinder are being
updated in the next engine cycle because there is no time gap between the timing of exhaust
valve closed and the intake valve opens where fuel is mixing at that moment. The controller
has no time to calculate the correct values of parameters in the fuel path. Figure 51 presents
the engine event in the SI engine process timeline. To compare the different of engine event
of CI, the difference between SI and CI engine events are that CI engines ignite at the
moment when the fuel is injected into the cylinder. The computer is able to update the
optimal injection timing and fuel-to-air ratio in the same engine cycle. The CI engine event is

presented in Figure 52, showing that the fuel path is different from SI engine event.
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Figure 51 The control event of a SI engine.
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Figure 52 The control event of a Cl engine.

6.3.1 Closed-loop engine control

In the closed-loop control, the input parameters can be optimised by computing the error
between the output and the desired values. The controller provides a gain in order to update

the optimal value to the new input variable.

Figure 53 shows the block diagram of a closed-loop control system design. Assume the
engine has a transfer function G(s) which represents the relationship between the engine
operating parameter and the condition of the exhaust gas. The error, £, is determined from the
difference between output Y(t-1) and the current input X(z). The updated input, U, can be
compensated by finding the dynamics of the system which can be represented by the transfer

function D(s).

Compensation Engine
U, Yis)
D(s) G(s) >

Figure 53 A Closed-loop Control System design definition
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However, one concern in engine control is the behaviour between some of the engine
operating parameters, namely, the emission and performance which are considered as non-
linear behaviours [64]. This generates an obstacle as there is no existing formulation
representing the non-linear behaviours due to the dynamic of the engine. G(s). If the transfer
function of the system is not obtainable, the behaviour can be represented by other models

including artificial neural networks or state-space representations.

6.4 PID Controller

PID control is the simplest approach in closed-loop control algorithm and has been widely
used throughout different systems. The control system has three terms, proportional, integral,
and derivative. Each term has its own gain, kp, ki and kd respectively, to provide the bias to
each term. The proportional term updates the plant input accordingly to the error response. To
increase the stability of the system, the integral term and derivative term are added for
controlling the steady state and transient response from the past values and prediction

response respectively. The expression of the PID controller is shown in Equation 29.

e(s)
u(s) = kp.e(s) + kI.T + kd.e(s).s

Equation 29

where,
u is the control input
e is the error of the control variable
kp is the proportional gain
ki is the integral gain

kd is the derivative gain.
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Figure 54 Simulation block of Pl engine control

6.4.1 Engine simulation using Pl controller

There are four control parameters and four control targets which have been discussed
previously. In this simulation a simple Pl controller is used to estimate the control variables.
The reason for this is simply the implementation onto the engine simulation platform by
considering only the error and the past data of emissions, where the D term, which predicted
the future values is ignored. For MISO control, the Relative Gain Array (RGA) technique is
used for different control biases. RGA finds the gain coupling between different control
variables and penalised between control parameters and output error. The RGA can be
obtained by the proportion of the plant output against control variables by observation. For
example, the level of CO; is around 0.12 and the level of O; is around 0.01. The gain
designed for O; is around 10 times bigger than for CO; in control of ignition timing. The
objective is to control the level of the emissions to the minimum in various species within a

range of control variables.

Figure 55 shows the result of the emission in a Pl engine control and Figure 56 shows the
input parameters calculated from PI controller. It is noted that the level of O, and NO can be
stable after 1 second. Compared to the results of the CO; and CO level, they have the
opposite relationship. CO level exceeds the emission limited of 1% at around 4 seconds,
while the CO; level is successfully controlled to the minimum. It is concluded that the Pl
control has a slow response and the system is hardly stable over time. To improve the PID
control for multi-variable system, several tuning method using eigenvalues can be used

[79][94][100].
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Figure 56 Control parameters of engine simulation in fixed torque and speed condition for 10 seconds

6.5 Non-linear Auto Regressive (NAR) Neural Network

Non-linear Auto Regressive (NAR) Neural Network is a neuro-controller which is a feed-

forward neural network with an additional feedback input for the weighting of closed-loop
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lincarisation. The feedback input uses the past values to remove nonlinearities of a system
[14][82]. The block diagram of a NAR neural network for 4-input-4-output system presents
in Figure 57. NAR neural network is able to predict the future behaviour, and the number of
future sample predicted depends on the number of delays trained in the network. allows the
weight to track the trajectory of the behaviour. The feed-forward neural network is trained
regressively using the past values to approximate the linear output. In the definition of a NAR

neural network model, the math representation shows in Equation 30 [4][88][97].

y(® = £ (y(t = 0.yt = 2), .. y(t =ny)ult = D, ult = 2), .., u(t - n,))

Equation 30

where.
u is the control variable
y is the output
n, is the number of delay used to train the control variable set

ny, is the number of delay used to train the output set

-J NARX Neural Network (view)

< >
— -

Figure 57 Closed-loop NAR neural network system

The number of past values is one of the factors determines the size of the network. Other than
the main function of feed-forward neural network described in 5.2.1 which is non-linear
system identification, NAR neural network can be used as system prediction in a time series.

Once the system has been identified, the network output can be used as open-loop or closed-
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loop control. Open-loop NAR neural network control uses as the origin system identification,
and closed-loop NAR neural network control have an additional input allowing the system
update the forthcoming output. To train the closed-loop neural network, the specification of
the training method uses is as same as feed-forward neural network. which is Levenberg
Marquardt back-propagation algorithm. The number of past values is chosen as 2 and number
of hidden layers is 3. The engine simulation system implement the NAR neural network

presents in Figure 58. The control block is replaced the PI controller shown in Figure 56.
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Figure 58 Simulation block of NAR neural network engine control

6.5.1 Open-loop NAR vs. closed-loop NAR

An open-loop NAR neural network is also developed to compare the performance between
open-loop and closed-loop methodologies. The training of those two NAR neural networks
uses the same dataset. In closed-loop NAR it has a better control in CO, but has been traded
off with CO,, O and NOx. The results of the simulations are presented in Figure 59. The
controllers settle at less than 0.6 seconds, which is equal to 10 revolutions at the speed of

2000RPM. They both provide quick and stable control.
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speed condition for 10 seconds

6.6 State-feedback Model using LOR

A state-space is another approach, apart from neural network, to represent the behaviours of
non-linear system using system identification. It consists of a set of n" order differential
equations in the vector valued state which describe the dynamic of the system. The state-
space model can also be designed as a closed-loop controller. The closed-loop control gain, K,
can be developed using Linear Quadratic Regulator (LQR). The approach is first developed a
state-space model and find K in the next stage. Figure 60 shows the block diagram of the

systematic of state-space.

D = 0 when there is no gain

between input and output
D
‘g
Y
u 5 Plant - NS
A le—1J

Figure 60 Block diagram of state-space system
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For the real time system, the state-space representation, presented in Equation 31, is divided

into two equations, state equation x[t] and measurement equation y(t)[84]. The state
equation records the behaviours of state, by the bias weights, at time ¢. The weighting bias
between the pervious state and the current state is represented by the gain, 4; and the
weighting bias between input and state is represents by gain, B. The measurement equation
records the behaviours between the state output and the system output with the gain. The |
weighting bias between them is represented by the gain, C. If there is'some gain found
between input and output, the gain, D, can represent the bias but if no gain happens between
input and output, D is equalled to 0. For a multi-variables system, the gains can be

represented in the form of matrix.
x[t + 1] = Ax[t] + Bult],
y(t) = Cx[t] + Du[t]

Equation 31

where
x is the state vector,
u is the input vector,
y is the output vector,
A is a n-by-n state weighting matrix,
B is a n-by-m input weighting matrix,
C is a |-by-n output weighting matrix,

D is a m-by-m back propagate weighting matrix, zero when there is no gain between

input and output,
n is the number of state order,
! is the number of outputs,

m is the number of inputs.
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Since the linearisation is using sampling data in some time step, computer simulation is
considered as a discrete time system. The state-space representation in discrete time is shown

in Equation 32.
x[t + 1] = Ax[t] + Bult]
y(t) = Cx[t] + Du(t]

Equation 32

where,
the state vector X is using the state value in the previous step, i.e. x[t+1].

The advantage of state-space is its ability to represent multi-variable systems, such as MIMO
or MISO. The weighting matrix, 4, B, C and D generate the weight between different
correlations and prioritise the certain input parameters and states if needed. Figure 61 shows

the overview of the weighting matrix in a MIMO system.

Statel State2 .. Staten Inputl . Input m
State 1 Ay Ay An Byy = Bim
State 2 A21 Au A2n 821 3 BZm
Staten Ani Anz e Ann B,u s Bnm

Output 1 [Cn €z - Cn]

[D}l : D‘ln]
Output! Dy - D,

Figure 61 A, B, C and D matrix format in a MIMO system

Matrix A is often formed of a symmetric matrix, where the weighting only exists for each
state. In some cases in state-space design, a different weighting can be between two different
states, i.e. there is some gain between state 1 and state 2, A72 and A21 have the value for the
correspondent weight instead of zeroes. Matrix B and C are the input and output weighting

matrix where it prioritises the importance between two different inputs or outputs. Matrix D
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is usually formed of a zero matrix due to only rare cases when the outputs are formed with a
gain of inputs. This gives the advantage in designing a multi-variable system control which

the weighting between them can be adjusted.

Those four gains, 4, B, C and D, can be estimated by the prediction error method (pem). Such
method estimates the error of N" order and finds the minimum cost by the following

equations:-

= min
Oy =arg 5 DMVN(B.Z”)

Equation 33
The cost function, Vx(6,Z"), can be calculated using Equation 34 [41][89].
L
Vn(8.2") = 2> es"(k, 0)A " ex (K, )
t=1
Equation 34
where,
V, is the cost function
Z, is the measurement data
A is the weighting matrix
N is the number of samples
er(k 6) is the prediction error function and can be determined by [41]:-
er(k,0) = L(q.0)H™*(q,0)(y(k) - G(q,0)u(k))
Equation 35

where,
L is the monic prefilter that can be used to enhance certain frequency regions.
G is process model

H is white noise model
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@ can be determined by the least squares method by minimizing the sum of the form of the

output and the product of 6 and the measurement data.

N
> - 2761
t=1

Equation 36

In the linearisation of the engine simulation, the state-space form consists of five emission
parameters, namely CO, O, CO, NO and exhausts gas temperature. The state-space tries to
identify the four engine control parameters, including fuel-to-air ratio, ignition timing and
exhaust and intake valve events. To simplify the state-space and increase performance, the

state-space is developed as a MISO system.
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Figure 62 State-space engine model

The next step is to identify the state feedback control gain, K, which agrees the state feedback

control law as shown in Equation 37.
u(t) = -Kx(1),

Equation 37

where,
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u is the input
x is the state
K;is the gain between input and output

and state-feedback controller presents in Figure 63 can be updated from state-space system

Figure 60 by applying the input gain as
x(t+1)=A-BKx(1)

Equation 38

where,

K is the closed-loop gain

3(.__
G-

K = closed loop gain obtained
from LQR

Figure 63 Block diagram of closed-loop state-space system with closed-loop gain K obtained from LQR method

Assume engine parameter is controllable against the emissions and performance, in the gain
K can be obtained using linear quadratic regulator (LQR) method which optimises the system
at the minimum cost. The state-space can be optimised by a LQR with the minimum cost.

LQR is calculated to minimize the cost function J(u).

The cost function is:-

J@) = ) Gxle17Qx{e] + ulel" Rule] + 2x[¢]" Nu[t)

t=1

Equation 39
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where,
Q is the state cost, = QT =0
R is the input cost, R = RT >0 and
N is the time horizon
The LQR can be solved by Riccati equation with the condition s = s7 > 0:-
ATSA—S—(ATSB + N)(BTSB + B)"1(B"SA+NT)+Q =0

Equation 40

The controller is to assume the simplest case to control the system by choosing R=1, and O
= (C".C. The cost function corresponding to QO and R share the equal importance in the state

variables although this can be tuned.

6.6.1 State-space engine simulation model without fuel estimation switch

The initial test develops four MISO state-spaces using one dataset contain all three fuel
compositions, including Isooctane (Cg-Hg), Methanol (C,-H4-O) and Ethanol (C2-He-01).
This test did not include the fuel estimator. The state-spaces were developed using the 8"
order. The engine simulation is run for 3 seconds with the fixed speed and torque. The aim is

to find the set engine operating parameters in the lowest emissions in all constraints.

The results of the simulation in the level of emission and engine operating parameters show
in Figure 64 & Figure 65 respectively. The controller is unstable and unable to find the set of
engine operating parameters. One solution to improve the controller is to separate the
controller according to the estimated fuel composition and controller switch to corresponding
portion. Such fuel estimator developed in section 5.5. The state-space is developed in
different fuel composition, Isooctane (Figure 67 and Figure 68), Methano! (Figure 69 and
Figure 70) and Ethanol (Figure 71 and Figure 72). Results show that controllers are stabilised

after the engine temperature saturates at 0.6 seconds.
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6.6.2 State-space engine simulation model with fuel estimation switch

Three separate state-space models have been developed based on three different types of fuel,
Isooctane, Methanol and Ethanol. The fuel estimator which developed in Chapter 5 is added
to give the proportion switch according to the fuel type estimated. Figure 66 shows the
Simulink diagram. Four emission composition, CO,, CO. O; and NOx in additional with
exhaust temperature are used as the controller inputs. For each fuel type, four state-spaces are
developed for each engine operating parameters, including 1) fuel-to-air ratio, 2) ignition

timing, 3) exhaust valve closed timing, and 4) intake valve opening timing.

bl parnag .

Figure 66 MATLAB Simulink model of a state-space control with aid of fuel estimator
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Pure Methanol
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6.6.3 Controller comparison

Considering the validation set of level of emission found in the engine, the state-space
identified the optimal engine operating parameters. Figure 73 shows the results for Isooctane
values used to compare the engine operating values between the original input and the state-
space results. The red line denotes the random operating parameters without control. The blue
lines are the optimal parameters identified by the state-space to provide the lowest emission
level in all constraints. The black lines are the resulting of further control using state-space
model with LQR. Results show that the optimal fuel-to-air ratio lies at around 1, which is in

the stoichiometric ratio. The optimal ignition timing happened between -20 to -30 degrees.

However it is found that the state-space with LQR provided rather slow control for the valve
timing. The exhaust valve closing timing and intake valve open timing have limited effect on
emission composition by having significant effect on the resultant engine speed, although it is
noted that late intake valve closing timing reduces the NOx emissions [81], intake valve
closing timing was not include in this thesis. If the optimal valve timings found are beyond
the realistic values, the controller can use a saturation block to limit the value of valve timing

within a range.
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Figure 73 The engine operating parameter of simulation data in red, and the state-space optimized engine

operating parameters in blue, state-space with LQR optimized engine operating parameters in black
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6.7 Engine control in different speed with different fuel mixture

To test the controller working with different fuel mixtures, we use the same mixtures tested in
5.4.4, which are Isooctane-Methanol and Isooctane-Ethanol. The portion started with 100%
Isooctane and gradually mixing with Methanol and Ethanol by 10% and 20%. respectively.
The initial test used a steady-state where all operating parameters. speed and load are fixed.
Results are shown in Figure 74 with the level of emissions found for four compositions. The
controller is able to find similar emissions while the fuel composition is changing. The CO»
level increased where the mixture is turned closer to Methanol, and decreased in O,. The

changes were not significant with the changes in CO; and O, were 0.1%.
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Figure 74 State-space and neural network comparison at different engine speed

6.7.1 Isooctane-Ethanol mixture with different speed

The next step is to take into account the realistic situation with the change in engine speed.
The aim for the simulation is to use state-space model with fuel estimator to find the lowest
emission while keeping similar performance. The first simulation used the Isooctane-Ethanol
mixture by mixing Ethanol into Isooctane by 10%, 20%, 30% and 40%. The amount of
throttle opened is set to constant at 25%, which allows the increase of speed. The
performance measurement of the controller is in speed and the levels of the emissions, in
compositions of CO,, O, CO and NOx, found are at their minimum. Figure 75 shows the
engine speed for 5 seconds and where it increases from idle speed at 1000 rpm to over 3000

rpm. The result showed that the controller was able to maintain similar speed. Thus it can be
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concluded that the performance didn’t change significantly by using different mixtures when

applying our proposed engine control.
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Figure 75 Speed of State-space control with fuel estimator in different portion of Isooctane-Ethanol mixture

The emissions produced from engine simulation are shown in Figure 76. The engine
produced similar amount of CO,, O, and NOx emissions. When larger portion of Ethanol was
blended into Isooctane, CO emissions decreased. The engine operating parameters had about
no difference in fuel-to-air ratio, ignition timing and valves timing. Therefore no control

adjustment was needed and the level of CO dropped as presented in 2.5.5.

The results of engine control parameters are shown in Figure 77. The fuel-to-air ratio found
throughout the simulation is slightly richer but the ratio was close to 1. The engine operating
parameters did not change significantly, with fuel-to-air ratios were slight higher than |
(slightly richer mixture) and ignition timing at around 25 degrees from 1™ second to 5"
second corresponding to 2000 to 3300 rpm, respectively (Figure 77). The exhaust valve
timings show similar behaviour against ignition timing. For mixtures containing methanol,
the controller found the later exhaust valve closed timing at 380 degree, whereas pure

isooctane has its own optimal value at around 373 degree.
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6.7.2 lIsooctane-Methanol mixture with different speed

The same simulations were carried out, as shown in 6.7.1, but replacing the fuel with
Isooctane-Methanol mixture. The portions of mixture are mixing Ethanol into Isooctane by
10%, 20%, 30% and 40%. The performance in terms of speed and levels of emission of CO,.
0,. CO and NOx were recorded. The result showed in Figure 78 agreed that the performance
in speed had no significant differences and can be concluded that the performance is similar

with different mixtures after engine control is used.
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Figure 78 Speed of State-space control with fuel estimator in different portion of Isooctane-Methanol mixture

The emission levels found in the simulation are shown in Figure 79. Results showed that pure
Isooctane has the minimum CO; whereas CO is the maximum. When the portion of methanol
is increased, the CO; was kept relatively constant, but a gradually reduction of CO was noted.
The level of O; and NOx (0.001% by volume) had not significant variations. The results also
showed the variations in the levels of emission in larger at slow speeds. especially in CO, and

CO. This is because the engine needs to warm up. Further tests are needed on slow speed.

The results of engine control parameters are shown in Figure 79. For pure Isooctane (shows
in the blue line in Figure 79), the ignition timing was retarded to around 28 degree. The
results also show that when the mixture was closer to Methanol, the fuel and air ratio turned
closer to stoichiometric. The controller optimised the ignition timing according to different
mixtures. It can be concluded that the results shown in Isooctane-Methanol mixture agreed
the similar performance as shown in Isooctane-Ethanol. Both controllers provided optimised
control and identified the minimum emissions without significant change in speed (in speed

range between 1500-3300 rpm).
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6.8 Engine control in basic engine cycle with different fuel mixture

The final tests in the engine control are implementing the controller onto the given engine
cycle. They are the continuation of 6.7, where previous tests were run with the throttle
constantly open, allowing the engine simulation while the speed is increasing exponentially.
Here, an engine cycle is used with the change in speed, which is able to capture the
behaviours of rapid and slow speed changes when the engine is accelerating or decelerating
between 1000 rpm and 3000 rpm. The step of the change is two seconds, allowing the engine
controller to settle the given speed. The engine cycle used is presented in Figure 81. It is

noted that the tests are run on a fixed torque.
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Figure 81 Engine cycle used in the final tests

6.8.1 Comparison of engine cycle tests with and without control

To test that the developed engine control provides the optimisation of emissions, two engine
simulations were run with and without control, respectively in the engine cycle lasted 20
seconds. The engine parameters used without controller are fixed. The specifications of the
engine run without control use two fuel-to-air ratios which are fixed at 0.95 and 1.05. The

ignition timing is fixed at 25°. Exhaust valve closes at TDC (360°) and the intake valve opens
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at the same time. Two cases of Isooctane-Ethanol mixtures have been chosen for this
comparison. The first case uses 90% Isooctane blended with 10% Ethanol while in the second

case Ethanol portion was increased to 20% (i.e. 80% Isooctane).

The levels of emissions found in species of CO2, 02, CO and NOx with and without control
are presented in Figure 82. The results show that when the engine has no control, the levels of
emissions are not at their minimum at all constraints. When the fuel-to-air ratio is 1.05 at
richer mixture (value over 1), the red lines denoted in the graph show the level of CO,, O,
and NOX are at the lowest compared to other two results, but the level of CO is over 1%,

even exceeding the level allowed by legislation. Whereas when the fuel-to-air ratio is 0.95 at
richer mixture, the black lines denoted in the graph show the level of CO; and CO are at the
satisfactory level. The negative effect is the level of NOx which is about eight times larger
than the resulting with control. Therefore it can be concluded that the controller found the

better control in all level of emissions.

0.13 — : : 0.01 ’ ’
— With control —— With control
I ~——1fla1.05 f/a 1.05
0.125
- —1/a 0.95 __b.oos ——f/a 0.95
[e) ™ e e
= 0.12 1 (o]
- _F > 0.006 :
9 6115 L | B
o 0.
E—; * 0.004 ]
0.11 1 o
8 e}
0.105} ] °'°°2l '
0.1 . : . . 0 - ; -
0 5 10 15 20 25 0 5 10 15 20 25
Time (sec) a) CO2 Time (sec) b) 02
3
0.015 . - 1.4%10 - : .
—— With control —— With control
——f/a 1.05 1.2 —fla1.05 |
- —1/a 095 = — /2 0.95
S oof L - S | i
> 2 0.8} :
= 2 08
O 0.005 3
3 Q o4
0.2 ]
L ol 11 =
0 5 10 15 20 25 0 5 10 15 20 25
Time (sec) c) CO Time (sec) d) NOx

Figure 82 The level of emissions found in the engine simulation with and without control with given fuel-to-air

ratio. a) is CO,, b) is Oy, ¢) is CO and d) is NOx

150



- Case | Isooctane-Ethanol Mixture

Figure 83 presents the level of emissions generated from the simulation with the given engine
cycle. The related engine operating parameters are presented in Figure 84. The results show
that the controller provides quick responses in the emission control. In the 2™ second the
emissions have rapid changes due to the speed increase from 1000 rpm to 3000 rpm. The
controller is able to pick up the behaviours and the emissions are settled in the next few
revolutions. For the performance of the steady control, we can draw the same conclusion as

in6.7.1.
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Figure 83 The level of emissions found in the engine control simulation of engine cycle in different portion of

Isooctane-Methanol mixture. a) is CO,, b) is O,, ¢) is CO and d) is NOx
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Figure 84 The engine operating parameters recorded in the engine control simulation of engine cycle in different
portion of Isooctane-Methanol mixture. a) is fuel-to-air ratio, b) is ignition timing is degree, ¢) is exhaust valve

closed timing and d) is the intake valve opening timing

- Case 2 Isooctane-Methanol Mixture
Case 2 tests on the engine run with Isooctane-Methanol mixture in the given engine cycle.
Figure 85 presents the level of emissions generated from the simulation with the engine cycle.
The related engine operating parameters are presented in Figure 86. The results show that
when the speed is changing by the step, the controller settles quickly. It can be observed that
when the speed varies, the emissions of CO; and NOx have rapid increases and CO decreases

rapidly. The controller is able to settle the emissions quickly within a few engine revolutions.

One uncertainty found is in the result of 90% Isooctane and 10% of Methanol which is
denoted by the red line. The controller has an unstable response between 2 to 4 seconds. The
controller is unable to pick up the optimal engine operating parameters as shown in Figure 86
where the values of fuel-to-air ratio, ignition timing and valve events are fluctuating. The
same trends happen at the results between 12 and 14 seconds. By analysing the speed at the
moment where the uncertainties are found, we can note that they happen when the speed is
increasing from 1000 rpm to higher speed. Therefore the controller performs worse at lower
speed and the controller needs to improve by collecting more data while training the state-
spaces. For the performance of the steady control, we can draw the same conclusion as in

6.72;
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Figure 85 The level of emissions found in the engine control simulation of engine cycle in different portion of

Isooctane-Methanol mixture. a) is CO,, b) is O,, ¢) is CO and d) is NOx
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Figure 86 The engine operating parameters recorded in the engine control simulation of engine cycle in different

portion of Isooctane-Methanol mixture. a) is fuel-to-air ratio, b) is ignition timing is degree, c) is exhaust valve

closed timing and d) is the intake valve opening timing
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6.9 Conclusions

The chapter discussed the development of the engine controller which is able to optimise
engine control parameters resulting in the minimum levels of emissions while keeping the
optimal performance in various speed. Three closed-loop controllers, PI control, NAR neural
network and state-spaces with LQR have been investigated. Five input variables taken from
the condition of exhaust gas have been identified, including the level of CO2, 02, CO and
NOx in addition to the exhaust gas temperature. Four engine operating parameters are aiming
to control the engine, including the fuel-to-air ratio, ignition timing, exhaust valve closed
timing and intake valve opening timing. Three fuel mixtures have been used for the
investigation, including 100% Isooctane, Isooctane-Methanol mixture and Isooctane-Ethanol
mixture. The engine simulations were also run at different speeds to test the controller

working in different conditions. The chapter can be concluded as follows:-

1) By comparing three closed-loop controllers, PI control performs poorly. The
controller is not settling quickly enough for engine control applications.

2) The performance of NAR neural network is satisfactory for engine control
applications. It is similar to the state-spaces control result.

3) Four MISO state-spaces have been developed for each control variable.

4) The controller improves by generating one set of state-spaces controller for each
given fuel. The state-spaces provide the proportional control according to the
probability of the fuels calculated from the fuel estimator.

5) The controller is tested in various conditions. The results show that the controller is
able to control the engine where the emissions are minimal while keeping optimal

performance.

6.10 Summary of Chapter 6

This chapter discusses the control algorithm to control four engine operating parameters to
achieve lowest emission levels with different fuel mixture and at different engine speeds. The
four control parameters used are fuel-to-air ratio, ignition timing, exhaust valve closed timing
and intake valve open timing. The emission target is to maintain CO,, O,, CO and NOX to the
minimum. The controller treats the system in discrete time, which is discussed in 6.3. Three
different closed-loop multi input single output (MISO) control algorithms are ran in the
engine simulation, which are Pl control in 6.4, nonlinear auto-regressive (NAR) neural
network in 6.5 and state-space model with linear quadratic regulator (LQR) in 6.6. Results

show that state-space model with LQR combined with the fuel estimator are chosen for
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further study because they can achieve the minimum level of emissions in all constraints.
Further studies on different mixture at different speeds while engine torque was fixed were
performed. Results discussed in 6.7 and 6.8 showed the performance of the controller while
fuelling with two mixtures, including Isooctane-Ethanol and Isooctane-Methanol. The
simulations used different portions of Isooctane into Methanol or Ethanol by 90%, 80%, 70%
and 60%. Results agreed that the emissions were kept the lowest possible while engine speed

was increasing with constant opening of the throttle.
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Chapter 7 Conclusions

7.1 Conclusion

This thesis is set out to research the spark ignition (SI) engine controller while fuel
composition is continuously changing. The novel approaches developed the MIMO closed-
loop control which is satisfied with the objectives listed in 1.4. The engine simulation model
is used as the platform to test on the controller. The criteria of the engine simulation
including 1) the variation of engine operating parameters fuel-to-air ratio, ignition timing,
exhaust valve closed timing and intake valve open timing; 2) collection emissions
composition including CO3, Oz, CO and NOx, 3) choice of fuel compositions, including
Isooctane, Methanol and Ethanol, and 4) capable of running engine in continuous time. The
conclusion of this thesis can be divided into three parts:- the engine simulation model in 7.2,

the fuel estimator in 7.3 and the non-linear MIMO closed-loop controller in 7.4.

7.2 Engine simulation model

Chapter 3 develops a single cylinder Spark-Ignition (SI) engine simulation model based on
the first law of thermodynamics. In the development of engine model, additional sub-models
are used for detailing the engine combustion process, including the heat release, heat transfer,
gas exchange, blow-by and friction etc. The final version of engine simulation model is to
complete the full engine simulation with intake manifold model is added which can calculates
the change in speed. The theory is outlined by increase the amount of opening of throttle,
more air enters into intake manifold. The manifold pressure changes and hence varies the
pressure in cylinder. The relationship between intake manifold pressure and speed has been

discussed in the chapter.

The specification of the engine maps the standard SI engine size. It contains one cylinder
with four strokes engine combustion process. The reason of engine simulation using one
cylinder is it can remove the unwanted effect between cylinders and can be focused on the

improvement of the combustion.

The developed model has been compared with two reference models, Ricardo Wave [91] and
Lotus E‘ngine simulation [71]. The results have been discussed in Chapter 4. The parameters
of the comparison are using the peak pressure and peak temperature timing during
compression and combustion stroke. There are differences between the packages, since more

detailed sub-models are included in the commercial packages based on laboratory works on
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engine materials. One example is cylinder wall material, which has effects on the cylinder
heat transfer. The final version of the engine simulation generates the outputs of the condition

of the emissions which are used in this thesis in the development of the controller.

7.3 Fuel estimator

The introduction of a fuel estimator aims to provide additional optimisation of engine control
taken into account possible unknown fuel compositions after refuelling the engine. Two
artificial intelligence methodologies, feed-forward neural network and Adaptive Neuro-Fuzzy
Interface System (ANFIS) are investigated, and their comparison has been discussed. Three
different fuels are used, which are 100% Isooctane, Isooctane-Methanol mixture, and
Isooctane-Ethanol mixture. The measurement of the fuel estimation system is estimating the

number of atoms of Carbon and Hydrogen.

7.3.1 Feed-forward artificial neural network

One methodology is the feed-forward artificial neural network which is an open-loop neural
network. The first simulation is run by using the fixed value of ignition timing and variable
fuel-to-air ratio. Results show that feed-forward neural network is capable to distinguish
between three given fuels when the fuel-to-air ratio is less than 1. Accuracy drops with the
mixture in learner ratio. The second simulation is run by using fixed value of fuel-to-air ratio
and variable ignition timing. Results show that the accuracy of fuel estimation is not affected
by different ignition timing. It can be concluded that fuel-to-air ratio is more sensitive than
other engine operating parameters, including ignition timing, exhaust valve closed timing,

and intake valve opening timing.

The final simulation is run by using two mixtures, namely Isooctane-Methanol and Isooctane-
Ethanol. The simulation starts with pure Isooctane and gradually blended Methanol and
Ethanol by the percentages of 5%, 10%, 15%, 20%, 25% and 30%. The results show that the
neural network is able to identify the changes in different percentage of mixture and is able to

provide proportional control to the engine by likelihood of fuels.

7.3.2 Adaptive Neuro-Fuzzy Interface System (ANFIS)

To compare with the performance of feed-forward neural network fuel estimation, a second
methodology that uses Adaptive Neuro-Fuzzy Interface System (ANFIS) is investigated. One
disadvantage found in this thesis is the complexity for systems that include many input

variables. ANFIS requires a large set of fuzzy rules, resulting in long training time and
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excessive memory requirements to train the system. The controller provided slow response in
consideration of large data sets. Thus the results prove that the performance of ANFIS is not
better than feed-forward artificial neural network. Therefore, ANFIS is not suitable in multi-

input control system and not been chosen in this thesis.

7.3.3 Fuel mixture estimation by probability distribution

Further in the thesis, the outputs of the fuel estimator which are the probability distributions
of the three types of fuels provide control gains according to the likelihood of the fuel. In
order to do that, the Softmax transfer function is used in the output layer of the neural
network where the sum of the outputs is forced to be 1.

Three different mixtures were used, including 100% Isooctane, and blended Methanol and
Ethanol into Isooctane by 10%, 20%, 30% and 40%. The simulation ran in continuous time
and results show that the fuel estimator is able to identify the changes in blended portions of
Methanol and Ethanol. It can be concluded that the fuel estimator is successfully developed.
The fuel estimator uses artificial feed-forward methodology and the output is the probability
distribution of a given fuel. Moreover, it is capable to providing further control to the engine

parameters.

7.4 Engine operating parameters optimisation

Once the fuel type is estimated, the thesis developed engine controller strategies which were
able to optimise the engine operating parameters resulting in the lowest emission in all
constraints at different speeds. Three closed-loop controllers, PI controller, Non-linear Auto-
Regressive (NAR) neural network, and state-space with LQR, are investigated. Five input
variables of exhaust gas condition are used, including the level of CO,, O,, CO and NOx in
addition to the exhaust gas temperature. The comparison of three controllers has been done

and their performance can be concluded as follow:-

7.4.1 Plcontroller

PI controller is the most commonly used closed-loop controller. The controller provides the
gains as update according to the error in the past values. The results of using P! in engine
control found that PI controller returned slow responses in this application. To improve the
performance of PI control in engines, it may need a faster approach in additional to speed up
the controller. Methods include adaptive control which are combined with Pl such as fuzzy-

PID or neurp-PID which is not considered in this thesis.
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7.4.2 Nonlinear Auto-Regressive neural network (NAR)

Nonlinear Auto-Regressive neural network (NAR) is a closed-loop neural network
methodology where additional layer of extra neurons are added and the corresponding
weights can be updated by past values. In this thesis, NAR in engine control was proposed
since it provides good control in engine operating parameters. However, it was decided not to
adopt it here since it is hard to implement onto the real application with the extra input of the
NARX model require a real time input rather than the parallel input-output set which is tested

in the thesis.

7.4.3 Closed-loop state-space control

Space-space is a system identification approach which records the behaviour of a system by
nth number of order. In this thesis, a MIMO closed-loop state-space controller is developed.
The state-space can be used as closed-loop control, i.e. state-feedback controller, by finding
the closed-loop gain using LQR. The regulator updated the input matrix, B, by control law A-
BK. Three state-space models are developed and each model contains the behaviour of one
given fuel from Isooctane, Methanol and Ethanol. The controller gives proportional control
according to the fuel likelihood generates from fuel estimator. The feedback gain, K, is
calculated offline by using LQR methodology, where the variable, Q, is used simple example
of Q=C.C.

The results show that the closed-loop state-space controller together with the fuel estimator is
able to find the stable control with lowest emissions in all constraints. Figure 73 shows the
comparison of engine operating parameters between engine with control and without control.
It can be concluded that the controller provides the optimal parameters, where the fuel-to-air
ratio lied at around 1 and the ignition timing were between -20 to -30 degree. The state-space
provides a rather slow control. By just considering the fuel composition changes while

refuelling, the fast controller is not a concern in this thesis.

7.4.4 Engine control at different speed

The simulation run on the condition when the throttle is opening constantly, allows the
engine to increase the speed. Two simulations were run by using two mixtures, Isooctane-
Methanol and Isooctane-Ethanol. The results discussed in 6.7.1 and 6.7.2 prove that the
lowest emissions were found and that the performance of engine in speed had no significant

difference. We concluded that the proposed approach that generates separate state-space for
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each fuel component in combination with the fuel estimator that provides proportional control

have good response and is able to achieve the target of the thesis.

7.5 Contributions

The novel engine controller combined with fuel estimation, allows vehicle users more
choices while refuelling theirs vehicles. The thesis started with the development of the engine
simulation platform. The performance of the developed model has been validated by
comparing it to existing engine simulation packages that involved laboratory works in their

development. The results of the comparison have been published in [21].

The next step in the study is the development of the fuel estimator. The artificial feed-forward
neural network approach has been chosen. The simulations run with different portion of
mixtures including Isooctane-Methanol and Isooctane-Ethanol. The results have been
presented in [20][23].

The final stage of the thesis is to develop the engine control, which used state-space
methodology to perform system identification. The LQR method has been used for the
closed-loop control in the developed state-spaces. Five parameters have been identified as the
control system inputs, which are the exhaust gas compositions, including CO,, O,, CO and
NOx in addition to the exhaust gas temperature. The controller is developed as a MIMO
system, five MISO models has been developed where each one has a single output, including
fuel-to-air ratio, ignition timing, exhaust gas valve closed timing, and intake valve opening
timing respectively. To improve the state-spaces performance, the system developed five
MISO controllers for each given fuels, including Isooctane, Methanol and Ethanol. The
controller used the developed fuel estimation as the proportional switch according to the
likelihood of the fuel. The models used and the results of the controller have been presented
in UKACC PhD showcase in 2011, 2012 and 2013 and the result of the complete controller
with the engine cycle is published in [22].

7.6 Final version of virtual engine control system

The block diagram of the final model engine control of this thesis is shown in Figure 87. The
final model includes a) the virtual machine, b) fuel estimator and c) closed-loop state-space

controller.
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Figure 87 Block diagram of the final model engine control this thesis

a) The specifications of virtual engine show in Table 25.

Parameters

Values/ Model

Number of stroke

Number of cylinder

Combustion process

Spark Ignition

Fuel used

(and mixtures between given fuel)

[sooctane (CgHg)
Methanol (C,H40,)

Ethanol (C,Hs0))

Heat transfer model

Woschni

Heat release model

Wiebe

Engine size

Medium SI engine (refer to Table 6)

Table 25 Parameters of the final engine simulation model
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b) The specifications of fuel estimator show in Table 26.

Fuel estimator Values/ Model
Artificial intelligence Feed-forward neural network
Data for training 1092 seconds (18216 samples)
Data for validation 630 seconds (10500 samples)
Performance (R-square) 0.7892
Inputs CO,, 0,3, CO, NOx
[ Outputs Likelihood of given fuel by percentage

Table 26 Parameters of the fuel estimator model

¢) The specifications of closed-loop state-space models show in Table 27.

Closed-loop state-space Values
Number of order g"
Closed-loop gain Obtained from LQR
Data for training 1092 seconds (18216 samples)
Simulation Real-time engine simulation with control
Inputs CO, 0, CO, NOx

Exhaust gas temperature

Outputs Fuel-to-air ratio
Ignition timing
Exhaust valve closed timing

Intake valve opening timing

Table 27 Parameters of the final engine operating parameter control mode!
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7.7 Recommendations and future works
Engine research is still at the early stages for full electronic engines. The limitations of
developing electronic engines include 1) the engines are running mechanically, 2) emissions
limitation is tightening and 3) possible fuel composition to run engines which can switch
between compression ignition and spark ignition. This thesis provided new approaches on
engine control that will work when feeding the engine with different fuel mixtures with
unknown composition. Further research may be carried out in the following areas:-

- Implementation of the model to the engine controller
This thesis develops the control algorithm based on computer simulation. For practical use
the implementation of the controller requires to research engines which can then download
the model to ECU. More tests are needed so the control algorithm can be fitted on different
combustion process, €.g. Cl engines, HCCI engines, or PCCI engines.

- Valve timing of camless engine.
The thesis simulates the valve timing where practical variable valve timing systems require
large mechanical components. The possibility of camless engine is discussed but further work
is needed when the camless engine is practical ready.

- State-space model and fuel estimator with more fuel compositions
This thesis considers three fuel compositions that are suitable for its use in SI engines. Same
approaches can be performed to ClI engines, or HCCI and PCCI engines. More choices of fuel
composition can be included in the development of state-space controller. In the current fuel
composition, researchers focus on the use of biofuels, which have different compositions.
The target is to provide consumers with more choices in composition. The work can be
continued by using the same methodologies of training with new fuel estimator models and

providing optimal control to engine parameters.
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Appendix A
Current Engine Combustion Process

In principle, engine aims to design with the compression ratio as highest as possible.
When compression ratio is high, the fuel and air particles are closely packed together and
obtain a higher explosive velocity during combustion. However, the design and material used
to manufacture engine cylinder and piston head has limitation of compression ratio. There are
two different combustion process produced for vehicle engines available in the industry,

Spark-Ignition (SI) process and Compression-Ignition (CI).
1.1.1  Spark-Ignition (SI) engine

In SI engine, the typical compression ratio is between 8 and 12, usually does not exceed
12 due to the material used in the production is not durable and engine knocking is possibly
occurs if compression ratio is too high. The standard liquid fuel composition used contains 4
and 12 Carbon atom per molecule, named gasoline or petrol from the fuel supplicr. However
alternative auto gas, such as methane, methanol, nitromethane can be used as fuel. Fuel
suppliers provided the standard gasoline can be a partly mixture with the listed autogas, with
an octane number is a set standard to avoid engine knock. The air and fucl mixture
compressed to the temperature at around 700K. The ignition starts when a spark plug fires a
spark of high voltage electricity at 30,000V in a fraction of time, gives enough power and

duration in combustion.
1.1.2  Diesel (CI) engine

In diesel engine, the typical compression ratio is in the range of 12 to 24. Because the
compression ratio is higher, it has better efficiency compare to SI engine. Diesel engine also
produces a high power output compared to Sl engine. The application aims to heavy vehicles,
such as trucks and coaches. The standard liquid fuel used contains 10 to 15 Carbon atoms and

18 to 28 Hydrogen atoms per molecule. This fuel has a lower boiling point at around 525K.
Comparison of Sl engine and Diesel engine
Advantages of diesel engines against gasoline engine

e Better efficiency, higher compression ratio, higher power, larger expansion ratio.

e Better torque at low speed
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o Better fuel economy while performing the same work against petrol engine.
e Lower temperature combustion, engine is more durable
e Less pollution in CO2
Disadvantages
e Harder to start in cold condition.

¢ Complex in design means more expensive to manufacture and repair

Combustion process Fuel type Compression Ratio typical values
Spark ignition Gasoline 8:1-12:1
Compression ignition Diesel 12:1 - 24:1

Table A1 Typical values of compression ratio

1.2 Future Engine Combustion Process

Sl and CI engines are currently available engine combustion process in passenger vehicle
engines. The advantages and disadvantages have been discussed in the Chapter 0. However
the process of the combustion is almost fixed because the operation of an engine decided by
mechanical part which cannot adaptively modified. The combustion can hardly be adjusted,
and hence combustion perform can be adjusted using large mechanical parts or other factor,
such as fuel-to-air ratio which is independent to camshaft. Therefore SI and CI combustion
process cannot switch to one to another to provide a flexible control to internal combustion

engines.
1.2.1 Homogeneous charge compression ignition engine (HCCI)

Homogeneous charge compression ignition is the combustion process which is widely
developing. The mixture compressed to a self-ignition temperature to perform compression
ignition [37][62][70][93][111}]. The fuel use in the HCCI process can be gasoline, diesel fuel
or other alternative fuel [38]. Homogeneous charge means air and fuel mix as a homogenous
charge before entering the engine cylinder through the intake valve. The mixture performs
compression ignition when the mixture is compressed and reached the ignition temperature.
The important factors in HCCI process are the pressure and temperature control inside
cylinder and the homogeneity of air and fuel, means the engine design aimed for a good air

and fuel mixing system.
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Homogeneous charge compression ignition engine can be controlled by ECU in order
to optimize the pre-mixed air and gasoline/diesel enter into cylinder and compress to high
pressure where high temperature [37][43][62][73][93]. It might also controlling temperature
by closing the exhaust valve early. The hot residual gas left the high temperature in the
combustion chamber and ECU calculates the best parameter for next combustion cycle such
as amount of air and fuel needed. Because self-ignition react in those mixed air and fuel
particles widely spread inside the cylinder, the ignition points can be discretely occurs at the
particles. This overcomes the problem of Sl engine has a port injection or direct injection
where mixed air and fuel particles packed relatively near the injection point. So HCCI gives
better power output compared to SI and diesel engine. HCCI has 15% more fuel efficiency
compared to Otto-Cycle engines and also less pollutant. One main disadvantage is life of the
engine can be shorter due to high temperature and compression ratio work frequently and
engine part wear and tear faster. Work with computer controlled engine before it is mature

enough for commercial use.
1.2.2 Premix charge compression ignition engine (PCCI)

The other method is similar to HCCI is Premix Charge Compression Ignition (PCCI).
Homogenous charge is mixed before entering the cylinder. The portion of such mixture is not
compressed to self-ignition. A remaining portion of premix charge mixture is directly
injected into cylinder from a second pilot to perform ignition. It is the improvement of the
diesel process with taken half of the idea of HCCI. The first portion of mixture entered into
cylinder to let the mixed air and fuel particles widefy spread, the second portion ignites the

mixture therefore it can be achieve a longer combustion duration [105].
1.3 Mathematics representation of combustion process

By considering the movement of piston, the volume inside the cylinder is compressed
and expanded. Boyle’s law explained the relationship between pressure and volume. The
combustion process can be best described with a P-V diagram or commonly called indicator

diagram.
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Figure A1 PV diagram of a 4-stroke engine cycle.

The indicator plots the ideal pressure difference against volume throughout the

combustion process. In Figure A1, it shows the simplified form of indication diagram.

From A to B - As the piston goes from BDC to TDC, the volume decreases. The gas
injected into the cylinder has been compressed adiabatically. The compression causes

pressure and temperature increases. The energy rises, work is done to the gas.

From B to C — As the ignition starts, the mixture explodes and generate high temperature
frame. Resultant further temperature increases which pressure proportionally have

further increases.

From C to D — The exploded mixture expands due to high temperature and pressure.
This process generates the motion which pushes the piston down. Piston moves from
TDC to BDC. While the volume increases, the temperature and pressure decreases. As

the energy released through the expansion process, work is done by the gas.

From D to A - The expansion process finished. Exhaust gas valve opens to warm
exhaust gas discharged to atmosphere. Intake valve opens and fresh air enter the cylinder
from atmosphere, which causes pressure drop through the pressure difference between

cylinder and atmosphere.
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1.3.1 Ideal gas law

The gas species which can be found in engine combustion process included working
fluid, such as oxygen, nitrogen, carbon dioxide, fuel vapour, can be treated as idcal gas. This

can be simply explained by the Ideal gas law shown in Equation Al,
pV =nRT
Equation A1
where
p is pressure
Vis volume
n is the fraction of mass of gas and molecule weight
R is Gas constant
T is temperature
1.4 Number of stroke in engines

It can be divided into four process, intake, compression, ignition and expansion. In
one stroke, piston moves from two positions between Top Dead Centre (TDC) and Bottom
dead centre (BDC). For 2-stroke engine, one working cycle contains 2 strokes, i.e. 360°
piston movement. For 4-stroke engine, one working cycle contains four strokes, i.e. 720°

piston movement.
1.4.1 2-stroke engine

One working cycle consists of two strokes (four piston movements), corresponding to

one crankshaft revolutions.
® Ist stroke — compression stroke

The piston moves from the BDC (0°) to TDC (180°). When the position of the piston is

at the BDC, the piston let the both intake and exhaust ports open. Fresh air and fuel mixture

enters to the cylinder. The upward movement of piston close both valves at some point. The
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mixture compressed to high pressure and temperature in the remaining space. Mixture ignites

by a spark in SI process or fuel injected into cylinder in CI process.
® 2nd stroke — combustion stroke

The explored mixture expands and push piston downward. In the point of the valve position,
exhaust valve opens and hot burned gas discharged from the cylinder. The cycle repeats with

fresh mixture entering the cylinder.
1.4.2 4-strokes engine (SI process)

One working cycle consists of four strokes (four piston movements), corresponding to two

crankshaft revolutions.

® Ist stroke — induction stroke

The piston moves from the TDC (0°) to BDC (180°). During the induction stroke, the

intake valve opens and fresh mixture enters into combustion chamber. The downward
movement of the piston during the induction stroke creates a partial vacuum in the cylinder,

which means that prepared ignitable mixture is sucked and filled up the space.
® 2nd stroke — compression stroke

The piston moves from the BDC (180°) to TDC (360°). The intake and exhaust valves

are closed. This makes the mixture without breathing to generate a higher pressure. The
mixture is compressed by the upward movement of the piston to the 8th to 12th part of its
original volume and thus heated to 400 to 500°C. The engine is designed to compress the
mixture with the highest temperature without reaching self-ignition temperature. The
combustion initiated by switching an ignition spark between the electrodes of the spark plug

shortly before the top dead centre (TDC) is reached.

® 3rd stroke — combustion stroke

The piston moves from the TDC (360°) to BDC (540°). During the 3rd stroke,
combustion of the compressed mixture takes place. The intake and exhaust valve are closed.
During the process of combustion the combusted particle propagate to the space in the
combustion chamber. This generates the rise in pressure and the expansion pushes the piston

downwards and hence applies work to the crankshaft.
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® 4th stroke — exhaust stroke

The piston moves from the BDC (540°) to TDC (720°). With the exhaust valve open, the

exhaust gases are emitted by the upward movement of the piston (exhaust stroke). For
emission, the piston must overcome a back pressure of approx. 0.2 bar. For this reason, the
upward movement of the piston is supported by flywheel masses on the crankshaft. Before
the next downward movement of the piston, the intake valve opens and the cylinder is

charged with fresh mixture: the next working cycle starts.
1.4.3 4-strokes engine (CI process)

The different between the four-strokes SI engine and Cl engine is the ignition temperature. In
pratical, CI engine does not require a spark plug. The compression ignition start once fuel
(diesel) injected into the combustion chamber. The combustion process is similar to SI engine,

but the operating process is different:-
@ st stroke — induction stroke

The piston moves from the TDC (0°) to BDC (180°). When the intake valve opens, fresh air

enters the combustion chamber. The process is similar to spark ignition, while the piston
moves download, it creates a partial vacuum in the cylinder which fresh air is sucked and

filled up the space.
® 2nd stroke — compression stroke

The piston moves from the BDC (180°) to TDC (360°). Because of a higher compress ratio

compared to spark ignition engine, the air being compressed to a higher temperature, at
around. The temperature is high enough for an auto-ignition and ready for combustion start

while fuel injected into cylinder.

® 3rd stroke — combustion stroke

The piston moves from the TDC (360°) to BDC (540°). The air compressed to the temperature
which high enough for fuel ignite. Combustion starts by injecting fuel into cylinder through
direct injection. It means fuel injector installed on the wall of cylinder and fuel enter cylinder

directly. The burned gas expands and pushes the piston to downward direction.
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®  4th stroke — exhaust stroke

The piston moves from the BDC (540°) to TDC (720°). This stroke has the same process as Sl

engine.
1.4.4 Overview of 2-stroke engine and 4-stroke

Comparing to the number of stroke in engine, 2-stroke and 4-stroke both have
advantages and disadvantages and play a part in the industry. 2-stroke engine is easier to
design and produce. The process is simple and have easy valve event. 2-stroke engine is also
has a higher power density, producing power in every full cycle since combustion happens
once the piston is compressing mixture. However, 2-stroke engine has poor emission and fuel
consumption [Manning]. 4-stroke engine has better volumetric efficiency over engine speed
range. The emission and fuel consumption is improved. It has a poorer power density since it
produce power in every two full piston cycles. The usage of different engines, 2-stroke
engines aims for light duty vehicle such as motorbikes and leisure vehicles. 4-stroke gasoline
engine aims for light to medium duty vehicles, such as passenger cars. 4-stroke diesel engine

aims for medium to heavy duty vehicles, such as trucks or buses.
1.4.5 6-stroke engines

There is more research on adding two more strokes in engine cycle [26]. This addition
provides some advantages in emission. However it is not mature yet for commercial use, but
in this research it is worth to discuss. The two extra strokes act as power stroke. It inserted
between combustion stroke and exhaust stroke. The process works as distilled-water injected
into combustion chamber. The residual gas left after the combustion chamber remains a
certain high temperature. By injecting water, the water evaporates the water into stream and
provides another expansion stroke. This reaction makes water expends by 1600 times and
cylinder pressure increased. The power is designed to be enough to push the piston down.
These two strokes make engine more efficient and reduce emissions. This is because the extra
strokes work as a cooling effect which low temperature exhaust gas reduces the CO2 and CO

level.
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Appendix B
Electronic Throttle Control using Labview

Introduction

Figure B1 Throttle connected to CompactRio

Throttle is an air valve which controls the amount of air enter engine. It locates at the
entrance of intake manifold. The main function of a throttle is by controlling the air flow rate,
regulates the air-fuel ratio and pressure where it affect the power output of the engine and
emission of exhaust gas. There is an air flow sensor installed after the throttle valve to
measure the amount of air entered, and also a throttle position sensor send signals to E.C.U to

determine the amount of fuel needed. Diesel engines do not need to control air volume.
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Hardware

CompactRio ~ Pinl Pinl
RN-VN2
N19474
/ . Pin2
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| Throttle
Do0 -——— Pin6 Motorl
Vsup D03 ! Ping s
) P
COM Do10 < Pin10 o
; GND
5v GND 12v GND
Power Supply Power Supply

Figure B2 Connection diagram of the electronic throttle system

In this experiment, a real throttle is connected to computer and uses the computer to control
the position of the throttle. The system contains three parts, a Voltswagen Bora throttle with
12V input, National Instrument CompactRio with N19474 sourcing digital output module,
and RN-VN2 dual motor controller with 5V input. The idea is by programming CompactRio
using Labview, sends pulse width modulation (PWM) signal to motor controller where the
controller controls DC motor in the throttle and adjusts the position needed. The direction of
the throttle is determined by polarity of the controller board, therefore the PWM power sends
to the motor controls the opening direction, and there is a strong return spring against the

throttle and it is used to control the closing direction.
National Instrument Compact Rio

CompactRio is a programmable real-time embedded controller offer powerful stand-alone
embedded execution for deterministic LabVIEW Real-Time applications. The controller
contains reconfigurable 10 modules and FPGA where it can be programmed by Labview. It
communicates with computer through High-Speed Ethernet. The users can make their own
controller by insert various modules which suit users’ needs. In this experiment, N19474

sourcing digital output module is used to produce pulse width modulation.
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NI19474 — Pulse Width Modulation
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Figure B3 NI19474 sourcing digital output module
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Figure B4 N19474 Terminal pin assignment
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Figure B5 Connecting a device to N19474

The main feature of N19474 are 8 channels | ps high-speed digital output, 5 to 30 V, sourcing
digital output. The module function as an on-off switch where the on time is depends on the
pulse width where it can be controlled on Labview. The pulse is powered from an external
power supply from pin 9 & 10. There is a set of LEDs indicate the state ol the correspondent

channel.

Connection of N19474

Connection of NI9474
Pin
0 1 2 3 4 5 6 7 8 9
| | |
To RV-VN2PIin6 To 5V ToGnd

Figure B6 Connection diagram of N19474
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RV-VN2 Motor Controller
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Figure B7 RV-VN2 board

This RN-VN2 is a dual motor controller used to control the DC motor inside the throttle. It
contains two microcontrollers which is able to control two motors. The main component of
the board is microcontroller VNH2SP30 which is a full bridge motor driver. In this
experiment the controller input signals from CompactRio and send the correspondent signals
to control the motor. There are three ports sufficient per engine. Two ports, pin 9 & pin 10
determine direction of rotation, which determined by polarity; and one port, pin 6, enabled by

pulse width modulation which determine speed which is up to 20kHz.
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Current To NIS474

ToGnd ToSV
Te:3¥. TaGad Outout  Pin0 R

Pin

MotorAIN1  MotorAIN2  Power A+ GND

| f——f—]
To Throttle To Throttle To 12V ToGnd
Pin3 Pin5
Figure B8 Connection diagram of RN-VN2
VNH2SP30
INA | INB | ENA | ENB | OUTA | OUTB | CS Operating Mode
I I I I H H High Imp. Brake to VCC
I 0 I | H L ISENSE=IOUT/K | Clockwise
0 | | | L H ISENSE=IOUT/K | Counter clockwise
0 0 | | P L; High Imp. Brake to GND

Table BI Truth table in normal operating conditions

VNH2SP30 is a full bridge motor driver which is able to drive the direction of the motor.
Table 1 is a truth table of the chip. While EnA and EnB is on, the direction determined by
InA and InB, act as a NAND gate. When InA is high and In B is low, the motor turns to

clockwise direction, and vice versa.
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Throttle body

Figure B9 VW Bora Throttles from 1999-2006

The Volkswagen Bora throttle uses DC Motor where the speed controlled by pulse width
frequency and direction controlled by polarity. The input voltage of the throttle is 12V. There
is a position sensor installed in the throttle and that is the only output. The signal is connected

to ECU to determine the fuel usage.
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To RV-VN2

MotorAIN1  ToRV-VN2

Position
Output(V) | i | MotorA IN2
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Pin
2 4 6
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To 12V To Gnd

Figure B10 Connection diagram of VW Bora Throttle

Software

The system connects to CompactRio, therefore Labview is used for the ease of this

experiment.
Labview

The program for this experiment is simple. Set N19474 to PWM and set into a timed loop, the
program is controlled by a Knob from 0 to 100 according to the percentage set to frequency
for pulse width. The frequency range used in this experiment is set to S0Hz. The pulse width
determines the frequency which input into motor controller pin6é. To control direction, there
is a strong return spring inside the throttle. Therefore only opening direction of control is

needed and throttle close using return spring.
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Figure B11 Labview program print screen in this experiment

To change frequency range, right click the module on project dialog. Choose Speciality
Digital Configuration. Make sure Speciality Mode is “Pulse Width Modulation™. By choosing

channel 0, which is used in this experiment, choose frequency S0Hz.

101



Fie [ gew Dot Qpeste Joos  pindos e

DSW XD X[IdH R R — e e - [OIX

e | Fier ‘I_h £ Wew Proct Cpeste look Window pel

S5 Pwas e (B8] & [10] 7] (5] bl [T mechemmrrint =8 Jfmc] 85 ] I
W My Computer 2

o Dependanaes
5 Bukd Swcfcatons

50 g (4,000 us)
00 M (2,000 ws)
0 b 1, 00 )
8 b (200 )
10 bz {100 )
20 Wz (S0 )

T H

o J[ o ][ ]

Figure B12 Change frequency range for PWM
Test Result

Determine the output by the output of position sensor (Pinl). To test the frequency of the
pulse width needed for certain position, find the voltage from the position sensor at closed
position and find the voltage at fully open position, and hence calculate the voltage needed at

half open and record the frequency.

Frequency Position Position Sensor Voltage
12 Fully Closed 1.42
20 Half Open 4.85
28 Fully Open 8.27

Table B2 Throttle test results

To overcome the power of return spring, pulse width from 0-12 Hz is idle. The throttle starts
to open when the pulse width is bigger than 25Hz. When the throttle is fully open. it needs

around 28Hz. Pulse width bigger than 28Hz will keep throttle fully open.
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