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'D EL VH VPDQML O LaoidbiskiliR Mdtore Mihirtdrifind izgaranjeymjihovo
S R p Hi¥gt@aRje | nadzoperformansise odvija na testnim stanicam383.RPREXOHNWULpPQH
NRpORLFEWRUD L XSUDYOMDpPNH MHGLQLFH PRWRU V XQXWDL
NRMX aHOMHQX UDGQX WRPNX LOL SULNOM XHoling. Da®dD SRV WI
VH PRWRU ODN&H L X NUDUHP YUHPHQX SRGHVLR |]D WHVW
PDWHPDWLpPNL ERBRNIX MR W R KhcherftiRaidkteristikestvarnogmotora.

U prvom dijelu izrade modela motor@efinirana jeW RPpQRVW L NRPSOHNVQRVW V
WLP SUHWSRVWDYNDPD VH RGDELUX GLMHORYL GLQDPLN]I
empiriiski D VYH VD VYUKRP SURYRYHQMD SURUDpPpXQD. X UHDO
Opisan je model u domeni kuta zakreteoljenastog vratila te us verificirani rezultati s

relevantnim software@m. Nadaljeje opisanPRGHO X YUHPHQVNRM GRPHQL V |

pokretati simulaciju kroz neko vremensko razdoblje i povezati s modelima ostatka vozila.

U drugom dijelu radal. ] U D $ute@antni regulacijski sustavi za upravljanffQ DpDMNDPD UDG
motora, od regulatora brzine vrtnje u praznom hodu do tempomata. Ovi regulacijski sustavi su
NOMXpQL |]D I DYUAaQH SHUIRUPDQVH PRWRUD L QdhgRY X VW |
made regulator je izabran kao nazivni regulator zbog svojih robusnih svojstava i dobrih
SHUIRUPDQVL X UD]JQLP UDGQLP WRpNDPD

Na kraju rada, modge prevedenX JOREDOQR SUL]QDWL VWDQGDUG ]D
PRGHOD )08 NRML VH L]Y Réla ESindulnkXGL RSRYDIIRYH NDR VYF
crna kutjaVLGOMLYL VX VDPR XOD]L L L]OD]JL L] PRGHOD GRN V
niti ga izmijeniti.

. O M X p Q Htesirlabtathijod. motor sunutarnjimizgaranjem model ustvarnomvremenul

upraY O Mshgwav,LFMU
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SUMMARY

To reduce the research and development costs of the internal combustion @Ggihabeir

initial testing andperformancecontrolis conductedon the testbed®y usingeletrical brake

with controlunit, the ICE can be run at any desired operating point or can even be connected
to an existing mathematical model that simulates the rest of the vehicle and the environment.
To shorten the time it takes to settine ICEto the testbed, a reliable ICEogel hasto be
designed in order to accurat@glculatecharacteristicef a real engine

In the first part of the thesishe desiredaccuracy anadomplexity of the modelare defined.
With these assumptionparts of the model that will be described thegizally or empirically
are selected in order to enable the model to in rea) tmeven fastetA crankangle dependent
model is described and the results are verified with the relevant softviéeevards thetime-
dependenmodel is described, with vaim itis possible to run the simulationtimedesiredime
frame and to connedtwith the models of the rest of the vehicle.

In the second part of the thesis, the relevant control systems for gagiioemanceare
designedfrom theidle speed controller tthe cruisecontrol system. These control systems are
crucial for the final engine performance and its stability in the desired operating Sdiotitsy
mode controlwas selected as the default controller due to its rolpusperties and good

performance in various engine states.

Finally, the modelis compiled to a globally recognized stand&émd mathematical model
sharing (FMU) which runs faster than the model designed in Simulink and acts as aasort of
black box. Only the inputs and the outputs of the model are visible, while the content of the
model is inaccessible and unchangeable.

Keywords testbed, internal combustion engine, 1@ale model, engine control unit, FMU
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3524,5(1, a%$79%.

2YDM GLSORPVNL UDG Mi¥tkbhABL HAIT X.0oXik ZaGr€pMilAWL Dist

*PE+ L] *UD]D V FLOMHP GD VH SRMHGQRVWDYQL L VNUDWL
unutarnjim izgaranjem za testnu stanicu.

8 GDQDaAaQMH YU BRBN WIHOYDRIDM]QLP WHVWRYLPD L SULMHY
a WRX R Sivedena pravu cestu. Isto vrijedi i za pojedine podsustave vdditdor i ostali

dijelovi pogonskog sustava&sS R M H G L Q Djp QaRpo¥eélbhiviidstdibr stanicargdje se
GRYRGH X UD]J]QH UDGQH WRpNH L RFMHQMXMX QMLKRYH SHI
WHVWQLP VWDQLFDPD SRQDaDQMH VYDNH RG WHVWLUDC
SREROM&DYD 5HOHYDQWQD WHVWQ DtegtitabnQtarismngarnignyy DM U D
L]IJDUDQMHP JGMERHNIR Prptdr\ iRdidp & Enidtarnjim izgaranjem dovodi

X AaHOMHQH UDGQH WRpPpNH 8 VYUKX VNUDULYDQMD YUHPHQI
VSHFLILp @bz BVRWaRdrazvienPRGHO PRWRUD NRML @&WR YMHUQLN
SRQDADQMH SUDYRJ PRW RDW QD EWEH\PW QRIN\CR/NDLMDHMETd Q M X
SURUBRNMXQODFLMD EU]JLQH YUWQMH L LQGLFLUDQRJ PRPHQV
X] QXaDQ XyHWHMW IFREHOD X UHDOQRP YUHPHQD

U prvom dijelu diplomskog rada opisane su razne vrste simulacijskihn modela motora s
unutarnjim izgaranjem. Ovisno o svi$D NRMX VH LJUDyYyXMH L |DKWMHYLPI
PRGHOD SRVWRMH UD]OLpUDH NEOLDAIHP NSRANUHR W P IDX@WADLRLD MG
LIUDYHQ QD QDpLQ GD MH NRPELQLUDQR WHRULMVNR L HNYV
se model sastoji od diferencijalnihialggdb VNLK MHGQDGAEL WH HNVSHULPHQ\
NRMH VDGUAGYBMWLYBGMWHYHQLK YDULMDEOL ]D QHNH UD
UH]XOWLUDOD LVSXQMDYDQMHP QXAaQRJ Xr¢dhbhwwiznidbuP RGH O
LOL pDN EUXH |PGRWRIDMDYDMXiUX WRpPpQRVW 5D]YLMHQL PR
(brzina vrtnje motora i indicirani moment) u njihovom realnijem, oscilatornom qgbiiku
UD]JOLNX RG YHULQH RVWDOLK PRGHOD X UHDOQRP YUHPHC
varijabli modela.

Prvo je razvijentakozvanieng. tracesnodel u kojem su svearijable ovisne o kutu zakreta
NROMHQDVWRJ YUDWL O DS WRHU §d¥iddyjedhdy) GiKl@Ga VhOtra I td D
stacionarnim uvjetima.8 YHGHQH VX RGUHYHQH SUHWSRVWDYNH X
UDpXQDQMD PRGHOD 1DM Y M&LQ/ID YRDGJ QWD K OVDH VG\LD § RI\DW R/M
samo tijekom takta kompresije i ekspanzije, dok se vrijednosti tlaka za vrijeme usisa i ispuha
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]DGDMX SRPRUX WDEOLFD RYLVQR R UDGQRM WpRadkL PRWRL
X XVLVQR PmLkoleWt&X se@d&hemaruju.

Zadaa je JODYQD MHGQDAED RpXYDQMD HQHUKdrdresiigd FLOLQ
HNVSDQ]JLMH X] XNOMXpQX HQHUJLMX JRULYD 3RPRUX WH
vrijeme promatranih taktova. Geometrija samog cilimmrisna je o parametrima motora te je
WDNRYHU |DGDQD RYLVQRVW SXWD EU]JLQH L DNFHOHUDFL
YUDWLOD ,] PQRAWYD PRGHOD N RabianRSitdéMoktxia VipkD UD QM H
2YDM PRGHO MH QPONWEYQRQAMAQARLSOUDPHWDUD PRJX VH C
L]IJDUDQMD NRMH XNOMXpXMX REOLN L GXOMLQX L]JDUDQWN
PRAH VH PLMHQMDWL )L RrejaMéR & O R IE B WIRMOWHMHHWHI QNMH JR U
obliN LQGLFLUDQRJ WODND WH SRV ODMKRLHQ R/ X DDIG@®&LH LUHX
LIHQWURSVNL HNVSRQHQW SOLQD X FLOLQGUX L SRVOMHGL
YROXPHQX pLMH SURPMHQH ELW Q RPrijeostpmE u@ibndbiDeh X QD Q M
glavni oblik gubitka energije te se treba adekvatno opisébeficijent za prijenos topline
UDpXQD VH SUMRDD RPEKQLUHDOL]DFLMX WUHED QDMPDQMH C
]D UD]JYLMDQL PRGHO 'HIefeltdpin® H] MV R jexEMibeiilta® prijerid3a
WRSOLQH NUR] JUDQLFH FLOLQGUD 3RWUHEQR MIld L]JYUAL
vremenu u ovisnost o kutu zakrétaljenastog vratila.

SRPHWQL XYMHWL ijpvajG HsBi) tl&kR @aduD tiMrdlru te masu goriva koja
VXGMHOXMH X L]JDUDQMX 8VLVQL WODN RYLVL R UDGQRM
te jezadan preko posebne tablice ovisno o vrsti motoR\PFR iijega U D p X @&>a\¢ikihdru.

ODVD JRULYD NRG AERIQDLRYINRIRPFROVL NRMD MH ]DYU&LOD
NRG AGL]HOVNRJ3 PRWRUD RYLVL R GUXJRM WDEOLFL NRMD
Ovako definiran tlak u cilindru rezultira silom plinova koja djeluje na klip. Ona se kombinira
seLQHUFLMVNLP VLODPD NRMH VX SRVOMHGLFD RVFLODWRU(
Sile inercijeovise odrugoj potencijibrzine vrtnje te na velikim brzinama imajdominantni
XWMHFDM QD REOLN LQGLFLUDQRJ PRPHQWD 5H]XOWLUDM:
kombiniranog djelovanja sila plinova i inercijskih sila superponira se sa indiciranim
momentima drugih cilindaralrako jedobivenakrivulja indiciranog momenta atora u nekoj
UDGQRM WRpPNL

Validacija dobivenih rezultata (indiciranog tlaka i momenta) provedena je u certificiranim
VLPXODFLMVNLP DODWLPD $9/ &UXLVH O L $9¢ régitatWH WH |
razvijerog modeh preklapaju sa rezultatimav8iDFLMVNLK DODWD X |[DGRYROMI

MH UD]JYLMHQL PRGHO GR RYRJ V2EBXFHYMOQLVSDUH P PIQW D L NRRRIC
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NOLSD UDGLOLFH PDVD JRULYD NRG AGL]HOVNRJ® PRWRUD
cilindra.

Razvijeni modepreveden jau takozvanieng. transientmodel koji je ovisan o vremenu te je

P R J Xiawdditi simulacie aAHOMHQL EURM FLNOXVD LOL YUHPHQVNL
WRPNDPD 1DNRQ RGU HrateQmddelR R fokthlériz FpretpBstavke o vezi
izmHYyX WUHQXWQH EUJLQH YUWQMH Lmbdel b \@exnaneks) doMetiv D N R C
MH VSUHPDQ ]D L]YRYHQMH

Indicirani moment jednog cilindra potrebno je preslikati i fazno pomaknuti ovisno o broju
FLOLQGDUD PRWRUD 3RPRUIXDEDORISBPLPHPXO®OLIDN VLIQDO ]I
YULMHGQRVWL RYLVQR R EURMX FLOLQGDUD UHDOL]JLUDQF
pojedini signal predstavlja moment jednog od cilindara. Oni su superponirani kao i ha pravoj
radilici te jetakodobivenindicirani moment motora.

Pojam indicirano se odnosi na vrijednosti povezane sa procesima u cilindru, prije utjecaja
PHKDQLpPNLK JXELWDND 0 H K DsRuppophralkéjEde phjadjujuiHkEoY kD Y O M D
PRWRUD L QDSRVOMHWNX WORNMWQRL MBIIOFRIYPWMKXFHVD 8NOMX
VQEDJIJX NRMEDSRNWHWRBEQMH SRPRWRWKXXWHDRVIX XNOMXpLYDW
8 RYRP UDGX XNXSQL PHKDQLpNL JXELFL VX SUHGVWDYOM
NRML MHUWDGEB® WDEOLPQR 2Q VH UDpXQVNL SUHWYDUD X
RG LQGLFLUDQRJ PRPHQWD pLPH VH GRELYD HIHNWLYQL PF
'D EL VH RVFLODFLMH EUJLQH YUWQMH WRpPQR LJUDpXQDOH
dobro defiirana Opisuje se ovisnost inercije klipnog mehanizma o kutu zakreta koljenastog
YUDWLOD WH XYRGL NRQFHSW GYRPDVHQRJ |DPDaQMDND N
LIPHYyX PRWRUD L WHVWQH VWD Q d#jel mgse bdkjih pi@bna¥eH]D MH
LPD SROD YULMHGQRVWL PRPHQWD LQHUFLMH |DPDaAaQMDND
L SULIJXaHQMD 3ULND]DQL VX XWMHFDML PRPHQWD LQHUFL
WH XWMHFDM QD SULJXaLYDQMmdnBrtaOLW XGD RVFLODFLMD |
Razvijeni model do ovog stupnja je takozvariodznaka za momenthodel; u smislu da je
MHGDQ RG XOD]D X PRGHO 3aHOMHQL PRPHQ&drMWgHIAHWD QD
RSRQD&aD SDSXpLFX JDVD L GHILQLUDPR&SWBDHUH GVWH JIJXRWRI
YUWQMH QDNRQ |DPDaAaQMDND 'UXJD YUVWD PRGHOD NRMD V
zabrzinuvrtne)PRGHO 80D] X RYDM PRGHO MH EU]JLQD YUWQMH N
automobila, ili je definirana elekikpQLP PRWRURP Q Drake Hedétigdivizild WD QL F L
vrtnje motora dok je drugi ulazni sign&® SW H U H U H,@std KaoR R Wihkd2ID Razvijeni
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PRPHQW SUL WRP RSWHUHUHQMX L GHIRGHODQRR W FE QDR Q!
seoscilae MH SULJXaH QD |DPDaAaQMDNX

7HPD VOMHGHUHJ SRJODYOMD MH UD]JYRM XSUDYOMDpPpNLK V.
VH UD]YLMHQL PRGHO RGUADR QD aHOMHQRM EU]JLQL L]Y
pojednostavljuju regulacija tlaka prednabijanjaomjera zrak/gorivo)li zanemaruju(EGR)
5D]YLMHQL VXVWDYL XNOMXpXMX UHJXODFLMX EU]JLQH YUWC
WHPSRPDWD 5HJXODFLMD EU]JLQH YUWQMH X SUD]JQRP KRG
DXWRPRELOD ¥DGWHIDGNXR@WADYD aWR QLAaX EU]JLQX YUW
SRWURaAQMH D GD SULWRP QH SDWH SHUIRUPDQVH PRWRU
YDQMVNH SRUHPHUDMH WLMHNRP SUD]J]QRJ KRGD WH RPRJXC
Triregulatoras SUHGORAHQD |D RVWYDUHQMH UHJXODFLMVNRJ V
3UYL MH KHXULVWLpPpNL SRGH&EHQ OLQHDUQL 3, UHJXODWRU
VXVWDYH L LPD GREUH SHUIRUWPD QRM RWPH WHD X ¥ BzZR¥dDHRY X M XH G
regulatori. Druga opcija je robusni nelineasng. sliding mode controller (SMCpLMH MH
VYRMVWYR GD RGOLpPpQR UHDJLUD QD QHRSLVDQX GLQDPLNX
YDQMVNH SRUHPHUDMH *ODYQD ]DPMRVRKNIDO BWRY QR JXOUDDA
GMHORYDQMH QD NRMH VH GMHOXMH VD QHNRP YUVWRP &
LIPHYyX GYD SULMH GHPLROIMCDOEUatorHdiX @ prevuRet)ddje opisani Pl
regulator te mu je dodana pojednostavljena verija SMC regulatora.

8SUDYOMDpPNL VXVWDYL VX WHVWLUDQL QD UD]JQLP UHIHUH
motora. Podvrgnuti su iznenadnim poresl@ MLPD pLPH MH WHVWLUDQD QM
QHRPHNLYDQD RSWHUHUHQMD 8VSRUHGERP SHUIRUPDQVL S
LQWHJUDO VUHGQMH JUHANH L LQWHJUDO NYDGUDWQH .
performansama izabran kao naziidiHJ XODWRU ]D XSUDYOMDpPNL VXVWDY E
, VWL VH UHJXODWRU SULPLMHQLR L QD XSUDYOMDpPNL VXVW
u ovom radu ekvivalentan sa regulacijom brzine vrtnje kroz veliki spektar lmzinametnute

S R U H P Référdmtda brzina je zadana kao konstanta ili kao krivulja te je testijano
SUDUKMROBPHWQXWH SRUHPHUDMH NRML VX WDNRYyHU X REO
]IDGRYROMDYDMXuUH SHUIR4RDQY HgWaelju \bidindl Rtbid pazhdr® L

hodu koristi i za pojednostavljeni tempomat.

=DYUaAQL NRUDN X VNORSX GLSORPVNRJ UDGD MH SUHYRYHQ
standard za razmjenu modetag. functional mockip unit (FMU) Potrebno je definirati ulaze
iizlazeizmMRGHOD 8OD]L RYLVH R YUVWL PRGHOD 7 LOL 1 PRC
SURL]YROMQL EURM L]OD]D 7DNRyYHU MH PRJXUH GHILQLUDYV
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PRAH PLMHQMDWL SULMH L]YRYHQMD PRGHODra tehé&k®PHWUL
GRGDWQH RSFLMH YHULQRP YH]DQH X] L]JDUDQMH ORGHO
kutija, korisniku su vidljivi samo ulazi i izlazi te podesivi parametri.

ORGHO NDR )08 MH QDSRVOMHWNX XNOMXpHQ NDR GLR NF
&RQQHFW R NMdlexadd Qdiaxe ostali modeli koji definiraju ostatak vozila (virtualni
YR]IDp RVWDWDN SRJRQD RNROLA 9R]LOR MH WHVWLUDC
FLNOXVX WH MH UD]JYLMHQL PRGHO PRWRUD XVSMH&aAQR RGU
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1. INTRODUCTION

This thesis is done in cooperation with AAVMAST d.o.o. from Zagreb and AVL List GmbH
from Grazwith thepurposeof developing a reaime capable model of an internal combustion

engine with desired perfomnce and properties.

1.1. Motivation

Overthe lasttoupleof decades newly developed concept, hardware in the loop (Hiégame

very popular in research of various industry components which enables faster and more
effective developmentHardware in the loojs the emerging idea of combining a real hardware
with reaktime capable modelsf the auxiliary componentd]. With constant technological
advances and growing processor power, the bulk of industry research is shifted to the virtual
domain. Numerous motleg and simulationsoftwareproductsnow offer the possibility of
merging the real and the virtual warldherethe data from a real hardware can be analyzed,

processe@nd acted upon.

The prime exampleas well aghe focus of the thesis, is the engine testlitecbnnects a real
internal combustiomngine(ICE) with reattime capable modelshich can describe \aariety

of engine related function®evelopment ortestbedss more costfficient thandevelopment
on a whole vehicle (ocertaindesired components) andith accurate and reliable models, a

good approximation of a real behavior can be achieved.

Enginetestbed (ETB) hebecome an industry standard $oiccessfulesearch and development
of an internal combustion enginand lately electric motors. Along with the progress
technology ETBs are becomingpcreasinglysophisticated and proweda growing amount of
data todevelopment engineer¥arious technologies are used for a large scope of different
measurements that include precise monitoring of cylinder pressasearticle movement,

exhaust gas composition, brake torque etc.

In addition, ETBsreduce the R&D costs significantly as the engines rarely leave them until
their performances meet the desired criteria. In that @rayines run countless kilometers and

are subjected to various loadwsitating the road conditions as much as possibleineéegs are

able to monitor the important data and act on them, either by redesigning a specific part or

tuning a subsystem of the engine control unit (ECU).

Along with the ETB, other parts of the engine powertrain are also continuously researched

tested and redesigned. Everything is done to ensure that every component of the complicated
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system work®s desirednce the vehicle reaches the stage where it is tested on a real road and

eventually sold to customers.

An ETB environment is showim Figurel below.

Figure 1. An example of AVL testbed environment2]

As ETBs become an essential part of every QlMre is a tendency @so improvethe
surrounding systems. The load that is asserted to the ETB has to be a realistic approximation of
the conditions that the vehicle would encounterregular driving situation. Therefgneliable
modelswhich would encompass the vehicle as a whole (except the enggeé)io be designed

and theyin most of the casesonsist of a drivetrain model, driver model, engine control unit,
roadandsurrourdings thermal management etc. The models need to be able to run in real time

as they are connected to a reale ICE set on an ETB.

Adapting the designed models aedlICE in a working system is a challenging tasknéthod
to make this task easier is ¢@velop a model of the ICE that would reliably describe the
behavior of the real ICE. The model also has to be able tmme&attime andhas toprovide

the desired data.

First, the engine model needs to be desigrsétgappropriate softwares(g.Matlab/Simulink)

along with a model of the engine control system. This leads us to a concept named Model in
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the loop (MiL). This means nothing more than that the engine and the control system are

represented as a virtual picture of the real gais

Oneway to reliably describe the behavior of the real ICE is to insepprignvouslydesigned
model in a virtual (simulated) HiL environment.rtual HiL environment is a concept where a
powerful machine imitates the engine behavior with the help of a designed engine model. It
then communicates with its surroundingshe sameway asa real engine would, via some of

the standardized communication maals (e.g. CAN). The surroundings, in virtual HiL case,
are othereattime capable modelg/hich exchange data backttee enginealso via CAN. The
virtual HiL simulationsrunin real time andenablethe engineers to have a detailed lodioin

the engineperationand to enable faster prototypingthout even having to place a real engine

on a testbed.

The current ICE model that is used in the Virtual HiL environment is a mean value model, with
only the mean values of the relevant variables calculated olfeetive of this thesis is to
develop an ICE modé€ivith accompanying control systentiatwill accurately describe the
engineperformancehroughout its operaig points The relevanperformanceconsists of the
proper calculations of the engine spead &dicated torque fluctuations. These fluctuations
are then transmitted further down the driveline; in the ETB case, to the elastic connection with
the HOHFWULF P R WtRat/prowidéshefogd Qaadfrom thevirtual HiL environment

isto be usd to improve the behavior of the real HiL setup and shorten the setup time.

An ICE model needs to be designed friveseguidelines. The developed modéksto be able
to describe aangeof engine types and sizedpon the model completion, its usage should

providethe desired benefits to the users.

Faculty of mechanical engineering and naaathitecture 3



-XULFD OXVWDI Master's thesis

2. ICE MODEL TYPE SELECTION

The aitomotiveindustry is one of the largest industries in the world. As such, every part of it
is brought almost to perfection in regaoctcost efficiency and sustainabilityCEsare stillthe
power source of the majorityf the automotive powertrains. Although hybrid and electric
vehicles are lately coming into fashion, the ICE is still ruling the maakétastfor the time
being. Theresarch anddevelopment of the ICES, as already mentioned, taking place on

enginetestbeds

It can be assumed that the testbed is a very delicate (and expensive) system. Therefore it has to
be handled carefully leading to a lengthy setup ti@ece the IE is set upon the engine

testbed (ETB), it is ready to be connected to the desired inputs. Today the ICEs are commonly
tested on the certificated driving cycles (NEDC, WLTP). Vehicle data, drivetngiroad data
arecontained within (usually several) ohelsprepared in office. The aforementioned models

need to be capable of running reate as they are to be connected to a real engine on a testbed.
7KH HOHFWULF EUDNH PRWRU AWKH G\QR3 -gmeR¥delS,HV WKH
to the real ICETo reducdhe setup time of thETB and the realime modelsa realtime ICE

model needs to be prepared in offieed has to satisfy the before mentioned model

requirements.

2.1. Types of ICE models

To properly address the engine model regquents, one must be aware of the existing methods

of ICE modeling. In the followingection a classification of the models will Iperformedwith

respect tq[1]| The temporal behavior of multipbomain systems, such as an internal

combustion engine, can be described with mathematical models of the static and dynamic
behavior of the system components or the praselssthecaseof the ICE, models span several
physical areas including mechanics, thermodynaraiu$electricity. It is obvious that any
legitimate engine model would be a highly complicated one and so we can divide them into two

groups; models based on theoretimaldelingandmodels based oexperimetal modeling.

2.1.1. Theoretical and experimental models

Theoretical modeling usually follows a methodology of setting up the relevant eqiafipns

These equationsear

x Balance equations for stored masses, energies and momentum,
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x Constitutive equations of special elements,
x Phenomenological equations, if irreversible processes\ert/edand

x Connection equations.

By summarizing the above equations a theoretical model is obtained with a specific structure
and certain parameters. The parameters of the model can be distributed or lumped. Distributed
parameters exhibit spatidépendacy and therefore lead to partiafférential equations while

the lumped parameters depend ootytime and lead to a model with ordinary differential
equations. Dependinan the model needs and accuracy, either one of the parameter types can

be used. The theoretical model is often lirezdifor simplification.

By experimental modeling, also callgmocess identification, the mathematical model is
obtained from measureme@ Input and output sigals from a real system are measured and

a mathematical relationship is established between the two.

Theoretical and experimentaiodeling mutuallycomplete themselves. Either one is used for
different applications. Theoretical (slowerjodeling isratherused forthe simulation of a
realistic dynamical behavior while an experimental model can be used for a quick control

system design or a fault detection.

A summedup representation can be séalﬂ?igurez

Figure 2. Types of mathematical process models
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The model presented within this thesBR X O G E H -giey-A® [iFdd&V The critical
condition of a reatime simulationdoes not allowthe possibility of gourdy theoretical model

as that model would ko complexandwould have a large redlme factor. The model also

will not be purely experimental as mathematical relationships within the model are mostly
known. The ones that aretriaown or are toéime-consumingo calculate Wl be mapped in

anempiricalway as shown later in thbess.

2.1.2. Mean value and Discrete event models

An additional important feature of the presented model must be chosen. Accolf@hdhere

are two types of ICE models in respect to taking the reciprocating motion of the engine into

account. They can be definedfaows:

X Mean value models (MVM): continuous mdslewhich neglect the discrete cycles of
the engine and assume that all processes and effects are spread out over the engine cycle

and

x Discrete event models (DEMy Cylinderby-cylinder engine model (CCEMjnodels
that explicitly take into account the reciprocativghaviorof the engine.
In MVM, time is the independent variable, while in DEM, tberkshaft angle is the
independent varia Often, DEMs areformulated assuming a constant engine speed.
In MVM, the reciprocating behavior is captured by introducing delays between cyiimaed
cylinderout effects. For example, the torque produced by the engiee dot respond
immediately to an increase in the manifold pressure. The new engine torque will be active only

after the inductionto-power (IPS) delay

@

has elapsed (assuming a f@tiroke engine) with  denotingengine speedsood examples of

MVMs can be found i'ﬁ4] and[5]

As the engine model presented in this thesis with loglinderby-cylinder engine modethis

class of models will be described in greater detail. The DEMs are needed in the following cases:

[3]
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X When the system representation, and therefore theguist controller realization, is

simpler in thecrankangledomain,

x When the cylindeindividual effects have to be analyzed, e.g., skaglender air/fuel

control, misfire detection with engine speed measurements, etc.

In the cas®ef this thesis, the DH is required to accurately capture the engine torque and speed
oscillations and amplitudes which ateankangle dependentThe developed DEM will be

based on the calculated cylinder pressure.

2.2. Characteristics of the developed model

As mentioned in the prious section, the developed model will be a discrete onehwetbcus

on accurately capturing thealizedcylinder pressure and the resulting engieeformance

The imperative condition is that the model needs to betirmal capablemeaning that th
surrounding dynamics (intake manifold dynamics and gas exchange process in particular)
would be modeled with the help of experimental datghe next chapter, the developed model

will be explained in detail.
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3. MODEL DESCRIPTION

In the following sectionthe structure and details of the developed model will be discussed. The
developed model can be divided into two versions, a traces (basic) model and a transient model.

The traces model calculates the desired variables over one engine cyeledislysally used
to observe only theteadystatedynamics.Only four stroke ICEs are considered within this
thesismeaningone engine cycle lasts two crankshaft revolutions (720 degrees cadians).
Every calculated variable the traces model isrankangledependent. The traces model is
used to verify the developed model againseaterna) verified set of data and this kind of

modelcannotrun in a transient simulation.

The transient model, on the other hand, is a mquidiically designed to run in a simulation
that can last an unlimited number of cyckth changing operatig points.It can becreated
from a converted traces mogdeicluding severalassumptions and simplificatiomghich will

be described during thgection Every calculated variable in this modetimme-dependent

The traces modelndits structure will be discussed firsinceit is the model from which the

transient model will later blrmulated

3.1. Traces model

The structure of the traces modell be defined first. If one would go with a purely theoretical
path into modeling an internal combustion engawmplexset of differential equations would
have to balefinedto accurately describe the dynamic behavior. The model would be divided
into several parts with state variables connecting these gradgitinteractingwith each other.

These parts (in order of tlaérflow throughout the engine) are:
x Throttle dynamics (if a Spaiiknition (SI) ICE is modeled),
X Intake manifold dynamicemass flowand heat exchange dynamics,

X Gas exchange processhargirg efficiency of the engine, exhaugasfraction, inlet

andexhaug valve opening

X Cylinder dynamicstcompression, combustion and expansion with all of the dynamics

included (combustion rate, blely flow, heat exchange, etc),
x Exhaust manifold dynamicgexhaust gas composition, air/fuel control, catalyst

x If the engine is turbocharged or has an exhaust gas recuperation (EGR), these dynamics

have to be included too and the model becomes even &g@nore complex.
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A control system that supervisaisd guideshe engine behavior must not be negleeted also

introduces time delays, e.qg.:

X

Electronic throttle control (ETC) control of the electric motor that sets the throttle

angle,
Fuel injectors ontrol,

Boost control +varying the angle of turbine blades on the turbocharger leads to a

modifiable boost pressure in the intake manifold,

EGR valve controltmodifying the exhaust gas recirculatieffects the exhaust gas

composition and engine power,

Idle speed control (ISCkrmaintaining the desired engine speddle the engine isn

idle, etc.

As one can see from th@evioustwo lists, a purely theoretical model would be an accurate

one, albeit a slow on&he critical condition of the model to bewkloped is its regime factor

which needs to be less than one, leading to a necessary model simplifiCEtien

simplifications are as follows:

The developed modeln be defined a=erodimensionalor singlezong[1]|[11]} It is

assumed that the cylinddynamicscan be considered as a lumped parameter process,
such that the gas states are not sggEendengthey are only timalependent)and that

the laws 6r ideal gases can be applied

There will be only one state variable, the cylinder pressure, meaning that the model will
contain only one ordinary differential equation. Later in the transient model, more state
variables will be added (engine speed andedpafter the flywheel). They will be

connected with the algebraic relationships which will be defined throughout the thesis.

The initial conditions of the model will be set at the end of intake and the start of
compressionThe cylinder pressure will be Icalated only during the compression,
combustion and expansionstrokes During the intake and the exhaust stroke, the

cylinderpressure will be set at the values defined in the initial conditions.

The initial conditions of the cycle will depend on the ieegspeed and the engine load
defined with the load signal. These two variables will serve as inputs to a number of
look-up tables witlexperimentHy gathered data. The loalp tables will output several
variables which will define the behavior of the lgycTheseare: intake and exhaust

pressure, trapped mass and fuel mass.
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The realized cylinder pressure (predefined and calcuéstethted aboyas forwarded
to the indicated torque calculatioBas and inertial forces acting upon the crankshaft

are calculated and converted to indicated torque.

The intake port pressure will be defined via lagk tables whetherit is a modified
pressure after the throttle (SI engines) or a boosted presseir¢h&ftcompressor (Sl
and Compression ignition (Cl) engine$hat pressure would not be calculated because
the dynamics that wouldeedto be described would be slowing the simulation even

further (electronic throttle and turbocharger control and dynamics

The Air/Fuel (A/F) ratio of the Sl engine will be set tostsichiometricvalue and is

presumed thaan A/F controlsysten exists and is keeping the ratio at the desired value.

Exhaust gas recuperation (EGR) will not be described affeitts the exhaust gas
composition which not of the interest in this thesis. It affectsthe engingpowerbut

in no great measure.

The model needs to be designed/iatlalySimulink environmenéand verified against certified
results. The certified results Wbe collectedfrom the AVL Cruise Mand AVL Excitesoftware
and its example models regarding ICE modehmith their default parameters altered to match

the developed model.

In the following sections, thdetailsand structure of the developed modellvaié further

clarified.

3.1.1. Cylinder energy balance equation

A detaileddescription of the traces model structure will begin at the heart of the model, the

cylinder dynamics, and spread further from therecoAstitutiveequation for the considered

closed syem leads froni6]

)

where:
- is the gas mass in tloglinder,

- u Is thespecific internal energy of the cylinder
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- Is thecrankangle

- is the cylinder pressure,

-V is the current volume of the cylinder,

- is the fuel heat input,

- are the wall heat losses,

- Is the specific enthalpy of the bley,

- is the gas mass of the bldyy,

- is the mass flowing into the cylinder

- is the specific enthalpy of the mass flowing into the cylinder,

- is the mass flowing out of the cylinder,

- is the specific enthalpy of the mass flowing out of the cylinder

Since the observed cylinder dynamics will only cover compression, comhastaaxpansion,
energy from the gas exchange will be ignored. Energy from theltyomill also be disregarded
with the aim of keeping the equation as simple as possible. Ths tedhe basic form of the

previous equation:

©)

Depending on the chosen state variable to be solved (cylinder temperature or pressure), the

above equation can lamalyzed in two ways. THeast one is the equation below in which the

state variable is the cylinder press[#E

(4)

where:
- R Is the specific gas constant,

- is the specific heat at constant volume.
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The secondnethodto analyze the equatif{B)|is to make cylinder temperature a state variable

©)

where:

- is the cylinder temperature.

In eitherway, the other variable is calculated using the ideal gas law equation:

(6)

and assuming that the specific gas condgdms a constant value of 287 J/(kg K) throughout
the simulation. As mentioned before, the selected state variable is the cylinder pressure. The
initial state of the integrator is the inlet pressure at the start of the compression with a value
defined fronthe experimental dat&ylinder temperature is calculated with the help of the ideal

gas Iavvequatiorl\@

3.1.2. Cylinder geometry relations

In the figurebelow, the basicylinder geometry relatiorf®r an inline enginare shown.

Figure 3. Cylinder geometry basic relationﬁ
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Where:

D
r

H
TDC
BDC

is the cylinder diameter

is the crankshatft radius,

is the cylinder stroke,

IS the cylinder top dead center,

is the cylinder bottom dead center,

IS the cylinder displacement and

Is the cylinder compression volume.

Cylinder displacement is defined as the swept volume between the TDC and BTC during one

engine strokeand the piston offset is not taken into consatien The ratio between the

maximum volume and the minimum volume of the cylinder is defined with the compression

ratio

. Other relations that can be derived from the expressions above are as follows:

Where:

()

is the number of cylindeys

Is the minimum cylinder volume, equal to the compression volume,
Is the total engine displacement
is the maximum cylinder volume and

Is the compression ratio.
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The cylinder volume changes during the stroke (i.e. from its maximum value at BDC to its
minimum value at TDC and vice versa) and needs to be described \agprapriateequation

which needs to berankangledependent. That equation is derived fff@jand with certain

simplifications is used in the following form:

©)

Where:
- is the conrod length,
- ¢ isthe crankshaft radius to conrod length ratio,

- A is the cylindefpiston surfacarea

So, the total cylinder volume at any crank angles:

©)

and the drivativeof volume against crank angle is:

(10

As can be seen from the previous equations,assumed that the starting stroke of the cycle is
the intake, and the variables related to this assumption are defined accoddimggns that
the cylinder defined with the above relations has the nominal ignition time ar&@@angle
degrees (CA), thend of compression and starttloé expansionand with ignition time defined
like that, the cylinder has its place defined in the firing order of the erlgitiee figure below,

cylinder volume trace is shown. The data for itgghtion can be found|ppendix A Engine
1.
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Figure 4. Four strokes of the engine cycle, cylinder volume defined with the intakealue at the
start of the cycle data from|Appendix A{ Engine 1

3.1.3. Combustion model

A model of combustion in an internal combustion engine is probably the hardest and most
complicated pardf any engine model. Due to the very large energy exchange between the fuel
and gas elements and the processes that accompany it happening in arvéipastiame, it

is very hard to accurately capture the exact characteristics of the combustion itself. If one would
go down the path of theoretically and accurately describing the events that happen in the scope
of a couple omillisecondsa number ofdatures and properties of the combustion would have

to be known. The exacompostion of the gas in the cylindethe velocity of the flame front
spread and properly defining tgasparticlekinetics thatdescribs their movement within the
cylinder arejust a couple of items that would have to be modeled in detail. It almost goes
without saying that these models are relatively slowcamhotoe possibly considered as a part

of a realtime capable model.

A different, empirical approach then needs to twesaderedAccording t{[lO] there are three

categories in which the various engine combustion models can be grouped:
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X Zero-dimensionamodels,

X Quastdimensional mdels and

X Multi-dimensional models.

Zero-dimensionamodels are then further categorized |i[it0]

x Singlezone models,

X Two-zone models and

X Multi-zone models.

The above classification can also be applied to engine models in general. In fact, it was already
applied at the start of the sm@ defining the developed model to be zdimensional and

singlezone.

In singlezone models, the working fluid in the engine is assumed to be a homogeneous

thermodynamic systemmeaning that a single value of the cylinder pressurératdmperature

is distributed evenly throughout the cylindéi]

The Vibe functim is the most popular empirical model of an approximated predefinetieat

release It can be applied to singlone and multzone modeland has the following shape

according t(6]

Where:

In|Figure5

(19

is the mass fraction burned,

is the Vibe parameter with a value-6t9 for complete combustion,

is the Vibe shape parameter which determines the siidysat release,
is the combustion duration and

is the crank angle at the starta@imbustion

below, one can see how the shape of the predefined heat releasgesiuring the

combustio, depending on thealue of the Vibe shape parameter
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Figure 5. The Shapeof the predefined heat release depending on parameter

The values of the parametersand  have been empirically collected for different types of

internal combustion enginesd can be defined agTablel| From[8]

Table1l. Values of parameters) and m for different engine types

Engine type Properties RPM [°CA] m
2-valve engine 1500 60 2.3
5000 65 0.9
1500 50 2.5

Gasoline enging 4-valve engine
5000 55 2.1
Fast burn 1500 45 2.6
concept 5000 50 2.6
Diesel engine Naturally nominal 90 0.5
with chamber aspirated 30% nominal 65 0.5
injection for nominal 90 1
passenger cars Turbocharged 30% nominal 65 0.8

Faculty of mechanical engineering and naaathitecture 17



-XULFD OXVWDU

Master's thesis

Turbocharged nominal 90 11
intercooled 30% nominal 65 0.8
Naturally nominal 80 0.4

. S :

Diesel engine | 2SPirated 30% nominal 55 0.4
with direct nominal 75 0.9
o Turbocharged
injection for 30% nominal 55 0.7

passenger cars Turbocharged nominal 75 1

intercooled | 30% nominal 55 0.7
Naturally nominal 70 0.5
aspirated 50% nominal 55 0.6

Diesel engine nominal 70 1.1
with dire%t Turbocharged
L 50% nominal 55 0.8
injection for

trucks Turbocharged nominal 75 0.9
intercooled 50% nominal 60 1
Mid-speed _
_ nominal 65 1
engines

The heat release from the fuel, as defing(8jfand using(11)|can be written in the following
form:

(12
where:

is the fuel lower heating value and

- is the fuel mass in the cylinder.

According td[12]| the heating value of the fuel is the quantity of the heat produced by its

combustion at constant pressure and under normal condiioaswerheating valuef a fuel
assumes that theater product of combustion is at vapor state and the heat of vaporization is

not recovered and this value is usually taken for engine calculation.
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3.1.4. Thermodynamic properties of the gas mixture

Although the gas mixture within the cylinder is assumed to bdeal gas, its properties still
FKDQJH VLJQLILFDQWO\ GXULQJ WKH F\FOH R[aK&OMbgV ZK\ L\
properly definedn orderto assure that the collected results can be trusted.

The specific gas constant of the mixtuRe,does nothange significantly during theycleand

stays roughly around the value of 287 J/(kg K) and the same value is applied for air and for the

mixturg[8]

The specific heat rati0 ) on the other hand, changes significantly and that chhagt® be
properly described. Differential equations that would accurately descelmhdngeexistbut

are unnecessaiy the scope of this thiss Experimental model is the solutiagain with a

possiblemethoddescribed ifj8]

(13

wherex is defined irEll) andT. is the current cylinder temperature. The parameeti@pends

on the engine type and can be defined as:

- Gasoline engine a=0.05
- High speedliesel engine a=0.04
- Low speed diesel engine a=0.03

Another equation for proved to bemore accurateuring the validation of the developed

model with the certificated softwar&€he equatiomletails can be found [ii13]} That equation

is used in the model and has the following form:

(14)

As seen ir@ the specific heat at constant voluimasto be calculated, which cas done

easily with the following expression:

(19
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3.1.5. Heat losses

Heat transfer affects engine performance, efficieaog emissiong[7]| For a given mass of

fuel within the cylinder higher heat transfer to the combustion walls will lower the average
combustion gas temperature and pressure, and reduce the work per cycle transferred to the
piston. Lower exhaust gas temperature a#fi@cts the available recoverable energy by the
turbocharger.Thus, specific power and efficiency are affected by the magnitude of engine heat
transfer engine performance drops with larger heat tran€arthe other hand, cylinder gas

temperaturesf the sparkgnition engines can grow higher than 250@kding to higher rate

of generation of NQ@gass€$8]| The maximum metal temperatures of the combustion chamber

are Imited to much lower values leading to heat fluxes with values up to 10 MIVWhis kind

of stress to the cylinder structure, unless properly handled, can lead to an overall decrease in
performance. Whether it is fatigue crackidgterioration of the lubrating oil film, piston and

liner distortion etc. The importance of h&ainsferis then clearThe heat can be transferred by

the following modes: conduction, convectiamdradiation.

Figure 6. An example ofa Sankeydiagram for an ICE
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In[Figure6jabove, an example of the Sankey dggiof an internal combustion engine is shown

wherethe energy flonduring one cyclean be seen clearlfhe notations are as follows:

- is the fuel heat input,

- Q, is the fuel evaporation heat,

- is the radiation heat,

- is the heat transferred by cooling,

- Is the heat transferred by friction and other mechanical losses,
- is the indicated/effetive work,

- is thebrakémechanical efficiency.

In the next part of the section, a model that will capture the total heat losses within the cylinder
will be selectedThis part of the model will also laescribed empirically asthe theoretical
model would be toccomplex Many empirical models have surfaced over the years of
developing the ICE. The most poputdrthem is the Woschni model from the scientist of the

same name, developed in the late seventies, and this model wikbdewithin this thesis, in

the form fron{[6]

(16)

where:

- is the heat transfer coefficient,

- is an empirical constanmtith the value of 2.28,
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- is the mean piston speed,

- T, is the temperature afhe gas mixturén the intake manifold;

- is the pressure of the gas mixture at the end of intake,

- is the volume of the gas mixture at the end of intake,

- n IS the engine speed in rpm

- isanempirical constant with the value of 0.00324 for direct ignition (DI)

engines an@.00622 for indirecignition engines (IDland
- is the motored pressure in [bar].
Other models othe heat transfer coefficient exjdiut they require more input data than this
model provides.

An example of thecalculated heat transfeoefficient during compression, combusti@amd
expansion with the Woschni method can be si;a@

Figure 7. Calculated heattransfer coefficient, Woschni method Data from[Appendix A| Engine
1
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A safeguard is introduced in the heat coefficient model. Part of the expres$i:ﬁ)| where

the motored pressure is reduced from the cylinder pressemees to describe the additional
effect of theturbulencedo the value of the heat coefficiefithese turblences appear when
cylinder pressure is larger than the motored presguinenthe motored pressure is larger than

the cylinder pressure, that part of the expression is set to 0. Motored cylinder pressure is
modeledas an isentropic process.

Calculateccylinder heat transfer coefficient is then inserted in the following equation for total
heat transfer with empirical coefficients to different surfaces:

(17)

where:

- is the temperature of part of the piston in contact with the gas mixture,
- Is the cylinder head temperature,
- is theliner temperature and

- is the liner surface.

The following equation for the liner temperature is also taken|ffijand has the following

form:

(18)

where:

- h Is the piston path and is calculated with the following equation:
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(19

As can be seen frgl7)| the calculated heat losses tmee-dependentSince the traces model

is crankangle dependent, the heat release must be converted to sangd@ldependency to
successfully incorporateiitto the model. It is done by dividing the calculated heat release with
the current angular speed.

(20)

With the heat losses defined, every part of the eqy eﬂb(ije dealt with But before moving on

to the torquesalculationsection, the initial conditions of the model makto bedefined.

3.1.6. Initial conditions

Initial conditions of the model refer to thatial values of the relevant variables to the cylinder
dynamics. Initial values are defined at the craakgle when the intake ends and the

compression start¥hose variables within this model are:
- intake pressure
- trapped mass within the cylinder,
- fuel mass

Exhaust pressure is also defined via lapktables and his realization will be described later

on.

Thereis no intake and exhaust valve overlapping, intake valves are open only during the

induction and the exhaust valves are open only during the exdielst.
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In the previoussections it was mentioned that the gas exchange process would not be
theoretically described and that the initial values of the relevant variables defined above will be
interpolated from the previously defined leof tablesThe majority of the lookup tables will

receive engine speed and engine load as their itifrtforward the relevant output to further
calculations. Engine load is defined as a load signal, usually given as an input to an engine

model and coming from aigler model.

Before the first lookup table has been discussadermcharging efficiencyvill be explained.
Cylindersdrawthe air/airfuel mixture from the intake manifold during the intake stroke and at
the and of the stroke, a certain amount of gaadgsiumed into the cylinder. That amoungab

is calledfresh working substanc&hat amount largely depends on the intake manifold pressure,

less on the engine speed and is rarely equal to the referent value.

Charging efficiency is defined as the ciaéint betweenfresh working substance (not
including theresidualcombustion produc}s after the intake valve closing, and the referent
mass that wouldtfinto the cylinder displacemérmolume under standard conditiofséandard
pressure and temperatﬁ@ Standard conditions are defined with a certified norm (1ISO, DIN,
SAE).

(21)

where:

- Is the frestworking substance,
- Is the charging efficiency,

- is the referent mass,

- is the standard pressure and
- is the standard temperature.

The typicalvalues for the charging efficiency are:

- naturally aspiratefbur-strokeengines+  «
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- with charged engines is always > 1 and can be approximated with the ratio
between the pressure after the compressor and the standatleoress

The specific gas constar®sof the air and the gas mixture in the cylinder have very similar

values and so a single value is consid@d

The first lookup table that will be discussed will describe the effect of volumetric efficiency

of the engineAs stated before, the charging efficiency of the cylinder depends mostliaka in
manifold pressure, but in less measure also on engine speed. Volumetric efficiency describes
the pumping capability of the cylinder in regard to engipeedoecause no matter how big the
intake pressure is in the intake manifold, at higREMs thereis simply not enough time to

draw the same amount of air as at loR&Vs. The volumetric efficiency is denoted withf

and is described with the following equation fipfiland graphically showm|Figure8

(22)

where:
- is the volumetric efficiency and

- n is the engine speed.

Figure 8. Volumetric efficiency based on22)
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Intake pressure is the relevant cylinder variable which will be used to calculate the cylinder
trapped mass. If thatake manifold modelvas described theoretically, intake pressure would
depend on the intake pipes geometry, flow coefficients, throttle angle (Sl engines), turbocharger
dynamics, etc. Instead, it has been described witloalimensionalook-up table depending

on the engine speed and load signal. Two maps are included wiéhimddel, one for the
naturally aspirated Sl engine and one for a turbocharged gi@Jine Sl). If the engine defined
would be a naturally aspirated CI engine, only the map describing volumetric efficiency would

be used as there would be no throttlehim intake pipes to modify the intake pressure.

The lookup table concerning a naturally aspirated Sl engine is sm{WgureQ The data for
the table is gathereddm the results of an AVL Cruise M simulation of the engine with the
same parameters as will be used within the m@endix A Engine 1)

Figure 9. Naturally aspirated Sl engine intake pressure lookup table

As one can see from the figure above, the intake pressure curve for a naapiaiyed Sl
engine depends largely upon the Load signal on its lower values. On the higher values of the
Load signal, however, the curve almost draws a line as the pressure drop resulting from the

throttle position is not significanT.he explanation forhis phenomenon is found|[r16] The

throttle plate is an effective flow restriction only for small throttle angles (small engine loads).

As the load is increased (larger throttle angles), the pressure drop over the throttle plate is small
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DQG RSHQLQJ WKH WKURWWOH | Xéffeetk bhithésirake/ ipefssurekad Y H D (
that engine speed. In other worthgengineis operating under full throttle intake pressure with
the throttle angles well below 90 degrees (where 0 degrees is closed throttle and 90 degrees is

full open throttle). Theiaflow is then determined by the engine speed alone.

Intake pressure curve for a turbochargadine will be observed next. The intake pressure in a
turbocharged engine corresponds to the pressure generated after the compressor. The pressure
generated byhe compressoonthe other hand, follows from the speed the turbine is rotating.

The rotating speed of the turbine can be controlled by varying the angle of the turbine blades,
effectively controlling the pressure after the compressor. The blades amgiel and the
turbocharger dynamics would further complicate the calculations, leading to theddakle

solution. The generated lookup table also depends on the engine speed and load signal and the
data also comes from an AVL Cruise M simulation oéagine with the equivalent parameters

Appendix A Engine 2)and can be seen|Figure10

Figure 10. Turbocharged CI engine intake pressure lookup table

From the output of the two above leak tables, using the ideal gas law equation and utilizing

the mapped volumetric efficiency, the fresh working substance of the cylinder is calculated:
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(23

Air/fuel control is a control system within the engine that ensures that a proper value of the
air/fuel ratio is realized. Air/fuel ratio is the ratio between the masses of air and the fuel and its
stachiometricvalue is around 14.6. Th&tachiometricvalue determines the optimal ratio
between air and fuel which ensures that when that value is realized, all of the fuel will burn, i.e.
there will be enough oxygen fadne fuel to burn. Air/fuel ratios witl lower valuethan the
stachiometricvalueimply a richgas mixture, while the ratios with larger value imply a lean

mixture. Either one has different effects on engine perforn@ce

(24

where:
- AlF is the A/F ratio,

- is thestachiometricratio and

- is theequivalence ratio

In Sl engines, A/F control system keepsat the optimal value (dyhere the Sl engine has the

bestperformance|[8]| To avoid modeling of the A/F control system, it is assumed that the

system is present and that it ensures that the value sthys around 1. Leading from this

assumption, one can then calculate the fuel mass that is injecteelibetfeecylinder.

(29

In Cl engines, most of the operating points have a lean mixture witdues more than 1. The

injected fuel mass is usually determined from the engine speed and load and such a realization
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will also take place within this thesis the case of Cl engines, tA& control system has the

following task${4]

- Prevention of th€l engine smoking at full load, which was typicdithe older ClI

engines and

- Correction and adaptation of the injected fuel mass in the low load and idle speeed a
where a fine coordination between fuel injectors, EGR valnesheturbochargers

requiredto pass the strict ecological norms

A look-up table of the injected fuel mass depending on the engine speed and load signal will be

shown next. It will determinthe massof fuel injected in the cylinder and along with the value

calculated if(23)| a Cl value of will be calculated. If the value does not satisfy the imposed

regulations, a different amount of desired fuel is passed to the injectors which will Jatesfy.

look-uptable is showmn|Figurell

Figure 11. Cl engine fuel mass lookup table, data forlAppendix A| Engine 2

To additiondly ensure thaccuracy of the developed model, exhaust pressure will also be given

via look-up tables from Cruise M. Sl naturally aspirated exhpressureis givenin|Figurel2
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Figure 12. Sl engine exhaust pressure lockip table [Appendix A| Engine 1

Cl turbocharged exhaust pressure logktable is givemn|Figurel3lfrom data from Cruise M.

Figure 13. Cl engine exhaust pressure lookip table,[Appendix Al Engine 2

The exhaust pressyras defined in the two above loolp tablesis defined as the cylinder

pressure at the end of the exhaust stroke. It means that the pressure calculated at the end of the
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expansion wit[(3)(has to be modified to the value defined in the lapkables. It will be done
by incorporatinga firstordersystem as seén|Figure14

Figure 14. A first -order system approximation of the exhaust stroke

Once the expansion has finished, the above system will be enabled. Initial condition for the

integrator is theressure at the end of the expansion, and with theofidelr system aboyéhe

cylinder pressure reaches the desired exhaust pressudefined ifFigure 12landFigure13

The effect is visible iEigureZQ

Finally, the mass trapped in tleglinder consists of the freshly inducted working substance

calculated in23)|and theresidualcombustion productsom the previous cycle# EGR does

not exist.In that caseresidualcombustion productare the exhaust gasses tae notwashed

out during the gas exchange pro¢édsThey occupy the compression volumedheir mass

can be described as:

(26)

where:

- is theresidualcombustion productnass
- is theresidualcombustion productemperaturend
- is the exhaust pressure

This leads to total trapped mass in the cylinder at the start of the compression:
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(27)

where:

- Is theresidualcombustion productgaction

3.1.7. Torquecalculation

Two terms will have to be defined before proceeding to the taajoalationsection. The term
indicatedencompasses all of the variables connected witlevieats within the cylinder and
consequently retad to them (indicated cylinder pressure, work, torque). The leaike or
effectivels established for the variables forwarded further down the powertrain, meaning they

are observed with thmechaircal efficiency in mind([7]

Combining the defined cylinder intake and exhaust pressures from the initial conditions with

the calculated cylinder pressure frig8)| a trace of the indicated cylinder pressure from one

cycle can be described.

Theindicatedcylinder pressure is then subtracted with the housing pressure which yields the
resulting acting pressure on the piston head surface. The force acting on thegsistimg

from the gas pressure can be described as:

(28)

where:

- is the housing pressure and has a default value of 1 bar

As defined in the thesis task, the inertia (mass) forces of the oscillating pistdrave to be

taken into account for theefinition of the resulting torque. First, the piston acceleration needs

to be defined. Its equation is derived from the piston path equiatj(i®)| is crankangle

dependenand has the following for(j®]
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(29)

The oscillating mass can be defined as the piston masapgndximately onehird of the

conrod magf9]| That masswith the previously defined acceleratjgields the cylinder inertia

forces:

(30

where:

- is the oscillating mass,
- is the piston mass,

- is the oscillating part of the conrod mass.

It can be seen from the previous equadithat the inertia forces depend quadratically on the
engine speed, meaning that they hawéncreasingffect on the total piston forces as RieMs

rise.

Gas and inertia forces are not the only forces acting upon the piston, but the rest of them does
not havea significant impact on the indicated engine torque and their analysis is more
concerned towards the engine balancing. The combined (gas and inertiaaétiragsipon the

piston can be expressed as:

(31)

where:
- is the combined force acting upon the piston, cramgle dependén

The realized combined forceseacolinear to the piston oscillating axi$ie pstonis, however,
connected to the criashaft via the conrod and thedicatedtorqueis calculated from the
tangential force acting upon the crankshaft over the crankshaft radiuslationship has to

be established that will connect the realized combined forces acting upon the pistdrewith
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tangential force acting upon the crankshédt a defined engine layout, which tise inline

engine From[9]| the indicated torque has the following form:

(32

where:

- is theindicated torque, cran&ngledependent

With this, the traces model is completed. All of the crank angle dependent variables have been

described and their effect on the developed model explairtexltraces model results and

comments argart of the sectig.3.1 A clear representation of the developed model can be

seenin|Figurel5

Figure 15. A block representation of the developed traces model
Finally, the sizing of the model needs topgegformedas the model needs to represent a variety
of the engine sizes. Most of the engine parameters already depend on the enginepubdel in
parameters (cylinder diameter, engine displacement, number of cylinders and compression
ratio). Other parameters of the model are presumed constant for the sake of simplicity
(crankshaft radius to conrod length ratio, housing pressure, specific gatarntpthe
temperatureof the fresh substancéhe temperatureof the residual combustion products,
cylinder head temperature, liner temperatared piston temperature). But some model

parameters and variables need to be defined accordingly to the engine/cylinder size/parameters.
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The first example is the piston mass. An empirical expression is found to accurately estimate
the piston mass depending the piston diameter. The data for the expression was collected

through various sources and has the following form:

(33

The oscillating part of the conrod mass is presumed to tvew¢hirds of the piston mass,
leading to:

(34)

An empirical expression was also usedddculating the crankshaft mass, the data collected
from the AVL Excite software:

(39

where:

- is the crankshaft mass

Mass of the conrod rotating part is assunaethernioned before, as thvo-thirds of the total
conrod mass. In the equation abpweethird of the conrod mass (the oscillating part) is
assumed to have the valuetab-thirds of the piston mass, leading to the conclusion that the
rotating parof the conrochas thenassvalue of:

(36)

where:

- is the rotating part of the conrod mass.

Making the total rotating mass equal to:
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(37)

where:

- is the total rotating mass of teagine

In this way, the relevant masses are defined through the piston diameter and the number of
cylinders, which are general model input paramedadsthus keeping the required number of

engine parameters aminimum

An additionalparameter that neetisbe modified depending on the engine size is the fuel mass
for the Cl engine. In the case of the Sl engine, fuel mass is calculated from the inducted fresh

substance mass. That mass already depends on the engine size (engine displacement) and the

intakepressureshownin|Figure9lhas a similar shape for all engine sizes. The-lgokable on

Figurelllhowever, was defined for@4-liter cylinder. This data will then be scaled with the

factor that is equal to the ratio of the cylinder volume to be simulated, a@dHitter cylinder
the lookup table refers to. For example, if the cylinder volume to be simulated-ised, 5he

scaling factor for the lockip table would be 1.25.

Next, the transient model will be presented.
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3.2. Transient model

The developed tracesodel (crankangle dependent) now needs to be converted to a transient
model (ime-dependent The transient model can be simulated for a desired period of time and
be subjected to a variety of input signals to test the npet@rmanceinder all condibnsand

different operatig points In the traces model, the engine speed was kept comsthrd false
assumption in the case of simplicity. The false assumption was that the engine speed does not
vary significantly during one cycle. That is not the casé¢he transient model sardt, an

important assumption has to be matliene and crank angle are connected via engine speed:

(39)

Differentiating the above expression yields the following result:

(39

The important assumption is that the second part of the expression above can be ignored with
the argument that the change of engine speed in the scope of two simulation time steps is very
smdl. The support to this argument comes from the fact that for the model to be accurate, it

needs to run at 10 kKo the size obne timestep is 0.1 msThis leaves us with:

(40)

This assumptiormakes it easier to calculate the current crank angle in regard to the current
simulation time. A simple integrator in the Simulink environment is required to calculate the
current crank anglevith the output value of the integrator reset to zero evewytim integrated

crank angle crosses tbae cycle duration valug radians or 720 craréngle degrees for a

4-stroke engine). The realized concept can beisfeigurel6jand the concept resultgFigure
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Figure 16. Calculating and resetingthe crank-angle L

Figure 17. Values of the crankangle during severalcycles

The engine was set to a speed of 3000rpm. It means that it is rotating 50 times a second. It takes
two engine rotations to complete one engine cycles for astooke engine. It means that there
are 25 cycles per second at 3000rpm, or:

(41)

Comparing that result to the figure above, one can conclude that the devised way of calculating
the current crank angle is satisfactory. The calculated current crank sfmiearded tothe

altered traes model and to the other parts of the transient model that require its value.

The initial conditions as discussed within the developed traces model remain the same and their

values are refreshed only at the beginning of every new cycle. Those values, different every
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new cycle as the load signal and the engine speed change, akstnwarded to the altered

traces model.
3.2.1. Altered traces model

The previously developed traces model has to be altered to support its integration within the
transient modelFirst, all of the signals that are leading into an integrator have to be ntbdifie
because the original traces model was developed in the crank angle domain and the transient

model integrates the time domain. In this case, only one integrator exists within the model,

the one that calculates the current cylinder pressure.vidhearodificationis shownin|Figure

Figure 18. Transient cylinder pressure calculation
To clarify the figure above, in the traces model,daleulated cylinder pressure is craaukgle
dependent and its integration was executed in the @agle domain. Therefore, if the cylinder
pressure is to be calculated in the same way in the transient, mbaeé the integration is
executed in the timéomain, one must modify the signal to be integrafdte process is

described through the following equations.

(42)
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Using(40)|and inserting it into the equation above, calculated cylinder pressure isnmew

dependent

(43

and has to be reset every new engine cycle, therefore the reset block and the reset signal. The
initial condition of the integrator is the intake pressure, mapped from the initial conditions that
are alsoanat the start of every new engine cycle. Théahcondition also has to be divided

with the engine speed to become tidependent.

Another modification to the traces model was made. In the traces model, the calculated cycle
began with the induction, moved to compression and expansion, and finithédenexhaust

stroke. The modification was madestart with thecompression first, with the initial conditions

already set at the compression start, as explaingectron3.1.6

Next, the process of torqualculationfor multiple cylinders will be discussed.

3.2.2. Indicated engine torque

The indicated torqueas explained i||q32) is the result of thealculatedcylinder pressure and

the inertia forces of a single cylinder only. To expand the model to inoludigple cylinders,

one can take different paths.

Another bock/s in Simulink can be made which will output the indicated torque from a cylinder
which will have a different ignitiotime, and with thatits own place in the engine firing order
during one engine cycle. Within that block, a whole different set ttihge and parameters

could be made, e.g. redefining the combustion parameetsfined in secti¢d.1.3 forcing a

misfire, etc. But additional problems wouwddcur:
- each additional cylinder would slow down the simulation even further,

- amethodwould have to be devised to simulate only the previously defined number

of cylinders and to follow the firing order.

A simpler way is presented. The signal of taéuldedindicated torque would be delaykx
an appropriate amount of tinmonsideringthe number of cylinderand according to the
following table. A maximum of six cylinders is support@dth a simple possibility to add

more)and every one of them has theme characteristics
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Table 2. Indicated torque signal delay table

Number of cylinders

Signal delay

1 - cylinder engine

2 - cylinder engine

3 - cylinder engine

4 - cylinderengine

5 - cylinder engine

6 - cylinder engine

Simulink realization of the problem is showmnthe figure below.

Figure 19. Torque calculation for a different number of cylinders
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As can be seein the figure above, the appropriate subsystem is enabled when the value of the
predefined number of cylindef® respondso the value dedicated to that particidabsystem.

Also, the number of cylinde determines which port of the muyftort switch would be
forwarded further into the simulation. Acylinder subsystem would be further shown for an

exampleof how the indicated torque for multiple cylinders is realized.

Figure 20. Detail of the enabled subsystem for a 4_cylinder case

Torque is forwarded into a variable transport delay blddie dher input of the variable
transport delay block ithe vectorof delays. The default vector of delaysdisided by the
currentvalue of the engine speed to calculate the equivalent duration of the delay in simulation
time. The variable transport delay block outputsmasysignals as the size of the vector of the
delays. They are then superposed together, just like individuadeylitorques are acting
together upon a reatarkshaft

3.2.3. Enginefriction

Not all the work transferred to the piston from the gases contained inside the cylinder (the

indicated work) is available at the crankshaft for actual use. That portion of theawrmtetred

which is not available is usually term&attion or mechanicalvork|[7]{ The friction work (or

power) fraction of the indicated work (power) variesnestn 510% at full load and 100% at
idle. These numbers are sufficient for the topic to be of great importance to the engine design

and modeling. Friction work is usually expended as follows:
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- to draw the fresh mixture through the intake system and intytimeler, and to expel

the burned gases from the cylinder and out to the exhaust system. This is called

pumping work.

- to overcome the resistance to relative motion of all the moving parts of the engine.

This includes the friction between the piston ringiston skirt and cylinder wall,

friction in the crankshaft and camshaft bearings, friction in valve mechanism, gears

etc.

- to drive the engine accessories; the fan, water pump, AC, oil pump, fuel pump, etc.

Therehavebeen manyttemptdo properly describe the friction work am Sl or Ci engine. A

good starting point is a set efjuatiors from

[7]

although that set of equation relates to the

engires designed some time ago. thse and technology progresses, significant contributions

have been made in order to reduce the engine frictibis lead to the point that most of the

casesfriction maps for individual engines are made. They usuallgaé@n the engine speed

and load, and one of them will be used as a reference point for describing the engine friction.

The map was taken from a reference engine model in AVL Cruise M which is also used for

validation purposes and can be s@ehe figurebelow.

Figure 21. Friction mean effective pressure map

Friction meaneffective pressuréFMEP)can be converted to an equivalent friction torque with

the following equation:
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(44)

where:
- FMEP is friction mean effective pressure and

- Is friction torque.

3.2.4. Performance

To have a better insight into the engine performance, a mean value of the indicated torque must

be calculated first. Mean indicated torque value corresponds to the mean value of the indicated

torque curve as described|{82)| during one engine cyclelhe desired variable will be

calculated with the following equatigf]

(49)

where:
- is the mean indicated torque

The equation above needs to be realized within the developed transient model. The designed

solution is showmn the figure below.

Figure 22. Mean indicatedtorque block diagram
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And within the Reset T block:

Figure 23. Reset T block of the mean indicated torque calculation

The figure above is similar {Eigure 18| where the cylinder pressure derivative (also

dependent) was integratetthetime domain and then multiplied with the current engine speed
value to ckculate the real value. That value is then divided with the denominatc1|(41:5) rand
the mean value of the indicated torqueadculated Since it is a cycle relatedariable, it is

reset whenever the crank angle value reaches the end of the cycipdateld only aftethe

current cycle ends (thus the delay block).

The indicated mean effective pressureaisvariable that indicates the engine load and
performance independently of the engine typiest, a term of indicated work needs to be
defined. It can be defined as the surface of a rectangle in the cylinder indicator diayfam (p

diagram) where the base the engine displacement volume and the rectangle height is the

indicatedmean effective pressuf8]| The previousdefinition can be more easily understood

through the following figure.

Figure 24. Distribution of engine work using the mean pressurealues In idle, all of the
indicated work is spent on friction (mechanical) Ioss@
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where:

- Is the indicated worlgalculatedrom the events in the cylinder,
- is the mechanical or friction work, as defined in the previous section and
- is the effective or brake work, value at the engine clutch

Indicated mean effective pressure (or IMEP) can be calculated from the value of indicated

work (as seemn|Figure6) if the indicated efficiency was known or estimated. In this thesis,

however, since the mean indicated torque was calculated in one of the previous sections, IMEP

is given through the followmig equationwithout the need of estimating indicated efficieI{ﬁ],:

(46)
where:
- IMEP is indicated mean effective pressure.
Along with theFMEP defined above, brakaeaneffective pressure is given as:
(47)
where:
- BMEP is the brake mean effective torque

BMEP has similar values in engine$ different sizes and purposes and represemgasure

of engine Ioa@ Increasingthe engine load, the brake mean effective pressuidso

increased

Mechanical efficiency of the engine can be defined as:

(49)

where:

- is the mechanical efficiency
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and has zero value when idling because all of the indicated work is spent on mechanical/friction
work. Brake efficiency:

(49)

where:

- is the brake efficiency

3.2.5. Engine inertia

Finally, when the indicated engine torque has been calculated and engine friction for current
engine speed and load definédake oreffective egine torque dependent on and mean
brakeengine torque can be given as:

(50
where:
- is the brake torque and
- is the mean brakierque.
Brake engine torque is the input to tim/erning engine dynamaquation:
(59)

where:

- Is the engine moment of iner@ad
- is the engine load.

To properly carry out the tasks given in the thakisengine’'smoment of inertia needs to be
properly described. In most of the literatutesmomentof inertia is given as a constant. In this
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thesist would not be the cases the proper description of the engine in&tiariable properties
hasaneffecton the calculated engine speed oscillations.

Described moment of inertreasto present the variable impact that the reciprocating movement
of the piston mechanism has tre total engine inertia. The moving masses are the piston,
gudgeon pin, piston rings, conrod and other smaller parts of the mechahismvariable
distance to the crankshaft center amisoduces a crankangledependenthange of the engine

inertia which is reduced to the crankshaft center axis itself. A detailed approach to the

describing that change can be founf1]| but istoo detailed for the developed model as it

needs the values of every moving mass in the mechahismapproachew defining the total
engine inertiawill be considered within ik thesis.

The first approacks consideing therotating masses' iniga & constantqrankshatftpart of the
conrodmassand the flywhegland all lumped into a single valuBedicated equation comes
from|[14]|andis equal to the simpii#d formof the equation i@

(52)

where:

- is therotating part of thengine inertia
- is the flywheel inertia

- is the piston velocity, crank angle dependent.

Instead of calculating thescillatinginertia of each cylinder and also selecting the number of
inertias being daulated depending on the number of cylinders, the same approach as with the
indicated engine torque is used. Only the inertia of one cylinder is calculated, from the second

part of(52)| and then the signal would be delayed in the same way asrgEgure 19| The

calculated and the deted inertia are alssuperposednd added tootatinginertiavalue Above

defined inertia is inserted iN(®1)|and from there, with calculatdataketorque and impsed
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load, engine speed can be integrated. Because of the oscibatiagiorof the indicatedorque
and reciprocating cylinder inertia, engine speed isfalstuating

3.2.6. Flywheel

The second approadefines the flywheel as a dualass flywheehnd this approach will be
used in the thesig he dualmass flywheels are becoming a part of the miatss cars more
and more regularly, no more reserved only for preraaless cars. Witthem it is also possible
to describe the torque transferore accurately, whether the transfehappening fom the
engine to the driveline, or from the enginattetestbed The latter case is crucial for this thesis
and the flywheel model described in this section will try to destnbédyehaviors as oneffect

of theflywheel and theeffect of theelastic connection between the engine and the tesfbed.
dualmass flywheel casists of two rotational masses connected by a splangper system.

Their application results in a considerable reduction ofdarescillations from the engine to

the driveling[1]| The braketorque and the engine speed have a very oscillathgvior The

purpose of the flywheel is to reclel the engine speed fluctuations that consequently appear

from the oscillating effective torq||{®] [17]] It absorbs energy during the power stroke and

distributes it during the exhaust, intakadcompressiostrokes. The transmission of the torque
spikes developed by the engine will be reduced to the drivetidevill also enable the sudden
loads to be imposed on the engine without stallingliite flywheel or torque converter
(automatic transmission) mass is crucial in controlling the engine speed fluctuatiorts, but

cannot be too large #sen ithas a negave effect on the engine transient operations

The dualmass flywheel's dynamics can be more easily understood from the figure below, while
the mathematical description follows after f

Figure 25. The dual-mass flywheel dynamic
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Each of the rotational masses has approximatadalf of the total duamass flywheel inertia.

This resultsn the following set of equatiofi8]

(53

where:

- Is theengine inertia as defined in the equation above
- is the engine spée

- is the engine torqugansmitted byhe flywheel,

- is theshaftspeed after the flywheel,

- is the flywheel damping factor and

- is the flywheel stiffness factor.

3.2.7. T-engine or Nengine model

At the end of the developed model section, a final classificati@m tengine model is to be
clarified; whether a developed model is a T oMatype In the all growing and developing
industryof automotive simulationgnother classification of thenginemodelemerged and
depend on the environment the engine model will be connected to. Whetheratstastbed
or a drivetrain model, the inputs and outputs of the developed inadetio be definedalong

with their connection to that model

The model that has been discussedasds a Fengine model. T comes frotorqueand it

means that the torque is the relevant input to the model. That tortipeeangine load ||(151)

and represents ¢hoad that the engine is subjected to throughout the simulation. It is the load
that comes from the wheels and is transferred through the drivetrain to the engine clutch and
the engine itself. It depends on the aerodynamic and rolling resistance, adusttvehicle
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speed, but that is not the subject of the current thesis. The resulting engine load isitipern the

to a T model. The other input is the engine Is@ghaland is defined by an artificial driver or a
speed controller. The defined loadr&ag will, at the current engine speed, produce a certain
amount of indicated torque. That torque is, as already described, reduced by the defined engine
friction (atcurrentengine speed and load signal). The resulting effective tosgugosedn

the flywheel, where its fluctuations are reduced. The load is also acting upon the flywheel and

the resulting dynamics, as explained(%8)| define the engine speed befaed after the

flywheel. That speed is the output of a T model.

It is simpleto modify the current model to become an N model. N comes from the notation for

engine speedn thiskind of amodel, the speed is given as an input into the mdtiejine

speedbeforethe flywheel is then calculated wj{b3)|andthusall of the engine speed related

variableswithin the model are then dependenttbha speednput. Same as lbere, the other
model input is the engine load signal which will, with the imposed engine speed, determine the
calculated engine indicated torque. It will again be reduced by the engine frictithretomgue

after the flywheeis the output of an N model

Figure 26. An example of an N model engine speethere a constant value is given as an input to
the model

The selection of the model to be simulated is determined with a simple variable and a switch,

leading toanevengreaer level of model diversity.
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Figure 27. Equation|(53)|in Simulink and the T or N model selection via a switch and a variable

The model selection depends on the simulation needs and the types of the other available
models. The classification &so shownn the figure below.

Figure 28. The T or N engine model classification
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3.3. Results validation and comments

In this section, results of the traces and the transient simulations will be depicted. They are

verified, validated and commented@ihe model and specific engine parameteesdefined in

Appendix A

3.3.1. Traces model results

The traces model will be processed first, starting with the cylinder pressure trace. Combining

the defined cylinder intake and exhaust presduoes the initial conditionsvith the calculated

cylinder pressure frof(3)| a trace of the indicated cylinder pressure from one cycle can be

depictedn|Figure29

Figure 29. Indicated cylinder pressure at 3000rpm and load signal = 1, data fropAppendix A
Engine 1

Let us break down the cylinder pressure calculation witmeeée to the figure above. Cylinder

pressure has the value defined f{Bigure9|orFigure10jfor the first 180 crardangle degrees

(until the end of intake After that, the pressure is calculated according(@)oThen, from the

beginningof the exhaust540 crankangle degreesjhe pressure smoothly reaches the defined

exhaust pressure as explaineI(Figure14
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The above trace is now validated against the results from the AVL CrdsenMultiple engine

speeds.

Figure 30. Cylinder pressure trace through various engine speeds, load signal = 0.2, thesis model
result, data from|Appendix A] Engine 1

Figure 31. Cylinder pressure trace through various engine speeds, load signal = 0.2, AVL Cruise
M model result, data from|{Appendix A| Engine 1
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Other validation results are displayedAppendix B Validation results are divided into two

parts, one for the spark ignition (SI) model, and one for the compression ignition (CIl) model.
Each of them was validated in the Cruise M environment and defining the equivalent (but more
detailed) engine mad in Cruise M with the same parameters as used in the developed model,
of course wherever there wasa@ptionto. In the scope of this thesis, the disparity between the
results of the two model is allowed to be no larger than about 15%. As can be seénefro
results, the two models do not differ more than that. The main cause of the emerging

mismatchesamongmnanysimplifications,is that in the thesis model, volumetric efficiency was

definedacmrdingto|Figure8|and its effects had their impact on the thesis results.

According tg(30)| inertia forces can be depicted in the figure below.

Figure 32 Inertia forces at 3000rpm, oscillating mass is 0.47kg

From the figure above, it is clear that the inertia forces have a zero mean and thefyettn't
the final mean value of the indicated torque, but nonetheless, their impact lies in the amplitude

of the torque oscillations.

Above inertia forces are comlad with the gas forces resulting from the cylinder pressure. The
inertia forces have a greater impact on the Sl engines due to the gas forces at Cl engines being
significantly larger due to the greater cylinder pres€Buénevertheless, inertia forceecome

dominant as soon as the engine speed reaches high.\@dumelsined forces for an Sl and CI

engine are showm|Figure33landFigure34jrespectively.
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Figure 33. Combined piston forces for at 3000rpm, data frorpAppendix A| Engine 1

Figure 34. Combined piston forces at 3000rpm, data frofAppendix A| Engine 2

Following the equatic1(82) and withthe combined forces datadictedtorque of one cylinder

can be calculated. The results are depictdajure below.
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Figure 35. Indicated torque at 3000rpm and load signal = 1, data frovEppendix A] Engine 1

In|Figure 35| a trace of the indicated torque ai NA Sl engine at 3000rpm is displayed.

Depending on the engine speed, inertia forces will have greater or lesser effect on the shape of
the indicated torque, leading to different pulsations of the engine speed. Validation of this resul

is conducted in AVL Egite and depicted ifigure below.

Figure 36. Indicated torque one cylinder trace at 2000rpm and load signal = 1, thesis model
result and AVL Excite result comparison,data from{Appendix A| Engine 2
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From the figure above it can be seen that the indicated torque calculation was done correctly,

consideringhe results from AVL Excite. Other validation resudtre displayed jAppendix C

in more detalil

In the case of a-dylinder engine, the cylinders are fired every 180 cramffle degrees.

Combining thecalculatedndicated torque of the one cylinder from the figure above with the

indicted torques from the three remaining cylinders, spaced 180 degrees, one can determine the

total indicated engine torque, as saefigure below.

Figure 37.

Total indicated torque of a 4cylinder engine at 3000rpm, data fronpAppendix A
Engine 1

3.3.2. Transient model results

One of the traces model modifications was shifting the start of the cycle to the start of

compression, as already described at the end of the sﬁrﬁiﬂnThe modification can be seen

in

Figure38

and to accomplish it, several changes to the calculations regarding thengiak

related variables had to be made (cylmdalume, cylinder volume differential, ignition time,

etc.)
The indicated torque, as se'ais also shifted accordingly, but its mean value remains
the sam.
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Figure 38. Shifted cylinder pressure, now the start of the cycle is the compression stroke, data is
the same as ifFigure 29

An example of torquecdculation for multiple cylinders is shown in the figure below.

Referencing tprable2||Figure19landFigure20| a 6cylinder example is shown.

Figure 39. Indicated torque of a 6¢cylinder engine at 3000rpm, data fronEppendix Al Engine 3
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As already mentioned, one cycle of a fstnoke engine lasts 40ms at 3000rpm. It can be seen
from the figure abovéhat there are exactly six peaks of indicated torque in the séajiEms,
equivalent to the defined six cylinders. Individual torque peaks have different amplitudes
despite the fact that thatherfive cylindertorques are just the delayed version of the first

cylinder torque. The reasontlgattheabove figure showthetransienttate of the model, with

variable engine speed and so it differs ffBigure 37| Variable engine speed enters the delay

blocks inFigurel9land contributes to an even more realibgbaviorof the model.

Because of the fluctuating behavior of the brake engine torque and inertia, engine speed has the

equivalentoehavor, as seen ifigure below.

Figure 40. Engine speed oscillations at 3000rpm, data fropAppendix A| Engine 1

The above figure was captured in the transient simulation. An adequate load was imposed to

maintain the desired speed.

The effect and the purpose of ttiyavheel are shown next. Aording to the set of equations

described in secti@¢®.2.q elastic connection between engine &edbedis defined. It is based

onthe dualmass flywheel concejpind the difference of the engine speed curve with or without
the flywheel is shown ifigure below.
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Figure 41. Effect of the dualtmass flywheel concept on the engine speed fluctuations

As one can see from the figure above, the amplitude of the engine speed fluctuations is reduced

with the application of the duahass flywheel. The second (blue) curve represents the engine

speed without the flywheel inertia, only the engine rotatingiméstconsidered, as defined in

(52

If the duaimass flywheel would happen to have a larger moment of inertia, the reduction

would be even greater. Next, the engioeque fluctuations before and after the duonass

flywheel would be considered.

Figure 42. Engine torque fluctuations before and after the duaimass flywheel, 4 cylinder engine
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The enginehas been imposed a load with the vadtid0 Nm, and one can see from the figure
above that the engine sustains the load torque before and after the flywheel. The mean torque

before and after the flywheel is the same, as already expla @While the oscillations have

been reduced due to the flywheel inertia and its damping and stiffness factors. The amplitudes
of the torque oscillations differ through the cycles as the engine speed controller keep
the engine speed at the desired value, despite the imposed load.
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4. ENGINE CONTROL SYSTEMS

It was stated in the previous sections, many of the relevant control systems that exist within the
car engine control unit (ECU) have been replaced with alpotable or an approximation in
order to reduce the model complexityhe developed model needs to be as general as possible

to be able to approximately represent a diverse span of the ICE sizes and types.

- Boost pressure after the compressor was defireealgok-uptable, disregarding the
turbocharge(TC) dynamics and efficiencie3.o properly define the TC dynamics,
one would need to know the exact specifications of the discussed TC which would be
impossible for a wide range of ICEs. With the lagkiable approach, a good general
approximation of the boost pressure is given that will satisfy the developed model

needs.

- EGR was presumed naxistent, but it could be realized in a relativeignpleway
through another lockip table. It would define the selual combustion products

fraction ( ) that would then be incorporated into the appropriate equations, but the

EGR dynamics alone would also be ignor€de main reason is that the EGR itself
was invented to reduce the engpalutantemissions The emissions content and

amount is not the subject of this thesis.

- The quivalenceratio of the Sl engine is presumed to be alwagsal to one, the
value around the Sl engine has the best performaloeieling the A/F ratio control
would introduce another, in this case irrelevant, dynamic to the developed model

which would only further slow down the simulation.

Other control systembke fuel injection control, ignition control, knock control or coolant

temperature control will also nbe designe|@1]

Engine control systems that are going to be designed and verified are the idle speed control
(ISC) and cruise control. Both of them are relevarhé goals of the developed modeingine

speed and torque fluctuations in various operating padihis ISC controls the engine behavior

in idle, keeping the engine speed at tserdefinedvalue while the cruise control system
maintains the desired gime speed despite the imposed disturbances which can arise during the
vehicleoperation. Apart from being a model feature to be enabled during the simulation, cruise
control also enablebeuserto have an insighhto how would a real engine on testbed behave

under certain conditions.
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A couple of design approaches to #imvementionedcontrol systems will be discussed and
the one with the best performance will be included in the final developed model version.

4.1. Idle speed control

During idling, the engine has to generate a torque which compeitsates combustion cycle
lossesgengine frictionandthe torque needed for the auxiliaries (water and oil pump, AC, etc.).
The required torqueherefore depends strongly otine varying loads and the engine state in
the phases aftetar[1]

Because of the mardsturbanceghe idling speed has to be feedback controlled. Theereter
value for the speed should be as low as possible in order to save fuedandemissions.
However, noise and vibrations effects have to be considered, engine sgietgallymust be

prevented under all operating conditions.

The main control vaable for the idle speed controller is the engine angular spegdrid the

main manipulated variable is the fuel mass that ends up in the c{fifj@epending if the

engine is an Sl or Cl, the path to the desired fuel mass is different; control of the air flow through
the intake system aontrol of the fuel injectors signal

Various aproaches have been suggested for designing a valid ISC for an Sl or a Cl lengine.

[18]| several designs are discussed afjti9fja detailed model of an Sl engine ISC is described.

In theabovementionedlesigns, no#inear models (sucasthe developed model in this thesis)

are linearized around the idle speed operatiomtpahich is known before running the
simulation. As the desiredle speed and thiemportantengine model parameters atefined

by thefinal model user, linearization around the operating point and the controller design would
have tobe ranbefore the sirt of every simulation. That would slow down the simulation
considerably and would not be possible to accomplish with the model eventually compiled to
an FMU.

Also, ICE dynamicsthat are dscribedthroughoutthe developed model, are so nonlinear that
linearized perturbation equations and linear models have very limited validity, and as a result,
FORVHG ORRS FRQWUROOHU GHVLJQV EDVHG RQ OLQHDU PF
Gain scheduling ia form of an adaptive contretraegy and within it, controller gains aset

depending on the defined variable values.

Because of the above reasons, linearization of the developed model is discarded and the control

system will be designed forreontlinear model.
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Three controllers will be compared within this section along with their performances.

- A simple PI controller, which can be used in almost any control system, whether it is

linear or nonlinear. The PI controller design was conducted is&oally.
- Pl controller with an additional simple sliding mode control part.

- Sliding mode controller

41.1. PI control

A simple PI controller in the regular form is considered. It is well known that linear PI
controllers, if suitably tuned, provide satisfagtoesults to many practical applications without
requiring a detailed description of the system dyna@ In the presence of strong non

linear effects, howeved WKHLU SHUIRUPDQFH LV EHORZWXMUH 3 DMXKGH L

controller appealing to gain scheduling or adaptive procedures. In this thesis, the PI controller

will serve as a reference point, jisrformanceasetpoint which the other developeahtrollers

will have to beain performance.

(54

where:
- u is the system input,
- is the proportional gain,
- e is the tracking error

- Is the integral gaiand
- is the desired engine speed.

The derivative part of the general PID controller was not included in the current controller
design. The engine speed fluctuations would drive the derivative part into dress, V@ading

to an even more oscillating, and eventually unstable system.

Although there are several gain tuning procedures for the PID controllers (Aeghais or

an improved, sealled Good gain methgi@5]), neither ofthem has been able to provide a

satisfactory set of gains, probably due to the nature of the model.
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The proportional and the integral gains had to be tuned heuristically. Two sets of g&ns wer
found, one for an NA Sl engine, and one for a TC Cl endin® sets were needed because
the paths from the system input (load signal) to the fuel mass, that affects the engine torque, are

different in each case.

(59

where:

- is the proportional gain of the NA Sl engine PI controller,

- is the integral gain of the NA Sl engine PI controller,

- is theproportional gain of the TC CI engine PI controller and
- is the integral gain of the TC CI engine PI controller.

These gain are, of course, not optimal for this system. If one would linearize the developed
model around @esiredoperation point, a proper set of gains whiabuld control the system

with the desired performances (damping, overshoot) could be found. An excellent reference

point can be found |fi9]

But, as it is already mentioned, linearization of the model around every operating point (which
will ultimately be set byheuser) would be hard tacorporate in the model desigespecially
in the compiled FMU. In the following sectionnanlinearrobust control system design will

be described.

4.1.2. Sliding mode controintroduction

Sliding mode control (SMC) is a form of nonlinear control which is capable of handling system

nonlinearities andhas robust characteristigi?0]{ Here robust means that the design

methodology takes into accoumbdelinguncertainties in the forraf parameter uncertainties
or drift as well as unmodeled dynamidsodel imprecision may come from actual uncertainty

about the plant, or from the purposeful choice of a simplified representation of the system's

dynamicg[21]| Modeling inaccuracies can have strong adverse effects on nonlinear control

systems. Therefore, any practical design must address them explicélypical structure of
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a robust controller is composed of a nominal manjlar to a feedback linearizing or inverse
control law, and of additional terms aimed at dealing with model uncertainty.

SMC is a simple approach tobustcontrol. It is based on the remark that it is much easier to
control first order systems, ghe higher order systems {hare transformed into equivalent
first-ordersystems. The cost is an extremely large control activity which then must be reduced
through controller modification. Nevertheless, SMC provides a systematic approach to the
problem of maintaining stability and consistent performance in the face of modeling
imprecisions.

The frst step in designing a sliding mode controller is to definesthealled Aliding surface?

R Wliding manifold®, which is usually defined as:

(56)

where:
- S is the sliding surface,
- IS a positiveconstant
- is the system output,
- is the system desired stated
- is the tracking error.

The problem of tracking ( ) is equivalent to that of the remaining on the sliding surface

Sfor allt > 0. IndeedS = 0 represents a linear differential equation whose ursqugion is
[21]

The simplified,first-orderproblem of keeping th8at zero can now be achieved by choosing
the control lawsuch th& outside ofS, all system trajectories point to tie The control law
must satisfy thaliding conditionwhich will be described later. Once the system trajectory has

reached the sliding surfa@ system behavior has entered isliding regimeor sliding mode

System trajectories are then defined|(bg)| making sliding surfacé& both a place and a

dynamics. Visual representation of the SMC can be isettte figure below.
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Figure 43. System trajectories convergingnto sliding surfaceg[21]

After S has been defined, a feedback control law has to be selected. However, in order to
account for the presence of modeling impsexis and of disturbances, the control law has to

be discontinuous acrosS This inevitably leads to an undesiretienomeno known as
chattering Chattering involves high control activity and may excite Higiguency dynamics
neglected in the course of aaeling. The chatteringis dealt with by smoothing the

discontinuous control law.

The reason why the SMC has been selected in this thesis is that the dynanedsudaittbns

that describe the torqualculation(Sectiorg3.1.71and3.2.9 contain numerous nonlinearities;

signal delays and superposing, variable signal vanesinitial conditions depending on the
system initial stategtc. The nonlinearitiesvill have to be described with an unprecise equation

and the control system needs to be able to respond robustly. Also, the developed control system
needs to be applibke to a wide array of system parameters which will eventuallysiee

definedand sufficiently robust to unexpected loads and disturbances.
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4.1.3. SMCdesign

The choice of the sliding surfa&#or the model developed in this thesis will be explained first.
Because of the fluctuatingpehaviorof the engine speed and even more fluctuating engine

angular acceleration (engine speed derivative), their inclusion into the sliding surface would

not be the best idea. Hence, the sliding sursdefinedas proposed |{22]

(57)

Here, the sliding surfade defined as a linear combinationspfeedifference and integral of

speedlifference.The seadystateerror is eliminated by the inclusion of the integral {28

As was mentioned before, the contlmlv of the SMC consists of two parts. The first part is
responsible for reaching the sliding surface and it has to contain all of the model uncertainties
to ensure that the sliding surface will be reached. Once the sliding surface is reached, the second
part of the control law takes place and keeps the system on the sliding surface. That's why the

SMC is a variable structure control, it operates between two distinct control patterns. Based on

[23]| the control law is:

(59)
where:
- IS a positive gain and
- is the switching law gain
- sign is the signum function; has value 1 if the variable is positive, vlife

the variable is negative

To repeat the equatiffb3)
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(59

Indicated torque () is the input in the equation abgowehile the friction and flywheel torque
( and ) can be considered as teetenal disturtances. The real system inpbbwever

based on the developed model, is the load signal. It needs to be connected to the indicated torque
via an algebraic expression. The load signal determines the fuel mass that will enter the cylinder

andan estimatedelationship between the fuel mass and the indicated torque can be made from

[8]

(60)

Since the designed controller should be a robust controller, indicated efficiencies will be

estimated to some general values while every other variah (éO)Tis known. Next, a

relationship between the fuel mass and the load signal must be established. Upper margin of

the fuel mass needs to be derived.

For NA Sl engines, that value wdbrrespondo the case when the maximum amount ofigas
inducted to the cylindeThat happens when the pressure drop is insignificant and the intake

pressureis almost equal to the ambient pressure, around 1 bar.

(61)

For TC CI engines, an empirical expression was fourappsoximate well the maximum fuel
mass in correlation with the sizing modification of the fuel mass lapktable ilEigurelo
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(62
Load signal has the range [0,1].
(63)
where
- LS is the load signal, input to the model.
So redefining63)
(64)

where:
- b is the system input coefficient.

To sumup the expressions above, the signal flow explanation will be presented. Depending on
the engine disturbances and the tracking ethercontrollerwill calculate the desired engine
torque the engine should generate in order to compensate thdahstes and reduce the
tracking error. That desired torque needs to be converted to the load signal which is the system

input. First, theestimatedexpressions that define the fuel mass needed for the desired torque

are presented j(60)| Calculated desired fuel mass frgf0)|{thenhas to be converted to the

load signal For thatto happen, the calculated fuel mass is divided with its maximum value,

leading to the ratio that is within the range of the load sigealld,1].

To ensure that the system trajectory would reach the sliding surface, the sliding condition needs
to be fufilled. The sliding condition can be set as a Lyapunov function and by performing the
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Lyapunov function stability analysis, the value of the switching law gair) ¢an be

determined. The Lyapunov function candidate is:

(69
where:
- V(S) is the Lyapunov function.
Deriving the equation above g(&l7)|(  is a con&ant):
(66)
where:
- is the Lyapunov funtion derivative and
- is the sliding function derivative.
From|(598)|[(59)|anq(64)
(67)
Since:
(68)
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then:

(69)

Next,an evaluation of the equation above needs feb®rmed To ensure system stabilitye

derivatve of the Lyapunov function must be negative selafinitg[21]] Meaning it satisfies:

(70)

The functionevduationis performedwith the help of the following axioms for the parameters

that are not known.

(71)
Then:

(72)
Also from(53)

(73
This leads us to the expression:

(74)
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which needs to satiﬂ@ The first part of the equaticsatisfiesthe condition; every part of

b is larger than zero and the gain is chosen as positive. This leaves us with the seicohd p
the equation, the expression on the parenthesis must smaller than zero. This leads to the

expression for the switching law :

(79

and thus completing the conttelv design.

To eliminate chatteringa technique proposed|[@1]|is applied. It consists of designing a

boundary layethat smooths theign(S)function. Thesign(S) in|(58)|is replaced with the

saturation functiosat(S)

(76)

where:

- L is the boundary layer igth.

4.1.4. PI Control with an additional simple SMC part

In addition to the previouslglescribedPI controllerand SMGC athird possible control law is
presented. A fusion between the Pl and Sliding Mode coritha sliding surfac&is chosen
to be equivalent to thdefined tracking error |i(54)

(77)

Based 0(j26]| the control law is designed as:

(79)
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where:

- is the PI control part of the system input

In the first @rt of the control law, previously described PI controller is used. The tracking error

in[(54)|is defined contrary to the switching surfacg@)|so the sign oS has to be changed

before it is forwarded to the PI part of the controller.

The control design then proceeds in the same way as in the previous: section

(79

The final equation above needs to be less or equal to zero. The switchingisatven defined

as:

(80)

To eliminate chattering, the same approach as before is used.
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4.1.5. Results and performances

Designed controllers are tested on various engine sizes and desired engine speeds. The results

of the tests are shown and their performances commented.

The PI controller gas were kept constant for the solo PI control, and for the PI+SMC fusion
control law. The boundary layer width wast kept constant for the pure SMC and the PI+SMC

fusion control lawslue to the different dynamics of the contraler

The model was distbed with the engine load signal as seen on the figure below.

Figure 44. Engine load acting upon the flywheel

Because the calculated engine speed signal is very oscillatory, comparing the three control laws
on one figure would beery messy. The signal mean value is calculated and shown instead. It

is calculated at the end of every engine cyube kept constant throught the next cycle.
6\VWHP LQSXW LV DOVR VKRZQ LQ RUGHU WR GLVSOD\ WKH

Two measurs of performance are given:
- Integral of Absolute Error (IAE):

(81)
- Integral of Squared Error (ISE):

(82)
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Figure 45. ISC response oEngine 3, data fronj

Appendix A

various control systems

Figure 46. Control signalfor Engine 3, data fromAppendix A

Table 3. Performance of designed control systems, ISEngine 3, data fromAppendix A

various control systems

IAE ISE
Pl control 49.61 318.55
PI+SMC control 37.85 210.13
SMC control 42.57 257.22
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Figure 47. ISC response oEngine 4, data from

Appendix A

various control systems

Figure 48. Control signalfor Engine 4, data fromAppendix A

Table 4. Performance of designed control systems, ISEngine 4, data fronjAppendix A

various control systems

IAE ISE
PI contrd 92.52 1115
P1+SMC control 4451 423.27
SMC control 41.53 323.74
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Figure 49. ISC responseof Engine 2, data fromAppendix A| various control systems

Figure 50. Control signalfor Engine 2, data fromAppendix A| various control systems

Table5. Performance of designed control systems, IS@r Engine 2, data fromAppendix A

IAE ISE

P1 control 111 878
P1+SMC control 115 1043
SMC control 108 856
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Figure 51. ISC response oEngine 5, data fromAppendix A

various control systems

Figure 52. Control signal for Engine 5, data fromjAppendix A

various control systems

Table 6. Performance of designed control systems, ISEngine 5, data fromAppendix A
IAE ISE
PI1 control 104 1011
P1+SMC control 109 1188
SMC control 99 863
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Previously designed control systems were validated on two engine types, four engiandsizes
four different reference speeds.

It is important to emphasize that the controller parameters do not change depending on the
engine size. Once the engine type and the controller type is sethetsahtrolsystem operates
under the same parameters, independently of the engine size. Therefore, one can conclude that

the developed control systems are robust to:
- the model parameters deviations that occur with the change of engine size,
- the nonlinear dynamis that have not been taken into account during controller
design,
- imposed loads and
- desired idle speed variations.

The type of the controller that is going to be included in the developed model now needs to be
selected based on the performance factdus additional performance factor could be
evaluated; fuel masspent But the fuel mass spent during the observed test cycle has
insignificant variations and the choice of the controller will be based on the two performance
factors; IAE and ISE.

Integralof Absolute Error will be taken as a primary evaluation factor. Integral of Squared Error
penalzesthe larger errors more (larger deviation from the reference) and it will be evaluated

when the values of the IAE are similar.

In the case of the Idle Speé&ntrol for the Naturally Aspirated Spark Ignition engine, the
fusion between the Pl and SMC control is better in one case, while in the other case the SMC
has the lower IAE factor.

In the case of the Idle Speed Control for the Turbocharged Compressibonigngine, the

SMC control undeniably leads with performance. The IAE factor is relatively similar to all three
control designs, but the ISE factor shows that the overall engine speed deviation is the smallest
with the SMC control.

In order to simpliy the model execution and since the SMC performance is also satisfying with

the NA Sl engine, SMC is chosen as the default controller type for the Idle Speed Control

system.
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4.2. Cruise Control

Cruise control is avehicle control system that is designed to mtain the desired vehicle
velocity in order to increase the comfort of the driver and the passengers. The driver sets the
desired velocity and the vehicle accelerates until the velocity is reached. The system that
enables this, apparently simpleature’s just another form of engine speed control. The vehicle
velocity is rigidly (f all power clutches are engaged) connected to the engine speed with a
variabletransfer ratio that depends on the current gddrerefore, controlling the engine speed,
vehicle velocity changes accordinglassuming that thiarmsmissionstays in the samgear

Cruise control system needs to be able to withstand all of the loads imposed on the engine
during the drive cycle. Whether it's an incline, a sudden gust of wind, cloarnige driving

surface or a simple acceleration, the cruise control system needs to respond appropriately and
accuratelyThe task of the cruise control systentasnaintain a constant engine speed, despite

all disturbances, which translates to a constehicle velocity.

,Q WKLV WKHVLVY WKH GHYHORSHG FRQWURO V\VWHP FRX
VA\VWHP?3 Eirl FeBli¥/VtHe cruise control system has more features, but also more
responsibilitiesThe reason why the cruise control systerheing designed within this thesis

is to enable a detailed insight into the endiedaviorin a desired operation point. Desired

engine speed can be reached and arbitrary loads imposed on the engine. Then, engine speed and
torque shape can be observed avaluated.

Since a robust engine speed controller has already been developed for the idle speed control,
now is the chance to test its robustness to a variety of enginesspegdoadsThe control

system design has already been conducted in the pses@xtion and will not be repeated.

The enginehas been given a reference speedveasiioaded with a discontinuous load as shown
in the figure below, along with the brake mean engine torque. The test has been conducted only

on one engine size, btlite behaviouris similar throughout the tested batch.
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Figure 53. Imposed engine load during the simulation

Figure 54. Cruise control system performance

Figure 55. Brake mean engingorque
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The estedengine generates a maximum torque of about 135Nm at 3000rpm, and it was tested
with amaximumloadthat equals about 4086 the maximum torquéEngine managed to follow

the reference speed with small deviations even during the loadsaciEae reference speed
overshoot after the sudden increase of the reference speed (at 13s) is the result of the SMC. The
overshoot could be reduced, but then the SMC performance under disturbances would
deteriorate and it has been evaluated that therdestae resistance is more important.
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5. FMU COMPILATION

Functional moclup interface(FMI) has become an industry standard for model exchange. A
simulation model designed in most of the numerous simulamftware can, with the
appropriate tools, be compiento aFunctional mockup unit FMU). The tool for the FMU
compilation is usually supplied with the simulation software but there is a growing number of
the opersource FMU compilation tools that can generate the FMU from the code or a model

of a certairtype.

)08V DGYDQWDJH OLHV LQ WKH IDFW WKDW WKH GHVLJQHG
giving out the knowhow and the hours invested in it. It serves afakbox from which the

user can only see the inputs and the outputs of the sySbene. model parameters, defined by

the model creator, can also be modifief¥lU enables the user to perform agmulation

between the FMU and the tool that supports the FMI.

AVL fmi.Labis a tool developed by the AVL that can compile the FMU from the Simulink
models according to the latest FMU standard (2.0). A custom part of the Simulink blocks library

is developed and it contains the blocks that replace the model inputs and outpleisinjglats

are defined by the model operation. Model outputs can extract any relevant signal to be

observed once the model is compiled.

A tool that supportsW KH )0, DOVR QHHGV WR EH SUHVHQW DW WK

simulationsoftwareused todagupport the FMI integration within their models.

Model inputs:

Load signal

- T or N model typgSection3.2.7),

Engine load (T model type) and

Engine speed (N modsipe).
Some of the model outputs (creator of the FMU can define as many outputs out of his model as
he wants, the question is only if they are all relevant):

- Engine speed (T model),
- Engine torque (N model),

- Cylinder pressure, engine spestitorque mean alues, equivalereratio etc.
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The nodel can be parametrized in a way that allows the user to change some of the model
parameters. By changing tharametersmodel properties connected to the defined parameters

are also modified. The choice of the paramsete this model is:
- General model parameters:
o Engine type: 1 for NA Sl engine, 2 foC Cl engine,
o Idle speed [rpm],
o Flywheel inertia [kg ] and
o Flywheel damping [Nm s/rad]
- Engine size:
o Cylinder diameter [m],
o Engine displacemeifin?],
o Number of cylinderand
o Compression ratio.
- Advanced combustion parameters:
0 Vibe shape parametan,
o Combustion duration and
o Firing angle.
AVL tool for office co-simulation is called AVL Model Connect. It supports multiple third
party software(MatlabSimulink, AMESim, GT Suig, Kuli, CarMaker, CarSim etc.) and most
of the AVL simulation software (Cruise, Cruise M, Boost, VSM etc.). It enablesaradation
between the supportestftwareon a large scale. For example, a user would like to evaluate the
YHKLFOHYV %ndkERifieR Bri@ifgHtycle. Vehicle information and the connection to
the environment can be designed AVL Cruise, detailed engine model in GT Suite,
thermomanagememstystem in Kuli,virtual driver in Simulink and the driveline in AMESim.
Their model inpits and outputs are all connected in the Model Connect and simulated as a
whole. The process of setting up thestmulation isslightly more complicatedout that is not

the subject of this thesis. FMU of the developed model in this thesis is shownfigutiee

below, in the Model Connect environmealong with its parameters
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Figure 56. FMI in the Model Connect environment along with the main model parameters

The FMU is connected in T mode; engine load is input to the FMU while the speed is output
from the FMU and to the rest of the mod€&he rest of the model consists of the vehicle
specifications and driveline in Cruise and the virtual driver is design8analink. Vehicle's
performance is shown in the figure below where it tracks the desired velocit\Mubtidbwvide
Harmonised Light Vehicle Test Procedy#LTP) very good, and the model owered by

the engine developed in this the38LTP is the latestertified vehicle test cycle and the
developed engine is tested on the first pathefcycle(first 400s).

Figure 57. Vehicle velocity profile, WLTP
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6. CONCLUSION

The task of this thesis was to design a-teaé capable internal combustion engine model with

the accompanying control systems. The designed niatkio reprodice engine speed and
torque fluctuationgpreciselyand with adequate accuracy. That featurelldaistinguishthe
modelfrom the more common mean value models that calculate only the mean value of the
engine variables. Simulation results from the developed model would provide reference points

and reduce thsetup time of a real engine on a realiradestbed.

First, the accuracy anchodel type were chosen. A fine combination of theoretical and
experimental modeling was needf the modelto calculate satisfying resultsvhile also

remaining reatime capabile.

The traces model was desggtfirst, engine variables and calculations being a part of the crank
angle domain. Cylinder geometry relations, combustion model, initial conditions and torque
calculations were described atié modelresultswerevalidated with a certified softwar&he
modelwas transferred to the time dom#émougha transient model where the model variables
are now timedependent. Necessary modifications were made alongthatbefinition ofthe

rest of the engine parameteesg.theengine frictionandinertia.

Theidle speed control system was developed next. Different types of possible controllers were
consideredan ordinaryPI controller, Pl + Sliding Mode Controller andly a Sliding Mode
Controller (SMC) TheSMC proved to have the best performaageng thedsted controllers,

and in a variety of engine types and sizes. It was selected as the default idle speed controller
and later included within the cruise control stratédye quisecontrol system was realized as

a reference speed tracker and served ahanbenchmark test for the developed controller.

Finally, themodelwas compiled as a Functional Meak Unit (FMU), an industrial standard
for model exchangdmportant model parameters that determine the engine type and size were
made available for theser to modify to his preferences. The compiled FMU's performance was

tested in the AVL Model Connect environment.

The thesis goals were accomplished. A-teak capable internal combustion engine model
along with the accompanying control systems wasldpeed and its performance and accuracy
wereverified on the certified software.

The g/linder pressure was verified against the simulation results of an equivalent cylinder in
the AVL Cruise M environment. The data for the NA Sl and TC CI enganessthe engine
sizes, different engine speeamsddifferent load signals don't deviate more tharil596 which
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is deemed satisfactory and accurate enough for the required purpose. The calculated indicated
torque that results from the cylinder pressure acting on the piston and the piston inertia forces
wasverified againsthe data from AVL Excite, witlthe equivalentpiston and conrod masses.

The results match almost perfectly leading to the conclusion thahtjiee indicated torquse

calculated well.

The traces modelvas transferred to the transient model with some approximations which
proved to be accurate. Enginmedelperformedwell in transient operation and undarious
conditions, distuwrbancesand paraneters. Engine friction and inertia was described. Elastic
connection with the testbedlasrealized through the concept of a doass flywheel which

reduced the engine speed and torque fluctuations.

The diding mode controprovedto havethe best perfenance among the tested controllers and

has been selected for the default controller of the developed model. It had the best evaluation
factor scores whicliouched for good controllgrerformancendresponded well to a different

array of reference idle spds and different engine types and sizes. It also had the lowest speed
deviations on imposed disturbances, compensating them efficientfpsklso used for the

cruise control system of the modé&lruise control with the SMC proved to be robust to the

disturbance and reference deviatioimacking the reference speed efficiently.

The nodel was compiled to FMU and successfully incorporated into-airomilation in the
AVL Model Connect environment. It was simulatesia T and as an N model, and both vession

performed well, interacting with the other-sonulation models appropriately

Possible improvementsf the modelmight include more engine types (turbocharged spark
ignition engine or a naturally aspirated compression ignition engine) or sépodreengine
configurations (V configuration). The model could also expend more theoreticabasis
replacing some of the loelp tables with calculated variables, but the-teaé capabilityhas

to be ensured.

Although the thesis is completed, the worktloe model is not. Compiling the model into FMU
was just the first step of simulating the rbahaviorof the engineon the testbed The nodel

has to be compiled int@nother format (.ecp), which can be run within the AVL Testbed
Connect environment whetiee model will eventually emulate the real engieeformancen
thetestbed With the model realime capability ensured, further improvements of the model in

the desired directions will not pose much of a problem.
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APPENDICES

A Engine model parameters definition
B Indicated cylinder pressure validation
C Indicated cylinder torque validation
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Appendix A

In this appendixmodel parameters values will be defined.
Engine 1 parameters:

NA Sl engine.

Engine 2 parameters:

TC Cl engine.

Engine 3 parameters:

NA Sl engine.

Engine 4 parameters:

NA Sl engine.
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Engine 5parameters

TC CI Engine

If the NA SI Engine is selected for the simulation, these are the default valugsdomodel

parametes:

If the TC CI Engine is selected for the simulation, these are the default valwtsdonodel

parametes:

General model parameters

These are the general model parameters, which do not change.
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Heat lossparameters

SMC parameters
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Appendix B

In this appendix, model validation performed The data from the model are compared to the
data from the certified software, AVL Cruise M couple of the cases are considered, differing
in the load signal value and engine type.

NA S| Engine

Parameters as defined in the previous section

Load signal =0

Figure B.1.  Cylinder pressure trace through various engine speedgngine 1, data from
Appendix A} load signal = 0, thesis model results

Figure B.2.  Cylinder pressure trace through various engine speedgngine 1, data from
Appendix A| load signal = 0, AVL Cruise M results
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Load signal = 0.2

Figure B.3.  Cylinder pressure trace through various engine speedgngine 4, data from
Appendix A] load signal = 0.2, thesis model results

Figure B.4.  Cylinder pressure trace through various engine speedgngine 4, data from
Appendix A} load signal = 0.2, AVL Cruise M results
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Load signal =1

Figure B.5.  Cylinder pressure trace through various engine speedgngine 3, data from
Appendix A} load signal = 1, thesis model results

Figure B.6.  Cylinder pressure trace through various engine speedgngine 3, data from
Appendix A} load signal = 1, AVL Cruise M results
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TC CI Engine

Parameters are as defined in the previous section

Load signal = 0.3

Figure B.7.  Cylinder pressure trace through various engine speedgngine 2, data from
Appendix A] load signal = 0.3, thesis model results

Figure B.8.  Cylinder pressure trace through various engine speedgngine 2, data from
Appendix A} load signal = 0.3, AVL Cruise M results
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Load signal = 0.6

Figure B.9.  Cylinder pressure trace through various engine speedgngine 5, data from
Appendix A} load signal = 06, thesis model results

Figure B.10. Cylinder pressure trace through various engine speedgngine 5, data from
Appendix A} load signal = 0.6, AVL Cruise M results

Faculty of mechanical engineering and naaathitecture 101



-XULFD OXVWDI Master's thesis

Appendix C

In this appendix, results validation of the indicated torque from one cylinder vpérf@med.

The data from the thesis model will be compared to the cergbéware, AVL Excite.
NA Sl Engine

Figure C.1. Indicated torque one cylinder trace,Engine 1, data fron]Appendix A| load signal
=1, engine speed = 850rpm, thesis model resatid AVL Excite result comparison

Figure C.2. Indicated torque one cylinder traceEngine 1, data fromAppendix A| load signal =
1, engine speed = 3000rpm, thesis model result and AVL Excite result comparison
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Figure C.3. Indicated torque one cylinder trace,Engine 1, data fromAppendix A] load signal
=1, engine speed = 6000rpm, thesis model result and AVL Excite result comparison

TC CI Engine

Figure C.4. Indicated torque one cylinder trace,Engine 2, data fromAppendix Alload signal
=1, engine speed = 850rpm, thesis model result and AVL Excite result comparison
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Figure C.5. Indicated torque one cylinder trace Engine 2, data fromAppendix A] load signal
=1, engine speed = 2000rpm, thesis model result and AVL Excite result comparison

Figure C.6. Indicated torque one cylinder traceEngine 2, data fromAppendix A| load signal =
1, engine speed = 4000rpm, thesis model result and AVL Excite result comparison
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