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Model hibridnog elektri¢nog vozila u frekvencijskoj domeni za predvidanje potrosSnje i

emisija

Sazetak:

Doktorski rad predstavlja objedinjeno istrazivanje koje ¢ine Cetiri objavljena rada u uglednim
znanstvenim casopisima prema skandinavskom modelu. Podrucje znanstvenog istrazivanja
usmjereno je na procjene emisija i potro$nje goriva u stvarnim uvjetima upotrebe vozila
primarno pokretanih motorima s unutarnjim izgaranjem. U svrhu kvalitetnijeg predvidanja
emisija, potroSnje goriva i potro$nje energije razvijen je model hibridnog elektri¢nog vozila na
temelju modalne analize uz primjenu odgovarajuceg dijagrama toka energije definiranog prema
funkcionalnoj podjeli. Razvijeni model povezuje pojedina¢ne emisije i potro$nju energije s
uzduznom dinamikom vozila. Provedenim istrazivanjem utvrdeno je kako je na razvijeni model
moguce uspjesno primijeniti globalnu strategiju upravljanja, temeljenu na pravilima, u vise
razli¢itih standardnih ciklusa voznje i u stvarnim uvjetima upotrebe. PredloZzeni model validiran
je u odnosu na kontrolni model prema Novom europskom ciklusu ispitivanja, Globalno
uskladenom ispitnom ciklusa te u okolnostima koje repliciraju stvarne uvjete upotrebe.
Rezultati provedene usporedbe pokazuju to¢nije predvidanje emisija i potro$nje goriva sa
znacajno manjom relativnom pogreskom na razini ciklusa u odnosu na rezultate postoje¢ih
modalnih modela. U radu je provedeno i eksperimentalno istrazivanje u cilju utvrdivanja
koli¢ina emisija ispusnih plinova u stvarnim uvjetima upotrebe ispravnih vozila, kao i u sluéaju
vozila s kvarom na sustavima kontrole emisija. Zakljucci istrazivanja pridonijeli su
razumijevanju utjecaja stvarnih uvjeta upotrebe kao i dugotrajne eksploatacije na emisije te
sustave njihove kontrole.

Kljuéne rijeci:
hibridna elektriéna vozila, emisijski modeli, modalni modeli, kontrola emisija, strategije
upravljanja



Model of hybrid electric vehicle in the frequency domain for consumption and emission

prediction

Abstract:

This doctoral thesis presents a comprehensive study comprising four published papers in
reputable scientific journals, adhering to the Scandinavian model. The research primarily
focuses on assessing emissions and fuel consumption under real-world conditions for vehicles
primarily powered by internal combustion engines. To improve the accuracy of emission and
consumption predictions, an innovative hybrid electric vehicle model was developed based on
modal emissions analysis. This model incorporates energy flow diagrams that are based on their
purpose. The developed model integrates the longitudinal dynamics of the vehicle and energy
flows with fuel consumption and individual emissions. The research demonstrates the
successful application of a global rule-based energy management strategy to the developed
model across various standard driving cycles and under real-world conditions as defined by
Real Driving Emissions (RDE) regulations. The model was validated against control models
using the New European Driving Cycle (NEDC), Worldwide Harmonized Light Vehicles Test
Cycle (WLTC), and real-world driving conditions. Comparative results show that the proposed
model provides more accurate predictions of emissions and consumption, with significantly
lower relative error in tested driving cycles compared to existing modal models based on
Vehicle Specific Power (VSP) analysis. Additionally, the thesis includes experimental research
on exhaust gas emissions from vehicles under real driving conditions. This research was
conducted on both fully operational vehicles and those with malfunctioning emission control
systems. The findings contribute to a deeper understanding of the impact of real-world driving
conditions and long-term vehicle operation on emissions and the performance of emission
control systems.

Keywords:

hybrid electric vehicles, emission models, modal models, emission control, energy management
strategies.
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Poglavlje 1. Uvod

1. UVOD

Doktorski rad izraden je na temelju skupa od cetiri objavljena znanstvena rada [1-4] po
skandinavskom modelu. Objavljeni radovi ¢ine zaokruZenu znanstveno-istrazivacku cjelinu i
daju novi znanstveni doprinos u podru¢ju tehni¢kih znanosti. U uvodnom dijelu predstavljena
je motivacija i hipoteza znanstvenog istrazivanja, zatim je opisan postupak istrazivanja Koji je

koristen u potvrdi hipoteze uz elaborirane temeljne znanstvene doprinose rada.

1.1. Motivacija i hipoteza

Stalno povecanje transportnih potreba i teznja CovjeCanstva za samoodrzivosti usmjerava
proizvodace vozila prema tehnologijama koje doprinose smanjenju Stetnih emisija, posebice
ugljikovog dioksida. Pojedine zemlje poput EU-a i nekih dijelova SAD-a najavljuju zabranu
prodaje osobnih automobila pogonjenih fosilnim gorivima [5], dok je ova zabrana tesko
primjenjiva na manje razvijene dijelove svijeta s lo§ijom infrastrukturom [6]. Dugoro¢ni je cilj
EU-a znacajno smanjenje emisija staklenickih plinova u transportu [7], planirano je od 2025.
godine smanjiti emisije CO- za dodatnih 15 % u odnosu na 2021. za nova putnic¢ka vozila i laka
komercijalna vozila. Prema [8], na svim razinama hibridizacije udio novoregistriranih HEV-a,
ovisno o nivou ambicioznosti redukcije CO», trebao bi biti izmedu 29 % i 56 % do 2030.
Posljednjih 15 godina brzohodni motori s unutarnjim izgaranjem postigli su vrlo visoku
ucinkovitost, dizelski postizu vr$nu ucinkovitost i vecu od 40 % [9], ali teSko da mogu ispuniti
zahtjeve sljedeceg Euro 7 emisijskog propisa [10, 11] kao samostalni pogonski sklop [12].
Osnovni je razlog tome sporo postizanje radne temperature motora i sustava za kontrolu emisija,
neucinkovito raspolaganje mehanickom energijom i veliki pad ucinkovitosti kod niskih
opterecenja. Pad ucinkovitosti povezan je s izostankom rekuperacije mehani¢ke energije
kocenja i radom motora u radnoj tocki koja je ograni¢ena trenutnim zahtjevom korisnika. Zbog
lose definicije starijih emisijskih propisa proizvodaci su trebali osigurati postivanje grani¢nih
vrijednosti samo u uskom podru¢ju radnih parametara vozila koja ukljucuje ispitni ciklus.
Posljednjih desetak godina ostvaren je napredak u pogledu stvarnog postivanja zakonskih
grani¢nih vrijednosti emisija U znacajno ve¢em dijelu uvjeta voznje uvodenjem RDE ispitivanja
(engl. Real Driving Emissions) kao sastavnog dijela procesa tipskog odobrenja. Daljnji
napredak oCekuje Sse u osiguravanju posStivanja grani¢nih vrijednosti svih emisija u cijelom
eksploatacijskom periodu vozila. Pokazalo se da s porastom sloZenosti pogonskih sustava,
osobito sustava kontrole emisija, raste i utjecaj kvarova na povecanje koli¢ine emisija. Podrucje
emisija vozila u dugotrajnoj eksploataciji i osobito u slucajevima kvarova sustava njihove

kontrole nije dovoljno istrazeno. Hibridna elektri¢na vozila (HEV) koja kombiniraju prednosti
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potpuno elektri¢nih vozila (EV) i klasi¢nih vozila, imaju visok stupanj fleksibilnosti kao 1
mogucnost ispunjavanja Sireg spektra zahtjeva u voznji, ali isto tako i vecu osjetljivost na ranije
spomenute kvarove. Neophodni sustavi za regulaciju emisija, koje zahtijevaju najnoviji
emisijski propisi, zahtijevaju brzo dostizanje radne temperature kao i periodi¢ne regeneracije.
Za postizanje navedenih uvjeta kljucan je veéi broj stupnjeva slobode upravljanja energijom
koji omogu¢uju HEV. Najznacajnija prednost u odnosu na klasi¢na vozila pogonjena samo
motorom s unutarnjim izgaranjem (MSUI) je daleko ucinkovitije raspolaganje mehani¢kom
energijom kroz mogucnost usStede energije regenerativnim kocCenjem ili spremanjem viska
energije kod pomaka radnog podrucja prema onom s najvisom ucinkovitosti MSUI-ja. Prednost
je 1 u koristenju manjih, laksih i jednostavnijih jednorezimskih motora s unutarnjim izgaranjem.
Najznacajnija prednost HEV vozila u odnosu na potpuno elektri¢na vozila je superioran doseg
s jednim punjenjem i brzina dopunjavanja koja se postize upotrebom kemijske energije goriva
umjesto elektri¢ne [13]. Zbog navedenog, hibridna elektrina vozila su svakako jedno od
klju¢nih rjesenja za povecanje ucinkovitosti i smanjenje emisija osobito uz primjenu ekoloski
prihvatljivih, sintetickih, CO2 neutralnih goriva prihvatljive cijene [14] ili alternativnih goriva
poput ukapljenog plina sa znac¢ajno manjim emisijama i CO2 otiskom [15] u zemljama u
razvoju. Takvi pogonski sustavi svakako ¢e na¢i svoju primjenu u teSkim kamionima za velike
udaljenosti, u civilnim vozilima posebnih primjena, terenskim vozilima i vozilima za vojne
svrhe [16] u sljede¢im razdobljima bez obzira na stupanj elektrifikacije cestovnog prometa.
Predvidanje udjela HEV-a u buduénosti je vrlo tesko predvidjeti zbog prilicno ambicioznih 1
promjenjivih planova reduciranja CO2 emisija. Za stvaranje kvalitetnog upravljanja hibridnih
vozila, uzimanjem u obzir specificnosti na¢ina rada motora s unutarnjim izgaranjem, potrebno
je dobro poznavanje svih njegovih sustava, a osobito onih koji direktno utje¢u na emisije
ispusnih plinova. Moguénost izbora razli¢itih radnih parametara motora S unutarnjim
izgaranjem u svakom trenutku omogucava kvalitetniji pristup upravljanja sustavima za kontrolu
ispusnih emisija i potpuno rjeSavanje njihovih najvecih problema u eksploataciji [2]. Naznacene
su prednosti omoguéene zbog visoke slozenosti HEV sustava, a koja je i ujedno najveci
nedostatak u smislu brojnosti sklopova i pronalaska optimalnog nacina upravljanja koji
predstavlja jedan od najvecih izazova. Vise razine hibridizacije, odnosno potpuna hibridna
elektricna vozila FHEV 1 hibridna vozila s moguénosti napajanja iz elektri¢ne mreze PHEV su
jo$ slozenije jer dopusStaju veci broj stupnjeva slobode. Osnovne strategije upravljanja
energijom su strategije povezane s upravljanjem u stvarnom vremenu, kao i globalna
optimizacija koju je teSko implementirati u stvarnom vremenu, ali je korisna u procjeni

potrosnje goriva i emisija tijekom jednog ciklusa [17]. Unato¢ tome $to su razvijeni razli€iti
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pristupi modeliranja klasi¢nih i hibridnih cestovnih vozila, ¢iji je detaljan pregled dan u drugom
poglavlju ovog rada, pronalazak optimalnog rjeSenja slozenih modela i dalje predstavlja veliki
problem. Upotreba viSe izvora energije i visoka kompleksnost sustava pogona HEV zahtijeva
sloZeniji sustav upravljanja na visokoj razini za $to su potrebni sloZzeni modeli u korisni¢kom i
ra¢unalnom smislu. Modeliranje MSUI-ja u uzem smislu kao i modeliranje sustava za kontrolu
emisija, njihova nelinearnost, slozeni medusobni utjecaji i ovisnost o velikom broju parametara,
koji su detaljno elaborirani u objavljenom preglednom znanstvenom radu [2], ¢ine fizikalne i
analitiCke modele preslozenima. Zbog prethodno navedenog vrlo je tesko implementirati
pojedina¢ne modele svih komponenti MSUI-ja i svih sustava kontrole emisija kod modeliranja
kompletnih hibridnih vozila pri ¢emu se javlja potreba za alternativnim modelima iz koje

proizlaze ciljevi i hipoteza ovog doktorskog rada.

Glavni je cilj doktorskog rada predloziti novi model hibridnog vozila temeljen na modalnoj
analizi energije, emisija i potro$nje goriva. Modalni pristup modeliranju podrazumijeva
generiranje matrice ili mape koja povezuje izlazne vrijednosti modela, kao Sto su emisije,
potroSnje goriva 1 potro$nje energije, s rasponima ulaznih varijabli koje opisuju ponasanje
vozila. Na taj nacin se izlazne varijable modela ra$¢lanjuju prema rasponima ili modovima
ulaznih varijabli. Ukupne emisije vozila se dobivaju iz produkta odredenog obrasca ponasanja
1 udjela provedenog unutar odredenog svakog raspona. Ta bi metoda trebala omoguciti brzi i
lak$i dolazak do unaprijed postavljenog cilja optimizacije HEV-a, ili se moze koristiti kao
smjernica koja klasi¢ni fizikalni model vodi do optimalnog rjesenja izbjegavajuci lokalne
minimume. Takoder, predloZeni model bi trebao zadrzati prednosti modalnih emisijskih modela
u smislu $to manjeg broja unutarnjih varijabli, §to mu osigurava upotrebu U grupnim
procjenama emisija. Model se temelji na stvarnim emisijama vozila, potro$nji goriva i energije
koji su mjereni u stvarnim uvjetima voznje prema RDE pravilima koja su danas obvezni

segment procesa tipskog odobrenja svakog vozila.
Hipoteza znanstvenog istrazivanja u doktorskom radu je sljedeca:

- Na temelju modalne analize te definiranog toka energije prema funkciji moguce je formirati
inovativni model hibridnog elektri¢nog vozila u frekvencijskoj domeni koji povezuje uzduznu
dinamiku vozila i energetske tokove s potroSnjom goriva, u€inkovito$éu i pojedina¢nim

emisijama vozila.
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1.2.  Znanstvene metode i znanstveni doprinos

Cjelokupno znanstveno istrazivanje obuhvaceno doktorskim radom, prikazano Tablicom 1,

usmjereno je rjeSavanju problema zadovoljavanja strogih emisijskih propisa i CO2 emisija u

stvarnim uvjetima upotrebe i u cjelozivotnoj eksploataciji. Istrazivanje je rezultiralo objavom

Sest radova na medunarodnim znanstvenim konferencijama te Cetiri znanstvena rada u A

kategoriji. Radovi [3] i [4] su potvrdili hipotezu, dok su radovi [1] i [2] kao i radovi na

medunarodnim znanstvenim konferencijama te kvalifikacijski ispit, pridonijeli razumijevanju

i usmjeravanju k potvrdi hipoteze rada. U Tablici 1 podebljanim su tekstom naglaseni zakljucci

i problemi koji su usmjeravali daljnje istrazivanje, a plavom su bojom naglaseni objavljeni

rezultati u ¢asopisima A kategorije.

Tablica 1. Prikaz znanstvenog istraZivanja.

AKTIVNOST

REZULTATI I ZAKLJUCCI ISTRAZIVANJA

Pregledom literature
utvrdeni su najveéi izazovi
vozila pokretani motorima s
unutarnjim izgaranjem u

cestovnom prometu

Stroge emisijski propisi i ograni¢enja CO2 emisija u stvarnim uvjetima upotrebe

i u eksploataciji do kraja radnog vijeka

Povecanje ucinkovitosti klju¢nih komponenti vozila pojedina¢no
Razumijevanje rada sustava za kontrolu emisija i detekcija najveéih izazova
Analiza ponaSanja sustava kontrole emisija u stvarnim uvjetima eksploatacije
Povecanje ucinkovitosti raspolaganja energijom kompletnog vozila - HEV, veliki

problem predstavljaju sloZeni nacini predvidanja emisija

Povecanje u€inkovitosti
kljuénih komponenti vozila

pojedinac¢no

Najveci potencijal je utjecaj na uéinkovitost motora s unutarnjim izgaranjem
Primjena CFD 1D/QD modela u testiranju koncepta smanjenja gubitaka izmjene
radne tvari benzinskog atmosferskog motora s direktnim ubrizgavanjem goriva u
cilindar

Rezultati pokazuju porast uéinkovitosti kod niskih opterecéenja na razini
Atkinson i Miller ciklusa koji su ve¢ u Sirokoj upotrebi; mogué¢nost ispitivanja na
prednabijanim motorima; CFD modeli nisu prikladni kao komponente modela

kompletnog vozila

Razumijevanje rada sustava
za kontrolu emisija, njihovo
poboljsanje i utjecajni

parametri

Istrazivanje utjecajnih ¢imbenika na emisije i na ucinkovitost sustava za njihovu
kontrolu

Izrada preglednog rada o svim komercijalno dostupnim sustavima za kontrolu emisija
Nuznost sustavnog pristupa koji razmatra zajednicki ucinak svih podsustava vozila.
Dane su smjernice dostizanja emisijskih propisa i konceptualna usporedba mogucih
kombinacija razli¢itih sustava s aspekta kontrole emisija, potrosSnje goriva,
odrzavanja, veli¢ine i cijene izvedbe

Potreba za istraZivanjem utjecaja kvara pojedinih sustava na koli¢ine emisija u

stvarnim uvjetima upotrebe.
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e TeSko ostvarivi ciljevi sljede¢ih propisa bez upotrebe hibridnih pogonskih
sustava

e Vrlo sloZeni fizikalno-empirijski modeli sustava kontrole emisija

Analiza ponaSanja sustava e Istrazivanje utjecaja zakazivanja komponenti za kontrolu emisija na njihovu koli¢inu

kontrole emisija u stvarnim e  Eksperimentalno istrazivanje koli¢ine emisija u stvarnim uvjetima upotrebe na

uvjetima eksploatacije vozilima s ispravnim i neispravnim sustavima za kontrolu emisija

e  Koli¢ine NOx emisija iznad vazeéeg praga kod novijih vozila, visestruko povecanje
svih emisija osim COz u slu¢ajevima kvarova komponenti. CO emisije kod dizelskih

Predstavljanje modalnog vozila ispod zakonskog praga i u slucaju kvara oksidacijskog katalizatora.
modela HEV-a na osnovi
e  Prijedlog nacina kontrole uredaja za kontrolu emisija u sklopu redovnih TP bez
modalnih emisija.

investicija u novu opremu.
e Na osnovi izmjerenih podataka predstavljen modalni model klasi¢nog i HEV te

predstavljen maksimalni potencijal u¢inaka hibridizacije ispitivanog vozila

Validacija novog modela | e  Odredivanje performansi i upotrebljivosti novog modalnog modela
HEV-a e Izrada novog modela klasicnog i HEV na osnovi eksperimentalnih podataka te izrada
kontrolnog fizikalnog modela klasi¢nog i HEV te njihova usporedba

®  Novi model HEV pokazuje znatno bolje rezultate u usporedbi s modalnim modelima
HEV obradenih u literaturi

Procjena emisija HEV-a e  Analiticka formulacija primjene kontinuirane raspodjele vjerojatnosti u izradi
pomocu kontinuirane modalnih emisijskih modela
raspodjele vjerojatnosti e  Primjena modela na opéeniti model HEV-a

Metode i tijek istrazivanja po fazama prikazani su na slici 1. Pregledom literature utvrdeno
je da su dugoroc¢ni planovi smanjenja emisija CO2 i1 nadolazecih emisijskih propisa najveci
izazov opstanka MSUI-ja u cestovnim vozilima. U prvom koraku istrazivanja primijenjen je
numericki model motora sa svrhom ispitivanju koncepta povecanja ukupne ucinkovitosti
benzinskog MSUI-ja kroz povecanje u¢inkovitosti izmjene radne tvari. Potvrdena je hipoteza o
znacajnom povecanju ucinkovitosti primjenom novog koncepta, ali bez znacajnih prednosti u
odnosu na metode koje su ve¢ u komercijalnoj upotrebi. Istrazivanje je pokazalo da je visoka
razina slozenosti CFD modele MSUI-ja ¢ini neprikladnima u modeliranju vozila, ¢ime je
istrazivanje usmjereno prema jednostavnijim emisijskim modelima vozila. Druga faza
istrazivanja je inicirana problemima koli¢ina emisija i potro$nje goriva u stvarnim uvjetima
upotrebe, odnosno problemima u eksploataciji i problemima njihova predvidanja. Napravljen
je pregled literature iz podrucja formiranja emisija i sustava kontrole emisija s naglaskom na
kod izrade modela 1 u eksploataciji. Istrazivanje upucuje na vrlo slozena ponasanja sustava

kontrole emisija u uvjetima stvarne eksploatacije i gotovo nemoguce zadovoljavanje grani¢nih
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vrijednosti sljede¢ih emisijskih propisa bez upotrebe hibridnih pogonskih sustava. Treéa faza
istrazivanja ukljucuje eksperimentalna mjerenja emisija i klju¢nih parametara vozila te njihovu
obradu. Osnovna je svrha analiza problema emisija u trajnoj eksploataciji i prijedlog izrade
modalnih emisijskih modela klasi¢nih i hibridnih vozila. Cetvrta faza istraZivanja se isklju¢ivo
odnosi na validaciju predlozenih modela i nacine njihova daljnjeg poboljSanja Sto je kljucni dio

hipoteze ovog rada. Ovaj dio istrazivanja je detaljnije objasnjen u daljnjem izlaganju.

1. FAZA 2. FAZA 3. FAZA 4. FAZA
Modeliranje Pregled Eksperimentalna Verifikcija i
MSUI literature mjerenja poboljSanja modela

1. Sustavi kontrole 1. Mjerenja RDE

A - 1. Modalne emisije 2. Mjerenja valjci
1. Pregled literature | 2- Nas'tanak smisija 2. Prijedlog modela 3. Fizikalni model MODELIRANJE
2. CED modeli MSUI | 3- Emisijski modeli 4. Testiranje

4. Modalni modeli

5.VSP analiza modalnog modela

PROCJENA EMISIJA | POTROSNJE GORIVA U STVARNIM UVJETIMA

UPOTREBE
1. Sustavi kontrole 1. RDE emisije vozila u
emisija eksploataciji
2. Problemiu 2. Utjecaj kvarova
eksploataciji 3. Prijedlozi kontrole EKSPLOATACIJA

Slika 1. Metode i faze istraZivanja.

U svrhu potvrdivanja postavljene hipoteze izraden je novi model vozila temeljen na
modalnoj analizi, izvrseno je vrednovanje modela odredivanjem odstupanja od stvarnih
vrijednosti u razli¢itim ciklusima voznje. Najrelevantniji postupak bila bi usporedba rezultata
s rezultatima mjerenja stvarnog hibridnog elektricnog vozila u razli¢itim ciklusima voZznje.
Osnovni je nedostatak ovakvog postupka visoka cijena opreme i same provedbe mjerenja. Zbog
navedenog je primijenjen alternativni i znatno sloZeniji postupak koji je shematski prikazan na
slici 2., prema kojem je provedena usporedba s klasiénim modelom hibridnog elektri¢nog
vozila razvijenom u AVL-ovom programskom paketu CruiseM. S obzirom na tok energije i
informacija, CruiseM model je formiran kao unapredni (engl. Forward) kvazistaticki model.
Pojedini sklopovi opisani su karakteristicnim fizikalnim veli¢inama dok se procjena emisija i
potro$nje goriva zasniva na pripadaju¢im mapama. Mape potro$nje goriva i emisija definirane
Su u ovisnosti 0 statickim radnim tockama motora s unutarnjim izgaranjem i dobivene su

mjerenjem na mjernim valjcima u laboratorijskim uvjetima.
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Modalni model je formiran kao unatrazni (engl. Backward) kinematicki model prema
analizi rezultata mjerenja potroSnje goriva, emisija i trenutne snage u stvarnim uvjetima voznje
u skladu s RDE procedurom. U istim uvjetima verificiran je i klasi¢an CruiseM model. Model
je formiran diskretnom analizom ucestalosti izmjerenih emisija i potroS$nje goriva unutar
odredenih raspona pogonske snage. Polazna je pretpostavka da su odnosi koli¢ina pojedina¢nih
emisija prema jedini¢noj pogonskoj energiji priblizno jednaki unutar promatranog raspona
snage, bez obzira na vozni ciklus. To znaci da su vrijednosti pojedina¢nih specifi¢nih emisija
ili potro$nje goriva po jedinici mehanicke energije j-tog razreda jednake omjeru ukupne
koli¢ine emisija ili potroSnje goriva razreda i njegove ukupne energije. Razred snage
podrazumijeva promatrano podru¢je raspona snage izmedu njene, unaprijed definirane,
minimalne i maksimalne vrijednosti. Za svaki ispitni ciklus voZznje moguce je odrediti
ucestalost pojave svakog razreda snage i njegovu potrebnu pogonsku energiju, a time i koli¢inu

emisija i potroS$nju goriva.

Mape emisija i Cruise M
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Slika 2. Proces izrade i vrednovanja modela.
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Oba su modela, pod istim uvjetima s istim komponentama hibridizirana u paralelno hibridno
elektri¢no vozilo, slozeni CruiseM fizikalni kontrolni model i novi modalni model. Buduéi da
klasi¢na, nehibridna, vozila imaju samo jedan stupanj slobode, relativno je jednostavno model

primijeniti na pojedini ciklus, dok je za hibridna vozila potrebno definirati strategiju upravljanja
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na najvisoj razini. Zbog jednostavnosti implementacije i kasnije usporedbe rezultata odabrana
je strategija upravljanja energijom temeljena na pravilima jer se kao takva moze upotrijebiti na
oba modela. Budu¢i da je CruiseM model daleko sloZeniji po broju varijabli i parametara,
primijenjena strategija upravljanja prilagodena je njegovim postavkama dok novorazvijeni
modalni model oponasa tu strategiju. Na kraju su usporedeni dobiveni rezultati oba modela,
novorazvijeni VSP (engl. Vehicle Specific Power) modalni model s CruiseM modelom na

klasi¢nom 1 hibridnom vozilu u realnim uvjetima upotrebe RDE te u NEDC 1 WLTC ciklusima.
Izvorni znanstveni doprinosi ovog doktorskog rada su sljedeci:

- Razvoj i vrednovanje novog modela klasi¢nog i hibridnog elektricnog vozila temeljenog na
modalnim emisijama koji obuhvaéa procjenu potro$nje goriva, emisija, potrebne snage

pogonskih komponenti i potrebne energije.

- Procjena emisija i potro$nje goriva vozila primjenom globalne strategije upravljanja
energijom temeljene na pravilima na predlozenom modelu hibridnog elektricnog vozila u

razli¢itim ciklusima voznje.

- Procjena utjecaja stvarnih uvjeta upotrebe i trajne eksploatacije vozila na emisije i ponaSanje

sustava kontrole emisija.

1.3. Objavljeni radovi na kojima se temelji doprinos

Doktorski rad predstavlja osnovu i pregled cetiri objavljena znanstvena rada na kojima se
temelji doprinos zajedno sa zaklju¢cima koji iz njih proizlaze. Objavljeni znanstveni radovi na

kojima se temelji doprinos disertacije su sljedeci:

[1] A. Kozina, G. Radica, S. Nizeti¢, "Increasing engine efficiency at part load with the exhaust
valve control: A simplified modelling approach”, International journal of exergy, 26 (2018),
1/2; 131-152 doi:10.1504/1JEX.2018.092510

[2] A. Kozina, G. Radica, S. Nizeti¢, "Analysis of methods towards reduction of harmful
pollutants from Diesel engines ", Journal of cleaner production, 262 (2020), 1-20 doi:
10.1016/j.jclepro.2020.121105

[3] A. Kozina, G. Radica, S. Nizeti¢, "Emission analysis of Diesel Vehicles in circumstances
of emission regulation system failure: A case study", Journal of energy resources technology,
144 (2021), 8; 082307, 13 d0i:10.1115/1.4053070
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[4] A. Kozina, T. Vidovi¢, G. Radica, A. Vuceti¢, "A New Vehicle-Specific Power Model for
the Estimation of Hybrid Vehicle Emissions”, Energies 2023, 16, 8094.
https://doi.org/10.3390/en16248094

1.4.  Pregled organizacije disertacije

Motivacija i hipoteze istrazivanja predstavljeni su u uvodnom dijelu doktorskog rada.
Predstavljene su metode istrazivanja i izvorni znanstveni doprinosi, dok je na kraju uvodnog
poglavlja dan popis objavljenih znanstvenih radova na kojima se temelji doprinos disertacije.
Drugo poglavlje obuhvacda pregled postojeceg eksperimentalnog i analitickog istrazivanja iz
podrugja sustava kontrole emisija, modeliranja emisija, modeliranja klasi¢nih i hibridnih vozila,
upotrebe modalne analize u emisijskim modelima Kklasi¢nih i hibridnih vozila i dijagrame toka
energije. Objavljeni pregledni rad na kojem se temelji dio ukupnog doprinosa takoder je dio
poglavlja u kojima su analizirana dosada$nja istraZivanja. Poglavlje zavr$ava zakljuckom kako
je nedovoljno istrazeno podruc¢je emisija i emisijskih modela klasi¢nih i hibridnih vozila, S
obzirom na postoje¢e znanstvene spoznaje. U tre¢em poglavlju dan je detaljan osvrt na
eksperimentalna istrazivanja doktoranda. U cetvrtom poglavlju dan je pregled objavljenih
radova na kojima se temelji doprinos s istaknutim pojedinacnim doprinosima, kao i S
doprinosima doktoranda na svakom od radova. Peto poglavlje daje zaklju¢ke doktorskog rada
te smjerove buducih istrazivanja. Prilozena je koriStena literatura u istrazivanju i na kraju su

priloZeni znanstveni radovi na kojima se temelji doprinos disertacije.
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Poglavlje 2. Pregled dosadas$njih istraZivanja iz podrudja rada

2. PREGLED DOSADASNJIH ISTRAZIVANJA 1Z PODRUCJA
RADA

Modeliranje cjelokupnog vozila zahtjevan je proces kojim se obuhvaca Siroko podrucje
istrazivanja S nekoliko klju¢nih elemenata. Najslozeniji dio modela vozila je model motora s
unutarnjim izgaranjem u Sirem smislu kao i njegovi emisijski modeli. Emisijski modeli i modeli
potrosnje goriva vozila uvjetovani su slozenim predvidanjem s jedne strane i ograni¢enim
brojem varijabli koja im ogranicava Sirinu upotrebe s druge strane. Zbog izrazite prednosti u
vidu koli¢ine varijabli i jednostavnosti primjene, modalni emisijski modeli vozila vrlo se ¢esto
koriste u pojedina¢nim i grupnim procjenama emisija i potro$nje goriva vozila. Najveci je
nedostatak ove grupe modela ogranicena tocnost, osobito kod novijih generacija pogonskih
sustava koji ukljucuju sustave kontrole emisija osjetljive na dinamiku voznje i hibridne
pogonske sustave s visokim razinama hibridizacije. Kod hibridnih vozila zbog specifi¢nosti
rada motora s unutarnjim izgaranjem i pogonskih elemenata sekundarnog izvora energije
formiranje modela se dodatno komplicira, te uvjetuje uvodenje tokova energije unutar modela.
Iz prethodno navedenog pregledno poglavlje, osim Sireg podru¢ja modeliranja emisija i
potrosnje goriva klasi¢nih i hibridnih vozila, obuhva¢a modalne emisije, obuhvaca poglavlje o

nastanku emisija i sustavima za njihovu kontrolu te dijagrame toka energije HEV-a.

2.1. Emisije, modeli emisija i sustavi za njihovu regulaciju

Kako bi se ispunili zahtjevi novijih emisijskih propisa i istovremeno povecala u¢inkovitost
motora, motori s unutarnjim izgaranjem postaju sve sloZeniji sa sve ve¢im brojem upravljackih
sustava i sustava za kontrolu emisija. U preglednom radu [2] analizirane su razli¢ite metode i
sustavi kontrole emisije motora s unutarnjim izgaranjem, posebice tehnike recirkulacije
ispusnih plinova koje reguliraju emisije tijekom njihovog stvaranja, kao i tehnike naknadne
obrade ispusnih plinova pomocu razli€itih vrsta katalitickih pretvaraca 1 filtriranje Cestica.
Takoder se objasnjavaju problemi odstupanja od postojec¢ih emisijskih propisa i na¢ini njihova
ispunjavanja. Analizirani su mehanizmi nastanka pojedinih emisija i njihova povezanost s
parametrima rada motora. Objasnjeni su problemi koji su se javljali pri koriStenju pojedinih

metoda za smanjenje emisija u specificnim radnim uvjetima motora. Istrazen je utjecaj sustava
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za kontrolu emisija na parametre rada motora, njegovu trajnost kao i na potro$nju goriva

odnosno emisija COa.

Idealnim izgaranjem 1 kg dizelskog goriva nastaje priblizno 3,1 kg CO2 i 1,3 kg vodene
pare uz oslobadanje topline. Osim vode i ugljikovog dioksida, tijekom izgaranja goriva u
motoru nastaje i oko 1 % Stetnih tvari u obliku plinova i sitnih Cestica od kojih najznacajniji
koli¢inski utjecaj na zdravlje ljudi imaju razliciti oksidi dusika, NOx, sitne Cestice, PM, ugljikov
monoksid, CO, neizgorjeli ugljikovodici, HC i sumporov dioksid, SO». Priblizne volumne

udjele produkata izgaranja prikazuje slika 3.

=gry CRE12%

H0=11%

02=9%

Pollutant Emissions = 1%
CO| HC |NOx| SO: PM

Q| 2| %@ o
6|07 |2 2

Slika 3. Prosjecni sastav ispusnih plinova dizelskog motora [18].

Mehanizam nastajanja emisija NOx-a je gotovo isklju¢ivo vezan za temperaturu izgaranja,
preticak kisika i vrijeme trajanja visokih temperatura izgaranja (> 1600 °C) [19], ¢iji su trendovi

prikazani dijagramom na slici 4.

11



Poglavlje 2. Pregled dosadasnjih istraZivanja iz podrudja rada
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Slika 4. Formiranje NOx emisija u ovisnosti o temperaturi izgaranja i preticku Kisika
[20].

Definirana su Cetiri mehanizma nastajanja NOx [21]: ,,prompt” mehanizam, termalni
mehanizam, stvaranje NOx preko N20O i stvaranje NOx iz dusika koriStenog kao gorivo. U
dizelskim motorima stvaranje NO primarno se odvija termalnim mehanizmom na koji se odnosi
veéina koristenih modela. Cisti empirijski modeli temelje se na korelaciji izmedu operativnih
parametara motora kao $to su temperatura i tlak u cilindru na emisije NOx-a. Empirijski NOx
modeli valjani su samo za uski raspon operativnih uvjeta i ne mogu predvidjeti vrijednosti izvan
kalibracijskog raspona. U analitickim modelima uzima se u obzir kemijski mehanizam
stvaranja NOx-a. Ovi modeli predvidaju NOx u Sirem rasponu operativnih uvjeta za razliite
tipove/konfiguracije motora. Analiticki modeli najéesce se koriste u kombinaciji s dvozonskim
ili viSezonskim modelima izgaranja, pretpostavljaju¢i jednolik tlak u cilindru. Svaka zona
tretira se kao jedan termodinamicki sustav s odredenom temperaturom i sastavom plinova.
Koncentracija pojedine komponente izra¢unava se koristec¢i detaljan kemijski mehanizam. Ovaj
model koristi tzv. proSireni Zeldovichev mehanizam [22] za stvaranje NO koji je dominantan
nad ostalim oksidima duSika. Osim empirijskih 1 analitickih modela postoje 1 statisticki modeli
koji koriste direktno usrednjene podatke mjerene u prometu [23] ili te iste podatke koriste za

treniranje razli¢itih neuralnih mreza [24].

Cestice ¢ade nastaju zbog nepotpunog izgaranja goriva, tako vece emisije ¢ade upuéuju na
neadekvatno izgaranje i losu u¢inkovitost [25]. Cestice ¢ade uglavnom su sastavom ¢&isti ugljik,
s nekim organskim spojevima adsorbiranim na njihovim povrSinama, poput aromatskih spojeva
i neizgorenih ugljikovodika [26]. Promjer Cestica krece se od 15 do 30 nm pri temperaturi
ispuha veéoj od 500 °C. Ispod 500 °C ugljikovodici velike molekulske mase se adsorbiraju na

Cesticama, uzrokuju¢i povecanje njihove veli¢ine [27]. Na formiranje Cade utjecu tlak,

12



Poglavlje 2. Pregled dosadas$njih istraZivanja iz podrudja rada

temperatura i preticak zraka, u dizelskim motorima se ono dogada u temperaturnom rasponu od
1000 do 2800 K i tlakovima od 50 do 100 bar, s dovoljno zraka za cjelovito izgaranje goriva
[28]. Formiranje ¢ade u osnovi je slozen proces prijelaza iz plinovite u ¢vrstu fazu, koji se
zavrsava u nekoliko milisekundi. Sastav goriva i necistoce takoder utjeCu na formiranje cade u
motorima s kompresijskim paljenjem. Ako gorivo sadrzi znacajniju koli¢inu sumpora on
povecava masu Cestica tako Sto oksidira u SO2 koji se apsorbira na susjednim Cesticama ¢ade i
reagira s ugljikovodicima [29]. Povecanje omjera ugljika prema vodiku u gorivu dovodi do
veéeg broja Cestica ¢ade, a smanjuje se S porastom udjela Kisika u gorivu [30]. Generiranje
vrtloga povecava turbulenciju u komori izgaranja i ubrzava brzinu izgaranja §to rezultira
smanjenjem koli¢ine Cestica Cade. Ranije ubrizgavanje smanjuje formiranje cade, dok
zakasnjelo povecava [31]. Vece koli¢ine Cestica nastaju pri nagloj promjeni opterecenja motora,
odnosno u dinami¢nim uvjetima voznje. Metoda viSestrukog ubrizgavanja ucinkovita je u
ograniCavanju formiranja ¢ade [32] jer vremenski razmak izmedu dva ubrizgavanja omogucuje

ulazak svjezeg zraka u mlaz spreja, povecavajuci lokalni preticak zraka.

Hiroyasu je dao jednostavnu formulaciju za izratunavanje brzine formiranja mase ¢ade koja
se dobije razlikom izmedu brzine formiranja i brzine oksidacije ¢ade tijekom izgaranja [33].
Nagle, Strickland i Constable prosirili su Hiroyasuov model tako da su u oksidaciji ¢ade uzeti
u obzir raspored 1 lokacija ugljikovih atoma na povrS$ini Cestica ¢ade. Mjesta su podijeljena na
reaktivnija mjesta i manje reaktivna mjesta. Kako temperatura raste, manje reaktivna mjesta
prelaze u reaktivnija mjesta; empirijske jednadzbe dane su u [34]. Ovi empirijski modeli ne
uzimaju u obzir detaljne informacije o mehanizmu formiranja ¢ade i neovisni su o vrsti goriva,
takoder fronta predvidena ovim modelom ne slaze se sa strukturom plamena u blizini mlaznice
[35]. Stoga, detaljne informacije o formiranju predvidene ¢ade znaju odstupati od mjerenih
rezultata. Navedeni su modeli vrlo popularni u akademskoj zajednici zbog jednostavnosti

implementacije u ve¢ postojeca programska rjeSenja.

Emisije ugljikova monoksida iz motora s unutarnjim izgaranjem kontroliraju se
prvenstveno omjerom zraka i goriva [36]. Kod bogate smjese koncentracije CO u ispuSnim
plinovima kontinuirano rastu s opadanjem omjera zraka i goriva, odnosno kako se povecava
koli¢ina viska goriva. Za smjese siromasne gorivom koncentracije CO u ispusnim plinovima
malo variraju 1 niske su, reda veli¢ine promila molarnog udjela. Budu¢i da benzinski motori
Cesto rade blizu stehiometrijskog omjera, pri djelomi¢nom optere¢enju, a ovisno o modelu
mogu koristiti bogatu smjesu pri visokim optere¢enjima; emisije CO su znacajne i potrebno ih

je kontrolirati. Takoder, zbog potrebe za obogacivanjem smjese kada je motor hladan, emisije
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CO tijekom zagrijavanja motora u pravilu su znacajno vece nego emisije u potpuno zagrijanom
stanju. Tijekom prijelaznih optere¢enja motora i tijekom ubrzanja i usporavanja kontrola
doziranja goriva klju¢na je u koli¢ini CO emisija. Tako da koli¢ina CO emisija tijekom
dinamic¢nih uvjeta voznje moze biti znacajno veca nego kod stacionarnog opterecenja. S druge
strane, dizelski motori uvijek rade s velikim viskom zraka te posljedi¢no emisije CO iz dizelskih
motora su relativno niske. Razine CO opaZene u ispusnim plinovima benzinskih motora nize
su od maksimalnih vrijednosti izmjerenih unutar komore za izgaranje, ali su znacajno vise od
ravnoteznih vrijednosti. Na temelju toga moze se zakljuciti da su procesi koji upravljaju
razinama CO u ispu$nim plinovima kineti¢ki kontrolirani [37]. Modeli predvidanja CO temelje
se na analitickom opisu brzina reakcije CO s hidroksilnim radikalom OH i brzine oksidacije
CO s okolnim kisikom. Budu¢i da se najveca koncentracija CO emisija (80-90 %) u odnosu na
cijeli ciklus ispusta prilikom hladnog starta, razvijeni su mnogi specijalizirani modeli koji
razmatraju emisije upravo u tom podru¢ju. U [38] predstavljen je detaljan fizikalni model
katalizatora koji se sastoji od 13 kemijskih reakcija 1 9 reakcija za pohranu kisika. U [39]
razmatra se kemijska pretvorba ugljikovog monoksida i neizgorjelih ugljikovodika u procesu
oksidacije uz detaljno modeliranje prijenosa topline koji su klju¢ni kod procjene ucinkovitosti

katalizatora.

U benzinskim motorima neizgorjeli ugljikovodici, HC mogu imati razli¢ite nacine
formacija te je stoga vrlo tesko pruziti cjelovit opis njihova procesa nastajanja, pogotovo u 1D
ili kvazidimenzionalnim uvjetima. Ipak, postoje fenomenoloski modeli koji uzimaju u obzir
glavne mehanizme nastajanja i predvidaju trendove nastanka ugljikovodika kao funkciju radnih
parametara motora. Prema [40] glavni su izvori neizgorjelih ugljikovodika sljedeci:

1. Dio smjese ulazi u mikropraznine unutar cilindra i ne izgara u potpunosti.

2. Pare goriva apsorbiraju se u sloj ulja i taloze na stijenkama cilindra tijekom usisa i
kompresije. Sljedeca desorpcija dogada se kada tlak u cilindru padne tijekom ekspanzije, Sto

onemogucava potpuno izgaranje.

3. U blizini stijenke cilindra plamena se fronta prijevremeno gasi zbog gubitka topline na

stijenkama, ostavljajuci tanak sloj neizgorene mjesavine goriva i zraka.
4. Izravan protok pare goriva u ispusni sustav tijekom preklapanja ventila.

Prva dva mehanizma smatraju se najvaznijima i trebaju biti uzeti u obzir u termodinamickim

modelima. Kako su opisani ucinci vezani za samu geometriju komore izgaranja, ne mogu se
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fizikalno opisati u kvazidimenzionalnom pristupu, ali se mogu ukljuciti usvajanjem

prilagodljivih poluempirijskih korelacija.

U daljnjem su razmatranju naglaseni samo osnovni principi djelovanja i uzi problemi vezani
za daljnje istrazivanje modeliranja, utjecaja na emisije u razlicitim uvjetima upotrebe 1 utjecaja
kvara sustava, dok je u preglednom radu [2] obradeno Siroko podrucje regulacije emisija.
Generalno sustave kontrole emisija mozemo podijeliti na one koji djeluju u mjestu nastanka,
kao recirkulacija ispusnih plinova, i one koji djeluju na postojece emisije, kao $to su kataliticki

pretvaraci i filtri Cestica.

Recirkulacija ispusnih plinova (engl. Exhaust Gas Recirculation, EGR) je najcesca
tehnologija za smanjenje emisije NOx u motorima s unutarnjim izgaranjem. Recirkulirani
plinovi smanjuju vr$ne temperature izgaranja unutar komore za izgaranje potrebne za stvaranje
NOx emisija [41]. NiZe vr$ne temperature izgaranja posljedica su usporavanja izgaranja i veceg
toplinskog kapaciteta ispusnih plinova u odnosu na svjezi zrak koji zamjenjuju. Osim pozitivnog
utjecaja na NOx emisije, EGR negativno utjece i na PM, CO i HC emisije ovisno o udjelu, kako je

prikazano na slici 5.
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Slika 5. Utjecaj EGR-a na NOx, PM, HC i CO emisije [42].

EGR tehnologija se osim u svrhu smanjenja NOx emisija, kod benzinskih motora, koristi za
smanjenje gubitaka usisa i smanjenje vjerojatnosti nastanka detonantnog izgaranja. U¢inak EGR-a
se najcesce izvodi povratom iz ispusnog kolektora kao visokotlatni HP-EGR, povratom plinova
nizstrujno od turbopunjaca kao niskotlacni LP-EGR ili interno unutar same komore izgaranja
prikladnim odabirom preklapanja ventila. Prema [43] porast koli¢ine visokotlatnog HP-EGR-a
pomice radnu tocku turbopunjaca prema nizoj uCinkovitosti sa smanjenim protokom zraka uz
smanjenje brzine turbopunjaca i poveéanje vremena odziva na promjenu opterecenja. Utjecaj ovisi
0 karakteristikama cjelovitog ispitivanog sustava, o tipu recirkulacije i o trenutnoj koli¢ini

recirkuliranih plinova. U [43] je pokazana ovisnost vremena odziva s 2 bar na 9 bar srednjeg

15



Poglavlje 2. Pregled dosadas$njih istraZivanja iz podrudja rada

efektivnog tlaka o koli¢ini recirkuliranih plinova koja je povezana s odgovaraju¢im emisijskim

propisom, slika 6.
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Slika 6. Odziv motora kod razlicitih euro propisa za HP i LP EGR [43].

Tijekom vremena odziva kao i kod visokih optere¢enja EGR se u pravilu potpuno zatvara $to
uzrokuje znacajno povecanje emisija u dinamickim uvjetima voznje. Povecanje omjera LP/HP EGR
ima pozitivan u¢inak na vrijeme odziva motora pri niskom i dinami¢kom opterecenju [44, 45], §to
je posebno bitno u cestovnim vozilima. Najve¢i je nedostatak HP-EGR sustava koristenje
neprocis¢enih ispusnih plinova zbog Cega je vecina kvarova uzrokovana talozenjem cade koja se

nakuplja u EGR ventilu, hladnjacima i usisnom kolektoru.

Katalizator trostrukog djelovanja je naj¢escée koriSteni sustav za kontrolu emisija, njegova je
najveca prednost §to se oksidacija ugljikovog monoksida, oksidacija ugljikovodika i redukcija
duSikovog oksida odvijaju istovremeno. Ima visoku ucinkovitost u uskom podru¢ju omjera
zrak/gorivo (engl. Air to Fuel Ratio, AFR) i pri visokim radnim temperaturama [46]. Utjecaj omjera

zraka i goriva na ucinkovitost prikazana je dijagramom na slici 7.
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Slika 7. Ucinkovitost razlicitih katalizatora na redukciju CO, HC i NOx u funkciji AFR-
a[42].
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U podrucju siromasne smjese potpuno izostaje redukcija NOx-a tako da nisu pogodni za dizelske i
benzinske motore sa slojevitim ubrizgavanjem koji u svrhu eliminacije NOx koriste selektivnu

kataliticku redukciju, katalizatore u uvjetima siromasne smjese i njihove kombinacije.

Katalizator duSikovih oksida u uvjetima siromasne smjese (engl. Lean NOx Trap, LNT)
sastoji se od oksidacijskog katalizatora, adsorbera za privremeno skladistenje NO. u uvjetima
siromasne smjese i redukcijskog katalizatora [46]. Jedan od nedostataka je faza regeneracije koja
se odvija u obogacenoj smjesi i koja traje oko 2 do 5 sekundi u intervalima od 1 do 3 minute, Sto
uzrokuje povecanje potrosSnje goriva do 10 % [47]. Na ucinkovitost pretvorbe utjee vrijeme
provedeno u rezimu siromasne smjese, vrijeme provedeno u rezimu obogacene smjese i radna
temperatura [48]. Na slici 8. prikazan je utjecaj radnih reZima i radnih temperatura na ucinkovitost

komercijalnog LNT katalizatora.
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Slika 8. Stupanj ucinkovitosti NOx u LNT za period od 60 s i 180 s [47].

Toplinsko starenje 1 kontaminacija sumporom dva su glavna ¢imbenika koji dovode do pada
performansi LNT Katalizatora. Nakon kontaminacije sumporom potrebno je provesti proces
desulfatizacije jedinice za skladiStenje NOx-a. Potpuna desulfatizacija zahtijeva znatno vise
temperature od normalnih radnih temperatura, iznad 650 °C u bogatoj smjesi, gdje se javlja
problem termickog starenja kojem je ovaj katalizator sklon. Unato¢ nedostacima u vidu
povecanja potroSnje goriva, osjetljivosti na necistoce i podloznosti toplinskom starenju, buduca
primjena LNT katalizatora zajamcena je niZom cijenom i manjim potrebnim prostorom za

smjestaj od ostalih sustava za redukciju NOx-a u siroma$nom rezimu rada.

Selektivna kataliti¢cka redukcija (engl. Selective Catalytic Reduction, SCR) kombinira
aktivnu kontrolu i katalizator koji reducira NOx emisije dodavanjem vanjskog redukcijskog

reagensa, koji je obi¢no tekué¢ina na bazi uree. Sastoji se od mjesavine deionizirane vode i Ciste
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uree s udjelom od 32,5 % [49]. SCR katalizator postize stopu pretvorbe NOx izmedu 80 i 95 %
u normalnim uvjetima koristenja [50] i pokazuje visoku stabilnost u dugotrajnom radu [51],
zbog Cega ova tehnologija postavlja standarde u redukciji emisija NOx U uvjetima rada motora
sa siromas$nom smjesom. Glavni su nedostaci SCR tehnologije visoka radna ucinkovitost u
uskim temperaturnim podrucjima jer uéinkovito rade na temperaturama iznad 190 °C, veliki
dodatni prostor koji zauzimaju sve komponente ovog katalizatora i dodatna tekucina koju treba
dopunjavati [52]. Dijagram na slici 9. pokazuje vrlo visoku ucinkovitost i jaku osjetljivost

razliCitih SCR katalizatora na temperaturu, posebno u podruc¢ju niskih temperatura.
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Slika 9. Temperaturna ovisnost redukcije NOx za razlicite kataliticke materijale [53].

Jak utjecaj na povecanje ucinkovitosti redukcije NOx-a pri niskim temperaturama SCR
katalizatora ima omjer NO2/NO, slika 10. Pri 200 °C i 10 ppm NHs, SCR s ¢istim NO ima
ucinkovitost od 21 % 1 s omjerom 1:1, njegova se u€inkovitost pretvorbe povecava do 93 %
[54]. Uobicajeni ukupni udio NO2 u dusikovim oksidima dizelskih ispus$nih plinova je samo 5
-10 %. Taj se udio povecava koriStenjem visokokvalitetnog platinastog oksidacijskog
katalizatora koji je postavljen uzstrujno, ali ne rjesava u potpunosti problem niskotemperaturne
pretvorbe buduci da su mu takoder potrebne poviSene temperature za uc¢inkovitu pretvorbu NO
u NOz.
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Slika 10. Ucinkovitost redukcije NOx: a) s cistim NO i b) s mjesavinom NO2/NO 1:1[54].

SCR za redukciju NOx-a koristi amonijak koji se dobiva termolizom 32 % uree u katalizatoru
uzlazno od SCR-a, ¢iji je zadatak i dekompozicija ¢vrstih produkata zaostalih iz nepotpune
termolize za €iji su raspad bez prisutnosti katalizatora potrebne temperature od 600°C. Slika
11. prikazuje ucinkovitost razgradnje uree u ovisnosti o temperaturi termolize za razliCite
materijale katalizatora koji takoder spustaju temperature dekompozicije krutih produkata

izmedu 200 °C i 290 °C [55].
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Slika 11. Utjecaj temperature termolize na ucinkovitost razgradnje uree [55].
Kombinacija LNT SCR redukcijskih katalizatora NOx-a ostvaruje prednosti u vidu visoke
ucinkovitosti, kompaktnosti i nize cijene zbog izostanka sustava ubrizgavanja i razgradnje uree
jer je izvor amonijaka LNT Kkatalizator u vremenu obogacene smjese. Ovisnosti 0 radnim

parametrima sli¢ne su kao u pojedina¢nim sustavima i detaljno su objasnjeni u [2] kao i njihove

konfiguracije, u¢inkovitosti, te problemi eksploatacije.
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Filter cestica osnovni je sustav za smanjenje emisije Cestica dizelskih motora (engl. Diesel
Particulate Filter, DPF) ili kod benzinskih motora (engl. Gasoline Particulate Filter, GPF).
Rije¢ je 0 mehanickom filteru koji zaustavlja Cestice iz ispuSnih plinova, ukljucujuéi ¢vrsti
ugljik (Cadu) 1 fine Cestice, dok ostatak ispuSnih plinova prolazi kroz filter. Nakon odredenog
razdoblja koristenja filter je zasi¢en, Stupanj oneciS¢enja Se procjenjuje kao i kod standardnih
mehanickih filtera prema diferencijalnom tlaku izmedu ulaza i izlaza filtera. Prema [56]
povecanje protutlaka od 200 mbar dovodi do povecéanja specifi¢ne potros$nje goriva za priblizno
2 %. Nakon §to je filtar zasi¢en Cesticama ¢ade do unaprijed odredene granice, Cestice se
moraju ukloniti, odnosno regenerirati filter. Osim Cestica ¢ade, filter zadrzava i Cestice pepela
koje se regeneracijom ne mogu ukloniti pa je potreban servis filtera. Kod vozila u cestovnom
prometu ve¢inom se koristi kombinacija aktivne i pasivne regeneracije. Pasivna se regeneracije
dogada na nizim temperaturama, izmedu 200 i 300 °C, reakcijom Cestica ¢ade s NO2; na ovaj
nacin filter Cestica sudjeluje u smanjenju emisija NOx-a. Kvaliteta pasivne regeneracije, kao i
ucinkovitost redukcije NOx-a, ovisi o koli¢ini raspolozivog NO2 na ¢iju koli¢inu utjece
kvaliteta i temperatura uzstrujnog oksidacijskog katalizatora. Prema [57] uz koristenje aditiva
za snizavanje temperature pasivne regeneracije kod komercijalnog nekataliziranog DPF-a
ucinkovitost redukcije NO: kretala se oko 44 %. Oksidacija Cestica ¢ade u kisiku je vrlo spora
reakcija pa je za aktivnu regeneraciju potrebna znatno visa temperatura od 550 °C do 600 °C,
ili oko od 100 °C do 200 °C nize temperature kod koriStenja kataliziranih filtera ili
ubrizgavanjem katalizatora. Takve se temperature osiguravaju dodatnim izgaranjem goriva u
oksidacijskom katalizatoru postavljenom uzstrujno. Posebno su opasne regeneracije kod jako
velikih akumulacija ¢ade, jer pri visokim temperaturama i dovoljno kisika ¢ada vrlo brzo izgara
1 moze podi¢i temperaturu iznad 900 °C, unato¢ aktiviranoj zaStiti od prekomjernih
temperatura, §to moze uzrokovati trajna oSte¢enja DPF-a. Aktivna regeneracija zbog potrebe
dodatnog grijanja utjeCe na povecéanje potro$nje goriva za 2 do 3 %, dok se kod pasivne

regeneracije taj utjecaj smanjuje za oko 80 % [58].

Na osnovi spoznaja o svim dostupnim sustavima kontrole emisija vozila, s fokusom na
najproblemati¢nije emisije dizelskih vozila, razvijen je dijagram, prikazan na slici 12., koji
emisija, linije 1, 2 i 3 predstavljaju tehnologije motora u uzem smislu, bez ikakvih sustava za
kontrolu emisije. Polozaj 1 oblik linija uvjetovan je stupnjem razvoja motora u uzem smislu,
koji ovisi o razli¢itim primijenjenim tehnologijama ubrizgavanja, prednabijanja, vrtloZenja u

komori izgaranja, izmjene radnog medija, omjera kompresije itd. Linija 1 predstavlja motor s
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najvisim stupnjem razvoja, dok je polozaj toaka P1, P2 i P3 odreden trenutnim postavkama
motora. Kako ograni¢enja CO> emisija i potro$nje goriva dolaze u prvi plan, polazisna su linija
MSUI s najvi$im stupnjem razvoja, podeSeni prema najnizoj potro$nji goriva bez obzira na
pojedine emisije. KoriStenje efikasnih sustava kontrole emisija omogucava im zadovoljavanje
razli¢itih europskih propisa o grani¢nim vrijednostima emisija Stetnih tvari u svim uvjetima

upotrebe.

Euro Il

Particulate matter

SCR+ASC

Vi EURO\P EURO IV
NOx emissions

Slika 12. Ucinak razlicitih tehnologija kontrole emisija u cilju dostizanja razlicitih
emisijskih razina [2].

Rad [2] je obuhvatio razliite tehnike i sustave ¢ija je osnovna svrha kontrola ili sSmanjenje
emisija Stetnih tvari s naglaskom na najproblemati¢nije NOx i PM emisije. Obradeni su gotovo
svi poznati ucinci utjecajnih parametara na svaki sustav pojedinac¢no, $to je pridonijelo
razumijevanju slozenih fizikalnih i analitickih modela ponasanja. Pregledom dosadasnjih
istrazivanja utvrdeno je iznimno sloZeno predvidanje svakog pojedinog sustava na pojedine
emisije, ali 1 odredeni nedostatak u podru¢ju istrazivanja zajedniCkog djelovanja vise
podsustava koji ¢ine cjelovito rjeSenje. Prema detaljnoj analizi postoje¢ih tehnologija dane su
smjernice s procjenom kvalitete rjeSenja U vidu usporedba razli¢itih rjeSenja cjelovitih sustava
kontrole emisija s aspekta u¢inka na najutjecajnije emisije, potro$nju goriva, odrzavanje,

veli¢inu i cijenu izvedbe na slici 13.
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Emissions
Technical solution Packaging Maintenance Costs Comments
NOx PM/PN COo2 NH3 co THC
FlHEER BASE LI N E Pure NOx reduction potential.
f Commonly used up to Euro 6b.
HpeGr §0¢) Faled nROE
High EGR combustion Insufficient NOx reduction
potential for future euro
He/L EGR (BE) (P £ 2 9 © 06 o LuSkE
L application in smaller
vehicles.
Suitable for smaller vehicles.
Lean NOxTrap System Sensitive to sulfur content in
- fuel.
il o D Oe
HPEGR . J. e G ee ee NOx reduction potential
= affects fuel consumption.
S Very robust and large system.
q g N HHD & ee Oee ee eee Suitable for hihgly and midium
HPEGR ' loaded engine in large vehicles.
Very efficient NOx reduction
al Jed SCR/ASC Syt systemalso suitable for low
Eazbeinlz JEER loaded engine. Able to meet
DL eee GO Geee all future standards of

wpeGr [EBEIEPHscRasc) ©

+ -better than baseline

e -worse than baseline

O -same as baseline

-same as baseline, fully satisfied requirements

harmful emissions, especially
in combination with HEV

Slika 13. Usporedba razlicitih koncepata sustava kontrole emisija dizelskih vozila [2].

Glavni zakljucci koji su odredili smjernice daljnjeg istrazivanja su sljedeci:

Sustavi kontrole emisija pruzaju visoku ucinkovitost samo u odredenom rasponu

djelovanja, koji je kod klasi¢nih (nehibridnih) pogonskih sustava gotovo u potpunosti

Veliki broj utjecajnih parametara i medusobna ovisnost sustava za kontrolu emisija ¢ini
fizikalne 1 empirijske modele presloZenima kod modeliranja kompletnih vozila.
Ucinkovitost sustava kontrole emisija nije jednozna¢no odredena trenutnom radnom

tockom MSUI-ja, nego jako ovisi o smjeru i brzini dostizanja radne to¢ke i o povijesti
Koristenje ucinkovitijih sustava kontrole emisija povecava utjecaj (polu) hladnih
Sustavi kontrole emisija podlozni su kvarovima, osobito u uvjetima rada izvan

predvidenih okvira, te mogu utjecati na ispravnost ostalih sustava MSUI-ja, dok ¢e

neispravnost kompleksnijih sustava imati vece posljedice na porast koli¢ine emisija u

1.
odreden zahtjevima korisnika.
2.
3.
dogadaja koji opisuju tromost sustava.
4.
startova na ukupne koli¢ine emisija.
5.
stvarnim uvjetima upotrebe.
6.

Sustavi kontrole mogu se prilagoditi uvjetima koji vladaju prilikom ispitivanja emisija

i potro$nje goriva za vrijeme tipskog odobrenja.
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2.2. Modeliranje klasi¢nih i HEV i strategije upravljanja

Zbog velike slozenosti razli¢itih sustava pogona HEV obradeno je Siroko podrucje modeliranja
svih njegovih sklopova. Zahtjevi pojedinih modela s obzirom na klasifikaciju HEV-a prema
arhitekturi obradeni su u literaturi [59-68] i stupnju hibridizacije [13, 59, 61, 63, 69]. Razvijeni
su razliCiti pristupi modeliranja cestovnih vozila s razli¢itim razinama detaljizacije. Strogu
podjelu modela potro$nje goriva i emisijskih modela vozila nije moguce precizno odrediti jer
veéina rjeSenja ukljucuje razlicite pristupe i nacine upotrebe, klasi¢nih i hibridnih vozila.
Nacelna podjela emisijskih modela vozila s obzirom na razmjere upotrebe prema [70] prikazana
je naslici 14. Takoder, prikazani su primjeri primjena i ulaznih podataka potrebnih za procjenu
emisija komponenti ispusnih plinova vozila.

Emission estimation

Transportation model Input data
________ purpose
(77 [ [ ' [T === =
|| Microscopic traffic | | [ Microscopic || e.g. driving profile || second-by-second ||
\ models | | parameters || (speed, acceleration) | | | emissions i
| | | o |
| Transportation ‘ Wscopié\ [ acig;:t?;: N || total link emissions |
| dels for facility | | t | o 1 for facility !
(_mo  _parameters / | facility | ‘
| | \ | | |
\ Regional | | Macroscopic '| e.g. average speed, | | L regional scale 1
| [transportation models| | |__parameters / [ vehicle type | emissions |
v J L ) ..

Slika 14. Podjela modela s obzirom na razmjere upotrebe [70].

Mikroskopski modeli emisija i potro$nje goriva uzimaju u obzir svako vozilo pojedinacno [71],
obraduju veliku koli¢inu podataka s rezolucijom oko 1s koji se odnose na mjerenja parametara
vozila kao §to su ubrzanje i brzina, kao i parametara ceste kao $to su nagib terena i1 koordinate
polozaja. Mikromodeli mogu se klasificirati prema vrsti ulaznih podataka [70]; na temelju
profila trenutne brzine [72] (Enviver Versit, Roundabout EM), na temelju parametara vozila kao
Sto je snaga ili specificna snaga (MOVES, CSIRO, CMEM, VT-CPFM) ili na temelju

kombinacija prethodno navedenih metoda.

Makroskopski modeli koriste se za procjenu emisija, potroSnje goriva i utjecaja cestovnog
prometa na okoli$. Uglavnom formiraju se kao regresijski modeli koji se temelje na parametru

prosjecne brzine voznje na analiziranoj dionici ceste (2.1), gdje je:

1
F=f(v)=a+b;+cv+dv2 2.1)
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Podrucje ovog rada ve¢inom je ograni¢eno na mikroemisijske modele pojedinacnih vozila koje
mozemo opcenito zapisati kao funkciju koja povezuje koli¢ine pojedinih emisija X s ulaznim

varijablama (2.2),
Jx = fw) (2.2)
gdje je xe(potrosnje goriva ili el. Energije, emisija CO2, NOx, CO, HC....)

Jedna od Klasifikacija mikromodela, s obzirom na nac¢in formiranja emisijskih modela prema

[72], prikazana je naslici 15.

Microscopic
emission/energy models

Data-driven
approach

Regression
models

Slika 15. Podjela emisijskih modela i modela potrosnje goriva odnosno energije [72].

approach
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Look-up table
methods methods

models

Pristup na osnovi mjernih podataka ukljucuje tabli¢ne i regresijske modele. Tabli¢ni su modeli
zasnovani na emisijskim mapama koje opisuju ponasanje pojedinih emisija i potro$nje goriva u
odnosu na promatrane parametre, pri ¢emu su to najéeS¢e brzina i ubrzanje [73]. Prednost
pristupa relativno je jednostavna upotreba zbog ovisnosti o vanjskim varijablama. Osnovni
nedostaci vezani su za kreiranje emisijskih mapa na ispitnim stolovima u stacionarnom stanju
gdje nisu zastupljeni tranzijentni uvjeti $to uzrokuje odredene pogreske [74]. Regresijski modeli
koriste prikupljene podatke kako bi ,,obucili model da §to to¢nije oponasa te podatke. Ulazni
su podaci obi¢no brzina, ubrzanje ili potrebna snaga pogona, a izlazni koli¢ine pojedinih emisija
odnosno potro$nja goriva. Zbog izrazite nelinearne ovisnosti emisija o ulaznim varijablama ovi
modeli ¢esto se oslanjaju na neuralne mreze za pronalazak najboljeg rjeSenja, Sto uz visoku
rezoluciju podataka cesto predstavlja veliko racunalno optereéenje. Modeli su kritizirani zbog
uobicajenog koristenja ulaznih podataka s dinamometra umjesto stvarnih uvjeta upotrebe jer su
takvi modeli davali znacajno nize vrijednosti emisija u odnosu na realne emisije [75, 76].
Navedeni modeli takoder ne sadrze nikakvu fizikalnu interpretaciju pojava koje opisuju.

Suprotno pristupu na osnovi mjernih podataka, fizikalni pristup modeliranju podrazumijeva

24



Poglavlje 2. Pregled dosadas$njih istraZivanja iz podrudja rada

povezivanje parametara i varijabli modela s fizikalnim znacenjem. Prema [71] fizikalni modeli
mogu biti deterministi¢ki i probabilisticki. Deterministicki fizikalni modeli podrazumijevaju
odredivanje funkcije koli¢ine emisija i potro$nje goriva u ovisnosti o stvarnim varijablama u
odredenom trenutku. Probabilisticki modeli koriste se kada stvarne vrijednosti ulaznih varijabli
nisu dostupne. Na primjeru trenutne brzine kao ulazne varijable, umjesto profila brzine koriste
se uprosjecene brzine na odredenim rutama ili podruc¢jima uz dodatak sluc¢ajnih poremecaja.
Autori u [70] usporeduju modalni model na osnovi matrice trenutne brzine i ubrzanja s
fizikalnim modelom gdje je cjelokupan proces nastanka emisija podijeljen na komponente prema
fizikalnim pojavama koje ih uzrokuju. Osnovni nedostaci koriStenja matrice trenutna brzina-
ubrzanje su sljedeci: zanemarivanje nagiba, oslanjanje na staticke rezultate mjerenja, pogreske
zbog uprosjecenih vrijednosti protoka emisija unutar istog polja matrice te vrlo ogranicen broj
podataka unutar odredenih polja. Najveéi je izazov deterministickog fizikalnog modela
prikupljanje i obrada velikog broja varijabli kao i definiranje analitike fizikalnih pojava razli¢itih
utjecajnih mehanizama. Autori u [17] bave se modeliranjem i upravljanjem HEV-om te predlazu
kombiniranu podjelu postoje¢ih modela HEV-a prema nacinu upravljanja i prema dinamici na

kinemati¢ke unatrazne, kvazistatiCke unapredne i dinamic¢ke modele.

Kinematicki unatrazni (engl. backward) pristup, prikazan na slici 16., polazi od krajnjih
komponenti pogona, tj. od kotaca koji zahtijevaju odredeni moment odnosno snagu da bi
zadovoljili predodredeni ciklus. Protok informacija ide u smjeru suprotnom od toka energije, tj.
od pogonskih kota¢a prema prijenosu i motoru s unutarnjim izgaranjem, odnosno prema
elektri¢cnom stroju i baterijama. Slabosti ovog pristupa proizlaze iz pretpostavke da se kretanje
vozila apsolutno poklapa s unaprijed predloZzenim ciklusom voznje i uobicajenog koriStenja
stacionarnih mapa ili tabela u¢inkovitosti. Pretpostavka o savr§enom poklapanju stvarne brzine
s unaprijed odredenim obrascem ciklusa je osobito nevjerodostojna kada zahtjevi za ubrzanjem
i brzinom premasSuju performanse vozila. Ovaj pristup obi¢no se kombinira sa statickim
modelima uz zanemarivanje prijelaznih ponaSanja, npr. uzrokovanih promjenom temperature
MSUI-ja, tj. ne uzima u obzir hladne startove. Pojednostavljeni model prijelaznih pojava kao
niza stacionarnih stanja ogranicava njegovu upotrebu na preliminarne procjene potrosnje goriva

I emisija [17].
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Slika 16. Kinematicki unatrazni pristup [17].

Kvazistaticki unapredni (engl. forward) pristup. Kvazistaticki pristup pretpostavlja da su
u odredenom kratkom vremenskom intervalu sve ulazne varijable konstantne te polazi od
zahtjeva korisnika za promjenom brzine na osnovi zelje za posStivanjem unaprijed zadanog
obrasca brzine i ide u smjeru toka energije [77]. Prethodno navedeni sustav shematski je prikazan
naslici 17. Zahtjev korisnika se preko pedale akceleratora i odgovarajuceg regulatora prenosi na
MSUI koji ima svoje karakteristike i brzinu odziva. Moment se prenosi na sustav prijenosa koji
ima svoje gubitke 1 prijenosni omjer i tako sve do kotaca koji trebaju ostvariti potreban moment.
Kvazistaticki unapredni pristup je pogodniji za detaljno modeliranje i dinamicka opterecenja jer
vodi racuna o odzivu i tranzijentima odredenih sustava vozila [78]. Prikladnost i to¢nost ovog
pristupa uvelike ovisi o tipu provedene simulacije. Kada je u pitanju procjena potrosnje goriva
ili koli¢ina NOx emisija, ovakav pristup daje prihvatljive rezultate, dok kod procjene koli¢ine
Cestica i prijelaznih pojava vezanih za odziv turbopunjaca radi veée pogreske i zahtijeva
detaljniji simulacijski model motora koji bolje opisuje tranzijentno ponasanje [17]. Unato¢
navedenim nedostacima, zbog visoke slozenosti modela HEV-a i visoke slozenosti modeliranja
dinami¢kog ponasanja motora s unutarnjim izgaranjem, kvazistaticki unapredni modeli Cesto se

primjenjuju za modeliranje hibridnih vozila [79, 80].

_ Cycle inputs
Drive &
load cycles . Vehicle
| Brak Powertrain Forcg Dynamics
Desired Speed Driver |Throttle

Actual
Speed

Actual Speed

Slika 17. Kvazistaticki unapredni model vozila [17].
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Dinamicki model vozila karakterizira osim opisa prijelaznih pojava uzduzne dinamike vozila
1 opis prijelaznih pojava motora s unutarnjim izgaranjem koji ukljucuje 1 kasnjenje turbopunjaca
te hladne startove. Sa stajaliSta upravljanja preferira se tok informacija prema naprijed kao kod
unaprednog modela [17, 78]. Razlika u potrosnji goriva izmedu stacionarnog stanja i prijelaznih
stanja moze biti znaCajna. Prema istrazivanjima autora [81-83], potro$nja goriva tijekom
prijelaznih stanja je izmedu 6 1 30 % u izrazito dinamickim uvjetima veca od stacionarne. Metode
za predvidanje prijelaznih pojava dijele se na metode koje su temeljene na korekcijama
ustaljenog stanja te na metode temeljene na izravnom predvidanju upotrebom dinamickih
varijabli. Autori [81, 82, 84] koriste metode temeljene na korekcijama ustaljenog stanja uz
korekcijske faktore masenog protoka zraka, brzine vrtnje motora i temperature. Istrazivanja [84]
pokazuju da ovakav dinami¢ki model u izrazito promjenjivim uvjetima brzine vrtnje i
optere¢enja motora smanjuje greSku predvidanja potrosnje goriva s 20 % za staticki model na
manje od 2 %. Autori u [83] navode kao osnovni nedostatak ovog pristupa slozen na¢in mjerenja
korekcijskih faktora, osobito masenog protoka $to mu ogranic¢ava $iru primjenu. Autori u [85]
koriste model vozila temeljen na izravnom predvidanju upotrebom dinamickih varijabli i
njihovih proteklih vrijednosti u fiksno definiranom periodu. U istom radu kao ulazi modela
koriste se lako mjerljivi podaci brzina i ubrzanje. Unato¢ dobrim rezultatima u pojedinim
aplikacijama nedostatak ovakvog modela je taj $to ne uzima u obzir uzduzni nagib ceste odnosno
promjenu visine, a §to mu ograni¢ava upotrebu na ceste bez velikih visinskih promjena. Kod
modeliranja hibridnih vozila ne postoji mogucnost razlikovanja vise izvora energije, a §to je
takoder bitno ograni¢enje modela. U radu [83] izraden je model koji kombinira prednosti
prethodno navedenih tranzijentnih modela, koristi metodu korekcije ustaljenog stanja, koja
uzima u obzir uzduzni nagib ceste, dok su korekcijski faktori brzina i ubrzanje lako mjerljivi
elementi modela. Pogreska modela [32] smanjuje se na polovicu tijekom tranzijentnih
opterecenja u odnosu na staticki model i 2,7 % do 4,6 % u odnosu na model temeljen na
dinamickim varijablama brzine i ubrzanja razvijen u [72]. To¢niji opis ponaSanja emisija i
potrosnje goriva dobiva se visedimenzionalnim ili detaljnim jednodimenzionalnim numerickim
modelima dinamike fluida, koristenim u [1]. Navedeni modeli omogucavaju da se izrazito
dinami¢ni dogadaji, kao $to su nagle promjene momenta i brzine vrtnje, pouzdano simuliraju s
velikom tocnosti. Veliki je nedostatak ovakvog pristupa dinamickog modeliranja sloZenost

modela koja zahtijeva velike ljudske i racunalne resurse te vrijeme za obradu podataka. Primjena
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ovakvog tipa modeliranja najce$ce je ograni¢ena na specificna podrucja istrazivanja koja se

bave razvojem motora s unutarnjim izgaranjem [1, 86].

Snazan razvoj racunala omogucio je razvoj racunalnih metoda i napredak u razvoju
simulacijskih softvera za razli¢ite komponente i topologije vozila. Dio programskih paketa
oslanja se na modalnu analizu odnosno na grupiranje podataka prema vanjskim varijablama, kao
primjerice snaga na kota¢ima, brzina i/ili ubrzanje. Primjeri paketa koji koriste modalnu analizu
su CMEM (Comprehensive Modal Emission Model) [87], VERSIT i MOVES koji koristi VSP
analizu [88]. Drugi je pristup oslanjanje na unutarnje varijable i opis osnovnim fizikalnim
veli¢inama, kao $to su sila, moment, brzina, kutna brzina, ubrzanje, kutno ubrzanje, masa i
moment inercije, gdje se svaka komponenta prikazuje analiticki. Ovakav pristup
najjednostavnije je implementirati unutar raCunalnih simulacija. Virtual Test Bed (VTB), Power
electronics simulator (PSIM), Simplorer, i V-ELph su primjeri programskih alata koji se
oslanjaju na fizikalne modele [89]. Dio simulacijskih modela hibridnih vozila se za nelinearne
komponente koje su neprikladne za matematicki opis oslanja na mape i krivulje koje opisuju
razli¢ite veli¢ine u ovisnosti o jednom ili viSe parametara [78, 89-93]. Jedan od ¢esce koristenih
je ADVISOR [78, 89, 90, 94, 95], koji je razvio Ameri¢ki nacionalni institut za obnovljive izvore
NREL u MATLAB/SMULINK okruzenju. Specifican je po tome $to koristi mjesSoviti unapredni
I unatrazni pristup, dok su pojedine komponente vozila izradene kao kvazistaticki modeli, §to ga
ograniCava na veCe vremenske intervale. Nadalje, oslanja se na unutarnje varijable i
eksperimentalne modele u obliku tablica i mapa ucinkovitosti [89]. Powertrain System Analysis
Toolkit PSAT razvijen je u Matlab / Simulink okruzenju i koristi unapredni pristup modeliranju
[80] dok Hybrid Powertrain Simulation Program HPSP koristi unatrazni pristup [91]. CruiseM
je softverski paket s grafickim suceljem Koji je razvila tvrtka AVL i koji se moze konfigurirati
da koristi unapredni i unatrazni pristup kao i njihove kombinacije ovisno o zahtjevima simulacije
[4, 92, 96]. Za dinami¢ke modele MSUI-ja AVL je razvio poseban programski paket BOOST
koji koristi kvazidimenzionalne, odnosno jednodimenzionalne modele za opis procesa unutar
cilindra, i opise usisa i ispuha [97], te FIRE koji se oslanja na viSedimenzionalne modele
racunalne dinamike fluida. Odabir pogodnog programskog paketa i metode ovisi 0 zahtjevima
za brzinom i to¢nosti, koji ovise o izboru modela. Primjerice numericki modeli motora zasnovani
na CFD-u daju najbolje rezultate u smislu to¢nosti 1 dinamike vremenski i prostorno ovisnih
pojava, medutim zbog slozenosti modela i vremena trajanja analize navedeni je pristup apsolutno

neprihvatljiv kod modeliranja kompletnog pogonskog sklopa ili cijelog vozila.
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Kroz kvalifikacijski ispit [98] obradene su najceSce koristene Strategije upravljanja
energijom HEV-a ¢iji ishod ovisi o kvaliteti modela na koji su primijenjene. Polazna tocka
pronalaska optimalnog rjeSenja je definiranje funkcije cilja koja ovisi o specifiénostima
primjene. U najveé¢em broju slu¢ajeva strategija upravljanja energijom svodi se ha kompromis
izmedu minimalizacije potro$nje goriva, odnosno emisija ispusnih plinova [63], poveéanje
trajnosti komponenti poput baterija, ispunjavanje zahtijeva za snagom, osiguravanje voznih
karakteristika i komfora [64], slika 18.

Operating mode selections

Satisfy
constraints | Required driving power

Battery SoC regulation

Improve considering battery limitations

Reduced driver tasks = Drivability j :f?‘iieESt[S
& Comfort / fHIShtly Prolonged lifetime of
E M S energy storage systems
emission uel consumption minimisation
CO2 emissi R oiove Fuel t t
RN Reduce fuel Reduced operational costs
Pollutant emission =~ émission economy
minimisation Energy-optimal travel

Slika 18. Osnovni zahtjevi EMS HEV-a [99].

Velik broj familija strategija upravljanja energijom EMS (engl. Energy Management
Strategy), neki autori koriste izraz PMS (engl. Power Management Strategy), obraden je u
literaturi i nije jednostavno napraviti jednoznaénu klasifikaciju zbog isprepletanja razli¢itih
pristupa unutar jedne fleksibilne strategije. Kao osnovnu podjelu [62, 100] navode offline EMS
koje su pogodne za globalnu optimizaciju, a temelje se na unaprijed poznatom ciklusu voznje i
online EMS za odredivanje trenutno optimalnog rjesenja u realnom vremenu. Autori [63, 99,
101-103] dijele familije EMS-a na one temeljene na pravilima (engl. Role Based) unutar kojih
se sustav pogona ponasa, i one temeljene na optimizaciji (engl. Optimization Based) parametara

sa svrhom odredivanja najboljeg rjeSenja, primjer takve klasifikacije je prikazan na slici 19.
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Slika 19. Klasifikacija EMS [103].

Strategije u realnom vremenu ili online strategije primjenjuju trenutna pravila upravljanja
energijom temeljena na budu¢im pretpostavkama kako bi minimizirali ukupnu funkciju troska.
Globalne ili offline metode zbog svoje prirode tj. poznavanja ciklusa unaprijed i slozenosti nisu
primjenjive u realnom vremenu, ali s druge strane predstavljaju referentna rjeSenja koja se mogu
koristiti kao mjerila uspjesnosti i dobar alat za analizu te procjenu uc¢inkovitosti online metoda.
U pravilu je cilj postici §to bolji rezultat sa $§to manje upotrijebljenih ljudskih i racunalnih resursa
u Sto kra¢em vremenu. Pregled razli¢itih metoda, s obzirom na racunalno opterecenje i
optimalnost rjeSenja, prikazan je na slici 20., gdje se vidi da postizanje boljeg rjeSenja trazi vece

rac¢unalno opterecenje odnosno vrijeme pronalaska optimalne strategije upravljanja energijom.
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Slika 20. Usporedba razlicitih strategija upravljanja energijom [103].
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2.3. Modalna analiza pomoc¢u specifi¢ne snage

Jimenez [104] je prvi predlozio metodu koja definira specifi¢ne emisije i potro$nju goriva
prema parametru specifiéne snage vozila, tj. analizu prema specifi¢noj snazi (engl. Vehicle
Specific Power, VSP), iako je autor u [105] ranije doveo u vezu emisije i potro$nju goriva s
pozitivnom kinetickom energijom $to je na tragu VSP definicije. Specifi¢na snaga vozila
definirana je kao trenutna snaga po jedinici mase vozila. Trenutna snaga koju generira motor s
unutarnjim izgaranjem trosi Se na svladavanje aerodinamickog otpora i otpora kotrljanja te na

povecanje kineticke i potencijalne energije vozila (2.3).

d
72 (KE + PE) + Frop 0 + Frpo " v

m

VSP =

1 1
%(7m (14 ¢g) -v2+ mgh) +Cr-mg-v +7PaCDA(U +1,)% v (2.3)

m

1 CpA ,
=v-(a-(1+£i)+g-grade+g-CR)+Epa7(v+vw) v

Koriste¢i tipicne parametre temeljene na prosjecnim vrijednostima koeficijenta otpora zraka
i koeficijenta otpora kotrljanja za putnic¢ko vozilo srednje klase i gustocu zraka pri 20 °C, izraz

(2.4) prelazi u [104]:

1
VSP =v-(a-11+981-grade + 0,0135) + 5 1,207 - 0.0005 - (v + v,,)? v

=v-(a-1.1+981 grade% + 0,0132) +3.2-10™*- (v +1,)%-v (24)

U VSP analizi uglavnom se koriste rasporedi modalnih razreda s konstantnim rasponima
jednake Sirine. Dio pogreske modalnih emisija ¢ini usrednjavanje unutar razreda jer su iste
definirane kao maseni protoci u jedinici vremena koji u energetski zastupljenijim razredima, u
pravilu, rastu sa snagom. Osim specifi¢ne snage koriSteni su drugi parametri kao brzina,
ubrzanje i nagib ceste [70, 105, 106], koji su direktno mjerljivi, ali sa slabijom korelacijom
prema emisijama i potrosnji goriva. Mnogi modeli koji nisu primarno nastali na VVSP analizi

koriste VSP parametar zbog jake korelacije VSP-a s emisijama i potro$njom goriva [107].
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Takoder koriste se u modelima koji zahtijevaju nesto vece to¢nosti kao usporedbe emisija
izmedu razli¢itih goriva, E85 i benzina kod osobnih putnickih vozila [108]. Autori u [109]
koriste VSP modele za procjene emisija i potrosSnje goriva autobusa pogonjenih gorivnim
Clancima i dizelskim motorima. Autor u [110] koristi VSP analizu u svrhu poboljSanja
predvidanja modalnih modela s parametrom brzine na nac¢in da radi procjenu utjecaja promjene
opterecenja brojem putnika gradskih autobusa na modalne emisije i potrosnju goriva prema
parametru brzine. Osnovni razlog provedene korekcije je neosjetljivost originalnog modela na
promjenu opterec¢enja. Autori u [111] ispituju u realnim uvjetima 10 razli¢itih automobila i
dovode u korelaciju potro$nju goriva prema VSP parametru. U istom je utvrdeno kako je za
vozila pokretana motorima s elektroni¢kim ubrizgavanjem korelacija izmedu potro$nje goriva
i specifi¢ne snage linearna, dok je kod starijih vozila, koja koriste rasplinjace, eksponencijalna
funkcija. Odstupanja modela u odnosu na izmjerene podatke samo su kod jednog vozila bila
veca od 16 %. Autor u literaturi [83] u razvoju dinami¢kog modela potros$nje goriva temeljenog
na korekciji ustaljenog stanja koristi VSP parametar u razvoju tranzijentnog modula kao i za
filtriranje mjernih podataka u svrhu odbacivanja ekstrema mjernih rezultata svakog raspona
koji su u normalnoj raspodijeli izvan 3o, prema [112]. Unato¢ velikom uzorku podataka na
osnovi kojih [112] razvija tranzijentni VSP model, kao i koriStenju 3o filtera, ipak uzrokuje
veliku relativnu pogresku procjene vecu od 30 %. Razlog visoke pogreske leZi u koristenju
univerzalnog modela za viSe vozila, ali i u jednostavnom prikupljanju podataka s OBD
modula umjesto instalacije daleko to¢nijeg PEMS uredaja. Autor u literaturi [113] analizira
upravljanje pogonom i energijom na PHEV vozilu, dovodi u korelaciju promjenu stupnja
napunjenosti (engl. State of Charge, SoC) odnosno snagu baterije s VSP parametrom, posebno
za ukljuc¢en MSUI, a posebno za isklju¢en. VSP analizu koristi za procjenu preostalog SoC-a u
CS i CD modu, ne bavi se analizom emisija. Funkcija SoC iz modela vrlo dobro aproksimira
izmjerene podatke s koeficijentom R? oko 0,99. Autor u literaturi [114] izraduje VSP model s
14 raspona snage FHEV vozila tako §to mjeri emisije i potro$nju goriva pomoc¢u PEMS uredaja,
a zatim vrsi validaciju modela prema NEDC ciklusu u kojem je vozilo tipski odobreno.
Nedostatak oslanjanja na podatke NEDC ciklusa je problem ispitivanja na ,,Golden Vehicle*
vozilu $to sigurno utjeCe na to¢nost modela. Koristi pojednostavljenu univerzalnu definiciju
VSP-a prema [104] sto pojednostavljuje model, ali i smanjuje to¢nost. Odstupanje modela od
certificiranih podataka prema NEDC protokolu je u potrosnji goriva -3,2 %, CO emisija +18,1
% i NOx emisija 26,2 %. Navedeno odstupanje CO> emisija nije u skladu s potro$njom goriva.
Najbitniji razlog slabog funkcioniranja klasi¢énih VSP modela kod hibridnih vozila, za razliku

od klasi¢nih, slaba je korelacija VSP parametra s emisijama i potroSnjom goriva. Razlog je
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postojanje dva izvora energije od kojih je samo jedan odgovoran za emisije i potro$nju goriva,
dok strategija upravljanja energijom odreduje njihove odnose. Samo je nekoliko autora
razli¢itim korekcijama pokusalo povezati emisije i potro$nju goriva hibridnih vozila s VSP
parametrom. Wang je u [115] detektirao problem koristenja klasi¢ne definicije VSP analize kod
HEV-a s visokim stupnjem hibridizacije u vidu vrlo slabe korelacije potro$nje goriva, odnosno
CO. emisija a VSP parametrom vozila. Na osnovi analiziranih podataka uvidio je potrebu
uklju¢ivanja unutarnjih varijabli unutar VSP modela. U istom radu autor predlaze uvodenje
V'SP parametra u odnosu na snagu motora, umjesto u odnosu na pogonsku snagu vozila, ¢ime

poveéava koeficijent korelacije s R?=0.11 na R?=0.98 u uvjetima gradske voznje, slika 21.
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Slika 21. Usporedba korelacije CO- emisija s VSP parametrom vozila i VSP parametrom
motora [115].

Duarte i ost. u [116] koriste VSP metodu za odredivanje korelacije izmedu potro$nje
goriva i specifi¢ne snage vozila za vise kategorija vozila, ukupno 20, pogonjenih dizelskim,
benzinskim ili hibridnim pogonom. Specifi¢nost je pristupa u pronalazenju funkcija modela
koje u zavisnosti o VSP parametru najbolje opisuju potro$nju goriva razli¢itih vozila, te
naknadna korekcija modela posebno klasi¢nih, a posebno hibridnih vozila linearnom
funkcijom. Cjelokupno podrucje rada podijeljeno je na tri zasebna dijela koji su opisani
konstantom za VSP<-10, kvadratnom aproksimacijom za -10<VSP<10 i linearnom za VSP>10.
Dok se klasi¢na vozila ponaSaju prilicno ujednaceno i zahtijevaju manji upliv linearne
korekcije, modeli hibridnih vozila znac¢ajno odstupaju ovisno o primijenjenoj konfiguraciji;
upliv linearne korekcije je cak suprotan za razlicita vozila. Razlozi osjetljivosti hibridnih
modela na konfiguraciju leze u razliitim postavkama strategije upravljanja energijom i

razli¢itim primijenjenim tehnologijama MSUI-ja. 1z istog razloga modeli istog proizvodaca
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pokazuju ista obiljezja. Odstupanja potrosnje goriva korigiranih modela HEV-a su izmedu -3,6
% i 6,8 %. Pristup pokazuje da je moguce izraditi upotrebljiv VSP model potrosnje goriva
hibridnog vozila koji dobro replicira postojece stanje upotrebom linearnih korekcijskih faktora
bez utjecaja na strategiju upravljanja odnosno na same uzroke odstupanja, zbog ¢ega vozila s
drugacijim strategijama zahtijevaju potpuno razlicite korekcije osnovnog modela. Mera i ost.
[117] grade vrlo slozen korekcijski VSP model benzinskih hibridnih vozila s motorima s
direktnim i indirektnim ubrizgavanjem i dizelskih hibridnih vozila sa samo EGR kontrolom
NOx emisija i kombinacijom EGR-SCR sustava. Odabrana su vozila s razli¢itim tehnologijama
motora s unutarnjim izgaranjem zbog izrazito razlicitih ponasanja ukupnih NOx emisija [2].
Svaki VSP raspon dijeli se na m x m podrucja opterecenja i brzine vrtnje za koje se definiraju
mape pojedinih emisija. Faktor korekcije definiran je kao odnos emisija koje proizlaze iz mapa
motora i emisija pripadajuc¢eg VSP raspona. Drugi parametar je 7 koji definira najmanji broj
podataka u svakoj od jedini¢énih m podjela. Parametri m i Toptimiraju se za svaki pojedini model
zasebno odnosno prema grupama, posebno za benzinska, posebno za dizelska vozila. U pogledu
CO: emisija najvec¢i dobitak ovakvog pristupa je vidljiv tamo gdje standardni VSP model
generira najvec¢u pogresku, tj. kod vozila pogonjenog benzinskim motorom s direktnim
ubrizgavanjem u gradskim uvjetima voznje gdje je primjerice greska modela smanjena s 27,9
% na 10,3 %, dok je pogreska tipskog modela 2,1 % veca u odnosu na individualni. Kod NOx
modela svih testiranih vozila ostvareno je povecanje to¢nosti, ali je pogreska i dalje znatno veca
u odnosu na CO2 emisije i potro$nju goriva. Prednosti su modela znacajno povecéanje tocnosti
kod CO. emisija osobito gdje standardni VSP generira najve¢u gresku i relativno malo
odstupanje tipskog modela od individualnog. Poveéanje to¢nosti NOx modela nije toliko
znacajno, medutim nedostatak je i vrlo slozen postupak dobivanja modela viseparametarskom
optimizacijom i Paretovom analizom. Zhai i ost. [118] izraduju model emisija i potro$nje goriva
FHEV-a na osnovi modalne VSP analize, uvode osnovnu logiku upravljanja energijom koja
ukljucuje samo vrijeme rada motora s unutarnjim izgaranjem prema Kriteriju produkta brzine i
ubrzanja. Prednost je ovakvog pristupa mogucnost uvodenja dodatnih parametara nagiba ceste
i SoC u logike pokretanja i zaustavljanja motora s unutarnjim izgaranjem, $to u radu nije
primijenjeno jer je testiranje provedeno iskljucivo na valjcima, a SOC je zanemaren. Osnovni
je nedostatak modela nemoguénost utjecaja na odnose izmedu pojedinih izvora energije za
vrijeme rada MSUI-ja. Nadalje, procjena regenerirane energije nije objasnjena u radu zbog ¢ega
primjena bilo kakve strategije upravljanja energijom, osim kopiranja postoje¢eg ponasanja, nije
moguca. Jedan od uzroka pojedinac¢nih odstupanja lezi u ¢injenici da su modalne emisije

definirane kao maseni protoci u jedinici vremena ¢ime se u odnosu na definiciju koli¢ine
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pojedinih emisija po jedinici vucne energije otvara mogucénost dodatne pogreske. Takoder
ovakva definicija modalnih emisija preko uprosjecenog protoka dodatno komplicira zapis

funkcije cilja kao polazne toc¢ke odredivanja strategije upravljanja.

2.4. Dijagram toka energije HEV-a

Poznavanje tokova energije i energetska analiza kljucni su elementi za razumijevanje
dobitaka sustava hibridnog pogona, u smislu povecanja ukupne u¢inkovitosti i smanjenja emisija
ispusnih plinova. Ako promatramo vozilo s konvencionalnim pogonom, motor s unutarnjim
izgaranjem pretvara kemijsku energiju goriva u mehani¢ku energiju. Mehanicka energija
najvec¢im se dijelom koristi za pokretanje vozila i manjim dijelom za pogon pomo¢nih sustava.
Kod hibridnih pogona je situacija bitno drugacija, zahtjev za snagom je zbroj snage koja dolazi
iz kemijske energije tj. motora s unutarnjim izgaranjem i snage koja dolazi iz baterije, odnosno

snage elektri¢nog stroja koja moze imati i pozitivan i negativan predznak.

Energetski tokovi u literaturi [119] uglavnom se opisuju kao skup fizikalnih i empirijskih
modela pojedinac¢nih komponenti od kojih se vozilo sastoji. Navedeni koncept koristan je kod
klasi¢nog fizikalnog pristupa modeliranju vozila zbog detaljnog opisa, dok je za modalne modele
preopsezan. Detaljan i opSiran energetski analiti¢ki samostoje¢i (engl. stand alone) koncept
razvio je Katrasnik [120] gdje on definira tokove energije za gotovo sve poznate topologije
hibridnih pogona; serijsku, paralelnu, serijsko-paralelnu i kompleksnu. Na osnovi dijagrama
toka energije izvodi jednadZbe temeljene na energetskoj bilanci, koje daju detaljan opis svih
energetskih tokova i gubitaka svih elemenata sustava. Tokovi su energije dvosmjerni s tim da su
za svaki element definirani gubici odnosno ué¢inkovitosti za ulaz i izlaz energije prema svakom

susjednom elementu, slika 22.
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Slika 22. Podjela gubitaka elementa B kod dvosmjernog toka energije [120].
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Analiza emisija i potro$nje goriva obicno se predvida za odredeni ispitni ciklus voznje, zbog
toga je cjelokupna energija koja prolazi kroz pojedine elemente sustava sumirana vrijednost za
cijeli ciklus (2.5).

tec
Wy_s = f P(t);_p dt (25)
0

Definirani tokovi energije za oba smjera, smjer A-B je definiran prema (2.6):

. _[(P@®a-p P)a—p =0
P(Oa-s = {0, P(t),p <0 (2.6)
Posebno je definiran tok energije u suprotnom smjeru B-A (2.7):
.« _(—P®a-p, P(t)a-p <0
P-a= { 0, P(t)ap =0 (2.7)

Pretpostavlja se pozitivni tok kad energija ulazi u element, a negativni kad iz njega izlazi,
razlika ulaznog i izlaznog toka su gubici elementa Wg (2.8):

Ninflow Noutflow

Wp = ; Wi-p — ,Z=1 Whs_; (2'8)

Kad se uvrste faktori gubitaka na ulaznoj i izlaznoj strani elementa, izraz prelazi u (2.9):

Ninflow Noutflow 1
0= z nB,in,i—BVVi—B - z WB_]‘ (29)
= e 1B,out,i-B
i=1 j=1

Prednost Katrasnikove definicije toka energije je primjenjivost na sve topologije, stupnjeve
hibridizacije i na sve elemente koji se nalaze u sustavu. Osnovni je nedostatak ogroman broj
varijabli koji za posljedicu ima visoku sloZzenost modela. Zbog navedenog razvijen je vlastiti
dijagram toka energije orijentiran i prema funkciji [121], slika 23. Plava isprekidana linija
predstavlja tok energije vozila s klasi¢nim pogonom, kemijska energija goriva se u MSUI-ju
pretvara u mehanicki rad s koeficijentom iskoristenja koji jako ovisi o polozaju radne tocke.
Dalje mehanicka energija prolazi kroz sustav pogona do pogonskih kotaca s gubicima mjenjaca
i zavr$nog prijenosa. Tok energije regenerativnog kocenja oznacen je zelenom linijom, energija
kocenja se uzima s kotaca i pretvara u povoljan oblik za spremanje, te se ponovno vraca istim
putem do pogonskih kotaca. Gubici energije su definirani na sljede¢im elementima: zavr$ni
prijenos, mjenjac, elektri¢ni stroj u generatorskom rezimu, baterija, elektri¢ni stroj u motornom

rezimu, mjenjac i zavrSni prijenos uz koeficijent ograni¢enja a. Treci tok opisuje spremanje
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vi§ka mehanicke energije iz MSUI-ja u spremnik i vracanje energije na pogonske kotace, isti je
oznacen zutom isprekidanom linijom. Gubici energije su definirani na sljede¢im elementima:
elektricni stroj u generatorskom rezimu, baterija, elektri¢ni stroj u motornom rezimu, mjenjac i
zavr$ni prijenos. Ovaj tok energije omogucava pomak radne to¢ke odnosno trenutnog radnog
podruc¢ja MSUI-ja prema energetski ili emisijski povoljnijem radnom podru¢ju. Navedena
definicija toka energije prema funkciji uvelike pojednostavljuje zapis funkcije cilja, a time i

definiranje strategije upravljanja uz minimalan broj unutarnjih varijabli.
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Slika 23. Dijagram toka energije paralelnog HEV-a prema [121].

2.5. Sazetak postojeceg stanja i smjernice daljnjeg istraZivanja

Specifi¢nosti emisijskih modela su posljedica sloZenih procesa nastajanja emisija unutar
komore izgaranja i slozenih procesa u sustavima za kontrolu emisija. Njihov opis ovisi 0
varijablama koji su mjerljive isklju¢ivo unutar samog sustava, a na vrlo kompleksan nacéin su

povezani s radnim parametrima motora s unutarnjim izgaranjem i sto je detaljno obradeno na
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pocetku ovog poglavlja i kroz pregledni rad [2]. Pregled osnovnih karakteristika razli¢itih

emisijskih modela i modela potros$nje goriva prikazan je na slici 24.
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Slika 24. Pregled razlicitih emisijskih modela i modela potrosnje goriva.

Numericki, jedno ili visSedimenzionalni emisijski modeli i modeli potrosnje goriva (modeli
izgaranja), kao i slozeni empirijski modeli koji se oslanjaju na velike brojeve unutarnjih
varijabli, koriste se u specificnim podru¢jima istrazivanja kao $to je razvoj MSUI-ja, kao
primjerice u radu [1], ali nisu prihvatljivi u modeliranjima kompletnih vozila. Kombinacija
fizikalnih modela uzduzne dinamike vozila i energetskih tokova pogonskih sustava vozila sa
stacionarnim emisijskim mapama, i mapama potros$nje goriva, predstavljaju uobicajen nacin
modeliranja klasi¢nih i hibridnih vozila. Takvi su modeli nezamjenjivi u podrucju razvoja
pojedinacnih sustava zbog fizikalnog opisa svih klju¢nih komponenti. Osnovni su nedostaci
zanemarivanje tranzijentnih utjecaja na koli¢ine emisija i potrosnju goriva koje je vrlo tesko
povezati s vanjskim varijablama kao i za ogroman broj varijabli, osobito kad su u pitanju
hibridna vozila. Predvidanje emisija vezano je iskljucivo za trenutnu radnu to¢ku motora, dok
su smjer dostizanja radne tocke, kao i povijest dogadaja, najceSce zanemareni unato¢ znac¢ajnom
utjecaju osobito na sustave za kontrolu emisija [2]. Zbog izrazitih prednosti u vidu ovisnosti

ve¢inom o vanjskim lako dostupnim varijablama i znacajno jednostavnijem zapisu, modalni
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modeli prikladni su u procjenama emisija i potro$nje goriva vozila, osobito u stvarnim uvjetima
upotrebe i u grupnim procjenama. Modalni modeli na osnovi pogonske snage ili specifi¢ne
pogonske snage VSP-a pokazuju znac¢ajno bolju korelaciju s parametrima MSUI-ja u odnosu
na ostale skupine modalnih modela, a time i s emisijama i potro$njom goriva samih vozila.
Jedan od uzroka pojedina¢nih odstupanja lezi u ¢injenici da je klasi¢na VSP definicija modalnih
emisija definirana kao maseni protok u jedinici vremena [104]. Na ovaj se nacin u odnosu na
definiciju koli¢ine pojedinih emisija po jedinici vucne energije otvara mogucnost dodatne
pogreske unutar svakog modalnog razreda, ovisno o njegovoj Sirini. Primjena modalnih modela
na hibridna vozila slabo je zastupljena u literaturi zbog slabije korelacije klasi¢ne definicije
VSP parametra s emisijama i potro$njom goriva, iz razloga postojanja dva izvora energije od
kojih je samo jedan odgovoran za emisije i potro$nju goriva [115], dok strategija upravljanja
energijom regulira njihove odnose. Najée$¢e se koriste samo djelomi¢ni modeli HEV-a
temeljeni na VVSP analizi za procjenu grupne potrosnje goriva i emisija HEV-a u razli¢itim
uvjetima voznje. Ovi modeli ne primjenjuju tokove energije koji su neophodni u izradi strategije
upravljanja i njezinoj optimizaciji, odnosno procjenu maksimalne uéinkovitosti hibridizacije.
Autori modalnih modela hibridnih vozila obradenih u literaturi [116-118] uglavnom korigiraju
klasi¢ni VSP model regresijskim faktorima u svrhu poboljsanja predvidanja emisija i potro$nje
goriva, ali bez znacajne uzro¢no-posljedi¢ne interpretacije koja bi dovela do zakljucaka o
uzrocima odstupanja. Unato¢ korekcijama, to¢nosti predvidanja emisija i potroSnje goriva

znatno su losiji u usporedbi s modalnim modelima klasi¢nih vozila.

S obzirom na postojece znanstvene spoznaje, prethodno obradene u ovom poglavlju, moze
se zakljuciti da podrucje modalnih modela nije dovoljno istrazeno i da postoji zna¢ajan prostor
za poboljSanje u podrucju modeliranja hibridnih vozila. Potrebno je predloZiti novi model
emisija i potro$nje goriva hibridnog vozila temeljen na potpuno drugacijem pristupu koji ¢e
zadrzati prednosti sada$njih modalnih modela u vidu broja varijabli, uz ukljucivanje
specificnosti 1 rjeSavanje nedostataka postoje¢ih modela hibridnih vozila, nedostatka VSP
modela i problema tranzijentnog ponasanja. Shematski prikaz nastanka modela prikazan je na
slici 25.

40



Poglavlje 2. Pregled dosadas$njih istraZivanja iz podrudja rada

Mjerenje emisija
u RDE uvjetima

Modalna analiza

{ Definicija: g/s = g/kWh :

" Dijagram toka energije

Modalni model HEV

Enerpy and Emivsion sharein ROE Hybisd Vehicefor sach Clss

wwwwww

‘‘‘‘‘‘

{Gradijent snage: Kg=F(dVSP/dt)

ilPovijest dogadaja: kh=F(JVSPdt) §

Slika 25. Planirani elementi emisijskog modela HEV-a.

Osnovni preduvjet kvalitetnog predvidanja emisija i potro$nje goriva hibridnog vozila
podrazumijeva mogucnost primjene strategija upravljanja energijom na najvi$oj razini koje
omogucavaju razlikovanje vise od jednog izvora energije. Strategija upravljanja definira se u
odnosu na tokove energije Cije univerzalne definicije, orijentirane prema elementu [120],
oslanjaju se na relativno velik broj unutarnjih varijabli koje treba svesti na najmanju moguéu
mjeru uz zadrzavanje to¢nosti na zadovoljavajucoj razini. TO je moguée posti¢i koriStenjem
predlozenog toka energije, hibridnog vozila, orijentiranog prema funkciji [121]. Definicija
modalnih emisija po jedinici pogonske energije povecava to¢nost predvidanja unutar modalnog
razreda u odnosu na klasi¢nu definiciju masenog protoka. KoriStenje ulaznih podataka iz
stvarnih uvjeta upotrebe umjesto podataka iz stacionarnih uvjeta ukljucuje dio tranzijentnog
ponasanja emisijskog modela. Za kvalitetnije predvidanje emisija kod izraZenijih tranzijenata i
hladnih startova nije dovoljno definiranje emisija u trenutnoj radnoj tocki koja ukljucuje
uprosjecenu dinamiku. Naime, potrebno je ukljuciti utjecaj gradijenta snage kao i povijest

dogadaja koji su ve¢inom povezani sa sustavima kontrole emisija [2].
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3. PROVEDENO EKSPERIMENTALNO I NUMERICKO
ISTRAZIVANJE I RAZVOJ EMISIJSKOG MODELA

3.1. Primjena numerickog 1D/QD modela motora u ispitivanju koncepta
povecanja ucinkovitosti izmjene radne tvari kod benzinskog motora pri
djelomi¢nom opterecenju

Pregledom literature, nadolazeci emisijski propisi [10, 122], raskorak u odnosu na emisije
u stvarnim uvjetima upotrebe [75, 123, 124] i dugoro¢ni planovi o ograni¢enjima CO; emisija
[7] detektirani su kao najveci izazovi, a mozda i kljucni problemi opstanka vozila pokretanih
motorima s unutarnjim izgaranjem. Prijedlozi rjeSenja dijelom leze u boljim predvidanjima
emisija i potro$nje goriva kroz kvalitetnije modele kao i u povecanju uéinkovitosti kljuénih
komponenti pogona. Prvi je korak eksperimentalnog istrazivanja primjena numeri¢kog modela
u ispitivanju koncepta povecanja ukupne ucinkovitosti benzinskog MSUI-ja kroz povecéanje

ucinkovitosti izmjene radne tvari.

Glavni je cilj rada [1] potvrditi hipotezu da je moguce znalajno povecati ukupnu
uc¢inkovitost pri niskim optereéenjima kod benzinskog motora s direktnim ubrizgavanjem i

fiksnom geometrijom usisa 1 ispuha dodatnim otvaranjem ispusnog ventila u taktu kompresije.

Zbog prirode rada benzinskog motora s priblizno stehiometrijskim omjerom zraka 1 goriva
u gotovo cijelom rasponu opterecenja potrebno je vrsiti regulaciju koli¢ine usisanog radnog
medija. Kod klasi¢nih motora regulacija snage vrsi se zaklopkom na usisu odnosno prigusenjem
koje uzrokuje znacajne gubitke kod izmjene radne tvari, odnosno utjece na ukupnu ucinkovitost
prema (3.4). Prethodno opisani efekt je osobito izraZzen kod niskih opterec¢enja gdje je potreba
za priguSenjem veca. Za potrebe ovog istrazivanja koriSten je AVL-ov programski paket
BOOST Kkoji koristi kvazidimenzionalni model (qD) za simuliranje pojava unutar cilindra i
jednodimenzionalni model (1D) za simuliranje usisa i ispuha. Kao model izgaranja koriStena je
Vibeova funkcija i Woschni model prijenosa topline. Shematski prikaz koristenog modela
motora prikazan je na slici 26. Odabrani su parametri niskog optereéenja i brzine vrtnje koji
priblizno odgovaraju NEDC ciklusu i to 2000 o/min i srednjeg efektivnog tlaka (engl. Brake
Mean Effective Pressure) BMEP 2 bar, 3 bar i 4 bar kako za standardni model motora tako i za

novi model.
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Slika 26. Graficki prikaz testnog modela motora u programskom paketu AVL-Boost.

Klju¢ni promatrani parametri su srednji indicirani efektivni tlak IMEP definiran prema
(3.1), IMEP-hp odnosno srednji efektivni tlak u cilindru za vrijeme takta kompresije i
ekspanzije te srednji efektivni tlak izmjene radnog medija za vrijeme takta usisa i ispuha PMEP.
Omjer ovih dvaju tlakova IMEP-hp/PMEP je mjera za uéinkovitost motora, a jo§ se naziva i
uéinkovitost izmjene radne tvari kex (3.3). Indicirana ucinkovitost motora n; predstavlja
ucinkovitost pretvorbe kemijske energije goriva u mehanicku, prije mehanickih gubitaka trenja
(3.2), gdje se uvrstavanjem u (3.3) dobije izraz koji dovodi u vezu u¢inkovitost izmjene radne

tvari s ukupnom indiciranom ucinkovitosti (3.4).

IMEP = IMEP,,, + PMEP (3.1)
1
Jeppedv gpVe o pedv Vo IMEP (32)
e mfhd B mfhd B mfhd
IMEPy,,
= 3.3
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N = My (1 - i) (3.4)

Prikaz gubitaka i ué¢inkovitosti izmjene radne tvari najbolje je vidljiv u p-V dijagramu, dio ispod
linije atmosferskog tlaka, to¢nije tlaka koji vlada u kucistu koljenastog vratila, a koji predstavlja
gubitke u radu motora. Omjer povrSina koje zatvara petlja iznad linije atmosferskog tlaka
IMEP-hp i povrsine koje zatvara petlja ispod te linije PMEP-a, predstavlja u¢inkovitost izmjene
radne tvari. Iz dijagrama na slici 27. vidljiv je znacajan pad ucinkovitosti izmjene radne tvari

kod djelomi¢nog opterecenja, isti je prikazan crvenom linijom.
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Slika 27. Indikatorski dijagrami testiranog motora [1].

Crvena krivulja na slici 27. prikazuje primjer rezultata indikatorskog dijagrama standardne
verzije testiranog prora¢unskog modela pri 2000 o/min i srednjem efektivnom tlaku 3 bar, dok
druga krivulja prikazuje tlak u istom cilindru pri jednakoj brzini vrtnje s potpuno otvorenom
zaklopkom na usisu, tj. maksimalnim opterecenjem. Testni model motora raspolaze fiksnom
fazom usisnih ventila i s mogu¢noséu potpune kontrole faze otvaranja i zatvaranja dodatnog
ispusnog ventila radi smanjenja gubitaka za vrijeme usisa. Slika 28. prikazuje krivulju podizaja
kod testiranja novog pristupa smanjenja gubitaka izmjene radne tvari dodatnim otvaranjem
ispusnog ventila. Varijabla VOS pomice kut otvaranja, a varijabla VCS kut zatvaranja dodatnog

ispusnog ventila.
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Slika 28. Podizaj ispusnih ventila u odnosu na kut koljenastog vratila.

Primjer rezultata simulacije prikazan je na slici 29. koja prikazuje ovisnost indicirane
potro$nje goriva za opterecenje BMEP = 2 bar o pomacima kutova otvaranja i zatvaranja

dodatnog ventila u odnosu na pocetno stanje opisano krivuljom podizaja.
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Slika 29. Ovisnost ISFC-ja 0 pomaku VOS-a i VCS-a (’KV) za 2 bar BMEP-a.
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ISFC
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Slika 30. Ovisnost ISFC-ja 0 pomaku VCS-a (°KV) za 2 bar BMEP-a.

Tablica 2. Usporedba rezultata ispitivanja

Standardni motor DVA 2bar DVA 3bar DVA 4bar

2 bar 3 bar 4 bar Rezultat Promjena Rezultat Promjena Rezultat Promjena
BMEP bar 2,00 3,00 4,00 2,00 0,00% 3,00 0,00% 4,00 0,00%
FMEP bar 0,94 0,94 0,94 0,94 0,00% 0,94 0,00% 0,94 0,00%
IMEP-hp bar 3,57 4,49 5,42 3,01 -15,69% 3,98 -11,36% 4,98 -8,12%
PMEP bar -0,63 -0,55 -0,48 -0,08 -87,30% 0,07 -86,91% -0,07 -85,21%
PMEP-i bar 0,39 0,46 0,53 0,94 139,74% 0,94 104,35% 0,94 77,36%
PMEP-e bar -1,01 -1,01 -1,01 -1,02 0,69% -1,01 0,00% -1,01 0,00%
IMEP- - . 3
hp/PMEP 5,67 8,16 11,29 37,63 563,97% 55,28 577,12% 70,14 521,17%
VCS °CA 7,00 0,00 7,00
DVA-VC °CA 672,00 665,00 658,00
5;?;:;"”' komp. B 10,5 10,5 10,5 5,21 -50,43% 4,78 -54,52% 4,09 -61,08%
BSFC g/kWh 397,1 333,1 300,1 382,88 -3,58% 320,21 -3,87% 289,36 -3,58%
ISFC a/kWh 271,3 254,2 2433 260,65 -3,93% 243,44 -4,23% 233,98 -3,83%
Uginkovitost B 0,208 0,248 0,275 0,216 3,85% 0,258 4,03% 0,286 4,00%
motora
Indicirana _ 0,305 0,326 0,339 0,325 6,56% 0,342 4,91% 0,354 4,42%
Ucinkovitost
l':”gi'l‘iﬂ(r”:i'”' tak - par 19,7 24,2 28,7 16,04 -18,58% 20,25 -16,32% 24,71 -13,90%

Pronalazak optimalnog rjesenja je dvodimenzionalni problem u ovisnosti o pomaku

zatvaranja i pomaku otvaranja ventila, ali se za svako pojedino opterecenje moze svesti na

jednodimenzionalni, slika 30., jer se priblizno optimalni rezultati postizu za minimalne

vrijednosti VOS-a, koji je ograni¢en donjom granicom od 0 stupnjeva, odnosno pocetkom takta
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kompresije. Najmanja optere¢enja motora zahtijevaju najdulje kutove otvaranja ventila zbog
najveceg viska radnog medija, s tim da je ogranicavaju¢i kut zatvaranja vezan za pocetak
ubrizgavanja goriva u cilindar zbog ¢ega ucinkovitost za vece kutove naglo opada. Odredeni su
optimalni kutovi pomaka otvaranja od 7, 0 i -7 °KV-a za opterecenja 2, 3 i 4 bar BMEP-a te isti
jako ovise o geometrijskim karakteristikama motora, s tim da korelacija izmedu duljine
otvorenosti i srednjeg efektivnog tlaka ostaje. Detaljni rezultati ispitivanja prikazani tablicom
2. pokazuju znacajan napredak u odnosu na standardan motor s fiksnom geometrijom usisa i
ispuha [1]. Specifi¢na potro$nja goriva odnosno CO> emisije smanjene su izmedu 3,83 % i
4,23 %, ukupni gubici izmjene plinova u cilindrima smanjeni su izmedu 85 % i 87 %, dok je
ucinkovitost izmjene radne tvari porasla za vise od Sest puta ¢ime je dokazana hipoteza rada
[1]. Dobici smanjenjem gubitaka izmjene radne tvari ne$to SU manji od ocekivanih zbog
povecanih gubitaka topline. Zanimljiv je i podatak o maksimalnim tlakovima u cilindru,
prvenstveno sa stajalista ekologije i trajnosti motora, koji su nizi od 13, 9 % do 18,6 % u odnosu
na standardni motor pri jednakim opterecenjima. Najveéi dobici ispitivanog pristupa su pri
najmanjim opterecenjima i postignuti su minimiziranjem gubitaka izmjene radnog medija za
vrijeme usisa, dok pri velikim optere¢enjima benefiti ovakvog pristupa nestaju. Isti je motor uz
dodatak kontrole usisnih ventila testiran u Atkinsonovu i Millerovu ciklusu koji su danas u
serijskoj primjeni. Buducéi da su ostvareni sli¢ni rezultati s komercijalno ispitanim metodama,
daljnji razvoj koncepta kod atmosferskih motora nije potreban. Ideja za primjenu ovakvog
koncepta proizisla je iz podrucja prednabijanih motora koje moze biti jedan od smjerova
daljnjih istrazivanja ovdje predlozenog pristupa. Kod atmosferskih motora gornja granica tlaka
koji vlada u cilindru je priblizno atmosferski tlak, dok je kod prednabijanih motora to tlak
prednabijanja. Samim time imamo na raspolaganju veée podrucje povecanja ucinkovitosti, i ne
samo smanjenjem gubitaka tijekom usisa kod niskih opterecenja nego je moguce dobiti
pozitivan rad koriStenjem energije prednabijanja turbopunjaca, bez namjernog narusavanja
njegove ucinkovitosti, kroz ekspanziju u cilindru tijekom takta usisa. Ako promatramo sa
stajalista redukcije gubitaka izmjene radne tvari i toplinskih tokova, primijenjeni model
predstavlja optimum izmedu razine sloZenosti i kvalitete dobivenih podataka. Nedostatak
modela u smislu tocnosti je nemoguénost procjene utjecaja na promjene u ucinkovitosti
izgaranja zbog promjena u vrtlozenju, za ¢iju je procjenu nuzno koristenje znacajno sloZenijeg
trodimenzionalnog CFD modela komore izgaranja. S druge strane, unato¢ univerzalnosti i
visokoj razini to¢nosti u pogledu procjene emisija stetnih tvari, upotreba CFD modela je
najcesce neprihvatljiva kod modeliranja emisija i modela potrosnje goriva kompletnih vozila,

zbog izrazite kompleksnosti i potrebe za velikim ljudskim i raCunalnim resursima, zbog ¢ega je
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preglednom poglavlju.

3.2. Predstavljanje modalnog modela hibridnog elektri¢nog vozila i analiza
utjecaja kvara sustava za regulaciju emisija na njihov nastanak temeljena

na metodi grupiranja snage

1z opsirnog proucavanja postojece literature iz podrucja sustava za kontrolu emisija Kkroz
objavljeni pregledni rad [2] kao i modeliranja MSUI-ja 1D/QD modelom u [1], proizasli su

klju¢ni zakljucci o daljnjem Smjeru istrazivanja.

Najveéi dio problema emisija cestovnih vozila vezan je za koli¢ine emisija Stetnih tvari i
emisija CO- u stvarnim uvjetima upotrebe kao i u trajnoj eksploataciji. Raskorak izmedu emisija
Stetnih tvari novih vozila u stvarnim uvjetima upotrebe i grani¢nih vrijednosti odgovarajuéih
emisijskih propisa dobro je istrazen nakon ,,Dieselgate* afere [75, 125]. Postojeéa istrazivanja
obuhvacaju uglavnom novija vozila u pocetku eksploatacijskog perioda [75, 126] jer se
relativno skupa istrazivanja provode u razvijenim dijelovima svijeta. Koli¢ine emisija Stetnih
tvari neispravnih vozila, vozila u dugotrajnoj eksploataciji i prijedlozi na¢ina rjeSavanja

problema kontrole nisu dovoljno obradeni u postojecoj literaturi.

Kljucni problem sljedec¢ih generacija vozila u cestovnom prometu je zadovoljavanje strogih
emisijskih propisa u svim uvjetima upotrebe i ambiciozni planovi smanjenja emisija CO., §to
je nedostizno bez hibridnih pogonskih sustava. Problemi klasi¢nih vozila koje rjesavaju hibridni
pogoni vezani su za brzinu zagrijavanja kataliti¢kih sustava kontrole emisija, utjecaje sustava
recirkulacije ispusnih plinova na brzinu odziva kod promjene opterecenja i bolju kontrolu
opterecenja kod sustava s periodiénom regeneracijama poput regeneracije filtera Cestica ili LNT
katalizatora [2]. Kombinacija visoke slozenosti sustava za kontrolu emisija i specifi¢nosti
hibridnih pogonskih sustava stvaraju potrebu za kvalitetnijim modelima HEV-a u smislu
toc¢nosti predvidanja, dok je primjerice istrazivanje [1] pokazalo da visoka razina slozenosti

CFD modele MSUI-ja ¢ini neprikladnima u modeliranju vozila.

Iz navedene problematike je proizaslo pet hipoteza znanstvenog istrazivanja objavljenog u

[3]:
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1. Koli¢ine emisija Stetnih tvari vozila u eksploataciji, sa svim ispravnim komponentama
za njihovo smanjenje, iznad su zakonom propisanih za vozila tipski odobrena prema
NEDC laboratorijskom ciklusu ispitivanja u stvarnim propisanim uvjetima upotrebe.

2. Koli¢ine Stetnih emisija u stvarnim uvjetima upotrebe vozila s kvarom sustava za
kontrolu emisija viSestruko premasuju zakonom propisane granice I kod vozila koja
normalno prolaze tehnicku kontrolu ispravnosti. Navedena su odstupanja izrazenija kod
vozila koja su tipski odobrena prema strozim emisijskim propisima.

3. Na temelju podataka iz stacionarnog ispitivanja, u sklopu godiS$njeg periodi¢nog
pregleda, moguce je utvrditi neispravnost sustava za kontrolu emisija dizelskih vozila
bez investiranja u dodatnu opremu stanica za tehnicki pregled.

4. Na osnovi modalne analize podataka o pogonskoj snazi, emisijama Stetnih tvari i
potro$nji goriva, uz primjenu toka energije, moguce je formirati modalne emisijske
modele klasi¢nog i hibridnog vozila.

5. Na predloZeni model moguce je primijeniti strategiju upravljanja energijom temeljenu
na pravilima te odrediti maksimalne ucinke hibridnog pogona u smislu Smanjenja

emisija Stetnih tvari i potro$nje goriva.

Za mjerenje i procjenu emisija odabrana je metoda grupiranja snage [127] koja se temelji
na Jimenezovoj VSP analizi [104]. Odredivanje koli¢ine emisija ovom metodom temelji Se na
procjeni normizacijom na distribuciju standardne frekvencije snage te podrazumijeva njihovo
mjerenje 1 biljeZenje u stvarnim uvjetima voZnje na cesti uz uobicajene uvjete opterecenja i

nac¢ina voznje. Ispitivanja svih Sest vozila provedena su na istoj ruti prikazanoj na slici 31.
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Slika 31. Prikaz testne rute na topografskoj karti.

4 Split
VAROS

Za mjerenje sastava ispuSnih plinova koriSten je analizator ispu$nih plinova MRU Vario
Plus Industrial ¢iji je princip mjerenja temeljen na elektrokemijskom efektu za mjerenje Oz,
NO i NO; te metodi nedisperzivne infracrvene spektrometrije za mjerenje CO, CO3, HC i SOx.
Analizator plinova opremljen je Pittotovom cijevi za mjerenje brzine i sondom Pt100 za
mjerenje temperature ispuSnih plinova. Za potrebe ovog mjerenja izradena je posebna mjerna
cijev s prilagodljivim priklju¢cima na ispusne cijevi svih ispitivanih vozila te priklju¢cima za

analizator i Pittot cijev, slika 32.
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Slika 32. Oprema za mjerenje emisija postvljena na vozilo.

Snaga na pogonskim kota¢ima odredena je iz momenta i kutne brzine kotaca. Sustav mjerenja
momenta na pogonskim kota¢ima takoder je izraden u laboratoriju za toplinske strojeve i
prilagoden je svakom vozilu zasebno. Moment je mjeren direktno postavljanjem
tenzometarskih traka na pogonsku osovinu jednog kotaca. Signal s rotirajuce osovine prikupljen

je preko bezi¢nog programabilnog dvokanalnog predajnika Sg-Link-OEM-LXRS tvrtke Lord

Microstrain, slika 33.

Slika 33. Mjerenje momenta direktno na pogonskoj osovini vozila.

Brzina vozila, nadmorska visina i prijedeni put mjereni su i uz pomo¢ komunikacijskog
sucelja temeljenog na ELM 327 koji preko OBD-a (engl. On Board Diagnostic) komunicira s

racunalima vozila. Brzina je mjerena preko broja okretaja pogonskih kotaca, a korigirana

signalom brzine s GPS-a.
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3.2.1 Emisije vozila pokretanih dizelskim motorima u stvarnim uvjetima upotrebe i
analiza utjecaja kvara sustava za regulaciju emisija na njihov nastanak temeljena na

metodi grupiranja snage

Rezultati provedenog istrazivanja potvrduju prvu hipotezu ovog rada, odnosno poznatu
problematiku emisija ispusnih plinova u stvarnim uvjetima voznje ispravnih vozila [125, 128].
Unato¢ tome Sto su u svrhu ispitivanja koriStena rabljena vozila s dugim periodom
eksploatacije, rezultati mjerenja sli¢ni Su o¢ekivanim rezultatima za nova vozila. 1z dobivenih
podataka vidljivo je da kod vozila sa svim ispravnim komponentama postoje znacajna
odstupanja izmedu izmjerenih rezultata dobivenih RDE metodom grupiranja snage i grani¢nih
vrijednosti emisija prema kojima je vozilo tipski odobreno. Odstupanje je vece kod novijih
vozila, sa strozim emisijskim propisima. Uzrok odstupanja CO> emisija, odnosno potroSnje
goriva, prikazanog grafikonom na slici 36. je iskljuc¢ivo u koristenju zastarjelog NEDC ciklusa
tipskog odobrenja koji lose aproksimira stvarne uvjete upotrebe [75]. Uzrok znaéajnog
odstupanja emisija NOx-a u odnosu na deklarirane vrijednosti krije se u Kkoristenju
visokotla¢nog sustava recirkulacije ispusnih plinova koji dobro funkcionira u NEDC uvjetima
tipskog odobrenja, dok mu u stvarnim uvjetima upotrebe veca prosje¢na snaga MSUI-ja uz
dinami¢niju voznju znacajno reduciraju uéinkovitost. Takoder normalan rad EGR sustava u
takvim uvjetima nepovoljno djeluje na trajnost MSUI-ja, potros$nju goriva i PM/PN emisije
[43]. CO emisije su znatno ispod propisanih granica zbog prirode rada motora u rezimu
siromaSne smjese, kvalitetnog izgaranja u kombinaciji s visokoucinkovitim oksidacijskim

katalizatorima [2].

Drugi dio istrazivanja daje uvid u problematiku vozila s neispravnim komponentama za
kontrolu emisija koja je slabo zastupljena u literaturi. Kvarovi sustava za kontrolu NOx emisija,
u ovom slucaju ve¢inom EGR, ali i DPF u odredenoj mjeri, znacajno povecavaju koli¢ine
dusikovih oksida u ispusnim plinovima, grafikon na slici 34. Koli¢ina NOx-a kod Euro 3 vozila
je unutar granice propisane odgovaraju¢im emisijskim propisom, kod vozila s Euro 4 je veéa
za 86 %, a kod vozilas Euro 5 za 228 %, u odnosu na dopustenu granicu s faktorom sukladnosti
CF=2,1.
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Slika 34. Usporedba jedinicnih rezultata emisija NOx-a u odnosu na granicne vrijednosti
za statisticki standardizirane emisije prema RDE-U i neobradeni podaci mjerenja [3].
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Slika 35. Usporedba jedinicnih rezultata emisija CO u odnosu na granicne vrijednosti za
statisticki standardizirane emisije prema RDE-U i neobradeni podaci mjerenja [3].
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Slika 36. Usporedba jedinicnih rezultata emisija CO2 u odnosu na granicne vrijednosti za
statisticki standardizirane emisije prema RDE-U i neobradeni podaci mjerenja [3].
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Veci znacaj sustava za regulaciju emisija NOx-a zabiljezen kod novijih vozila, odnosno
motora s vi§im emisijskim razinama, pripisuje se kvalitetnijim parametrima izgaranja s vi§im
vr$nim temperaturama i dobrom ispiranju cilindara koji pogoduju generiranju visokih
koncentracija duSikovih oksida. Ovdje je za smanjenje emisija NOx-a nuzan rad s visokim
koncentracijama recirkuliranih plinova u cilindru [43]. Koli¢ina CO2 emisija i potro$nje goriva
smanjila se neutralizacijom komponenti za kontrolu emisija kod svih ispitanih vozila, s tim da
je zabiljezen znacajniji utjecaj kod Euro 5 vozila od oko 3 %, bez utjecaja regeneracije filtera
Cestica. Uzrok smanjenja potroSnje goriva je kvalitetnije izgaranje s viSim vr$nim
temperaturama zbog izostanka EGR-a koji je kod strozih emisijskih standarda izrazeniji,
takoder su i ve¢i povratni tlakovi katalitickih pretvaraca i finijih filtera cestica [56]. Za razliku
od prosje¢nih normalnih uvjeta opterecenja, kod ekstremno niskih opterecenja zabiljeZena je
do 10 % manja potros$nja goriva, odnosno CO; emisije ako je sustav recirkulacije ispravan. Ova
se pojava moze objasniti smanjenjem gubitaka izmjene radne tvari kod ispravnih sustava
visokotlaénog EGR-a. 1z prethodno navedenog jasno je da je druga hipoteza uglavnhom
potvrdena s iznimkom CO emisija. CO emisije unato¢ izostanku oksidacijskog katalizatora su
unutar dozvoljenih granica, grafikon na slici 35. 1z navedenog proizlazi da nisu znacajan
problem kod vozila pokretanih dizelskim motorom unato¢ zna¢ajnim povec¢anjem u odnosu na

ispravna vozila. Kod Euro 5 vozila zabiljezeno je povecanje od devet puta.

Detektiranje neispravnih ili uklonjenih komponenti za kontrolu emisija tijekom redovnih
tehnickih pregleda predstavlja znacajan problem jer ih naj¢eSc¢e nije moguce detektirati preko
postojece kontrole zabiljezenih gresaka. Takoder mjerenja emisija u voznji zbog visoke cijene
i utroSka vremena nisu opcija. Sva ispitana vozila normalno prolaze kontrolu tehnicke
ispravnosti unato¢ neispravnim sustavima za kontrolu emisija. Predlozena je i dokazana
funkcionalnost koncepta na ispitivanim vozilima koja se temelji na mjerenjima u mirovanju s
vec¢ postoje¢om opremom stanica za tehni¢ki pregled, ¢ime je potvrdena treca hipoteza ovog
istrazivanja.

Odsutnost ili neispravnost Kkatalitickog pretvarata moguce je dokazati povecanom

koncentracijom CO i HC emisija. [zmjereno povecanje CO emisija u standardnoj voznji kretalo
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se izmedu 200 % i 800 %, dok su koncentracije CO u praznom hodu porasle izmedu 2,4 i 100

puta u odnosu na ispravna vozila, dijagram na slici 37.
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Slika 37. CO emisije u praznom hodu i u voznji [3].

Na rezultate mjerenja CO 1 HC emisija u praznom hodu jako utjece temperatura
oksidacijskog katalizatora [2]. 1zmjerena ovisnost ucinkovitosti oksidacijskih katalizatora o
temperaturi prikazana je grafikonom na slici 38. 1z navedenog proizlazi da je potrebno osigurati
njegovu povisenu temperaturu prethodnim radom na povisenoj brzini vrtnje i mogucom

kontrolom preko OBD dijagnosti¢kog sucelja.

=z 08
=}
wv
%]
=
w
9 0.6 = EUro 3
o
w
N
—
S 04 =ffi— Euro 4
o
2
e EUr0 5
0.2

25 50 75 100 125 150 175 200 225
POST DOC TEMPERATURE [°C]

Slika 38. Ucinkovitost oksidacijskog katalizatora u ovisnosti o temperaturi [3].
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Dijagram na slici 39. prikazuje vezu izmedu ispravnosti sustava recirkulacije ispusnih
plinova EGR-a, tj. osnovnog sustava za kontrolu dusikovih oksida i omjera zraka i goriva ili
preticka kisika, za vrijednosti u voznji i za rad u praznom hodu. Prema rezultatima jedno od

mogucih rjeSenja otkrivanja nepravilnosti je mjerenje omjera zraka i goriva.
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Slika 39. Preticak kisika u voznji i praznom hodu [3].

Izmjereni odnos zrak/gorivo u ispusnim plinovima pri praznom hodu kod vozila s
neispravnim sustavom za recirkulaciju ispusnih plinova povecan je za 94 % kod Euro 3 vozila,

43 % za Euro 4 i 51 % za Euro 5 vozila.

Za uspje$nu primjenu prethodno navedenih postupaka dijagnostike potrebno je napraviti
tipsku bazu modela ponasanja koja pokriva ve¢inu modela vozila. 1z prikazanog se vidi da je
potrebno napraviti minimalno podjelu prema pripadajuéem emisijskom propisu. Daljnje
istrazivanje potrebno je usmjeriti prema mogucnostima grupiranja podataka u odnosu na
primijenjene tehnologije kontrole emisija, snage i tipove vozila u svrhu pojednostavljenja
izrade tipske baze podataka.
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3.2.2. Predstavljanje modalnog emisijskog modela i modela potro$nje goriva

hibridnog elektri¢nog vozila i primjena na ispitivano vozilo

Za formiranje emisijskog modela i modela potros$nje goriva HEV-a odabran je parametar
trenutne pogonske snage odnosno specifi¢ne snage, ¢iji je analiticki opis predstavljen u [104].
Odabran je zbog znacajno bolje korelacije s emisijama i potro§njom goriva u odnosu na ostale
direktno mijerljive parametre iz literature i zbog mogucnosti povezivanja s energetskim
tokovima HEV-a. Otpori vozila modelirani su polinomom drugog stupnja (3.5), ¢iji su

koeficijenti odredeni regresijskom analizom najmanjih kvadrata pomocu testa slobodnog

usporavanja [129], iz Cega proizlazi analiti¢ki opis (3.6)

fotfirvtfh-vi=m— (3.5)

bep _%(KE+PE)+qu-v+Faero-v_%(KE+PE)+Fres'U
m m
o (3.6)
E(jm-v2+mgh)+(f0 thivtfpvi)v
- m

Model je kreiran kinematickim unatraznim pristupom koji polazi od krajnjih komponenti
vozila, odnosno kotaca koji zahtijevaju odredeni moment da bi slijedile ciklus [17]. Ovakav
pristup ne zahtijeva regulaciju u vidu povratne veze koja funkcionira samo u vremenskoj
domeni. Nedostatak je ,,slijepo* pracenje ciklusa pa treba posebno voditi raCuna o odnosu
maksimalnih performansi vozila u odnosu na zahtjeve ciklusa. Model se temelji na raspodijeli
emisija unutar diskretnih raspona snage odnosno modalnih razreda. Polazna pretpostavka je da
su odnosi koli¢ina prosjecnih pojedina¢nih emisija prema jedini¢noj pogonskoj energiji
priblizno jednak unutar promatranog raspona snage, bez obzira na vozni ciklus. Razvrstavanje
u raspone vrsi Se prema granicama i uvjetima maksimalne odnosno minimalne snage pogona
pojedinog raspone (3.7):

Pc,j lower bound < Pwheel < Pc,j upper bound (3-7)

Broj i raspored razreda preuzet je iz metode procjene emisija pomocu grupiranja snage.

Definiranje granica razreda normalizacijom u ovisnosti o parametrima vozila je detaljnije
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opisano u [3]. Slika 40. prikazuje vremenski udio, odnosno udio broja podataka, za provedenu

testnu i za standardnu voznju.
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Slika 40. Granice razreda snage i udjeli u standardnoj voznji.
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Slika 41. Izmjerene emisije CO2 u razredima snage

Izmjereni podaci o specificnim emisijama CO2 rasporedeni u razrede snage su prikazani

dijagramom na slici 41. Dodatno, teorijske postavke i matematicki opis jedne krajnosti koja

osigurava najto¢niji opis, u kojoj broj razreda tezi beskonacnosti, odnosno prelazak u podrucje

kontinuirane varijable, predstavljene su i prilagodene modelu HEV-a u konferencijskom radu

autora [130]. Emisije i potro$nja goriva j-tog raspona snage rac¢unaju se kao zbroj svih pomi¢nih
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srednjih trenutnih vrijednosti masenog protoka myj pojedinac¢nih emisija X U vremenskom
koraku k (3.8):

My,j = My ke (3.8)
all kinclass j

Pomicne srednje trenutne vrijednosti se definiraju u trosekundnom vremenskom intervalu sa

frekvencijom k=1 s. Izraz za pogonsku energiju j—tog raspona snage je definiran prema (3.9):

Wtr,j = Myehicle Z VSPtr,ktk (3.9)

all kinclass j

Zbog manije osjetljivosti odabrana je definicija po jedinici pogonske snage u odnosu na klasi¢nu
VSP definiciju modalnih emisija preko uprosjeéenog protoka u jedinici vremena. Vrijednost
pojedinac¢nih emisija po jedinici pogonske energije j-tog razreda jednaka je omjeru ukupne

koli¢ine emisija razreda i njegove ukupne pogonske energije (3.10):

mx,j _ Zall kinclass j mx,k _ Zall kinclass j mx,k

ity (3.10)

Wi Xaukinclass j Perktc  Muenicle ali k in class j VSPerktk

Ukupna koli¢ina emisija, odnosno potro$nja goriva, dobije se zbrajanjem emisija svih
pojedinacnih razreda, odnosno produkta specificnih emisija 1 pogonske energije koja dolazi iz

motora s unutarnjim izgaranjem prema (3.11):

Mx = z My j = z mx,j Wice,tr,j (3-11)
Ji J

Prema predlozenom dijagramu toka energije orijentiranom prema funkciji [121], slika 23.
pogonska energija j-tog razreda hibridnog vozila koju generira motor s unutarnjim izgaranjem

Wice,tr,j J€ definiranas (3.12):

Wicerj = Wer,j + Wimwa,j = VillgNsem(@NgpnWor + NgonWemwa) (3.12)
Gdje je:
Wy, j - pogonska energija j-tog razreda,
Winwa,j - pozitivna energija pomaka radne tocke MSUI-ja j-tog razreda,
Y -koeficijent upliva pohranjene energije j-tog razreda,
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NmsNgs Nst:Mgp L Np- redom predstavljaju ucinkovitosti elektricnog stroja u motornom i

generatorskom rezimu, ucinkovitosti baterije, mjenjaca i zavrSnog prijenosa,
Wy, - je ukupna energija potrosena na usporavanje vozila definirana prema (3.13),

Ws mwa - je ukupna spremljena energija generirana pozitivnim pomakom radne tocke

MSUI-ja koja je definirana s (3.14),

- je razlika srednje snage MSUI-ja i zahtjeva snage pogona j-tog razreda

Wpr = Z Whr,j (3.13)
j

Wsmwa = Z Tjmwa(Pe,j — ) (3.14)
j
Potrebno je zadovoljiti uvjet energetske bilance (3.15) prema kojem se kompletna pogonska
energija utro$i na svladavanje otpora vozila, koCenje i promjenu potencijalne i kineticke
energije. Gdje su wy, ; - otpori vozila; wy ;i w, ;- promjene u kinetickoj i potencijalnoj

energiji.
Z Wer,j = z Wpr,j + Wres,j + Wij + Wy (3.15)
j j

Uvrstavanjem tezinskih koeficijenata pripadajucih emisija A, B, C i D u opc¢enitu funkciju cilja

dobiva se konac¢na funkcija cilja (3.16).

] = Z(Amcoz,j + BmNOx,j + CmPN,j + Dmco,j) [Wtr,j + Wiwp,j
J (3.16)

- angnstnm(an;bn/%wbr - ngbnfvvs,mwa)]

U svrhu primjene predlozenog modalnog emisijskog modela klasi¢nog i hibridnog vozila
provedena je analiza tokova energije kompletnog vozila na testnoj ruti na osnovi izmjerenih
podataka. Prema izrazu (3.15) je procijenjen potencijal regenerativne energije, dijagram na slici
42. Od ukupne energije goriva gotovo 30 % pretvara se u koristan mehanicki rad predan na
pogonske kotace vozila. Od toga, veci dio mehanicke energije utroSen je na otpore vozila 69 %
I on je nepovratan, a ostatak od 31 % je potrosen na kocenje i djelomicno ga je moguce vratiti

u sustav koriStenjem regenerativnog kocenja.
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Slika 42. Raspodjela energije vozila u stvarnim uvjetima voznje.

Nakon analize tokova energije napravljena je raspodjela koli¢ine emisija unutar pojedinih
raspona pogonske snage i prikazana dijagramom na slici 43. Cilj je minimalizirati emisije NOx-
a prema funkciji cilja (3.17) uz zadovoljavanje uvjeta (3.15). U ovoj fazi istrazivanja je
koristena pojednostavljena funkcija cilja koja zanemaruje pomak radne tocke MSUI-ja, te je
Wsmwa=0. Optimizacija je provedena permutacijom energetskih udjela i pripadaju¢ih emisija
pojedinih razreda kao i koristenjem regenerativne energije koje omogucéava hibridni pogon, §to

graficki prikazuje slika 43.

] =A Zj mNOx,j [Wtr,j + mep,j - angnstnm(anébnjzrwbr)] (3-17)

Rezultat prema jednostavnoj strategiji koja preferira minimalizaciju NOx emisija takoder je
prikazan stupcastim dijagramom na slici 43. Stupci prikazuju energetske udjele i emisijske
udjele odnosno udjele potroSnje goriva klasi¢nog vozila u standardnim uvjetima voznje,
neovisno da li su sa ispunom ili transparentni. Kod hibridnog vozila dio toka energije iz MSUI-
ja je zamijenjen tokom energije iz spremnika i predstavljen je transparentnim stupcima.
Ispunjeni dijelovi stupaca predstavljaju udjele toka energije iz MSUI-ja koji su odgovorni za
emisije 1 potro$nju. U prva dva razreda snage, prvi sa samo negativnom snagom bez pozitivnog
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energetskog udjela, i drugi s pozitivnim energetskim udjelom manjim od 0,5 % ukupne
mehanicke energije, zajedno su odgovorni za vise od 46 % emisija CO, gotovo 8 % emisija
CO2 i 5 % emisija NOx-a. Optimizacija orijentirana prema bilo kojim emisijama eliminira 1. i
2. razred jer im je udio u pogonskoj energiji vrlo mali dok je koli¢ina emisija znacajna.
Optimizacija prema emisijama CO- preferirala bi vise razrede zbog vise uc¢inkovitosti dok ona

primijenjena, prema NOx emisijama preferira razred 3. Razredi od 6 do 8 nemaju znacajniji
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Slika 43. Raspodjela emisija i pogonske energije raspodijeljena prema rasponima snage

[3]

energetski udio, a zahtijevaju pomicanje radne tocke MSUI-ja tako da su ostali nepromijenjeni.
Razred 5 je zbog relativno velikog udjela emisija NOx-a u potpunosti zamijenjen spremljenom
energijom, kao i dio razreda 4. Konacan rezultat na razini ciklusa predstavljen je graficki na

slici 44. NOx emisije reducirane su za gotovo 45 % u odnosu na pocetne vrijednosti, CO> i
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potro$nja goriva reducirani su na 68 % pocetnih vrijednosti ili na 113g CO2/km, dok su CO
emisije dovedene na 50 % pocetne vrijednosti, odnosno na zanemariv iznos u odnosu na

zakonsko ogranicenje.
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11 Hybrid Vehicle
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Slika 44. Usporedba emisija klasicnog i hibridnog pogona [3].

U radu je na osnovi modalne analize podataka o pogonskoj snazi, emisijama i potro$nji goriva,
uz primjenu toka energije, formiran modalni emisijski model hibridnog vozila. Na predloZeni
model primijenjena je strategija upravljanja energijom temeljena na pravilima te su odredeni
maksimalni u¢inci hibridnog pogona u smislu redukcije emisija i potro$nje goriva. Ovime su
potvrdene posljednje dvije hipoteze ¢lanka [3] koji ¢ini doktorski rad, iako treba naglasiti da
predstavljeni model nije usporeden s eksperimentalnim rezultatima modeliranog hibridnog
vozila niti s rezultatima poznatog modela, tako da je potrebno provesti njegovo vrednovanje u

smislu to¢nosti predvidanja.
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3.3. Validacija klasi¢nog i HEV modela na osnovi modalnih emisija i

potros$nje goriva prema specifi¢noj snazi

Nakon predstavljanja potpuno novog modela u [3] i detaljne analize obradenih podataka
utvrdeno je kako je u svrhu kvalitetnog vrednovanja modela potrebno koristiti znatno bolju
opremu, prije svega analizatore plinova s kra¢im vremenom odaziva. Potrebno je dokazati
pretpostavku da predstavljeni model hibridnog vozila daje dovoljno dobre rezultate u vidu
procjena, Stetnih emisija, potro$nje goriva odnosno CO2 emisija i pogonske energije u razli¢itim
ciklusima voznje u usporedbi s referentnim modelom i uz primjenu jednake strategije
upravljanja. S obzirom na tok energije i informacija, kontrolni model, prikazan na slici 45.,
formiran je unaprednim kvazistati¢kim pristupom koji uklju¢uje dinamiku samog vozila kroz

Pl regulator.
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Slika 45. Shematski prikaz CruiseM modela.
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Pojedini sklopovi opisani su karakteristiénim fizikalnim veli¢inama dok se procjena emisija i
potrosnje goriva oslanja na stacionarne pripadajuée mape motora s unutarnjim izgaranjem koji
su generirani iz izmjerenih podataka na ispitnim valjcima. Emisije i potro$nja goriva mjerene
su u stacionarnim radnim toc¢kama kroz cijelo podrudje rada motora MSUI-ja. Slika 47.
prikazuje ovisnost emisija NOx-a o opterecenju i brzini vrtnje modeliranog MSUI-ja. Motorom
upravlja kontrolna jedinica koja dobiva podatke iz svih sustava vozila te preko regulatora
ostvaruje zadani ciklus. Detaljniji opis ostalih sustava koji utje¢u na dinamiku voznje i kontrole
rada modela vozila objasnjen je u radu [4]. Prijenosna oprema za mjerenje emisija AVL
M.O.V.E instalirana je na ispitnom vozilu u svrhu mjerenja emisija onecis¢ujucéih tvari i
ugljikovog dioksida u stvarnim uvjetima voznje te na ispitnim valjcima MAHA LPS 3000,
slika 46.

Slika 46. Vozilo na ispitnim valjcima s ugradenom mjernom opremom.
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Slika 47. NOx emisijska mapa odredena mjerenjem na ispitnim valjcima.

Mjerenja trenutne snage, potro$nje goriva i emisija biljezena su na ruti dugoj 87 km koja
zadovoljava RDE Kkriterije mjerenja, sva su mjerenja izvedena prema proceduri RDE

ispitivanja. Prikaz RDE rute i profil brzine prikazani su na slici 48.
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Slika 48. Testna ruta i profil brzine tijekom ispitivanja.

Testiranje je provedeno na cestama bez znacajnije promjene nadmorske visine i U uvjetima
umjerenog prometa, $to je rezultiralo ujednacenijom voznjom sa samo 16 % reverzibilne
energije. Raspodjela emisija i pogonske energije prema razredima snage prikazana je na

stupCastom grafikonu na slici 49, gdje su sve energetske vrijednosti prikazane u odnosu na
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ukupnu pozitivnu vucnu energiju RDE ciklusa, dok su emisije prikazane kao postotak ukupnih

emisija nastalih tijekom ciklusa.

Predstavljeni modalni model formiran je na osnovi podataka mjerenja u RDE ciklusu i analitike
prikazane u prethodnom poglavlju, dok je Cruise M formiran na osnovi izmjerenih podataka na
ispitnim valjcima i kalibriran u RDE ciklusu voznje. Relevantni parametri za usporedbu VSP
modela klasi¢nog vozila i kontrolnog CruiseM modela klasi¢nog vozila prikazani su u tablici
3.

Tablica 3. Relevantni pokazatelji usporedbe predstavljenog i kontrolnog modela.

RDE Cycle RDE (1/km) Deviation

Classic Vehicl iseM VSP
assic vehicle MeasuredCruiseM VSP MeasuredCruiseM VSP CruiseM Cn(lol/s)e VSP (;)

(1] (4]
Distance (km) 8621 8663 8621 1000 1005 1000 0005  048% 0.000 0.00%
Positive t(f‘f\;;‘;“ eMeI8Y 4337 1333 1346 0155 0154 0156 -0.035 022% 0.092 0.69%
Negative (ﬁ:;‘;ﬁ;m CMEI8Y 514 222 -227 -0.0248 -0.0256 —0.0263 —0.080  326% —-0.1306.08%
CO: emission (g) 10540 10556 10540 1222 1219 1222 16259 -033% 0.000 0.00%
NOx emission (mg) 30806 40051 39806 4617 4623 4617 245136  0.13%  0.000 0.00%
Consumption (kg) 3366 3371 3366 0039 0039 0039 0005 -033% 0.000 0.00%

Prijedeni put i emisije predlozenog modalnog modela klasi¢nog vozila savrSeno odgovaraju
izmjerenim podacima jer je model nastao direktno iz tih parametara. Pozitivna i negativna
vucna energija odstupaju od izmjerenih vrijednosti jer su odredene integriranjem (3.6) na
temelju trenutne specifi¢ne snage. Odstupanje prijedenog puta CruiseM modela posljedica je
unaprednog pristupa [17, 63], koji kontrolira brzinu pomo¢u PI regulatora. U ovom se pristupu
ciklus voznje ne prati savrSeno jer uzima u obzir 0dziv sustava. Odstupanja pozitivne pogonske
energije, udaljenosti, potro$nje goriva i emisije CO2 unutar su 1 % od stvarnih vrijednosti, a sto
je prihvatljiv rezultat. Kalibracija regulatora povratne veze unaprednog modela izvrSena je u
RDE uvjetima §to je utjecalo na smanjenje pogreSke modela. Umjeren nacin voznje na donjoj
granici zahtijevane dinamike takoder je imao pozitivan utjecaj na rezultat CruiseM modela koji
ne ukljucuje prijelazne pojave. Samo relativna negativna pogonska energija znatno odstupa
izmedu dva modela, dok je apsolutna devijacija mala zbog malog apsolutnog iznosa pogonske

energije. Objasnjenje ovog odstupanja je jednako kao i kod odstupanja pozitivne energije.

Sljedec¢i korak bila je hibridizacija oba modela, modalnog i kontrolnog CruiseM modela u
paralelnu hibridnu arhitekturu pod jednakim uvjetima. Oba hibridna modela testirana su i

usporedena u standardnim EU ciklusima: RDE, ¢iji je profil brzine identi¢an onome na kojem

je izvrSeno mjerenje, NEDC ciklus prema kojem je testno vozilo tipski odobreno i trenutno
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vaze¢i WLTC ciklus. Kontrolni model optimiziran je na temelju skupa jednostavnih pravila
koja proizlaze iz globalne funkcije cilja (3.18). VSP model radi izvan vremenske domene tako
da nema mogucnost optimizacije u stvarnom vremenu, ali se po istim pravilima mogu usporediti

ova dva modela.

] =A Zj mCOZ,j [Wtr,j + mep,j - angnstnm(anzbnﬁwbr - 77gb77fVVs,mwa)] (3-18)

Prikaz raspodjele emisija, potrosnje goriva i pogonske energije hibridnog modela u RDE
ciklusu voznje prikazan je stupcastim dijagramom na slici 49A. Funkcija cilja preferira samo
minimum emisija CO2, odnosno potrosnje goriva zanemarujuci ostale Stetne emisije tako $to su
faktori uz ostale B=C=D=0, stoga optimizacija preferira srednje i viSe razrede snage u kojima
motor s unutarnjim izgaranjem radi ucinkovitije. S druge strane, najvisi razredi generiraju
visoke emisije NOx, koje u ovom slucaju nisu kaznjene jer nisu obuhvacéene funkcijom cilja.
Ako usporedimo CruiseM model s novim pristupom, odstupanja prijedenog puta su vrlo mala
s najvecom vrijednosti od 0,69 % kod hibridnog vozila i RDE ciklusa. Uzroci odstupanja leze
u razli¢itim pristupima modeliranju, odnosno unaprednom pristupu kod kontrolnog modela
[63]. Sve pozitivne pogonske energije imaju pozitivna odstupanja VSP modela izmedu 0,35 %
kod WLTP modela klasi¢nog vozila, do najvise 2,85 % kod RDE hibridnog modela. Odstupanja
negativne pogonske energije su veca, do 8,38 % S§to je i ocekivano jer je rije¢ 0 malim
apsolutnim iznosima u odnosu na pozitivnu energiju tako da mnogo ne remete ukupan rezultat.
Najbitniji element usporedbe dvaju modela su CO2 emisije, prikazane na slici 50, i potro$nja
goriva gdje je najvece odstupanje rezultata zabiljezeno kod hibridnog modela vozila u uvjetima
RDE ciklusa od 3,79 % i kod klasi¢nog nehibridnog modela vozila u WLTP uvjetima od 4,4
%. Sve ostale kombinacije ciklusa i modela daju odstupanja oko 1 % Sto pokazuje

vjerodostojnost modela.
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Energy and Emission share in RDE Hybrid Vehicle for each Class
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Slika 49. (A) Raspodijela energije i emisija VSP hibridnog modela u RDE uvjetima
voznje, (B) Vremenski udjeli razreda i (C) Prosjecna snaga razreda.
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Slika 50. Usporedba predvidanja emisija COz za razlicite modele i cikluse [4].

Sto se ti¢e rezultata usporedbe emisija NOx-a, odstupanja su nesto veca u usporedbi s
emisijama COz i potrosnjom goriva, slika 51. Najveca odstupanja emisija NOx-a od 9,62 %
pokazuju modeli hibridnog vozila u WLTP ciklusu, dok isti modeli u NEDC i RDE ciklusima
pokazuju odstupanja nesto veca od 6 %. Modeli klasi¢nih vozila u uvjetima RDE, NEDC i
WLTP razlikuju se redom za 0,13 %, 2,53 % i 6,07 %. Veca odstupanja ovih emisija su i
oc¢ekivana, osobito u dinami¢nijem WLTP ciklusu, izmedu ostalog i zbog losijih performansi
CruiseM modela u predvidanju NOx emisija kontroliranih EGR sustavom koji je jako osjetljiv

na prijelazne pojave koje nisu opisane ovim modelom.
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Slika 51. Usporedba predvidanja emisija NOx-a za razlicite modele i cikluse [4].
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Ako usporedimo dobivene rezultate predlozenog modela s rezultatima korigiranih modela na
osnovi VSP analize iz literature [116-118], ukupne pogreske u procjenama emisija i potro$nje
goriva su znatno manje, od nekoliko postotaka do viSestrukog iznosa. Zhai u [118] testira
vlastiti modalni model HEV-a s visokim stupnjem hibridizacije, koji u odnosu na standardni
VSP dodaje logiku paljenja i gasenja MSUI-ja. Relativna pogreska modela u razli¢itim
ciklusima voznje je kod CO2 emisija i potros$nje goriva od -3 % do -12 %, dok je kod NOx
emisija od -43 % do 98 % u razli¢itim ciklusima voznje. Duarte u [116] korigira klasi¢ni VSP
model dobiven u RDE uvjetima s linearnim korekcijskim faktorima dobivenim na osnovi
podataka tipskog odobrenja; relativna odstupanja CO: emisija i potrosnje goriva HEV-a su
izmedu -9,3 do 8,5 % za razlic¢ita vozila. Mera u [117] uvodi korekcijske mape u VSP modele
klasi¢nih vozila sa start/stop sustavom, znacajno podiZe to¢nost osnovnog VSP modela s
odstupanjima CO> emisija i potro$nje goriva izmedu 3,9 % i 12,5 % za razlicita vozila. Svrha
usporedivih modela iz literature je iskljuCivo predvidanje emisija modeliranog vozila u
razli¢itim uvjetima upotrebe replicirajué¢i nau¢eno ponasanje. Povecanje stupnja hibridizacije
HEV-a negativno utjeCe na to¢nost predvidanja emisija i potro$nje goriva jer razlikovanje vise
izvora energije postaje kljucan dio modela [115]. PredloZeni model replicira ponasanje u
drugacijim uvjetima kroz naucenu strategiju upravljanja energijom, na koju je moguce
naknadno utjecati sa svrhom optimizacije Ssto mu omoguéava upotrebu i u razvojnoj fazi.
Ukljucivanje toka energije s osnovnim elementima pogona ¢ini ga upotrebljivim i kod najvisih

stupnjeva hibridizacije, odnosno kod PHEV vozila.
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4. PREGLED OBJAVLJENIH RADOVA NA KOJIMA SE TEMELJI
DOPRINOS

U ovom poglavlju predstavljeni su sazeci objavljenih znanstvenih radova i doprinosi

doktoranda svakom objavljenom radu.

4.1. Rad 1: Povecanje ucinkovitosti izmjene radne tvari kod benzinskog
motora pri djelomicnom optereéenju primjenom dvostrukog otvaranja
ispusnih ventila

U ovom znanstvenom radu primarno je analiziran novi teoretski pristup povecanja
uéinkovitosti Ottovog motora, s direktnim ubrizgavanjem goriva u cilindar, smanjenjem
gubitaka izmjene radnog medija kod djelomi¢nog optere¢enja dodatnim otvaranjem ispusnih
ventila u taktu kompresije. Rad predstavlja uvod u modeliranje motora s unutarnjim izgaranjem
kao najsloZenijeg dijela modela vozila. Istrazivanje je provedeno na modelu motora u AVL-
ovom programskom paketu Boost koji koristi 1D model usisnih i ispusnih sklopova motora te
kvazidimenzionalni model za opise procesa unutar cilindra. Novina pristupa odnosi se na
aktivno upravljanje dvostrukim otvaranjem ispusnim ventilima u svrhu smanjenja gubitaka
izmjene radnog medija. Rezultati su pokazali viSestruko povecanje u¢inkovitosti izmjene radne
tvari jer je donja negativna petlja indikatorskog dijagrama svedena na minimalne vrijednosti,
¢ime su gubici usisa svedeni na minimum. OdrZavanjem konstantnog srednjeg efektivnog tlaka,
postavkama regulacije, povrSina gornje petlje je takoder smanjena za isti apsolutni iznos ¢ime
je posljedi¢no smanjena potro$nja goriva. Modelom je dokazano poveéanje ucinkovitosti i
smanjenje emisija CO2 u podru¢jima niskih opterecenja na razini Millerova i Atkinsonova
ciklusa, koji su ve¢ u komercijalnoj upotrebi. Daljnje istrazivanje koncepta ima smisla samo
kod prednabijanih motora u vidu procjene mogucnosti koristenja pozitivnog rada predtlaka za
vrijeme usisa. U odnosu na benzinski motor s fiksnom geometrijom usisa specifi¢na potro$nja
goriva u podru¢ju promatranih niskih opterecenja izmedu 2 i 4 bar srednjeg efektivnog tlaka je
smanjena izmedu 3,83 % i 4,23 %, a gubici izmjene plinova u cilindrima su smanjeni izmedu
85 % i 87 %. Koristeni model primjeren je za istrazivanja dogadaja vezanih za izmjene radne
tvari, ali nedostatak modela u smislu tocnosti je nemoguénost procjene utjecaja pristupa na
promjene u uc¢inkovitosti izgaranja zbog promjena u vrtlozenju. Unato¢ univerzalnosti i visokoj
razini to¢nosti kod modeliranja motora, u pogledu procjene Stetnih emisija vozila je upotreba

CFD modela najc¢esce neprihvatljiva zbog svoje kompleksnosti.

72



Poglavlje 4. Pregled objavljenih radova na kojima se temelji doprinos

4.1.1. Doktorandov doprinos radu

Doktorand je samostalno proveo numericko prilagodavanje modela benzinskog motora za
potrebe ispitivanja utjecaja promjene faze i vremena otvaranja ispuSnih ventila za vrijeme takta
kompresije na emisije odnosno potro$nju goriva. IzvrSio je optimizaciju faze otvaranja i
zatvaranja ispu$nih ventila u svrhu minimalizacije potro$nje goriva te je proveo detaljnu analizu
I usporedbu dobivenih podataka. U suradnji s mentorom i koautorom pripremio je rukopis za

slanje u znanstveni casopis.

4.2. Rad 2: Analiza sustava za redukciju emisija ispusnih plinova dizelskih

motora

U ovom preglednom radu napravljena je napredna analiza svih poznatih sustava za kontrolu
emisija s naglaskom na najproblemati¢nije NOx emisije i emisije Cestica. Obuhvaceni su sustavi
koji djeluju na emisije u samom mjestu nastanka kao i sustavi za naknadnu obradu ispusnih
plinova. U svrhu razumijevanja slozenih analiti¢kih i fizikalnih modela ponasanja obradeni su
ucinci gotovo svih utjecajnih parametara na svaki pojedini sustav zasebno, kao i problematika
predvidanja emisija kod ucestalih hladnih startova ¢iji je problem izrazeniji kod hibridnih
vozila. Literatura je pokazala iznimno slozeno predvidanje ponasanja i svakog pojedinog
sustava na pojedine emisije, ali 1 nedostatak u podruc¢ju istrazivanja zajedni¢kog djelovanja
viSe sustava. Analizirani su problemi koji su se javljali pri koriStenju pojedinih metoda za
smanjenje emisija u odredenim uvjetima rada motora. ObjaSnjen je utjecaj sustava kontrole
emisija na parametre rada motora kao i na potro$nju goriva, reakcija na promjenu optereéenja i
trajnost. Glavni zakljuak odnosio Se na potrebu za sustavnijim pristupom koji ukljucuje
istodobno sve primijenjene sustave za kontrolu emisija zbog medusobnog djelovanja jednog na
drugi. Dane su smjernice s procjenom kvalitete funkcionalnosti pojedinih tehnika u vidu
usporedbe razli¢itih rjeSenja cjelovitih sustava kontrole emisija s aspekta uinka na
najutjecajnije emisije, potro$nju goriva, odrzavanje, veli¢inu i cijenu izvedbe kao i moguéi

nacini postizanja odredenih emisijskih propisa.

4.2.1. Doktorandov doprinos radu

Ovaj rad iniciran je potrebom za razumijevanjem slozenih modela ponaSanja sustava za
kontrolu emisija vozila pogonjenih motorima s unutarnjim izgaranjem i opsirnim pregledom
literature iz tog podrucja. Doktorand je zajedno s koautorima pripremio rukopis na temelju

sustavnog pregleda literature koji objedinjuje sve komercijalno dostupne sustave kontrole
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emisija unutar jednog rada, bilo da je rije¢ o sustavima koji utje¢u na emisije na mjestu njihova
nastanka ili o sustavima za naknadnu obradu emisija. Ovakav je pristup bio nuzan za
objasnjenje rada svakog cjelovitog sustava kontrole emisija Cije je ponaSanje osim
pojedina¢nim podsustavima odredeno i slozenim medusobnim utjecajima. Doktorand je
napravio konceptualnu usporedbu moguéih kombinacija pojedina¢nih sustava s aspekta u¢inka

na najutjecajnije emisije, potro$nju goriva, odrzavanje, veli¢inu i cijenu izvedbe.

4.3. Rad 3: Analiza emisija dizelskih vozila u okolnostima kvara sustava za
regulaciju emisija

Rad predstavlja nastavak istrazivanja koje se odnosi na utjecaj zakazivanja pojedinih
sustava i na predstavljanje metode procjene emisija vozila, a §to je uza tema doktorskog rada.
Eksperimentalno istrazivanje provedeno na vozilima u dugotrajnoj eksploataciji s potpuno
ispravnim sustavima kontrole emisija pokazuje znacajna odstupanja u odnosu na dopustene
grani¢ne vrijednosti odgovarajuéih emisijskih propisa. Odstupanja su vrlo sli¢na o¢ekivanim
vrijednostima za nova vozila iz ¢ega proizlazi da degradacija sustava kontrole ne predstavlja
znacajan problem. Analizirana su odstupanja pojedinih emisija i razlike u ponaSanjima izmedu
razli¢itih generacija vozila uz objaSnjenje uzroka problema. Na vozilima sa simuliranim
kvarovima rezultati mjerenja pokazali su visestruko poveéanje Stetnih emisija u slu¢ajevima
otkazivanja komponenti, odnosno sustava za njihovu kontrolu. Najveci su problem emisije
NOX-a dok su emisije CO unato¢ ogromnom povecanju ispod dozvoljenih granica i ne
predstavljaju problem. Ukidanje pojedinih komponenti za kontrolu emisija uglavnom pozitivno
utjeCe na ekonomicnost $to je o¢ekivano s obzirom na nacine djelovanja objasnjene u [2].
Ustanovljena je samo iznimka kod izrazito niskih optere¢enja gdje EGR sustav pridonosi
smanjenju potrosnje goriva, §to se moze objasniti smanjenjem gubitaka izmjene radne tvari.
Predlozeni su i dokazani mogué¢i modeli detektiranja kvarova DOC i EGR sustava u sklopu
STP-a koriStenjem trenutno postojece opreme i dane su smjernice daljnjih istrazivanja.
Istrazivanje je pokazalo da su novija vozila, koja zadovoljavaju novije emisijske propise,
osjetljivija na kvarove komponenti za kontrolu emisija u odnosu na prethodne generacije. U
ovom je radu na osnovi modalne analize i odgovaraju¢eg toka energije predlozen novi model
za predvidanje emisija i potro$nje goriva klasi¢nih i hibridnih vozila. Predlozeni model
primijenjen je na ispitivano vozilo s ispravnim sustavima kontrole emisija na osnovi
zabiljezenih podataka o emisijama, potrosnji goriva te energiji u stvarnim uvjetima upotrebe.
Dodavanjem unutarnjih varijabli razvijeni model je moguée primijeniti na hibridni sustav

pogona zbog moguénosti razlikovanja pojedinih izvora energije. Pokazano je da se na model
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moze primijeniti jednostavna strategija upravljanja energijom temeljena na pravilima s ciljem
optimizacije CO. emisija u uvjetima Kkoji repliciraju stvarne uvjete upotrebe. Usporedbom
fizikalne interpretacije pojedinih unutarnjih varijabli moze se zakljuciti da, za razliku od
predlozenog modela, postoje¢i modalni modeli nisu prihvatljivi kod najvisih stupnjeva
hibridizacije HEV-a. Dobiveni rezultati emisija i potro$nje goriva nisu usporedeni s

eksperimentalnim podacima, ali su unutar o¢ekivanih vrijednosti.

4.3.1. Doktorandov doprinos radu

Doktorandovo istrazivanje motivirano je problematikom predvidanja emisija U stvarnim
uvjetima upotrebe klasi¢nih i hibridnih vozila i otkazivanja odredenih sustava za kontrolu
emisija Ciji je rok trajanja u pravilu kra¢i od samog vozila. 1zostanak kontrole ispravnosti i
prisutnosti sustava za regulaciju emisija tijekom obaveznih redovnih pregleda uz visoku cijenu
zamjene Cesto rezultira nastavkom koriStenja vozila bez njih. Doktorand je samostalno osmislio
kompletan eksperiment te je uz pomo¢ mentora i kolega izradio i kalibrirao dio eksperimentalne
opreme, a postojeci dio prilagodio i ugradio na sva ispitivana vozila. lzvrsio je eksperimentalna
mjerenja u cestovnim uvjetima upotrebe na ukupno Sest vozila s potpuno ispravnim i
neispravnim komponentama za kontrolu emisija. Takoder je proveo analizu izmjerenih
rezultata te predstavio nacin kontrole izostanka odnosno neispravnosti pojedinih sustava s
postojecom opremom STP-a. Doktorand je u radu predlozio novi modalni model predvidanja
emisija i potro$nje goriva vozila s naglaskom na hibridna vozila. Na jedno od ispitivanih vozila
primijenio je predloZeni model, na osnovi podataka izmjerenih u stvarnim uvjetima, upotrijebio

je te analizirao dobivene podatke. Zajedno s mentorom i suradnicima pripremio je rukopis za

slanje u Casopis.

4.4. Rad 4: Novi model hibridnog vozila na osnovi analize emisija i potro$nje

goriva prema specifi¢noj snazi

U ovom izvornom znanstvenom radu izvrSeno je vrednovanje novog razvijenog modela
emisija 1 potrosnje goriva vozila s naglaskom na HEV. Model se temelji na modalnim
emisijama i potro$nji goriva prema trenutnoj specificnoj pogonskoj snazi vozila. Energetski
tokovi opisani su fizikalnim modelima prema novom predloZzenom dijagramu toka energije
temeljenom na funkcionalnim pojedina¢nim tokovima HEV-a. Model se zasniva na stvarnim
emisijama vozila, potro$nji goriva i energije koji su zabiljeZeni u stvarnim uvjetima voznje

prema pravilima Real Driving Emissions (RDE), koja su danas obvezni dio procesa tipskog
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odobrenja vozila. Provedena je evaluacija novouvedenog modela u RDE, NEDC i WLTP
ciklusu usporedbom rezultata sa standardnim, verificiranim modelom vozila koji je izraden u
AVL-ovu programskom paketu CruiseM. Na oba modela HEV-a primijenjena je ista strategija
upravljanja energijom temeljena na nizu jednakih pravila. Pozitivne pogonske energije biljeze
odstupanja izmedu 0,35 % i 2,85 %. Najvece odstupanje u emisijama CO2 zabiljezeno je kod
HEV modela u RDE ciklusu i kod nehibridnog modela u WLTP ciklusu od 3,79 % odnosno
4,4 %, sve ostale kombinacije ciklusa i vozila imale su odstupanja oko 1 % na razini
kompletnog ciklusa. O¢ekivano, najveca relativna odstupanja zabiljeZena su za emisije NOx od
0,13 % do 9,62 % za HEV u WLTP ciklusu. U usporedbi s postoje¢im emisijskim modelima i
modelima potro$nje goriva HEV-a temeljenim na modalnim emisijama iz poglavlja 2,
predstavljeni model HEV gotovo u svim segmentima pokazuje manju relativnu pogresku

procjene emisija i potro$nje goriva na razini kompletnog ciklusa.

4.4.1. Doktorandov doprinos radu

Doktorand je samostalno osmislio nacin provedbe istrazivanja te je u suradnji s kolegama
splitskog FESB-a i zagrebackog FSB-a izvrsio snimanje podataka na odabranom vozilu u RDE
uvjetima voznje i na ispitnim valjcima. Iz dobivenih podataka razvio je model klasi¢nog i
hibridnog vozila temeljen na VSP analizi emisija i potro$nje goriva cije je teorijske osnove
prikazao u radu. Zajedno sa suradnicima razvio je i verificirao kontrolni fizikalni model
klasi¢nog i hibridnog elektricnog vozila u specijaliziranom AVL-ovu paketu CruiseM. Takoder
je analizirao i usporedio rezultate predstavljenog modela s rezultatima kontrolnog modela istih
vozila u RDE, NEDC 1 WLTC uvjetima koriStenja vozila. Na kraju je zajedno s koautorima

pripremio rukopis za slanje u znanstveni ¢asopis.

76



Poglavlje 5. Zakljucak

5. ZAKLJUCAK

S obzirom na povecanje transportnih potreba S jedne strane i teznje za samoodrzivosti S
druge, neizbjezno je okretanje prema tehnologijama koje znac¢ajno pridonose smanjenju Stetnih
emisija, a time i emisija stakleni¢kih plinova. S obzirom na zahtjeve nadolazeceg Euro 7
emisijskog propisa kao i planove o strozim ograni¢enjima CO2 emisija, hibridna elektri¢na
vozila postaju jedno od kljucnih rjeSenja tranzicijskog perioda prema CO2 neutralnim vozilima.
Uz primjenu sinteti¢kih, CO2 neutralnih goriva, hibridni pogonski sustavi ¢e nakon
tranzicijskog perioda, uz udio u standardnom cestovnom prometu, sigurno pronaci svoju
primjenu u civilnim vozilima posebnih namjena, terenskim i vojnim vozilima bez obzira na

stupanj elektrifikacije cestovnog prometa i na druge alternativne pogonske sustave.

Problemi vezani za $tetne emisije, sustave za njihovu kontrolu i emisije CO2 kod novih
vozila, kao i u eksploataciji, ostat ¢e jedan od buducih izazova, ali sa specifi¢nostima koje nose
hibridni pogonski sustavi. Daljnji napredak u stupnju uc¢inkovitosti ide primarno u dva osnovna
smjera. Jedan se odnosi na povecanje ucinkovitosti svih pojedina¢nih sustava, prvenstveno
motora s unutarnjim izgaranjem, dok se drugi odnosi na primjenu ucinkovitih strategija
upravljanja za koje su klju¢ni kvalitetni modeli HEV-a. Znacajno povecanje broja komponenti
u odnosu na klasi¢ne pogonske sustave je neizbjezno, $to uz najmanje dva izvora energije
predstavlja izazov u smislu modeliranja i procjene emisija kao i potroS$nje goriva u stvarnim
uvjetima upotrebe. U ovom radu analizirani su problemi vezani za uc¢inkovitost i emisije u
stvarnim uvjetima upotrebe kao i u trajnoj eksploataciji. Nadalje, razvijen je te verificiran
modalni model emisija i potro$nje goriva hibridnog elektricnog vozila koji predstavlja znacajan

iskorak u odnosu na postojece stanje.

U prvoj fazi istrazivanja provedeno je testiranje novog koncepta povecanja ucinkovitosti
benzinskog motora smanjenjem gubitaka prilikom izmjene radne tvari, a koji se zasniva na
dvostrukom otvaranju ispusnih ventila. Rezultati istrazivanja pokazali su znac¢ajno smanjenje
potro$nje goriva i CO2 emisija kod niskih opterec¢enja ¢ime je potvrdena osnovna hipoteza tog
rada. Manji dobici na ucinkovitosti u odnosu na ocekivane vrijednosti objasnjeni Su
djelomi¢nim ponistavanjem pozitivnog utjecaja zbog povecanih gubitaka topline. Primijenjeni
model prikladan je za ispitivanje procesa u usisnom i ispuSnom kolektoru, ali ne uzima u obzir
utjecaj vrtlozenja na kvalitetu izgaranja. Rezultati istrazivanja koncepta na razini su
Atkinsonova i Millerova ciklusa koji su usli u serijsku primjenu. Daljnje ispitivanje koncepta
kod atmosferskih motora u tom pogledu nema perspektivu, dok je podrucje prednabijanih

motora i dalje aktualno. Istrazivanje je pridonijelo razumijevanju kompleksnosti CFD modela
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I jednim dijelom utjecalo na usmjeravanje daljnjeg istrazivanja prema nuznosti razvoja

jednostavnijih emisijskih modela MSUI-ja unutar modela hibridnih vozila.

Iz detaljne analize svih komercijalno dostupnih sustava za kontrolu emisija proizisli su
zakljucci koji su usmjerili istrazivanje prema problemima ponasanja sustava kontrole emisija u
eksploataciji i u stvarnim uvjetima upotrebe te u smjeru modeliranja emisija hibridnih vozila.
Literatura iz ovog podrucja uglavnom obraduje utjecajne faktore na pojedina¢ne podsustave iz
Cega proizlazi zaklju¢ak 0 potrebi istrazivanja sustavnijim pristupom. Takav pristup
podrazumijeva kompletan sustav regulacije emisija, odnosno istodobno promatranje svih
primijenjenih podsustava zbog njihova jakog medusobnog utjecaja. Dane su smjernice s
procjenom kvalitete funkcionalnosti pojedinih tehnika kao i moguci nacini postizanja odredenih
emisijskih propisa. Napravljena je kvalitativna usporedba koncepata mogucih kombinacija
pojedinacnih sustava s aspekta uc¢inka na najutjecajnije emisije, potroSnju goriva, odrzavanje,

veli¢inu i cijenu izvedbe.

Opsiran pregled literature iz podrucja sustava za kontrolu emisija Usmjerio je istrazivanje
na nekoliko podru¢ja koja su najveci izazovi za vozila pogonjena motorima s unutarnjim
izgaranjem. lako je problematika emisija u stvarnim uvjetima upotrebe §iroko istrazena nakon
»Diesel gate* afere, ispitivanja u stvarnim uvjetima nakon duzeg perioda eksploatacije su vrlo
rijetka i obi¢no se odnose na uska podruc¢ja odredenog sustava za kontrolu emisija. Provedeno
ispitivanje na vozilima pokretanim dizelskim motorima s ispravnim sustavima za kontrolu
emisija potvrduje poznatu problematiku znacajnog odstupanja emisija u stvarnim uvjetima
upotrebe vozila u odnosu na zakonom propisane grani¢ne vrijednosti. Iznimka su samo emisije
ugljikovog monoksida koje su daleko ispod grani¢nih vrijednosti. Unato¢ tome §to su u svrhu
ispitivanja koriStena ispravna rabljena vozila, s dugim periodom eksploatacije, rezultati
mjerenja sliéni su oc¢ekivanim rezultatima za nova vozila. Moze se zakljuciti da promatrani
sustavi za kontrolu emisija nisu podlozni znatnijoj degradaciji pri ¢emu je najcesée dovoljno

osigurati kvalitetnu kontrolu prisutnosti ili njihova potpunog zakazivanja.

Rezultati istrazivanja na vozilima s neispravnim komponentama za kontrolu emisija
pokazuju da emisije ispusnih plinova tih vozila visestruko premasuju grani¢ne vrijednosti, s tim
da kvarovi sustava imaju znatno vecée posljedice na vozilima s vi§im emisijskim propisima. | u
ovom slucaju su iznimka CO emisije koje su, unato¢ povecanju od gotovo deset puta u odnosu
na vozila s ispravnim oksidacijskim katalizatorima, jos$ uvijek ispod grani¢nih vrijednosti. 1z
navedenog se moze zakljuciti da emisije ugljikovog monoksida nisu problem kod dizelskih

vozila ni u jednom scenariju.
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Predlozen je koncept stacionarnog ispitivanja ispravnosti DOC i EGR sustava kontrole
emisija dizelskih vozila u sklopu redovnog tehnickog pregleda vozila bez ulaganja u dodatnu
opremu stanica za tehnicki pregled. Funkcionalnost koncepta dokazana je na ispitivanim
vozilima na nain da se odsutnost ili zakazivanje sustava recirkulacije ispusnih plinova
dokazuje smanjenim pretickom kisika u ispusnim plinovima. Odsutnost dizelskog
oksidacijskog katalizatora dokazuje se visestrukim povec¢anjem emisija CO u praznom hodu uz
prethodno osiguravanje njegove radne temperature. Unato¢ tome §to sva ispitivana vozila
pokazuju isti trend, uo¢ena je znacajna razlika ponaSanja izmedu vozila tipski odobrenih prema
razli¢itim emisijskim propisima, stoga je za primjenu predlozenog koncepta potrebno izraditi

tipsku bazu podataka koja obuhvaca sve karakteristi¢ne tipove vozila.

Na temelju zabiljezenih podataka o emisijama, potro$nji goriva i pogonskoj energiji kreiran
je novi emisijski model hibridnog elektri¢nog vozila. Jedan od najutjecajnijih uzroka slabe
korelacije modalnih modela hibridnih vozila iz literature, odnosno nemoguénost primjene bilo
kakve strategije upravljanja energijom izmedu razli¢itih izvora, rijeSen je implementacijom
predlozenog toka energije HEV-a. Dodavanjem dijagrama toka energije, koji ukljucuje
unutarnje varijable, predstavljeni model se kao i korigirani modeli iz literature gradom odmice
od klasi¢ne definicije VSP modela koji ovise iskljucivo o vanjskim varijablama, ali i dalje
zadrzava prednosti modalnih modela. Autori su u obradenoj literaturi samo djelomic¢no rijesili
ovaj problem primjenom osnovne logike uklju¢ivanja i isklju¢ivanja MSUI-ja, korekcijskim
faktorima bez fizikalnog uporista ili primjenom odredenih dijelova emisijskih mapa MSUI-ja.
Takva rjeSenja imaju za posljedicu znacajno povecanje broja unutarnjih varijabli 1 vrlo slozene
postupke odredivanja pojedinih parametara. Primijenjeni tok energije, orijentiran prema
funkciji, omoguéio je minimalno povecanje broja unutarnjih varijabli ¢ime se bitno ne
narusavaju osnovne prednosti modalnih modela. Definiranje modalnih emisija po jedinici
pogonske energije smanjuje pogresku rasipanja rezultata unutar jednog razreda i omogucéava
zapis funkcije cilja s jasnom fizikalnom interpretacijom. Predlozeni model HEV-a preliminarno
je testiran u identi¢nim uvjetima u kojima su vrSena mjerenja tako da je primijenjena
jednostavna strategija upravljanja energijom na temelju pravila, u svrhu minimalizacije CO-

emisija odnosno potrosnje goriva.

Ustanovljena je osjetljivost modela na kvalitetu ulaznih podataka, posebice u podruc¢ju
modalnih razreda manje ucestalosti, gdje tromost analizatora uzrokuje usrednjavanje sa
susjednim razredima. 1z navedenog proizlazi da je za kvalitetan postupak vrednovanja modela

potrebno osigurati opremu s visokom dinamikom analize ispusnih plinova. Znacajna prednost
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predloZzenog modela u odnosu na kontrolni je daleko jednostavnije prac¢enje zadanih pravila
zbog visestruko veceg broja varijabli i rada u vremenskoj domeni kontrolnog modela. Manja
zabiljezena odstupanja prijedenog puta posljedica su razli¢itih pristupa modeliranju kod
usporedenih modela, odnosno upotrebe PID regulatora kod unaprednog modela. Najveca
zabiljezena odstupanja CO2 emisija i potrosnje goriva od 3,8 % zabiljeZzena su kod HEV-a u
RDE ciklusu i odstupanja od 4,4 % za klasi¢no vozilo u WLTP ciklusu. Sve ostale kombinacije
vozila i ciklusa pokazuju bolja predvidanja s oko 1 % pogreske, Sto pokazuje vjerodostojnost
modela. PredloZzeni model pokazuje nesto loSije rezultate kao i vece rasipanje u predvidanju
NOx emisija, gdje su najveca odstupanje od 9,6 % zabiljeZzena kod modela HEV-a u WLTP
ciklusu. Vece odstupanje emisija NOx-a je o¢ekivano zbog znacajnijeg utjecaja tranzijenata i
njihove lose interpretacije kod kontrolnog modela, ali i zbog EGR-a kao osnovnog sustava
kontrole emisija NOx-a, ¢ije ponaSanje nije potpuno definirano trenutnom radnom tockom.
Predstavljeni model pokazuje dobre rezultate i u podrucju klasi¢nih vozila u kojima i
konvencionalni VSP modeli pokazuju dobra svojstva. Najvecu prednost razvijeni model
pokazuje kod hibridnih vozila gdje klasicni VSP modeli pokazuju znac¢ajne manjkavosti u
pogledu to¢nosti predvidanja, dok korigirani modalni modeli imaju velik stupanj sloZenosti sa
znacajno vecom pogreskom. Osnovna svrha usporedivih modela iz literature je iskljucivo
predvidanje emisija modeliranog vozila u razli¢itim uvjetima upotrebe, kopirajuci strategiju
izvornog vozila. Visi stupnjevi hibridizacije HEV-a smanjuju to¢nost predvidanja emisija i
potros$nje goriva jer razlikovanje vise izvora energije postaje klju¢an dio modela. Predlozeni
model ima mogucnost kopiranja ponaSanja u drugacijim uvjetima kroz naucenu strategiju
upravljanja energijom, na koju je mogucée naknadno utjecati U svrhu optimizacije §to mu
omogucava upotrebu i u razvojnoj fazi. Primjena varijabli koje opisuju unutarnje tokove
energije s osnovnim elementima pogona ¢ini ga upotrebljivim i kod najvisih stupnjeva
hibridizacije, odnosno kod PHEV vozila. Slozeni klasi¢ni fizikalni modeli zahtijevaju velike
vjestine 1 slozene algoritme da bi ostvarili stvarne funkcije cilja. Takoder, problem klasi¢nih
fizikalnih modela je zbog ogromnog broja varijabli i parametara vrlo sloZzen postupak
optimizacije i Cesto zapinjanje u lokalnim minimuma bez pronalaska globalno optimalnog
rjesenja. U konacnici postoji i moguénost koristenja predlozenog modela kao kontrolnog
mehanizma ili mehanizma procjene kvalitete primijenjene strategije kod konvencionalnih

fizikalnih modela.
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5.1. Smjernice za daljnja istraZivanja

Tijekom a i nakon provedenih istrazivanja doslo se do novih znanstvenih spoznaja koje bi
trebalo istraziti u svrhu daljnjeg poboljSanja predstavljenih modela. Na razvoj modela utjecalo
je znatno Sire podrucje istrazivanja od same problematike modeliranja i koristenja modalnih
modela. Siroko podruéje istrazivanja je rezultiralo zna¢ajno drugaéijim pristupom od do sada

koriStenih tehnika primijenjenih na podrucju istrazivanja.

Predstavljeni model samo u odredenoj mjeri obuhvaéa dinamicko ponaSanje u obliku
usrednjavanja rezultata, sto u predstavljenim uvjetima osrednje dinamike voznje bez znatnije
promjene elevacije dobro aproksimira stvarno stanje modeliranog vozila. Model ne obuhvaca
hladne startove koji u odnosu na hibridna vozila s vanjskim izvorom elektri¢ne energije imaju
daleko veci znacaj nego kod klasi¢nih vozila. Nesto slabije predvidanje emisija NOx-a
uzrokovano je utjecajnim faktorima koji nisu obuhvaceni trenutnom radnom tockom MSUI-ja
nego prije svega i smjerom i brzinom dolaska do te radne tocke. Opcenito svi sustavi kontrole
emisija temeljeni na katalitickom ucinku jako ovise o temperaturama unutar samih sustava na
koje utjece niz dogadaja. Ove je utjecaje fizikalnim modelima vrlo teSko opisati, a kod modalnih
modela isti su potpuno zanemareni. ProSirenje modela na viSedimenzionalno podrudje,
ukljuc¢ivanjem dodatnih varijabli, poput temperature motora donekle bi rijesilo probleme
predvidanja emisija kod hladnog starta. Medutim ovakav pristup nije najkvalitetnije rjeSenje
zbog slabe korelacije s parametrima rada sustava kontrole emisija kao i gomilanja unutarnjih
varijabli koje su teSko predvidive izvana. U svrhu rjesavanja prethodno opisanih problema
predlaze se daljnje istrazivanje prosirenog modela s dva utjecajna modula opisana iskljucivo

vanjskim ili postoje¢im unutarnjim varijablama:

- utjecaj gradijenta snage koji korigira izrazito dinamicka ponasanja svih sustava Cije
ponasanje nije dovoljno dobro opisano trenutnom radnom to¢kom, a jako ovise o brzini i smjeru

dostizanja te tocke (EGR, omjer zraka i goriva, kut paljenja...)

- utjecaj povijesti dogadaja, odnosno povijesti snage, koji korigira spore, ali jako utjecajne
promjene sustava kontrole emisija koji obi¢no izrazeno ovise 0 temperaturama (SCR,
oksidacijski i redukcijski katalizatori i sl.), kao i sustave koji zahtijevaju periodi¢ne regeneracije
(DPF, GPF, LNT i sl.)

PredloZeni se model, kao i klasicni VSP modeli, temelji na raspodjeli emisija unutar
diskretnih raspona snage odnosno modalnih razreda. Broj i raspored razreda uglavnom su

preuzeti iz metode procjene emisija pomocu grupiranja snage pri ¢emu nije izvrsena analiza
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njihova utjecaja na to¢nost rezultata predvidanja. Za razliku od metode grupiranja snage, u
literaturi se u VSP analizi uglavnom koriste rasporedi razreda s konstantnim rasponima jednake
Sirine. U svrhu optimizacije i postizanja odredene to¢nosti potrebno je istraziti utjecaj broja,
kao i raspored raspona snage na to¢nost predvidanja te odrediti njihove optimalne vrijednosti.
Potrebno je istraziti utjecaj i svrhovitost uvodenja kontinuirane varijable na to¢nost predvidanja

emisija i potro$nje goriva u odnosu na standardnu VSP definiciju.
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1 Introduction

According to the European vehicle market statistic (Peter, 2012), GDI engines are mostly
used in the automotive industry to run passenger and light commercial vehicles and
general gasoline engines (Figure 1). Growing public awareness of the needs for
environmental protection, as well as the recent increases in crude oil prices, are the
strongest drivers for the recent developments in the internal combustion engine
technology in the last 15 years (EUROPEAN VEHICLE MARKET STATISTICS,
2016/17 ICCT-Figure 1). Gasoline engines in the European market lost 20% of the stake
of road vehicles in favour of diesel engines (Figure 2). According to Cygnar and Sendyka
(2013), diesel engines, in terms of conventional efficiency, reached almost maximum
while the development of petrol engines is only now in full swing (Pesiridis et al., 2015).
The main disadvantage of gasoline engines, compared to diesel, is the control of the
suctioned working fluid to maintain an approximately constant ratio of air and fuel. This
control is achieved by throttling the intake air which causes under pressure in the cylinder
during the suction stroke. According to Cygnar and Sendyka (2013), and Raju and
Hithaish (2014), the greatest progress in controlling the working fluid flow was achieved
by applying variable-valve timing and the transition to direct fuel injection into the
cylinder instead of the intake port. Variable valve timing is a technique at high-speed
Otto-cycle engines that have been successfully used for over 20 years, and in the past few
years has also been used in diesel engines (Bonatesta et al., 2016; Fontana and Galloni,
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2009; Lee et al., 2010; Xie et al., 2014; Pournazeri et al., 2017). Theoretical concepts and
principles of work exist dating back from the beginning of the last century. Their use has
been limited by the development of technology and management mechanisms for valve
timing. In the beginning, there was control of the valve timing, then valve lifting (usually
in two steps). In the early 2000s, continuous control of phase and lifting have been used,
which enables full control of the engine load without the use of a separate throttle valve
at the inlet.

The effects of variable valve timing strategy on the gas exchange process and
performance of a 4-valve direct injection HCCI engine were computationally investigated
using a 1D fluid-dynamic engine cycle simulation code. A non-typical intake valve
strategy was examined; whereby the intake valves were assumed to be independently
actuated with the same valve-lift profile but at different timings. Using such an intake
valves strategy, the obtained results showed that the operating range of the exhaust-valve-
timing within which the HCCI combustion can be facilitated and maintained becomes
much wider than that of the typical intake valve-timing case (Mahrous et al., 2009).

The influence of continuously variable valve timing of the intake valves in the
operation of hydrogen-powered engines is analysed (Verhelst et al., 2010). Results show
that it is possible to optimise the applied control strategy by using variable valve timing
as a means to increase the range of both the qualitative and quantitative load control
methods,

The latest generation of engines useé electrohydraulic valve train that allows them
almost unlimited possibilities such as phase adjustment, strokes and shape of the valve
opening curve etc. (Radica, 2008). Most of the currently used strategies for valve control
are based on the Atkinson cycle, which involves the later closure of the intake valves, or
the Miller cycle that involves the early closure of the intake valve relative to the Otto
cycle. Regarding the loss reduction during the interchange of the working fluids,
Atkinson cycle has an advantage, compared to the standard Otto cycle, because a portion
of the gas mixture is returned into the intake manifold during the extended time of the
opening valve. In Atkinson cycle the mean pressure in the cylinder during the intake
stroke increases resulting in reduced intake losses. The advantage of Miller cycle is as
intake of mixture or air is shorter, due to the early closure of intake valve and therefore
there is less need for damping. The previous results are causing the higher mean effective
pressure in the cylinder during the intake (Knop and Mattioli, 2015). There are other
solutions for reducing the loss in suction, that are based on the lean combustion process
by Celik and Ozdalyan (2010). As it is not possible to achieve stable combustion in a
homogeneous lean gas mixture, stratified injection has been applied which allows locally
rich mixture that burns stably. Rich mixture appears usually near sources of sparks.
Stratified injection is limited to a low medium pressure in the cylinder and a lower speed
range because those parameters increase the swirl and layered mixture of fuel and gas
(Cygnar and Sendyka, 2013). According to Crolla (2009), the specific fuel gasoline
consumption at full load is between 250 g/kWh and 300 g/kWh, thus, there is room for
investigation and possible progress.

The main objective of this research was to develop a simplified model of the gasoline
engine regulated by the dual opening of the exhaust valves, and to compare it with the
standard gasoline engine. The general idea is to reduce losses incurred through changes to
the working media and to increase the efficiency of high-speed gasoline internal
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combustion engines with direct injection of fuel into the cylinder GDI (eng. Gasoline
Direct Injection).

In this study, a new approach to the above issues is described, which is based on a
dual opening of the exhaust valves. The valves are opened by default in the exhaust
cycle, then again in the compression stroke. In this regard, dropping the excess air that is
trapped in the cylinder could be due to the removal of the intake restrictor or its reduced
activity. Excluding damping intake reduces losses during suction phase, which have a
large share of the losses incurred during the gas exchange process for petrol engines at
part load. As most of the time automotive engines work in the load range of less than
50%, the efficiency of the petroleum car engines at part load is more important than
efficiency at full load. The effect of technologies on brake specific fuel consumption
(BSFC) at low load according to Analysis and Strategic Solution Concepts on Powertrain
System Level is shown in Figure 1. The distribution of losses in the internal combustion
engine is shown in Figure 2.

Figure 1 Specific fuel consumption for different technologies at 2 bar BMEP (see online version
for colours)

141 GO TG =

Ford 1.0L [ Ford 161 EcoBoost Ford 2.0L EcoBoost |
EcoBoost

E 340 -
0 320 4
m

300

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Engine Displacement [cm?]
Source:  Schoppe et al. (2012)

Figure 2 Distribution losses in an internal combustion engine

Source: Pischinger

=
=~

] 3 Losses:
0.55 An..;:, n'{‘ /An"' An,, Mechanical losses
045 Ni Anyep Real charge
T 1 A | 1 AN, Imperfect
> - 1 I L “ combustion
g (.34 — o=
x 9 Ne A Real combustion
2 E N -
= 027 progression
o ol ] AN,y ANy, Wall heat transfer
E Any, Blow-by
2 4 6 8 10 12 An, Charge changing process

Mean cffectiv pressure [bar]

Source: Sorusbay (2016)



Increasing engine efficiency at part load with the exhaust valve control 135

2 Elaboration of the simplified modelling approach and applied
methodology

For the purpose of this research the model of the four-stroke, sixteen valves, four-cylinder
petroleum engine was used with features presented in Table 1.

Table 1 Engine main parameters
Displacement 2000 cm®
Stroke/Piston 86 mm/86 mm
Compression ratio 10.5

It is necessary to inject the fuel after the release of excess gas during the compression
stroke, thus this system can only work in conjunction with direct fuel injection into the
cylinder. For the modelling of combustion, single Vibe function was used (Sorusbay,
2016; Ghojel, 2010), and for modelling heat transfer, Woschni model was used. Control
of the engine power is derived with control valve R3 (Figure 3) which is controlled by
measuring the mean effective cylinder pressure at first cylinder.

For a model that simulates the engine with dual opening exhausts, complete control of
the exhaust valve (phase, lift and shape of the curve) is assumed. The simulation of three
possible models was considered:

e with the dual opening of the exhaust valve

e with the opening of one exhaust valve in the exhaust stroke and the other in the
compression stroke

e with separate valves that represent another opening in the compression stroke.

The first model represents the real conditions, but the disadvantage is the interaction of
the exhaust gas with excess gases that are emitted during the compression stroke, and
therefore need another additional step of optimising the exhaust pipe. The second model
also the conventional way as in reality at low loads only a single exhaust valve opens in
the exhaust cycle while the second opening is during the compression cycle. This model
is less susceptible to the influence of the geometry of the exhaust pipes than the first
model. The third model describes an optimised exhaust system, where the exhaust valves
open twice, as in the first model but the difference is that another opening has been
provided with separate valves and equal geometrical characteristics. This model was
chosen because of the simplicity and uniformity of the performance of all cylinders,
without additional steps of optimising the geometry of the exhaust pipe (Figure 3).
During research, a comparison of conventional direct fuel injection petrol engines
was made with the same characteristics equipped engine but with a system for the double
opening of the exhaust valve. For the purpose of this experiment AVL — BOOST module
was utilised which uses the quasi-dimensional model (QD) to simulate processes inside
the cylinder and one-dimensional model (1D) to simulate the intake and exhaust.
Parameters of load and engine speed have been selected, according to NEDC cycle by
Barlow and McCrae (2009): speed 2000 RPM and, Brake Mean Effective Pressure)
BMEP at: 2 bar, 3 bar and 4 bar corrected for the standard model and for DVA model.
All tested working point of simulated engine are shown in Table 2. First of all, the
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ignition angle was optimised to maximum efficiency for a standard engine at 2000 RPM
and BMEP 3 bar. The best result was achieved for the ignition angle —10 BTDC
(Figure 4). The timing of intake and exhaust valves was fixed. Intake cam phase has a
significant effect on the observed performance and needs to be well defined and
optimised according to the maximum power in the upper-speed range (Figure 5).

Figure 3 Schematic diagram of the engine with dual opening exhaust valves (DVA model) in the
software package AVL-Boost (see online version for colours)

s83

Table 2 Comparison of simulated engine

Max  Standard  Standard _ Standard DVA_ DVA_ DVA_

Model BMEP 2B 3B 4B 2B 3B 4B
RPM 1/min 5000 2000 2000 2000 2000 2000 2000
BMEP bar  11.4 2 3 4 2 3 4
FMEP bar 2 0.94 0.94 0.94 0.94 0.94 0.94
Geometric 1 10.5 10.5 10.5

compression

ratio
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Figure 4 Indicated specific fuel consumption ISFCE in function of start of combustion angle
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2.1 Standard engine model

The most important engine parameters that will be observed are indicated mean effective
pressure-high pressure (IMEP-hp) which is the mean effective pressure in the cylinder
during the compression and expansion stroke, and mean pressure in the cylinder during
the induction and exhaust stroke pumping mean effective pressure (PMEP). The ratio of
these two pressures IMEP-hp/PMEP is correlated to the engine efficiency and is also
called gas exchange efficiency. Indicated efficiency represents the efficiency of chemical
energy conversion, of fuel into mechanical energy, before mechanical friction losses
friction mean effective pressure (FMEP).

Correlation of losses and efficiency of the gas exchange is best seen in the P-V
diagram. The red line in Figures 6 and 7 shows a P-V diagram of the first cylinder of
baseline engine at 2000 rpm and mean effective pressure BMEP=3bar, the second line
shows the pressure in the same cylinder at the same rpm's with the full open throttle (free
intake), i.e., the full load. Each of these lines closes two loops, the upper loop represents
the useful work (IMEP-hp) and the lower loop, the work that needs to be done for
cylinder gas exchange (PMEP). Wide open throttle allows for the pressure in the cylinder,
during the intake stroke, to be a little less than atmospheric, so work required to induct
fresh air is at a minimum. The pressure in the cylinder during the intake stroke may be
slightly above atmospheric pressure as a result of well-timed pressure wave i.e., intake
geometry. Thus higher volumetric efficiency is achieved. The cylinder pressure during
the exhaust stroke are similar in both cases, and it is possible to achieve pressures slightly
below atmospheric given that the exhaust geometry is favourable for the observed engine
work parameters. As stated above, it is evident that for changes in PMEP it is enough to
observe the indicated pressures only during the suction stroke.

Figure 6 p-V diagram of standard engine (see online version for colours)
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Figure 7 P-V diagram of standard engine in log-log scale (see online version for colours)
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The indicated specific fuel consumption can be obtained as follows:

ISFC, = e ; m, -Total amount of injected fuel

and
m, -1 .

ISFC, = CP <;m_ -Amount of cylinder combusted fuel
and

IMEP = dv;IMEP, = [ p .4

_V_d-[CDpC' v hp_V_dJ-_lsopC. v

and

1 ¢s540
PMEP=— | "p, -dv
I/d 180

2.2 Engine model with double exhaust valves actuation (DVA)

139

(1

2)

3)

“4)

The indicated engine efficiency can be determined as the ratio of mean indicated effective
pressure during the compression stroke and combustion, and mean effective pressure

during cylinder gas exchange:

n; = IMEP;,,/PMEP
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1
- [ p-dv _ wvef p.-dv _V.-IMEP
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During part load, IMEP is decreasing and PMEP is increasing which means that both
parts of the equation are decreasing efficiency. As IMEP-hp is directly related to IMEP
and cannot be changed independently, the only option is to change the PMEP part of the
equation. PMEP comprises of PMEP-i (intake part) and PMEP-e (exhaust part):

PMEP = PMEP, + PMEP,. (12)

Since PMEP-e is approximately constant (not taking into account the effect of the
geometry of the exhaust pipes), regardless of the load, thus PMEP-i has to be changed.
The aim of this simulation is to determinate the impact of double valve actuation on
PMEP-i and its effect on the overall efficiency of the engine. With the application of
double valve actuation, the efficiency at partial load is increased due to more air entering
the cylinder during the induction stroke, which leads to an increase in the mean pressure
in the intake manifold and lowers intake losses. The system needs to be tuned to achieve
the maximum pressure in the intake manifold (minimal impact of the R3 restrictor) while
maintaining specific mean effective pressure BMEP. Valve lift characteristics of the DVA
exhaust valve, are shown in Figure 8. The initial opening angle at the beginning of the
compression stroke of the DVA valve is 540 BTDC, and initial closing angle of the DVA
valve is 670 BTDC. The valve must be closed before the start of the fuel injection into
the cylinder; otherwise, a certain amount of fuel will leak through DVA valves in the
exhaust pipe, and thus, increase the specific consumption. The optimising of the lowest
specific consumption ISCF is done by two variables, the shift in the opening angle of the
DVA valve valve opening shift (VOS), and the shift of the closing angle of the DVA valve
valve closing shift (VCS) for each observed load. 24 working points were selected for
each of the load, in the range from -30 to +20 degrees for closing shift and from -50 to
+20 degrees for the opening of the DVA valve.
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Figure 8 Dependence of valve lift on crankshaft angle (VOS =0, VCS = 0)
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3 Results and discussion

3.1 Standard engine

Comparing the results for the baseline engine at full load with the results at about 20, 30
and 40% load, we see that the efficiency of the engine decreases significantly with a
reduction in the load (Table 3). While at full load, the work required to exchange the
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cylinder gases is minimal, at 2 bar of BMEP mean effective pressure of the cylinder
gases exchange PMEP increases 8-fold and this causes the increase of the specific
consumption by 23% compared to the full load. The table shows that the losses
of the cylinder gases exchange increase only due to an increase in the intake losses, while
the exhaust losses are almost constant throughout the load range, within the 3%.
Figure 9.shows the comparison of the indicated pressures at full load (9.5 bar) and part-
load (2, 3 and 4 bar) for a standard engine at 2000 rpm. Figure 10 shows a comparison of
specific fuel consumption for 2, 3 and 4 bar BMEP loads, and shows that transient
changes are caused by the imperfect transmission characteristic of the engine load
regulation system.

Table 3 Characteristics of standard engine for various BMEP
f‘;??ldoaarg Standard 2B Standard 3B Standard 4B
% % %
Amount Amount Differences Amount Differences Amount Differences
to full load to full load to full load
Engine RPM 1/min 2000 2000 0.00 2000 0.00 2000 0.00
BMEP bar 9.50 2.00 78.95 3.00 68.42 4.00 57.89
FMEP bar 0.94 0.94 0.00 0.94 0.00 0.94 0.00
IMEP-hp bar 10.59 3.57 66.29 4.49 57.60 5.42 58.82
PMEP bar -0.08 —0.63 —740.00 -0.55 -633.33 -0.48 540.00
PMEP-i bar 0.96 0.39 59.38 0.46 52.08 0.53 44.79
PMEP-¢ bar -1.04 -1.01 2.88 -1.01 -2.88 -1.01 —2.88

The point of °CA  470.00 470.00 0.00 470.00 0.00 470.00 0.00
maximum
intake valve

lift MOPi

The effective 10.50 10.50 0.00 10.50 0.00 10.50 0.00
compression

ratio

Mean intake  bar 1.00 0.55 45.24 0.47 -52.76 0.40 —60.28
manifold

pressure

BSFC g/kWh 24220 397.10 -63.96  333.10 37.53 300.10 23.91
ISFC g/kWh 220.40 271.30 -23.09  254.20 15.34 243.30 10.39
Effective _ 0.341 0.208 39.00 0.248 -27.27 0.275 -19.35
efficiency

Indicated _ 0.375  0.305 18.67 0.326 —-13.07 0.339 -9.60
efficiency

Maximum bar 52.5 19.7 62.48 24.2 -53.90 28.7 -45.33
cylinder

pressure
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Figure 10 Specific fuel consumption changes before steady state (see online version for colours)
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3.2 DVA engine

For each of the observed load the optimal opening and closing angle of the DVA valve is
determined, in order to achieve the minimum specific consumption.

Figures 11-13 show a trend of specific indicated fuel consumption ISFCI1, and
Figures 14-16 indicated fuel consumption ISFC2 to VOS and VCS variables.

If we isolate VOS and observe only variable VCS we can see that the area of the
minimum specific consumption is within the observed range. To the left of the minimum
ISFCE is an area where consumption is growing due to small amounts of the gases
exiting through DVA valves, so the need for restriction at the intake is greater. Right from
the minimum is an area in which there is an excessive discharge of gases in the exhaust
system, and a decline in BMEP below the desired value with a completely free intake. If
we compare diagram ISFC1 with ISFC2 we can see that the left side of the diagrams is
almost identical, and that the right side of the ISCF2 diagram is shifted to the right i.e.,
ISFCI specific consumption is growing faster. This is due to the late closing of the DVA
valve (higher values of VCS) after the start of fuel injection. This leads to the loss of a
certain amount of fuel and a decrease in the efficiency. It is also evident that in all the
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observed loads the best results are achieved with the lowest values of VOS ie. the early
opening of the DVA valve. Here the gases flow in the opposite direction from the exhaust
manifold in the cylinder because the DVA valve opens before the bottom dead canter, i.e.,
in the induction stroke. An explanation for the reduced consumption due to the early
opening of the DVA valve is the return of hot air from the exhaust pipe, so the cylinder
has less air with the same volume. However, the exact return of gases in the cylinder
causes a gap in relation to the real engine, because return gases in the model engine are
clean air, and in the real engine they are mixture of exhaust gas and air, so VOS should be
limited to the area in which the return gases have no significant impact on the simulation
results. For these reasons the optimisation of the shift in the DVA valve openings is
restricted only to positive angles regardless of load, variable VOS can be fixed at 0
degrees. After eliminating VOS the only remaining variable is VCS, which enables
finding the minimum of the function of the specific consumption more accurate and/or
quicker. Figures 17-19 show dependents of the specific consumption on the DVA closing
valve shift for the 2, 3 and 4 bar BMEP loads. In line with expectations, the value of the
optimal closing angle of the DVA valve decreases with the increasing of load, because a
higher amount of cylinder gases needs to be retained at higher loads. Table 4 shows
typical data for optimal VCS angles, BMEP =2 bar VCS =-7°KS; BMEP =3 bar
VCS = 0°KS i BMEP =4 bar VCS =+7°KS.

Figure 11 Dependence of ISFC1 on VOS and VCS shift for 2 bar BMEP (see online version
for colours)
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Figure 12 Dependence of ISFC2 on VOS and VCS shift for 2 bar BMEP (see online version
for colours)
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Figure 13 Dependence of ISFC1 on VOS and VCS shift for 3 bar BMEP (see online version for
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Figure 14 Dependence of ISFC2 on VOS and VCS shift for 3 bar BMEP (see online version
for colours)
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Figure 15 Dependence of ISFC1 on VOS and VCS shift for 4 bar BMEP (see online version
for colours)
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Figure 16 Dependence of ISFC2 on VOS and VCS shift for 4 bar BMEP (see online version
for colours)
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Figure 18 Dependence of ISFC on DVA valve closing shift (°CA) at load of 3 bar BMEP
(see online version for colours)
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Figure 19 Dependence of ISFC on DVA valve closing shift (°CA) at load of 4 bar BMEP
(see online version for colours)
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Table 4 Characteristics of DVA engine for observed loads

Full
load DVA 2B DVA 3B DVA 4B
% % %
Differences Differences Differences
Amount Amount to full load Amount to full load Amount to full load

Engine RPM  1/min 2000 2000 0.00 2000 0.00 2000 0.00

BMEP bar 9.50 2.00 —78.95 3.00 —-68.42 4.00 -57.89
FMEP bar 0.94 0.94 0.00 0.94 0.00 0.94 0.00
IMEP-hp bar  10.59 3.01 -71.58 3.98 —62.42 498 -52.97
PMEP bar  -0.08 —-0.08 6.67 -0.07 —4.00 0.07 —194.67
PMEP-i bar 0.96 0.94 -2.60 0.94 -2.08 0.94 -2.08
PMEP-¢ bar -1.04 -1.02 -2.21 1.01 -197.12 1.01 -197.12
VCS °CA 7.00 0.00 —7.00

DVA-VC °CA 672.00 665.00 658.00

Effective _ 10.50 5.21 -50.43 4.78 -54.52 4.09 —-61.08
compression

ratio

Mean bar 1.00 0.97 -2.71 0.97 -2.71 0.98 -1.71

pressure in
inlet receiver

BSFC g/kWh 242.20 382.88 58.08 320.21 32.21 289.36 19.47
ISFC g/kWh 220.40 260.65 18.26 243.44 10.45 233.98 6.16

Effective _ 0341  0.216 —36.66 0.258 —24.34 0.286 -16.13
efficiency

Indicated _ 0375 0325 —-13.33 0.342 -8.80 0.354 -5.60
efficiency

Maximum bar 52.5 16.04 —69.45 20.25 —61.43 24.71 —52.93
cylinder

pressure

3.3 Comparison of obtained results of DVA and standard engine

All the analyses of different systems are conducted by AVL BOOST simulation software.
Table 5 shows a results comparison obtained by simulating a standard and DVA
petroleum engine. One can see a significant increase in the efficiency of the cylinder
gases exchange, which is a consequence of the reduction of losses during the induction
stroke due to restricting the inlet manifold during partial load. The highest specific
consumption on a standard engine is at the lowest load as a result of significant losses of
cylinder gases exchange. Therefore the biggest gain is expected in this area of work of
DVA engine relative to the standard engine. According to the results, a slightly higher
gain was achieved for the 3 bar of BMEP than 2 bar, as a result of other parameters that
affect the overall efficiency such as intake and exhaust systems geometry. Specific
consumption is to reduce between 3.83% and 4.23%, and losses of cylinder gases
exchange have decreased to between 85% and 87%. It is also interesting that the
maximum cylinder pressures are lower from between 13.9% and 18.6% compared to the
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standard engine, primarily from the standpoint of ecology and durability of the engine.
The lower value of maximum pressures is the result of a lower mean indicated pressure
required during the compression and combustion (lower losses = lower power required
for equal work) and lower starting temperature of the compression due to the cooling
effect of the air which does not participate in combustion but passes through the cylinder.

Table 5 Comparison of obtained results of DVA and standard engine for observed loads

Standard Standard Standard

2B 3B 4B DVA 2B DVA 3B DVA 4B
% % %
Difference Difference Difference
to to to

Amount Amount Amount Amount standard Amount standard Amount standard
Engine I/min 2000 2000 2000 2000 2000 2000
RPM
BMEP bar 2 3 4 2.00 0.00% 3.00 0.00% 4.00 0.00%
FMEP bar 0.94 0.94 0.94 0.94 0.00% 0.94 0.00% 0.94 0.00%
IMEP-hp bar 3.57 4.49 542 3.0 -1569% 398 -11.36% 4.98 -8.12%
PMEP bar  —0.63  —-0.55 048 -0.08 -87.30% —0.07 -86.91% —0.07 -8521%
PMEP-i bar 0.39 0.46 0.53 0.94 139.74% 094 104.35% 0.94 77.36%
PMEP-¢ bar -1.01 -1.01 -1.01 -1.02 0.69% -1.01 0.00% -1.01 0.00%
IMEP-hp/ 5.67 8.16 11.29  37.63 563.97% 5528 577.12% 70.14 521.17%
PMEP
VCs °CA 7.00 0.00 -7.00
DVA-VC °CA 672.00 665.00 658.00
Effective _ 10.5 10.5 10.5 521 -5043% 478 —54.52% 4.09 -61.08%
compression
ratio
Mean Bar 0.55 0.47 0.4 0.97 76.36% 0.97 106.38% 0.98 145.00%
pressure in
cylinder
BSFC g/kWh 397.1 3331  300.1 382.88 -3.58% 32021 -3.87% 289.36 -3.58%
Effective _ 0.208 0.248 0275 0216 3.85% 0258 4.03% 0286 4.00%
efficiency
Indicated B 0.305 0.326 0.339  0.325 6.56% 0.342 4.91% 0.354 4.42%
efficiency
Maximum bar 19.7 242 28.7 16.04 -18.58% 2025 -16.32% 24.71 -13.90%
cylinder
pressure

4 Further consideration

In this study, a new innovative concept of controlling the workflow of the IC engine was
introduced. The initial idea for the application of this concept has arisen from boosted
engines. In atmospheric engines, pressure limit in the cylinder is approximately
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atmospheric pressure, while in the boosted engines the limit is the boost pressure.
Therefore we have available a larger area to increase efficiency and not only to decrease
losses during the intake, but it is also possible to get positive work using the energy of
compressed air. The above-mentioned effects are not part of this study due to the greater
amount of elements that should be studied in depth, such as the characteristics of the
mechanical and turbocharged compressors, which will be a good foundation for future
research. Particularly interesting is the combination of the DVA approach with
turbocharger and divided exhaust, due to the reduced pressure in the 'other" exhaust pipe
which would be used for DVA outlet gases. From the previously obtained data, although
we used simplified modelling approach, we have seen that the efficiency of the described
approach increases with earlier opening of the DVA valve, but that data has been
excluded due to exhaust gases returning into the cylinder, i.e., exhaust gas recirculation
EGR. The study could be extended to determine the point of minimum specific
consumption with EGR included. As this method (DVA) does not exclude so far known
solutions to the cylinder gases exchange problem during induction, for example, VVT
and fuel stratified injection FSI, and there is a possibility for a research of a combination
of these methods. Further investigation of the same issues needs to be done by using 3D
CFD analysis, taking into account the effects of DVA method to turbulence, mixing of
fuel-air and combustion.

5 Conclusions

This study deals with increasing the efficiency of the petrol engine at part load in a
completely new approach, with an additional opening of the exhaust valve. Test results
show a significant improvement over the standard engine, with a fixed intake and exhaust
geometry. The simplified model of the new system which has been developed and a
comparison was made between the standard engine, regulated with a valve on the intake
system, and an engine which is regulated by the dual opening of the exhaust valves. All
the analyses of different systems are conducted by AVL BOOST simulation software. The
research was carried out on the model of a four-cylinder Otto engine with direct injection
into the cylinder. The main results showed a significant improvement over the standard
engine with a fixed intake and exhaust geometry. Specific consumption is reduced
between 3.83% and 4.23%, and losses of cylinder gases exchange have decreased
between 85% and 87%. A significant increase in the efficiency of the cylinder gases
exchange is obtained, which is a consequence of the reduction of losses during the
induction stroke due to restricting in the inlet manifold during partial load. The highest
specific consumption on a standard engine is at the lowest load as a result of significant
losses of cylinder gases exchange. Therefore the biggest gain is expected in this area of
work of DVA engine relative to the standard engine. According to the results, a slightly
higher gain was achieved for the 3 bar of BMEP than 2 bars, as a result of other
parameters that affect the overall efficiency such as intake and exhaust systems geometry.

The largest gains of DVA approach are at the lowest loads and were achieved by
minimising the cylinder gas exchange losses by reducing the effects of intake restriction
or a complete removal of the effects of intake restriction, which led to an increase of
pressure in the cylinder during the induction stroke to approximately atmospheric
pressure, so the work needed to overcome the losses during induction is minimal. The
functional deficiency of this approach is the expensive implementation of the valve train
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and functionality only in combination with a direct injection into the cylinder under high
pressure, the implementation of which is also complex. Application of the fuel stratified
injection enables stable combustion in a poor mixture, and thereby reduces the intake
losses at partial loads.
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Nomenclature
DVA Double valve actuation
NEDC New European driving cycle
BMEP Break mean effective pressure
BTDC Before top dead centre
ISFC Indicated specific fuel consumption
VOS Valve open shift
VCS Valve closing shift
FMEP Friction mean effective pressure
PMEP Pumping mean effective pressure

SOC Start of combustion
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1. Introduction measures to mitigate the adverse effects, Cheng et al. (2019). In order

to fulfill the vehicle requirements of Euro 6d and at the same time

The constant growth of needs for internal combustion engines as
the main source of propulsion in maritime and road traffic as well as
for most of heavy duty machines, and the desire to reduce the total
amount of greenhouse gas emissions, primarily CO,, have set two
new goals for manufacturers: to increase efficiency as the main
requirement for the market, and reduce emission gas pollution, as an
environmental sustainability requirement. On the other side, they
are major issues with limited resources, efficiency of energy con-
version systems and necessity for the smart based approach, Nizeti¢
et al. (2019). Understanding the behavior of pollutant emissions from
heavy-duty diesel engines that pose a major threat to environment
and human health, facilitate the formulation of traffic-related policy
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increase the efficiency of engines, internal combustion engines (ICE)
are becoming ever more complex with an increasing number of
control systems. Complex control systems are making engines more
versatile in aspects of engine load and speed that can lead to the
reduction of pollution and fuel consumption. The main drawbacks of
such systems are by nature their high price of production and
maintenance, also the requirements for monitoring emission gases
which are becoming more complex in order to create a basis for car
type approval and to monitor the function of all parts during
exploitation. Authors such as O'Driscol et al. (2018), Hooftman et al.
(2018), Pouresmaeili et al. (2018) and Kerbachi et al. (2017) have
dealt with the above-mentioned problems that create a divergence
between emissions and controlled by law to type approval vehicles
and emissions for everyday usage. Nesbit et al. (2016) also address
the issue of disagreement with actual and homologated emissions,
and the scandals associated with them, comparing the homologation
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conditions in Europe with the homologation conditions in America.
From an economical point of view, a vehicle driven with a diesel
engine have a 20—30% lower fuel consumption due to its higher
energetic value per litre and higher efficiency. From an ecological
point of view, a vehicle driven with a diesel engine has a lower
emission of carbon dioxide CO,, hydrocarbon HC and carbon mon-
oxide CO, while the soot emission PM and NOy emission are higher,
despite a complex refinement process. Burning 1 kg of diesel fuel
produced approximately 3.1 kg of CO; and 1.3 kg of H,0. Despite the
fact that the same energy equivalent of gasoline fuel produces about
8% less CO, emissions, due to the significantly greater efficiency, the
average diesel car in Europe typically emits about 17% less CO, than a
similar conventional gasoline car within the same vehicle segment,
Diaz et al. (2017). Aside from carbon dioxide and water, the burning
of fuel within an engine also generates around 1% of harmful gases
Resitoglu et al. (2015). Fig. 1 shows a pie chart where the chemical
compound of carbon and oxide are generally called NOy, emission
particles PM, unburned hydrocarbon HC, carbon monoxide CO and
other less represented gases. Along with the mentioned harmful
gases, the amount of carbon dioxide is also considered, which does
not pose a direct threat to people, however, it is considered to be a
greenhouse gas that causes global warming problems. The goal of
the Kyoto protocol was to reduce the overall emissions of CO; by the
end 2008 in all economic sectors by 8% compared to 1990. According
to the author Santos et al. (2017), road traffic generates around 20%
of overall CO, emissions out of which 15% is made out of passenger
cars and light commercial vehicles. There has been a target of 130 g/
km since 2015, which is applied for the EU fleet-wide emission of
new passenger cars. The emission target for 2021 regarding new cars
will be 95 g/km and in that case, car manufacturers will pay penalties
of 95€ for every extra gram produced by vehicles.

The increasingly stringent emission requirements and intro-
duction of more realistic methods of type approval testing, the
WLTP cycle combined with real-world RDE testing, demand from
manufacturers to develop their strategy in two possible manners:
the rapid development of even more efficient internal combustion
engines along with emission reduction or the development of
alternative propulsion systems. The use of alternative fuels, most
commonly bio fuels and blend fuels is becoming more prevalent
due to their availability and classification as a renewable energy
source, therefore the environmental aspect of the use of such fuels
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Fig. 1. Diesel engine pollutant emissions, Resitoglu et al. (2015).

should be taken into account, i.e. their specificity in terms of
influencing the amount of harmful emissions. According to Nabi
et al. (2019) and Zhang et al. (2019), quality blends of available
bio fuels contribute to a significant reduction in CO and PM emis-
sions, but increase NOx emissions with a minimal decrease in
performance compared to standard diesel fuels. Cleaner environ-
ments and economical sustainability can be achieved with
compression ignition engine that use tire pyrolysis diesel blends
doped with nano additives as a fuel, Kumaravel et al. (2019). To
reduce gaseous emissions such as CO, CO,, NO, NOy, and HC in
internal combustion engines and to recover some of the wasted
energy trough an exhaust the thermoelectric generation could be a
solution Ramirez et al. (2019). Since the introduction of the first
environmental emission standards, one of the biggest issues with
diesel engines has been the emissions of nitrogen oxides and par-
ticulate matter emissions. After two decades of intensive diesel
engine development in the direction of successful consumption
reduction and thus CO, emissions, there has only been a marginal
satisfaction regarding harmful emissions Chen et al. (2014), fol-
lowed by numerous emission scandals, of which Dieselgate marked
the turning point in the direction of the further development of
environmental standards, Brand (2016). Euro 6d standards for
passenger cars and light commercial vehicles have a completely
different approach to measuring type approval emissions, while the
emission limit values have remained virtually unchanged
compared to earlier Euro 6 norms (except for temporary compli-
ance factors) Hooftman et al. (2018). This approach will push the
development of an emission control system at the forefront of
engine development for two significant reasons caused by signifi-
cantly higher loads during type-approval testing. The first is the
multiple increases in harmful emissions that should be brought to
the originally set limits, and the second reason is the wide range of
loads that systems operating in relatively narrow temperature
ranges need to adapt. High sensitivity to fluctuations in exhaust gas
temperatures is most pronounced in after treatment systems, the
most significant being Lean NOx trap and Selective Catalytic
Reduction. DiGiulio et al. (2014) deals with the effect of exhaust
temperatures on the optimum regeneration duration and on the
conversion efficiency of NOx emissions with LNT catalytic con-
verters. Qi et al. (2003) study the behaviour of catalysts of different
materials at low exhaust gas temperatures. Miller (2015) studies
the effect of different ammonia/NOXx ratios, the conversion effi-
ciency and the release of ammonia into the atmosphere depending
on the exhaust gas temperature. According to DiGiulio et al. (2014)
the optimum temperature range for using the LNT + SCR combi-
nation is between 300 and 450 °C. On the other hand, high tem-
peratures have a negative effect on the durability of the exhaust
after treatment system as it causes thermal aging. Manula et al.
(2014) among others study the influence of high temperatures
such as 800 °C on the operation of LNT-SCR catalysts from different
materials. A normal regeneration of the DPF filter occurs at tem-
peratures of about 650 °C, while regeneration from heavily satu-
rated filters over 10 g results in an uncontrolled regeneration with
temperatures above 1000 °C, which reduce efficiency or may
permanently damage the filter and downstream elements, Zhan
et al. (2006). In the literature used, authors most often address a
narrower area related to one or more parts of exhaust after treat-
ment systems or deal with emission regulations. This paper will
cover the increasingly more available techniques that control
exhaust emissions of engines which normally operate in the area of
a lean mix, primarily diesel engines, to explain the influencing
factors and mechanisms of emission generation.

The main objective of this paper is to make a more systematic
approach to the issue of emissions, to integrate all the influencing
factors on the exhaust emissions of the mentioned engines, and to link
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them to the legislation on emissions, i.e. to link the causes and
background of today’s problems with consequences, as well as to
provide guidelines for the further development of the diesel exhaust
control system, as part of a complete system with the focus being on
mobile applications. To achieve this objective, a wide range of
research works has to be analyse such as: environmental impacts,
emission formation mechanisms, emission control systems as well as
the issue with homologation process for determining actual emission.
A detail explanation of the overall system and process will allow ex-
perts in these fields of science, an insight into related topics and a
broader view with clear development direction.

The paper deals first with the mechanisms of emission forma-
tion and their impact on the environment. Understanding these
mechanisms and the influencing factors, results in conclusion how
to control harmful emissions. Most of the work is related to control
emissions with the emphasis on NOx and soot particle. First the
exhaust gas recirculation EGR system and then the various exhaust
after treatment systems have been addressed. The emphasis is
placed on particulate filters and catalytic converters to reduce the
most problematic pollutants of diesel engines, soot particles and
NOX, respectively. A separate chapter deals with management and
optimization strategies to achieve the desired results of emission
reduction. Issues related to homologation process, emission regu-
lations and their monitoring and enforcement are included in this
paper as well. Finally, the results were quantified, the suggestions
how to meet existing standards is established and direction for
future development of emission control systems were proposed.

This comprehensive approach will enable a better understand-
ing of the overall problem of exhaust emissions and hopefully lead
to truly, not artificially, cleaner and more environmentally friendly
diesel-powered vehicles and machines.

2. Exhaust gas toxic emissions

All organic origin fuels are basically a mixture of different hy-
drocarbons. In an ideal controlled thermodynamic process with an
ideal combustion process, the engine would have carbon dioxide
and water as a by-product. However, the fuel composition is not
perfect, aside from carbon and hydrogen, there are also impurities,
one of them being sulfur within diesel fuel that is being reduced due
to newer engine regulation requirements. Under real conditions,
engines generate a variety of undesirable emission products with a
harmful environmental impact. The amount of such generated
emissions depends on a number of conditions (faulty air/fuel ratio,
bad ignition angle, tumble and swirl motion within the combustion
chamber) and those are: nitrogen and oxide compounds that are
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generally called NOyx, PM particles, unburned hydrocarbon HC, car-
bon monoxide CO, lead salts, polyaromatic hydrocarbons, sulfur
oxides, ketone aldehydes and olefins. The most harmful of them all
are HC, CO, NOy and soot particles PM according to Resitogul et al.
(2015). If diesel engines were compared without any emission
control systems, in terms of harmful emissions, then they are much
cleaner than gasoline enginesair-quality but petrol engines com-
bined with three-way catalysts are three times more “eco-friendly”
than diesel engines.

2.1. Hydrocarbons HC

Hydrocarbons are made out of a number of chemical com-
pounds such as alkenes and aromatic hydrocarbons. Therefore,

0 10 20
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Fig. 2. Oxygen excess and combustion temperature influence on NOy formation, Perin and Okoniewski (2013).
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their impact on people and environment depends solely on their
compound. The general name for such compounds is Volatile
Organic Compounds (VOCs) or Total Hydro Carbons (THC). Ac-
cording to Inekwe et al. (2017) and Sorathia et al. (2012) The most
important factor responsible for the formation of hydrocarbons is
insufficient temperature which occurs in some parts of the com-
bustion chamber, usually near the cylinder wall. At medium load,
diesel engines generate a small amount of THC, usually the THC is
generated at low loads due to higher air flow. A lean mixture causes
low flame propagation speed in the combustion chamber, and
combustion sometimes may not occur. Fast load changes, large bore
openings on injectors and the uneven injecting of fuel may also
cause the increase of THC emissions. According to Resitoglu et al.
(2015), THC emissions in the exhaust collector continue to react
with the air flow in the exhaust as long as the temperature is above
600 °C. Bhandarkar et al. (2013) conducted research about internal
combustion engine emissions and their effect on human health.
According to the research, most hydrocarbons are not directly
harmful to human health at concentrations found in the ambient
air. However, through different reactions in the troposphere, they
play an important role in forming NO, and ozone O3 which are
dangerous for people and the environment. Non methane hydro-
carbons react and form secondary air pollution. Engines also emit
toxic hydrocarbons including benzene, aldehydes and polyaromatic
hydrocarbons PAH. Emissions of benzene, toluene and acids are
characteristic for gasoline engines while emissions from poly aro-
matic hydrocarbons are more expressed with diesel engines.

2.2. Carbon monoxide CO

Carbon monoxide is a result of incomplete combustion and
usually forms in certain parts of the combustion chamber where
the mixture of fuel and air is rich, also CO can be formed in a very
lean but still combustible fuel air mixtures. Since diesel engines
work with a richer air flow, CO emissions are relatively small. Ac-
cording to Inekwe et al. (2017), the causes of carbon monoxide are:
too rich mixture, insufficient turbulence and too large droplets of
fuel within the combustion chamber. Carbon monoxide is
dangerous for human health and in higher concentrations even
deadly. Carbon monoxide binds to hemoglobin in the same places
as oxygen but 150—300 times greater which causes the drop of
oxygen levels in human blood and can have deadly consequences.
People who are exposed to a concentration of CO above 9 ppm can
have permanent damage to cognitive functions. The time period for
CO to convert to CO, in the atmosphere is quite slow and can last
from 2 to 5 months.

2.3. Soot particles PM (particulate matter)

Soot particles are usually associated with diesel powered vehi-
cles. Emission particles are usually the size of 0.04 pm—1 pum, and
their wide range size agglomerates. They are formed from un-
burned fuel that becomes solid in some parts of the combustion
chamber where it is under the influence of medium temperatures.
Despite numerous researches, Diesel emission particles form
complex aerosols are neither physical nor chemical properties.
Their impact on human health are not fully understood. Particle
emissions from diesel engines usually imply soot particles, as the
usual soot proportion is over 50% that is seen as black smoke. The
rest of particles are usually unburned fuel, oil for lubrication, metal
particles and sulfur compounds, Srivastava and Agarwal (2008),
Majewski W.A. (2019). Aside from diesel engines, gasoline engines
also emit soot particles but in lower quantities. Port fuel injection
petrol engines have considerably lower PM emissions, than engines
with direct cylinder injection. The problem with the high amount of

soot particles that are emitted from diesel (and gasoline engines
with direct injection) engines is solved by installing DPF filters.
There is a high interest for researching the reduction of emission
particles due to their posing danger to human health. Aerosols
within the atmosphere also have an effect on the absorption of
sunlight. A typical example are soot particles which have a direct
effect on sunlight absorption and scattering Srivastava et al. (2008).
Aside from NOy emissions, the reduction of particulate matter
emissions is one of the main pollution problems regarding modern
diesel engines.

2.4. NOy emission

Nitrogen oxide emissions are currently the biggest issue with
diesel engines. Although NOy emissions are higher than in petrol
engines, these emissions can easily be removed using a three-way
catalyst. Nitrogen and oxygen do not react together at room tem-
perature but at higher temperatures, they create oxides such as NO,
NO, N>0, N»03 and N,0s5 which are all called NOy. High combus-
tion temperatures, oxygen excess and their duration are solely
responsible for NOy emission formation, as illustrated in Fig. 2. If
the combustion process was to be observed, it is easy to notice a
correlation between high efficiency combustion, which favors low
consumption, the reduction of CO, and harmful emissions such as
CO, THC and PM. The only exception is higher NOy emissions. If the
goal was to decrease NOy emissions, it would be necessary to
decrease the combustion temperatures within the cylinders but
lowering combustion temperatures also leads to a decrease of en-
gine efficiency and consequently increase in fuel consumption.
Fig. 3 illustrates the influence of air/fuel ratio on various emission
formations. The most significant nitrogen oxides are NO, and NO,
about 90% of NOx emissions are in the form of NO, but NO, has a
considerably higher toxicity in the aspect of photochemical effects.
Under the influence of sunlight radiation, it breaks up into NO plus
highly reactive O, which react with a molecule of oxygen O,
creating ozone Os. In normal conditions, NO would soon after the
breakup recombine into NO; but due to the presence of hydrocar-
bons, the reaction is slowed down, Pardiwala (2011), Sillman
(1999), Gerrett explain how the ozone with a complex chemical
mechanism combined with air moisture creates a substance such as
a fog, which is called smog. The nitrogen oxides react with the
moisture, ammonia and other compounds forming a vapor of ni-
trogen acid with fine particles. These particles easily penetrate into
fragile lung tissue and this process leads to numerous lung diseases.

3. Emission control systems

The main reason why diesel engine development is growing fast
is due to stricter requirements for emission gas control and the
need for lower fuel consumption. The development is based on
improvements to existing systems, invention and implementation
of new technologies. The further consideration only includes sys-
tems whose primary purpose is the reduction of harmful emissions,
with the focus being on particulate matters and NOy emissions.

3.1. Exhaust gas recirculation (EGR)

Exhaust gas recirculation is the most common technology for
reducing the emissions of NOy in internal combustion engines. The
main difference between EGR and after treatment systems is that
the EGR reduces the formation of NOx emissions during combus-
tion while other systems reduce the amount of already generated
NOy emissions. The main principle is simple, part of emission gases
is returned back into the intake system where it is mixed with fresh
air and reduce the amount of oxygen within the cylinder. Lower
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oxygen excess reduces the possibility of chemical reactions of ox-
ygen and nitrogen and consequently NOy formation, Fig. 2A.
Recirculated gases decrease peak combustion temperatures, inside
the combustion chamber, required to form NOy emissions, Fig. 2B
Sorathia et al. (2012). Lower peak combustion temperatures are due
to the slowdown of combustion and higher heat capacity relative to
fresh air. Aside from using EGR technology as a method of reducing
NOy emissions, this system is used in petrol engines for reducing
losses during intake strokes and reducing the possibility of devel-
oping detonations during combustion strokes. The EGR effect can
also be performed internally within the combustion chamber itself
with a suitable exhaust valve phase. Standard HP (High Pressure)
EGRs have been used for a few decades as the main system to
reduce NOx emissions in diesel engines.

These systems use a part of exhaust gases from the exhaust
manifold upstream of the turbocharger if it exists, and leads it into
the intake manifold through the EGR cooler, where it is mixed with
fresh air. With the main goal of improving the performance and
efficiency LP (Low Pressure), EGR is introduced. In the LP, EGR
exhaust gases are collected at low pressures of the exhaust system,
downstream of the turbocharger and DPF filter, driven into intake
upstream of the compressor, through a low pressure cooler. Both
configurations of HP and LP EGR can be used independently or
together, Fig. 4. According to Sorathia et al. (2012), the presence of
exhaust gases in the amount of 15% in the cylinders reduces the
amount of NOy by 80%. Aside the impact of NOx emissions, EGR also
has an impact on HC, CO and PM, Fig. 5 illustrates the effect of the
EGR rate on the PM, NOy, HC and CO. Emission results are given
from a Euro 2 truck engine at a low load of 10% with fuel injection
6° before TDC (Top Dead Center). According to Wenmig et al. (2017),
an EGR rate less than 43% has no great effect on the engine per-
formance, while the fuel consumption significantly increases above
37% of EGR. Rudrabhate et al. (2017) present a similar result, but
only observe a useful range of EGR rates, up to 60%.

The results of the study show that the effect of EGR on NOy
emission reductions is most pronounced at low loads, that is, in the
NEDC test cycle, a decrease of 85% is measured, while at medium
loads at constant speed, it decreases to 75% under normal load
conditions while with variable loads the EGR efficiency under NOx
reduction is below 50%. A slight increase of fuel consumption is
noted during normal driving conditions at medium loads while at
low loads, a drop of 15% in fuel consumption is noticed with EGR
systems on. A lower fuel consumption is the result of the mean
effective pressure reduction during exhaust strokes. Ghodke et al.
(2012) conducted a thermodynamic comparison between HP and
LP EGR systems at various constant and transient loads. They
observed Brake Specific Fuel Consumption (BSFC), loses during
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Fig. 4. LP and HP EGR configuration, greencarcongress.

exchange working medium and oxygen excess or air fuel ratio. As
all the observed values depend on the flow and pressure of gases in
the intake and exhaust manifold which are regulated by variable
geometry turbochargers, the results are presented and explained
on the compressor maps in Fig. 6. Fig. 6 illustrates how HP EGR
moves the compressor’s operating point, at a low engine load
BMEP = 2 bar, towards a lower compressor efficiency and reduced
airflow (left side) with a low turbocharger speed.

Fig. 7 illustrates the impact of the variable geometry turbo-
charger’s blade position and EGR HP/LP ratio from O to 100% at
medium engine load with medium engine speeds BMEP = 12 bar
n = 2500 %/min with 30% EGR to the compressor behavior.
Increasing LP/HP EGR ratio increases the mass flow rate through the
turbine and compressor with a constant amount of EGR, the gas
flow rate through the turbine is increased so that the turbocharger
works at higher speed and efficiency. EGR cooling enables lower
compressor operating pressures, with the same mass flow rate,
with more opened turbine blades, illustrated with red arrows in
Fig. 7.

Park (2014) conducted an experimental research on high speed
diesel engines at constant partial load and measure specific fuel
consumption, NOx emissions and combustion characteristics in
relation to LP/HP EGR. According to them, the increase in relation to
LP/HP has a positive impact on fuel consumption and NOy emissions
as illustrated in Fig. 8. Furthermore, Ghotke et al. (2012) describes
the behavior of HP/LP EGR in transient loads. Fig. 9 illustrates the
response time of the engine with transient loads, from a low load of
2 bar to medium load of 9 bar BMEP. It can be seen that the amount
of EGR at LP barely effects the engine response time, LP EGR achieves
better results for euro 4 standards and higher.

Advantages of LP EGR are achieved with lower temperatures of
exhaust recirculated gases, which are cooled in the low-pressure
cooler and intercooler together with fresh air that causes lower
temperatures within the cylinder and reduces NOx emissions with
an equal flow of recirculated gases. The second advantage is that
hot gases are not taken before passing through the turbocharger
which causes the energy of the gases that pass through the turbine
to be much higher. This is rather important in low loads where the
overall gas energy is rather low while EGR is most efficient in this
field of operation, Park et al. (2014), Reifarth et al. (2010). It has a
positive effect on engine response time at transient load and this is
important for the engines used on road vehicles, especially for
passenger cars where comfort is of utmost importance. The third
advantage is referred to cleaner EGR gases which are taken
downstream of the DPF filter and makes them much cleaner from
soot keeping in the whole intake system. This is on the other hand
the biggest drawback of the HP EGR system. Most failures are
caused by soot depositions building up in EGR valve, coolers and
connecting lines. Soot deposition on EGR valves can cause them to
always be slightly opened. At higher loads, the EGR should be fully
closed to secure the right amount of air flow. This causes a chain
reaction, a low fresh air flow rate causes a higher amount of soot
being generated at exhaust which causes even more soot deposi-
tion on the EGR valve, intake manifold and valves that can cause
serious engine failure. The disadvantages of LP-EGR compared to
HP-EGR are the inertness or slower response of EGR concentration
at transient load. Load changes require changes to the EGR rate,
which make the path of recirculated gases to cylinder much longer.
Longer time is needed for changes in EGR concentration. The sec-
ond drawback is the corrosive atmosphere from the exhaust gases
that pass through the complete inlet system which is the most
sensitive part of the compressor. In LP EGR, gases are taken after
DPF and are driven to the intake system right before the
compressor, the pressure is almost the same as the atmospheric
pressure at both sides. Because of this, sometimes it is necessary to
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install a restriction in the exhaust line which has a negative impact
on the engine fuel consumption, Reifarth et al. (2010), With the
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entry of Euro 6d, which includes the WLTP cycle and RDE testing,
the high-pressure HP EGR loses its importance due to limited or no
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effect at increased load, but will continue to be used solely in
combination with other systems for limiting the NOy low-load
emissions, especially when combined with a low-pressure LP EGR
system. LP EGR shows better performance than HP EGR separately,
and especially in combination with HP EGR. Despite its limited
performance when compared to most exhaust after treatment
systems, its lower cost and ability to combine with all after treat-
ment systems ensures further applications.

3.2. Exhaust after treatment systems

3.2.1. Catalytic converters - catalysts

Catalytic converters are devices that are used for decreasing the
toxicity levels of exhaust gases in internal combustion engines. This
device provides chemical reaction conditions in which toxic com-
bustion by-products are converted into less toxic or completely
non-toxic chemical compounds. Standard catalysts, oxidation,
reduction and three-way catalysts, have been successfully used for
many years, and their technologies have already reached their
pinnacle, so only the principles of operation, shortcomings and
limitations of using in combination with diesel and modern gaso-
line engines will be briefly explained. According to the type of re-
action, they are divided into:

1. Oxidation catalysts (oxidation of CO and HC)
2. Reducing catalysts (reduction of NOx)

The wide application of catalysts started in the 70s in the USA
when the Environmental Protection Agency EPA had issued a law
requiring all vehicles manufactured as of 1975 to comply with
regulations in order to lower overall emissions, the required re-
ductions of HC are 87%, 82% in CO; and 24% in NOx when compared
to the emission law of the 60s, Garrett et al. (2009). Two-way cat-
alysts, which reduced carbon monoxide and hydrocarbon emis-
sions were first used. By 1978, GM had developed the first three-
way catalyst consisting of an oxidation and reduction bed to
reduce NOx emissions.

3.2.1.1. Two-way catalyst. Oxidizing catalysts reduce the amount of
unburned hydrocarbons and carbon monoxide; this is accom-
plished by passing them over a platinum or palladium film as a
catalyst accelerates the reaction.

HC+0, — CO,+H,0 (1)
2C0+0,—CO; 2)

This type of catalytic converters has a wide application with
diesel engines DOC (Diesel Oxidation Catalyst) but are more helpful

conversion/%
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as a support-system combined with DPF filters, because the CO and
HC emissions from diesel engines are not high. Based on the au-
thor’s conducted studies on the effect of defective components of
emission control systems, it was concluded that Euro 3 and most of
Euro 4 engines can satisfy CO and HC limits without the help of
oxidation catalysts. The DOC catalyst converter is explained in
chapter 3.2. Diesel Particle Filter.

3.2.1.2. Reduction catalyst. A reduction catalytic converter reduces
the amounts of nitrogen oxide in the exhaust. It can be installed as a
separate unit, but also with the addition of the oxidation catalyst,
which should be installed downstream. It works efficiently only
when the engine operates in a rich or stoichiometric mixture as free
oxygen slows the desirable chemical reaction down. Structurally, it
is very like an oxidation catalyst, the difference is mainly in the
catalytic material, and the basic principle is that hot exhaust gases
pass over the catalyst film within the honeycomb structure, which
accelerates the NOyx decomposition to nitrogen and oxygen, ac-
cording to the chemical reaction (3).

2NO— 05+N; (3)

3.2.1.3. TWC three way catalyst. This has been the most commonly
used catalyst for many years, its greatest advantage is that the
carbon monoxide oxidation, hydrocarbon oxidation and nitrogen
oxide reduction occur simultaneously. The noble metal, palladium
Pd or rhodium Rh are most commonly used as active catalyst ele-
ments. Palladium is particularly interesting because of its low cost,
good selectivity and activity in the oxidation of hydrocarbons,
Rhodium is widely used as it is the most effective catalyst for the
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reduction of nitrogen compounds, Pardiwala et al. (2011).

Fig. 10 shows the impact of the Air/Fuel Ratio on the perfor-
mance of rhodium, palladium and platinum as catalysts for CO, HC,
and NOy reduction. Temperature has a strong influence on the ef-
ficiency of TWC catalysts, only temperatures above 600 °C have a
full effect. The high operating temperatures of this type of catalyst
determine its position within the exhaust system and it has to be
installed as close as possible to the exhaust manifold. The chemical
reactions of this converter are very complex, most importantly
shown in Equations (4)—(9). In addition to the oxidation and
reduction reactions, water and water vapor react as well.

Oxidation:

HC+0,— CO+H,0 (4)

2C0+40,;—CO; (5)
Reduction:

2CO+2NO —2C0,+2N; (6)

HC+NO — COy+H; 0+Ny 2H+2NO — 2H; O+N; (7)

Reactions with water and vapor
CO+H,; 0—COy+H; (8)
HC+H; 0—COz+H; 9)

In order to archive full converter potential, it is necessary to
ensure that they operate in a narrow Air/Fuel Ratio Fig. 11, this is
achieved by the introduction of feedback control, and measuring the
oxygen excess in the exhaust by a lambda probe. The biggest
drawback of TWC is its narrow operating range, i.e. the impossibility
of continuous operation in lean mode, as the NOy reduction catalyst.
TWC catalysts have the ability to operate in lean mode for a short
time, approximately 1 min, by storing nitrogen oxides and reducing
them during rich or stoichiometric periods, so that this converter
completely fulfills its function in combination with standard gasoline
PFI engines, Pereda-Ayo et al. (2013). As diesel engines typically
operate at high Air/Fuel Ratios, this type of catalyst is useless for the
reduction of NOy emissions. A similar situation is also with the latest
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Fig. 12. NOy storage and reduction, Pereda-Ayo et al. (2013).

generation of petrol engines with direct stratified fuel injection in
the cylinder which also operate in lean mode at low load, Raju et al.
(2014), Kumaravel et al. (2014).

3.2.14. Catalytic converter with NOy in lean mixture conditions LNT
(lean NOx trap). LNT catalytic converters, in some literature named
NSR (NOy Storage Reduction) which is also used by Pereda-ayo et al.
(2013). LNT catalytic converters consist of oxidizing catalysts, ad-
sorbers which temporary store NO, under lean conditions and
reduce the catalyst. Constructively speaking, it is similar to stan-
dard three-way catalysts, in addition to the adsorber which is made
of alkali or alkaline earth metals. Due to its ability to work in lean
conditions, it is suitable for diesel and petrol lean burn engines.

During the lean period, the platinum oxidized NO to NO/NO,
mixture, alkali or alkali-earth oxide adsorbed NOy, creates nitrates
and nitrites, this is called “storing phase” Fig. 12. When the adsorber
is saturated, under lean conditions, it has to be exposed for a short
time to a rich mixture which delivers reducing components CO, HC
and Hp. During the rich mixture, the LNT releases and reduces its
stored nitrogen oxide with the presences of catalysis, this period is
also called “regeneration phase”. Manula et al. (2014) states that the
regeneration phase in passenger car engines lasts for about 2—5 s at
intervals of 1—3 min, which causes an increase in fuel consumption
by 10%.

DiGiulio et al. (2014) conducted a test on commercial LNT con-
verters in passenger cars and observed the impact of temperature
and regeneration time to the catalyst performance. The same
author states that temperatures between 350 °C and 400 °C are the
optimal working temperatures which achieve a high conversion
level of 95% and above in intervals of 180 s regardless of regener-
ation duration. With the temperature below 300 °C, NOy reduction
is a slow chemical process which leads to a longer regeneration
time with lower concentrations of rich fuel mixtures. At tempera-
tures, above 450 °C, the situation is exactly the opposite, the release
and reduction of NOy is a fast process which gives better results
with a shorter rich period using a richer fuel mixture, Fig. 13. The
drop in efficiency at high temperatures is caused by an unbalanced
reduction process and a decrease in NOyx storage capacity. Thermal
aging and sulfur contamination are the two main factors which lead
to a drop in the performance of LNT catalysts. The mechanics that
lead to sulfur contamination during a poor mixture is similar to that
of NOy storing. During the lean mixture period, LNT adsorbs SO; in
the same way as NOy, as sulfates are more stable than nitrates,
regenerations are not completed and over time, block the forma-
tion of nitride, and hence reduce the efficiency of LNT catalysts.
After sulfur contamination, it is necessary to carry out the desul-
furization process of the NOy storage unit. Complete de-
sulfurization requires significantly higher temperatures than
normal operating ones, above 650 °C in rich mixture, there is a
thermal aging problem that this converter is prone to Mollenhauer
and Tschoeke (2010) and Choi et al. (2007) investigated the impact
of various amounts of sulfur to the LNT catalyst performance. They
compare the efficiency of catalysts that are exposed to exhaust
gases without sulfur and exhaust gases with a sulfur concentration
of 20 ppm, and 300 ppm of NOy in various intervals. After only 4 h
of exposure, with a corresponding 3.4 g of sulfur per a 1 L of
catalyst, the NOy concentration at the converter outlet was
30—40 ppm, and the efficiency dropped below 90%, while the same
catalyst under the same conditions but without sulfur contamina-
tion had an efficiency close to 100%. After 1 h of the desulfurization
process at 700 °C, the efficiency of the converter is returned to
normal. From all of this, it is clearly seen that the LNT catalysts are
sensitive to sulfur and that solely relies on the sulfur content in the
fuel which means that it is necessary to use a higher quality of fuel
in vehicles equipped with LNT catalysts. A great advantage of LNT
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technology is that converters with all additional elements take up
relatively small space, at a reasonable price, high efficiency be-
tween 70 and 90% in most driving conditions, Nesbit et al. (2016).
The drawback of these LNT systems is the requirement of occasional
rich mixtures i.e. need to use additional fuel for the regeneration
process. According to Yang et al. (2015), cars equipped with LNT
converters show a weakness in lab testing with the new WLTP
cycle, while still keeping up to the requirements of the NEDC cycle.
So far, this has shown more results in adjusting vehicle emissions to
the satisfaction of the NEDC cycle, to reduce the negative impact on
economy under real conditions of use, than the real weakness of
this type of catalyst. Despite the drawbacks, the future application
of LNT catalysts is guaranteed with a lower cost and less space
required for accommodation than other exhaust after treatment
systems.

3.2.1.5. Selective Catalytic Reduction. SCR technology combines
active control and a catalytic converter which reduces NOy by
adding an external reducing reagent, which is usually a urea-based
liquid, known in Europe as Ad Blue, a solution consisting of very
pure urea in de-ionized water in the amount of 32.5%, Sinzenich
et al. (2011). It is held in a special tank that refills, usually like
refueling, or is only intended to be refilled during service intervals.
A schematic of the complete system is shown in Fig. 14. The amount
of fluid is dosed very precisely with a metering device operated by a
separate ECU control unit and the fluid is piped to a nozzle which
injects fluid into the catalyst. Typical chemical reactions occurring
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E

within a SCR converter under appropriate conditions are, Busca
et al. (1998):

4NH3+2N0,+07 — 3N,+6H,0 (10)
4NH34-6NO— 5N, +6H,0 (11)

The SCR converter achieves a NOy conversion rate of between 80
and 95% under normal using conditions, which is why this
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Fig. 15. Performance drop of HD SCR system with TiO,—V,05 converter, Amon et al.
(2001).

AdBlue* tank

AdBlue® dosing

Diesel
oxidation
catalyst

system including DCU

Temperature
sensor

Electrically
heated
catalyst

(Emicat®)

LS-Design*
LS = longinadina structure)

Fig. 14. Schematic representation of SCR catalytic converter components, Vitesco Technologies (2018).
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technology sets standards in the degradation of NOy emissions in
lean air-fuel ratio conditions Nesbit et al. (2016). Amon et al. (2001)
did research on truck engines, which are at a relatively early stage
in the development of SCR truck engine technology. They did it by
measuring and comparing real-world results (over 6 M km in total)
and test bench results.

The measurements show the high stability of the SCR converter,
Fig. 15, at 500,000 km the NOy conversion efficiency is over 90% of
the efficiency of the new SCR converter. A spectrometric analysis
showed very small variations in physical and chemical properties
after a prolonged use of the SCR converter. The measurements
show an average NOy conversion efficiency of 70% in real-world
truck condition tests, the bench data showed very similar results.
The urea consumption during the test program was 4.1% and 5.5%,
respectively, compared to fuel consumption. The main disadvan-
tages of SCR catalysts are the operating efficiency in narrow tem-
perature ranges since they operate efficiently at temperatures
above 190 °C, large additional space that takes up all the compo-
nents of this converter and the extra fluid that needs to be
replenished Lietti et al. (2008). Kwak et al. (2010) compared three
zeolite SCR catalysts, Cu-ZSN-5, Cu-beta and Cu-SSZ-13, in a tem-
perature range of 150—550 °C in a gas mixture with 350 ppm NO,
350 ppm NH3, 14% 05, 2% H,0 with a balance of Nj. All three cat-
alysts exhibit weaknesses at temperatures below 200 °C, and their
efficiency also decrease at elevated temperatures, Cu-SSZ-13
showing the least sensitivity to temperature rises above the opti-
mum operating range, Fig. 16. The decrease in efficiency at high
temperatures is due to the formation of NO, and N,O by a chemical
reaction between the ammonia and free oxygen.

SCR catalytic converters are often exposed to very high tem-
peratures above 650 °C, for example, due to the burning of soot
particles in the DPF filter located upstream of the SCR. According to
Gao et al. (2013), Cu-SSZ-13 does not have such superior charac-
teristics of NOx conversion at high temperatures compared to other
catalysts, but has a higher resistance to thermal aging and exposure
to high temperatures. The same author conducts thermal aging
research on four different commercial Cu-zeolite converters at
800 °C with a 10% water steam for 16 h.
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Fig. 16. Temperature dependence of NOy conversion for different catalytic materials,
Kwak et al. (2010).
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Fig. 17. Properties of commercial SCR converters after aging treatment, Gao et al.
(2013).

All four catalysts have an efficiency of over 90% regarding a
certain temperature range, after the aging treatment, the NOy
conversion efficiency decreases with all catalytic converters, with
Cu—Y completely losing its catalytic properties, Fig. 17. Qi et al.
(2003) examined three different catalysts, manganese oxide,
manganese-cerium, and iron-manganese on a zeolite substrate at
low SCR temperatures between 80 and 180 °C. The tests were
performed with a gas mixture of 1000 ppm NO, 1000 ppm NH3, 2%
0,, 2.5% Hy0 and He for the balance. The manganese oxide catalyst
performs best at low temperatures, with an efficiency of about 90%
already at 140 °C. The same author examines the effect of the
presence of sulfur in the exhaust gases on the efficiency of the
converter by exposing it to the above-mentioned gas mixture with
the addition of 100 ppm SO,. After 5 h of SO, exposure, the effi-
ciency of the SCR catalyst drops to 80%, but soon after the SO,
exposure ceases, the catalyst returns to its original state, Fig. 18.

Unlike the laboratory testing of Kwak et al. (2010) and Qi et al.
(2003) where ammonia was injected directly into the hot gas
stream, under real conditions of SCR, ammonia usage is obtained
with the decomposition of the urea mixture. After 32% of the urea is
injected into the hot gas stream of the diesel engine upstream of
the SCR converter, it decomposes according to reactions (12) and
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Fig. 18. Dependence of NOyx conversion rate on exposure time to gas mixture with
100 ppm SO,, Qi et al. (2003).
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Fig. 19. Influence of temperature on decomposition of urea for different catalyst ma-
terials, Johnson et al. (2008).

(13) to ammonia and CO5:

NH,—CO — NHz(aq)HNH3+HNC0 + xH0 (12)
After which isocyanic acid (HNCO) reacts with water:
HNCO+H;0 — NH3+C05 (13)

These chemical reactions require elevated temperatures.
Eichelbaum et al. (2010) studied the decomposition of urea into
ammonia using various catalysts which shift thermalizes temper-
atures from 290 to 200 °C and the decomposition temperatures of
solid products from 370 to 290 °C and reduce the formation of solid
residues in the range of 200 to 300 °C. Solid residues are formed
with the decomposition of the urea, having a negative effect on the
SCR, since their decomposition requires temperatures above
600 °C. Fig. 19 shows how temperature affects the urea decompo-
sition of certain materials used as catalysts, Johnson et al. (2008).

The problem of poor performance at low-temperature exhaust
gases, which occurs when driving at low loads and after cold starts,
in addition to poor SCR performance, is caused by the urea decom-
position problems described above. This problem can be partially
solved by injecting AdBlue fluid into the electrically preheated urea
decomposition catalyst as in Fig. 14. Koebel et al. (2000) addressed
the problems of SCR application on vehicle engines, among others,
they studied the impact of NOy/NO ratio on NOy conversion

NOx conversion (solid) and corresponding NH; slip (dashed)
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Fig. 21. Relationship between NOy conversion, NH3 leakage and NH3/NOy ratio, Miller
(2015).

efficiency. This effect is most pronounced when operating in a low
temperature range. SCR efficiency measurements were performed
on a coated converter in a temperature range from 150 to 450 °C
with a ratio of NO2/NO = 1 and with pure NO. Measurements show
that the NO,/NO ratio have a strong influence on the efficiency of
SCR, especially at lower temperatures, Fig. 20. At 200 °C and 10 ppm
NHj3, SCR with pure NO has an efficiency of 21% and with a ratio of
1:1, its conversion efficiency increases up to 93%. The usual total
proportion of NO; in the nitrogen oxides of diesel exhausts is only
5—10%. This proportion is increased by the use of a high-quality
platinum oxidation catalyst, which does not completely solve the
problem of low temperature conversion since it also needs elevated
temperatures to efficiently convert the NO to NO,.

Another problem with the use of the SCR catalytic converter is the
leakage of excess ammonia and its discharge into the environment.
The high concentrations of ammonia at the output of the SCR are due
to the use of too few SCR converters, the uneven distribution of
ammonia within the SCR converter, and the large values of stoi-
chiometric ratio ANR (Ammonia NOy Ratio) o = NH3/NOy, Koebel
et al. (2000), which ensure a better NOx conversion. On the other
hand, a small ANR ratio reduces or abolishes ammonia leakage but
the effect on the NOx conversion is negative. The relationship be-
tween NOy conversion and ammonia leakage depending on the NH3/
NOx ratio is shown in Fig. 21. Miller (2015). Due to the wide range of
exhaust temperatures and the dependence of the ammonia ab-
sorption capacity within the SCR on temperature, urea dosing is a
very complex procedure. The highest quality, but also the most
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Fig. 20. Efficiency of SCR with pure NO and mixture of NO,/NO 1: 1 Koebel et al. (2000).
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Fig. 22. Ammonia adsorption capacity for new SCR converters at 200 °C and after
hydrothermal aging at 700 and 800 °C for 20 h, Manula et al. (2014).

expensive solution of ammonia leakage is the installation of an
Ammonia Slip Catalyst (ASC catalytic converter), downstream of the
SCR. ASC allows the operation of SCR-s with a relatively high ANR,
i.e., in the area of high NOy conversion, and the excess ammonia
decomposes into water and nitrogen. Despite the fact that anything
above 15 ppm of ammonia causes a foul odor and leads to irritation
of the eyes and respiratory system, Euro standards for passenger cars
and heavy-duty vehicles still do not limit the amount of ammonia in
the exhaust gases. In spite of high costs and all the difficulties that
the SCR brings, it still finds great use in reducing NOy emissions,
primarily because of its high efficiency that allows better engine
settings, with less EGR or completely without exhaust gas recircu-
lation. It has been used with most truck engines after the intro-
duction of the Euro 4 standard, and is increasingly entering the
upper and middle-class passenger car and light commercial vehicle
sector, especially to meet the Euro 6d standard.

3.2.1.6. LNT + SCR catalytic converter. This converter combines LNT
and SCR technology, LNT enables ammonia synthesis during the
regeneration phase, there is an SCR downstream of the LNT con-
verter that stores ammonia and uses it to reduce NOy so that the
combination of LNT + SCR converter combines the advantages and
eliminates most of the disadvantages of both converters separately.
A high conversion rate is achieved by SCR, while LNT can operate at
a lower conversion rate, so there is no need for a large amount of
precious metals and no additional reagent is required (AdBlue),
Zheng et al. (2014). This technology is more acceptable for lower-
and middle-class passenger cars because it requires less space, no

AdBlue tanks, dispensers and piping, and shows better
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Fig. 23. Efficiency of NOy conversion for different durations with lean mixture, Manula
et al. (2014).
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Fig. 25. Comparison of single LNT and combination with passive SCR, Manula et al.
(2014).

performance than LNT individually. According to Wittka et al.
(2015), the combination of LNT and passive SCR (without the
external addition of ammonia) works most effectively at temper-
atures between 200 and 300 °C, achieving almost 100% efficiency at
250 °C. In an individual LNT, the regeneration period with a rich
mixture causes a significant increase in CO, HC, PM and ammonia
concentrations in the exhaust gases. All of these quantities can be
regulated in the duration of the rich and lean mixture period. It is
common for LNTs not to complete the regeneration process
completely during the rich period, thus avoiding the leakage of
reducing components (HC and CO) and NHs. The installation of the
SCR catalytic converter downstream of the LNT enables complete
regeneration and better utilization of the LNT, because the
ammonia generated during this period is absorbed by the SCR. As
LNT-SCR systems are typically used in passenger cars and light
commercial vehicles where exhaust gas temperatures are expected
to be in a range of 100—250 °C, the characteristics of the LNT-SCR
system should be adjusted to lower operating temperatures. On
the other hand, there is a need to use materials that are resistant to
thermal aging due to the high temperatures that occur during DPF
filter regeneration (above 700 °C). In this configuration, the SCR will
almost always work with pure NO without the presence of NO»,
because complete NO,, which is formed partly in the engine, partly
in the DOC converter or catalyzed DPF, will consume LNT. Manula
et al. (2014) compared the effect of different types of SCRs under
low temperature conditions with pure NO. The best results are
shown with copper and iron-based catalysts and have the best NO
conversion both before and after hydrothermal aging treatment
(800 °C/20 h). SCR catalytic converters in such configurations also
have a tendency of losing their ammonia adsorption capacity,
which is why they cannot store sufficient ammonia during the
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regeneration phase, it would be necessary for SCR reactions during
the lean mixture period. Copper-based catalysts best retain the
adsorption capacity after aging, Fig. 22.

The overall efficiency (LNT + SCR) of NOx conversions is directly
influenced by the duration and frequency of the lean and rich
mixture. The lean-rich timing also correlates to fuel economy,
shorter rich periods and longer lean periods lead to better fuel
economy, so it is necessary to find the optimum. Manula et al.
(2014) conducted an experiment with copper-based DOC/
LNT + SCR with different durations (30—120s) of lean mixture
1 = 1.41, with a NOx concentration of 500 ppm and time rich
mixture 5s with 1 = 0.86 with NOx concentration of 1500 ppm in
laboratory conditions.

The longest rich time, 120s, gives the worst NOy conversion
results, especially at elevated temperatures where the adsorption of
NH3 in SCR becomes a limiting factor, Fig. 23. A short period of poor
mixture of 30s compared to 60s brings no improvement; it even has
a slightly negative effect, since not enough ammonia is generated to
effectively operate the SCR. From the foregoing, it can be seen that
even with this type of catalytic converter, tuning the operating
parameters is a major challenge, especially in the conditions of
variable engine loads.

Wittka et al. (2015) carried out research on different LNT-SCR
configurations and the best NOyx conversion results when consid-
ering an increased fuel consumption is given for engine-
independent regeneration configurations, the bypass or dual-path
concept in Fig. 24 because of better fuel utilization during LNT
regeneration. In the standard configuration, 10—45% of the extra
consumed fuel is used as a reducing agent, while this ratio increases
to between 50 and 65% in the system with bypass and reforming
unit. The LNT-SCR combination for equal total converter volume
achieves, at lower exhaust temperatures, better nitrogen oxide
conversion results than the LNT individually. At elevated temper-
atures, the conversion efficiency is approximately the same and
very little depends on the choice of catalytic converter active sub-
stance, but the benefit is the reduced ammonia release to the
environment by 3—5 times. Fig. 25 shows the comparison of LNTs
individually and in combination with SCR.

3.2.2. Diesel Particle Filter

Besides NOy, one of the main goals of the development of
modern diesel engines is the reduction of soot emissions. The basic
element for reducing particulate emissions is the Diesel Particulate
Filter DPF, which is a mechanical filter that stops particulate matter
from the exhaust, including solid carbon (soot) and fine particles,
while the rest of the exhaust gases pass through the filter. After a
certain period of use, the filter is saturated. The degree of DPF
contamination is estimated, as with standard mechanical filters, on
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the differential pressure between the inlet and outlet of the filter.
An increase in back pressure leads to a decrease in effective pres-
sure according to relation (14). The drop in mean effective pressure
is related to the drop in torque or power. To ensure the desired
performance, we must compensate the loss which requires addi-
tional fuel. According to Stamatello et al. (2017), an increase in back
pressure of 200 mbar leads to an increase in specific consumption
by approximately 2%.
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Fig. 26. Comparison of pressure drops and relative consumption of ACM and Cd DPF, Mikulic et al. (2010).
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Weycle = %pdv + (Din +DPex) x Vg4 (14)

The back pressure of the saturated DPF increases rapidly with
the accumulated mass of particles in the filter channels. The pres-
sure drop on the DPF depends on the saturation, the gas flow, the
geometric characteristics of the filter and the filter materials.
Monolithic filter walls are usually made of special porous materials,
and the most commonly used ones in mobile applications are:
Cordierite (Cd, 2Mg0*2Al,03*5Si05;), Silicon Carbide (SiC), Acicular
Mullite (ACM, Al;SiOs), Aluminum Titanate (AT, Al;TiO) and metal
alloy foam (Alloy Foam AF). Mikulic et al. (2010) addressed the
impact of DPF back pressure on the increased fuel consumption of
an HD truck diesel engine with two different DPFs. The results show
that filters of the same design, of equal wall thickness, of equal
volume, give different back pressure. The ACM-built filter provides
a significantly lower pressure drop, especially at higher flow rates,
than the cordierite filter, thus saving on fuel economy.

Fig. 26a and b show the results of the pressure drop at the DPF
on flow for Cd and ACM, and the relative savings on fuel con-
sumption compared to the difference in pressure drop between Cd
and ACM DPF according to BMEP (Break Mean Effective Pressure).
Under load conditions according to the ESC (European Stationary
Cycle), the gains in consumption by using an ACM filter instead of
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Fig. 31. Comparison of DPF filters (non-catalyzed DPF, CSF, CRT, and CCRT) and their
back-pressure behaviors in low exhaust gas temperatures T < 270 °C, Gorsmann et al.
(2005).

the standard factory-installed Cd, ranges between 0.4 and 2%.
Stamatellou et al. (2017) addressed the problems of sizing DPF fil-
ters with an emphasis on stable applications where filters are in
most cases oversized as opposed to moving applications where
filters are well dimensioned. Reducing the size of the DPF while
maintaining the maximum allowable backpressures declared by
the manufacturer generally has a positive effect on the filter
behavior during the regeneration phase due to the faster heating of
the filter. According to Stamatellou et al. (2017), the filter volume
should not exceed twice the working volume of the engine. Fig. 27
shows the ratio of the DPF filter sizes to the maximum engine
power for automotive engines and for off-highway engines, as well
as for stable applications, construction machinery, marine propul-
sion, etc.

Particle filtering efficiency is influenced by its mechanical
properties; most of all pore sizes and cell counts. Maunula et al.
(2007) compared filters with different mechanical properties in a
standard EDC cycle for vehicle type approval. Filters with 90 cpsi
(cells per square inch) and a mean pore size of 37 pm has an effi-
ciency of between 87 and 92%, while a filter with 200 cpsi and a
mean pore size of 25 um has an efficiency of between 98 and 99.5%.
Filters with relatively large pore sizes are suitable for retrofit, i.e.
subsequent installation to less demanding applications, where the
benefit is that the ash passes through them and extends their life.
Modern vehicle engines use filters with pore sizes between 10 and
25 pm in order to meet stringent type approval regulations which
achieve efficiencies above 98%. Filter saturation occurs, if the
exhaust temperatures are not high enough to maintain self-
cleaning (auto-regeneration). After the filter is saturated with
soot particles to a predefined limit, the particles must be removed,
i.e. the filter should be regenerated. In addition to soot particles, the
filter retains ash particles that cannot be removed by regeneration,
so filter service is required.

There are also disposable DPF filters that are replaced after
saturation, but these are special-purpose filters and are not
commonly used. The classification of filter systems with regener-
ation methods are shown in Fig. 28. There are three modes of
regeneration: passive, active and combined. Passive regeneration
solves the problem of filter saturation by reducing the combustion
temperature of the particles to a temperature reached under
normal operating conditions without the need for additional en-
ergy consumption, while active regeneration raises the exhaust gas
temperature to the point where soot particles begin to oxidize. In
diesel exhaust, there are only two gases which are suitable for soot
oxidation, oxygen and nitrogen dioxide and both play an important
role in the regeneration process, this role depends on the reactivity
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and amount of those gases. The amount of oxygen in the exhaust of
a diesel engine is approximately 2—3 orders of magnitude larger
than the amount of NO,, but the NO, is more active at lower
temperatures. The difference in reactivity between NO; and O, as
an oxidation agent for soot is shown in Fig. 29.

3.2.2.1. Passive regeneration. Passive regeneration can reduce the
combustion particle temperature in several ways:

1. By adding additives that lower the inflammation point of the
particles - FBC (Fuel Borne Catalyst-assisted)

2. Oxidation by oxygen

3. Particulate combustion using NO;

The use of additives to lower the oxidation temperature is one of
the most effective methods for regenerating DPF filters. The FBC is
precisely dosed into the fuel, kept in a special tank that is usually
refilled during regular service. The principle is to incorporate a
catalyst particle about 10 nm in diameter into the soot particles and
deposit them in the filter. The advantage over a catalyst film DPF is
the large number of contact points and contact surface with soot
particles throughout the volume. Thus, this type of regeneration
has the ability to regenerate faster than catalyzed DPF. FBC de-
creases the regeneration temperature from over 600 °C to about
350 °C and accelerates reaction, making regeneration faster and
more complete. Quan-shun et al. (2016) measured emissions before
and after the DPF filter with and without the DOC option on bus
motors under real driving conditions and on a test table. The FBC
method with additive addition was used for regeneration. The re-
sults of NO, reduction measurements under all conditions show
similar results, decreasing to about 44% relative to input values,
while the reduction of other nitrogen oxides is negligible. The
particle filtering efficiency ranged between 95 and 99%. Oxidation
by excess O, in the exhaust gases at lower temperatures is generally
a slow reaction and DPF regeneration is incomplete, Fig. 30. Tem-
peratures above 600-650 °C are required to achieve complete
combustion of soot particles, which rarely occurs under normal
operating conditions. A significant acceleration of the reaction is
achieved with a catalyzed DPF, which accelerates the reaction be-
tween the carbon in the particles and free oxygen in the exhaust
gases. The DPF with this type of primary oxidation is rarely used
because of the need for a relatively large catalytic converter with a
large amount of expensive precious metals. Particulate combustion
with NO; is a particularly interesting regeneration method for most
HD applications because of the usual exhaust gas temperature
between 200 and 300 °C, and is used in addition to active regen-
eration for passenger cars and light commercial vehicles. Chemical
reactions are described with Eq. (15)—(17). Fig. 31.

2NO+0,—2NO, (15)

NO,+C— NO+CO (16)

NO,+C—N; + CO, (17)

As the NO; concentration in diesel engines is only 5—20% of the
total nitrogen oxides and the rest is mostly NO, a DOC (Diesel
Oxidation Catalyst) is usually placed upstream of the DPF, which
accelerates the NO oxidation reaction in NO,, equation (16). DOC is
a catalytic converter consisting of a substrate that can be ceramic or
metal with a surface area of several m?. To increase the surface,
usual metal oxide (e.g. Al;03) wash coats are used and coated with
catalytic materials (usually platinum). The typical amount of cata-
lyst applied is 0.1—10 g/dm3, Gorsmann et al. (2005). In addition to
NO oxidation, DOC is also used to oxidize the unburnt HC hydro-
carbons and CO carbon monoxide. There are several commercial
systems based on NO, regeneration:

e CRT (Continuously Regenerating Trap) = DOC + DPF,

e CSF (Catalyzed Soot Filter) or CPF (Catalyzed Particulate
Filter) = catalyzed DPF and

e CCRT (Catalyzed continuously Regenerating Trap) = DOC + CSF

It can be seen from equations (16) and (17) that DPF with CRT
regeneration reduces the amount of NOx harmful emissions. For
CSF filters, the oxidation of HC, CO and NO takes place inside the
filter itself. NO, is formed inside the filter duct and collides with the
soot particles that oxidize to CO, and NO, and is reduced to NO
which travels further through the duct and is oxidized with excess
oxygen, and these reactions are repeated all the way through the
duct. The CCRT system allows the highest utilization of NO> in soot
regeneration. The advantage of CSF is its compactness, while CRT is
the least sensitive to ash accumulation (which cannot be removed
by regeneration). Gorsmann et al. (2005) observed the behavior of
different filters with or without passive regeneration under low
exhaust temperature conditions, Fig. 32. The pressure drop of the
filters is related to the accumulated soot. Therefore, changes in the
pressure drop are related to the ability to regenerate.

Maunula et al. (2007) studied the behavior of different types of
DPFs, with varying amounts of precious metals, with a volume of
2.4 dm3 with 200cpsi on a Euro 4 passenger car under NEDC (New
European Driving Cycle) conditions, where the exhaust tempera-
tures were generally between 100 and 300 °C. The CCRT system
combines the properties of CRT and CSF, which enables better uti-
lization of NOy for the combustion of soot particles. It shows better
properties than CRT and CSF individually and in cases where a
smaller amount of precious catalytic materials is used in the filter
compartment, Fig. 32. The possible leakage of unused NO; is
resolved by the proper selection of precious metal amounts and
their distribution. These properties are particularly pronounced at
low loads with low exhaust temperatures at low NOx concentra-
tions. The biggest advantage of passive regeneration is the opera-
tion of the DPF system within a safe temperature range without the
risk of individual component destruction, while the disadvantage is
the limited use in cold applications with low loads, as well as the
high initial cost of systems that allow this type of regeneration.
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3.2.2.2. Active regeneration. When DPF filters are used in operating
conditions of low exhaust gas temperatures or in conditions where
temperatures sufficient for passive regeneration occur rarely, active
DPF regeneration must be ensured. This approach is based on the
activation of regeneration by raising the temperature of the parti-
cles trapped in the filter using an external energy source. If there is
a sufficient amount of NOy in the exhaust gas, it is sufficient to raise
the temperature to that sufficient to burn the soot particles with
NO;, which is approximately 300 °C. If the NO; amount is low, the
filter can only be regenerated by oxygen excess. For this type of
oxidation, the exhaust gas should be raised to about 550—600 °C.
There are two possible sources of energy: fuel or electricity. In the
case of fuel usage, there are also two basic ways, injecting the fuel
into the exhaust gases in the exhaust manifold or post injection
with late combustion stroke. For large systems, separate burners
are still used to regenerate DPF filters. Late or subsequent injection
of fuel into the cylinder is the most common used method because
of its low cost, where only software changes are required most of
the time. The disadvantage is a small amount of unburned fuel that
ends up in the crankcase and dilutes the oil, which requires more
frequent service intervals. With HD applications, it is more com-
mon to apply fuel injection to the exhaust manifold for DPF
regeneration due to longer intervals between engine oil changes,
Guan et al. (2015). The purpose of the additional or delayed injec-
tion is to provide sufficient hydrocarbons that do not burn in the
engine to gain useful work but oxidize in the DOC catalytic con-
verter and raise the exhaust gas temperatures high enough to
oxidize the soot particles. The use of electricity as a heat source to
raise the exhaust gas temperature is rarely used and involves the
installation of an electric heater in front of the DPF filter inlet. In
addition to energy consumption (electricity and fuel), the temper-
ature of the exhaust gases can also be affected by the air path
control which implies the control of fresh air and exhaust gas flow.
This type of control involves regulating the amount of exhaust gas
recirculation via the EGR valve, regulating the amount of fresh air,
the boost pressure through the throttle valve, variable geometry of
the VGT, and bypassing the EGR cooler. Moraal et al. (2004) and
Guan et al. (2015) thoroughly described the problems, modes, and
constraints in managing an engine system for DPF regeneration.
One of the main disadvantages of active regeneration are very high
temperatures downstream the DOC, therefore all the exhaust
components should be resistant to high temperatures especially
DPF. Regeneration in very large soot accumulations are particularly
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Fig. 33. DPF temperature movement in uncontrolled regeneration, loaded with 10.1 g/
L, Zhan et al. (2006).

dangerous, because in high temperatures and sufficient oxygen
conditions, soot burns very quickly and can raise the temperature
to above 900 °C despite the activated high temperature protection,
which can cause permanent damage to the DPF. A critical temper-
ature rise occurs if the filter load is above 8—10 g/L, Maunula et al.
(2007). According to the same author, the temperatures of active
regeneration in low PM load do not exceed 650-700 °C, while the
pressure drop in 2 min of regeneration drops from 200 mbar to
50 mbar. Zhan et al. (2006) dealt with various causes of uncon-
trolled DPF regeneration, in addition to regeneration with high
filter loading, the uneven distribution of soot and the reduction of
exhaust gas flow during regeneration (idling) are also a problem.
The movement of temperatures during regeneration with a high
filter load of 10.1 g/L is shown in Fig. 33. Although the temperatures
at the inlet of the filter are within normal limits, 650 °C for a start
and 550 °C for maintaining a regeneration, the bed temperatures
are outside the permissible limits, up to 1100 °C, which can cause
permanent damage.

Active regeneration due to the need for additional heating has
an impact on increasing the consumption by 2—3%, while in the
case of passive regeneration this influence is reduced by about 80%,
Guan et al. (2015). The use of active oxygen regeneration is very
widespread, in almost all engines equipped with DPF filters, while
in low-temperature applications it is the only possible choice.

4. Emission control strategy

Advanced diesel engine technologies such as common rail in-
jections, variable geometry or staged turbochargers, variable valve
management and complex exhaust after treatment systems
described in the previous chapters allow efficient engine operation,
but many degrees of freedom simultaneously increase the number
of possible solutions and make it difficult to find optimal man-
agement strategies. The challenges facing modern engines are
meeting the demands of power, quick response to changing loads,
high efficiency and durability as user demands and meeting envi-
ronmental standards as a type approval demand. Engine optimi-
zation is performed in several steps: initial calibration, steady-state
optimization, transient load optimization, and finally optimization
to the type approval cycle (most often adapted to the test cycle),
Grahn (2013) addressed the problems of modelling and optimizing
diesel engine control systems. The optimization of engines to meet
older standards, euro 1 and 2, focused on steady-state optimization,
with euro 3 and 4 standards, the emphasis was on cycle optimi-
zation, due to the large discrepancies between the type approval
NEDC test cycle and real driving conditions. With the Euro 5 and
Euro 6a, the manufacturers of passenger cars and light commercial
vehicles have resorted to a greater use of proven and relatively
inexpensive HP exhaust gas recirculation methods in order to avoid
using expensive exhaust after treatment components, for the rea-
sons explained earlier in the EGR section, and with the additional
increase in back pressure due to DPF, it had an effect on the
significantly slower response to load changes, so the emphasis was
not only on optimization by cycle but also on the optimization of
transient loads. A new WLTP (Worldwide Harmonized Light Vehicle
Cycle) was introduced after the Dieselgate emission scandal, which
is more similar to real driving conditions as well as emission control
under real driving conditions using PEMS (Portable Emission
Measurement System), which should minimize the need for opti-
mization according to the approval cycle. It should be emphasized
that the optimal engine management strategy depends not only on
the engine, but also on the complete vehicle used, in the case of
passenger and light commercial vehicles. If the same engine, with
all the necessary emission control systems, is installed in a heavier
vehicle, it will normally operate at higher loads during the standard
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test cycle, but also in everyday use. It therefore follows that the
optimum engine settings in one model of vehicle will not be
optimal for that same engine fitted to an another vehicle model. For
trucks and stationary applications, the situation is simpler because
the emission limit values are given per kWh of delivered me-
chanical energy to the flywheel. Engine settings to meet customer
and environmental requirements often differ, but not always. The
best examples are the engine settings that give the minimum of
particulate emissions PM, carbon monoxide CO and hydrocarbons
HC which mostly match with the low consumption settings. The
additional requirements for even lower level mentioned pollutants
require the use of oxidation catalysts for CO, HC and DPF for PM
emissions, which slightly increase fuel consumption. On the other
hand, any reduction in NOx emissions, whether influenced in the
cylinder during combustion or after treatment of gases, has a
negative impact on the fuel economy. With regard to NOx emis-
sions, the situation is further worsened by the fact that the
reduction of NOx emissions during combustion leads to an increase
in HC, CO and especially PM emissions. According to a detailed
analysis of existing technologies, a diagram was developed, Fig. 34
that clearly shows in principle ways how to achieve type approval
standards with the different technologies. Lines 1, 2 and 3 represent
the engine technologies in the narrow sense, without any emission
control systems. The position and shape of the lines is conditioned
by the degree of engine development, which depends on different
applied technologies of injection, turbo charging, swirl and tumble
in the combustion chamber, working medium exchange,
compression ratio, etc.

Line 1 represents the engine with the highest level of develop-
ment, while the position of points P1, P2 and P3 is determined by
the current engine settings, i.e. settings of injection angle, pre-
charge pressure, swirl intensity, valve opening and closing angles,
etc. For example, movement from point P1 in direction of point P3
can be achieved by early main fuel injection which allows for a
better mixing of the fuel with the air before ignition, which avoids
the conditions for soot formation, with the inevitable increase in
NOy emissions, Fig. 35. While soot is formed in the region of
moderate combustion temperatures and locally rich mixtures, NOy
emissions occur under high temperature conditions and leaner
mixtures, Meloni et al. (2013). An earlier injection causes the
maximum temperatures and pressures to rise, which favours ni-
trogen oxidation but increases engine efficiency. It is obvious that
even the engine with the highest level of development represented
by Line 1 cannot meet the stringent environmental requirements
without additional systems.

Fig. 34 shows how different Euro norms can be achieved using
different emission control systems and technologies. The Euro 4
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Fig. 35. Conditions for soot particle formation and NOy emissions, Johnson (2008).

standard can be achieved from the starting point P1, which is a
compromise between NOx emissions on the one hand and PM and
consumption on the other. EGR reduces NOx but increases PM
slightly and then DPF solves the particle problem. Another way is by
starting with point P2, which is no longer a compromise but point
of low fuel consumption with a large amount of NOy, the NOy
emissions are reduced by the SCR catalyst and then the particles are
reduced by the DPF filter. The second method allows significantly
lower fuel consumption, due to a starting point in the area of low
consumption and low soot particle emission, thus increasing the
interval between DPF regenerations, further reducing consump-
tion. The disadvantages of this approach are the high initial cost of
the SCR system, as well as the cost of maintenance, reagent con-
sumption and taking up a relatively large space, so it is not suitable
for smaller vehicles. The emission control techniques and systems
explained earlier provide manufacturers with several possible ways
to meet the required standards. Most often, combinations of
different techniques give the best results in terms of emission
limitation and fuel consumption, while the required space and
particularly the cost of the system are a limiting factor for the use of
better solutions.

5. Discussion

This paper analyses techniques and systems whose primary
purpose is to regulate or reduce the harmful emissions of diesel
engines. In addition to analysing individual systems, the effect of
different system combinations is explained, without those future
standards, they cannot be fulfilled. So far the dominant NOx emis-
sion reduction technique for passenger and light commercial ve-
hicles, a high-pressure HP-EGR exhaust recirculation could only
satisfy Euro 6b under laboratory test conditions according to the
outdated NEDC type-approval cycle. With the introduction of Euro
6d, which includes a new WLTP homologation cycle with real-
world RDE testing, HP EGR becomes insufficient but will be used
in the future in combination with other systems, especially in
combination with LP-EGR. LP-EGR delivers promising results, and
because of its lower cost and less space usage, makes it suitable for
applications in smaller vehicles compared to exhaust after treat-
ment systems. A compact design makes LNT technology interesting
in the use of passenger cars, but its efficiency limitation is between
60 and 70% in normal driving conditions, with an unavoidable in-
crease in consumption due to periodical operation in rich mode and
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in areas with low fuel quality with an additional problem in sulfur
sensitivity. The Selective Catalytic Reaction System (SCR) gives the
best results and sets standards in terms of NOx conversion effi-
ciency, over 90% over a certain temperature range with the addition
of an ASC catalytic converter that prevents ammonia leakage. Its
use is limited to larger vehicles due to the complex delivery and
dosing system of ammonia and the space that it occupies. The need
to refill the AdBlue fluid which increases costs by about 2% over fuel
is not negligible. Another problem is the fact that their efficiency
drops sharply below 150-200 °C, depending on the type of con-
verter used. This disadvantage is mitigated by engine downsizing in
which the operating range is shifted to higher exhaust gas oper-
ating temperatures or by additional heating that requires additional
energy consumption. The current state of the art, LNT + passive SCR
gives very good results as the ammonia required for NOy reduction
is generated in the LNT while operating in rich mixture mode so
that the whole system does not require large space for accommo-
dation. There has not been a rapid turn in heavy duty (HD) engines
due to well-defined standards where emission limits are given per
kWh of mechanical works regarding the engine instead of per
traveled kilometer in passenger cars. Thus, for the control of NOy
emissions, SCR technology remains at the centre of application,
benefiting from the operation of the exhaust gas engine in the mid-
temperature range. Further development will focus on extending
the scope of action to low temperature applications and further
optimizing the system. Since the introduction of Euro 4 for trucks
and Euro 5 standards for passenger and light commercial vehicles
powered by diesel engines, DPF filters have become mandatory
elements for reducing particulate matter in the exhaust. By intro-
ducing direct fuel injection, gasoline engines also emit more par-
ticulate matter than allowed, so particulate filters should become
an integral part of vehicles powered by gasoline engines. Tech-
niques for regulating soot particle emissions are further developed
and optimized for DPF filter technologies, especially in the field of
regeneration, which includes catalytic DPF filters with continuous
CCRT regeneration through control of active regeneration param-
eters. When designing and optimizing the engine emission control
systems of a vehicle, their effect should be considered on the
transient response that directly affects driving comfort As a rule, all
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after treatment systems increase the exhaust back pressure, which
causes a drop in the turbocharger performance, while the EGR
(especially HP-EGR) situation is even more complicated as it takes
some of the gas from the turbocharger and further reduces its
rotational speed, which increases the response time during tran-
sient load. Several problems caused by modern diesel emission
control systems such as slow load responses, cold applications in
engine partial loads and inefficient regeneration, can be effectively
resolved with hybrid powertrains. Hybrid powertrains allow the
internal combustion engine to operate in optimal load range in
which emission control systems are highly efficient. Diesel hybrid
vehicle emissions are not suitable discussed in the existing litera-
ture where future research work should be directed in that specific
research field. The main question is if it is possible to meet the latest
euro norms in certain applications using a hybrid drive without an
expensive SCR system? The use of a combination of diesel-electric
hybrid propulsion is expected to significantly reduce CO, emis-
sions, toxic emissions and fuel consumption. Problems with
reducing toxic emissions can occur after a longer engine stand still
period, i.e. after a semi-cold start, which is especially pronounced in
plug-in hybrids. Research on the impact of cold and semi-cold start-
ups on the amount of emissions, as well as the ways in which
catalytic converters are rapidly heated and the effect of rapid
heating on consumption, should certainly be carried out. Due to the
intensive development of the emission control system in recent
years, more intensively than ever before in the history of engine
development, in which the automotive industry invests enormous
resources, there is no gap between published studies and the cur-
rent state of the art in this field. One could even say that it is
publicly available literature in some segments lags behind the
techniques used, as the automotive industry keeps some of its
knowledge secret. The authors are mainly concerned with indi-
vidual technics for emission control, however, as such, i.e. inde-
pendently, they are not applicable. These systems can be useful
only as a part of a complete emission control system incorporated
in the power train. The articles such as written by Grahn (2013), and
Asprion et al. (2014) dealing with the interrelationships of different
techniques, i.e. the optimization of a complete engine, which in-
cludes exhaust gas treatment techniques, are rare. This topic has
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recently been a particularly interesting but also challenging area
because of the large amount and complexity of exhaust gas control
techniques described in this paper. Table 1 shows a comparison of
commonly used technical solutions in terms of conversion effi-
ciency, production cost, size and maintenance of diesel engine
emission control systems. Further variations are possible using
different individual systems (e.g. catalyzed DPF), within the tech-
nical solutions presented, as well as combinations thereof (e.g.
SCRF = SCR + DPF). Increasing the complexity of propulsion sys-
tems will undoubtedly lead to more environmentally friendly ve-
hicles, with utmost importance on durability and quality of all
installed components.

6. Conclusion

In this paper, a comprehensive study of diesel emission control
systems with an emphasis on NOyx and PM emissions was con-
ducted with the aim of meeting the latest emission regulations and
development of cleaner diesel engines. CO and HC emissions in
modern diesel engines are negligible compared to the equivalent
gasoline engines, those emissions even could be met without
catalyst. The largest amount of these emissions occurs during cold
starts, so the only room for further progress is the fast heating of the
exhaust system. Well-known NOy control techniques such as HP-
EGR remain in use, but because of their low efficiency, below
50%, in realistic conditions, only as ancillary systems. HP-EGR
techniques has a very small impact on increasing consumption
and CO, emissions, but due to the low NOy conversion efficiency, it
requires initial engine settings that significantly increase fuel con-
sumption or CO, emissions by more than 10%. Further improve-
ment of the LP EGR system is possible through innovative technical
solutions, such as a separate compressor or part thereof, which
would allow the exhaust gas to be separated from the clean air and
accurately dosed with a faster response. Better solutions are LP EGR
and various exhaust after treatment systems LNTs, SCRs or com-
binations of them under certain conditions have efficiencies near
100%. The advantage of LNT is its compact and simpler design,
while SCR in real conditions shows slightly better results in terms of
NOy reduction (more than 90%) and fuel consumption, but with an
additional reagent cost of about 2% compared to fuel costs. LNTs
increase consumption and CO, emissions up to 10%, while the
impact of SCR on them is negligible. Further development should be
directed towards low-temperature applications which will be
especially pronounced in start-stop mode in hybrid vehicles. Par-
ticulate emissions are successfully handled with fine DPF filters
through a very high efficiency of above 95% so that the particulate
emissions from the diesel engine become minor compared to the
emissions caused by other vehicle components, wear of the brake
pads, tires, etc. Further development is required in the field of
regeneration and back pressure reduction, which leads to a con-
sumption rise between 5 and 10%. In order to make engines truly
(not apparently as in the past) cleaner and more environmentally
friendly, it is necessary to get a wider picture of the engine with all
systems and parameters that regulate the exhaust composition and
also to consider powertrain requirements as well as applicable
standards. Particular attention should be put on the diagnostics of
each component during exploitation. The malfunction of compo-
nents will have a far more pronounced effect on the harmful
emission leakage than in the past. Increasing the complexity of
modern exhaust systems with a more systematic approach to
powertrain design and emission control management will enable it
to meet stringent emission regulations and make the diesel engine
cleaner and nearly zero-emission powertrain in terms of harmful
emissions, as internal combustion engines is and will be the main
power for marine and heavy duty applications.
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Sazetak:

Despite the development of other propulsion systems, the internal combustion
engines will continue to be an essential element of vehicle propulsion on the road, as
the sole source of propulsion or in the hybrid drives. The main challenge for the
regulatory bodies is to find suitable strategies to ensure the lowest possible impact
on the environment, for new and in use vehicles. This research gives an insight into
the issue related to the disproportion of exhaust emissions of diesel-powered vehicles
under the conditions of real, in use, vehicle operation with respect to the approved
values. Emissions measurements were performed on 6 different passenger vehicles
homologated according to Euro emission standards, with correct and faulty emission
control systems. The results obtained show significant increases in defective
vehicle’s NOx emissions from 58.2% for Euro 5 vehicles to 78.2% for Euro 4
vehicles and increases of 86% and 227% respectively, compared to the approved
values with Conformity Factor 2.1, CO emissions are increased in the fault case from
197% for Euro3 to 780% for Euro 5. A guideline is given for the emission control
system with respect to its accuracy. The brief analysis of the hybrid powertrain was
also elaborated as a future replacement for conventional ICE units, contributing
greatly to a cleaner environment. The proposed novel hybrid energy management
strategy which included only regenerative braking, has given a promising result; NOx
emissions are reduced by 45%, consumption and CO2 emissions by 44% and CO
emissions by 31%.
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Emission Analysis of Diesel
Vehicles in Circumstances of
Emission Regulation System
Failure: A Case Study

Despite the development of other propulsion systems, the internal combustion engines will
continue to be an essential element of vehicle propulsion on the road, as the sole source of
propulsion or in the hybrid drives. The main challenge for the regulatory bodies is to find
suitable strategies to ensure the lowest possible impact on the environment, for new and in
use vehicles. This research gives an insight into the issue related to the disproportion of
exhaust emissions of diesel-powered vehicles under the conditions of real, in use, vehicle
operation with respect to the approved values. Emissions measurements were performed
on six different passenger vehicles homologated according to Euro emission standards,
with correct and faulty emission control systems. The results obtained show significant
increases in defective vehicle’s NO, emissions from 58.2% for Euro 5 vehicles to 78.2%
for Euro 4 vehicles and increases of 86% and 227%, respectively, compared to the
approved values with Conformity Factor 2.1, CO emissions are increased in the fault
case from 197% for Euro 3 to 780% for Euro 5. A guideline is given for the emission
control system with respect to its accuracy. The brief analysis of the hybrid powertrain
was also elaborated as a future replacement for conventional ICE units, contributing
greatly to a cleaner environment. The proposed novel hybrid energy management strategy
which included only regenerative braking has given a promising result; NO, emissions are

reduced by 45%, consumption and CO, emissions by 44% and CO emissions by 31%.
[DOI: 10.1115/1.4053070]

Keywords: diesel vehicle emissions, impact of faulty antipollution components, energy
systems analysis, hybrid propulsion assessment

1 Introduction

The constant growth of transport needs for more efficient power-
trains is setting two basic goals for manufacturers: to increase effi-
ciency as the main user requirement and to reduce emissions as an
environmental sustainability requirement. To achieve these goals, it
is necessary to find a compromise that includes a collaboration of
different technical professions and addressing the issues of
limited energy sources as well as invention of the alternative
energy concepts such as proposed in Ref. [1]. The efficiency of
energy conversion systems and the need for a smart systems
approach was discussed in Ref. [2], indicating an importance of
the cleaner aspect in technological developments. Despite the Euro-
pean Union’s efforts to reduce emissions, as requested in Directive
2008/50/EC, according to reports in Ref. [3], no significant progress
has been made, from which it can be concluded that the plans are
not ambitious enough or there is a discrepancy between the legal
and actual emission levels. In urban area, the most influential
factors on air quality is undoubtedly traffic, and researchers
across the world invest a lot of efforts to find the way how to
reduce pollutant from vehicles [4]. According to the EC Statistical
pocketbook (2016), cars and trucks are responsible for 23% of CO,
emissions, while 88% of that is accounted for by passenger and light
delivery vehicles. To comply with increasingly imposed environ-
mental regulations and at the same time increase efficiency, IC
engines are becoming more and more complex and equipped with
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more demanding control systems. The electronic control systems
enables wide range of engine operating options over a wide load
and speed range, providing additional opportunities to reduce fuel
consumption and exhaust emissions. Previous leads to higher
production and maintenance costs and offers great possibilities
for manipulating exhaust data. To avoid tampering, additional
methods of emission measurement are needed for homologation
of new cars and monitoring the correctness of all systems during
the operation [5]. For the above reasons, there is a discrepancy
between the permitted emissions for which vehicles are homolo-
gated and the actual emissions that occur during vehicle exploita-
tion [6]. The Dieselgate affair was the trigger to start
investigating longstanding suspicions of a discrepancy between
actual and officially measured (homologation) emissions [7]. This
leads to the rejection of the old and outdated NEDC (New Euro-
pean) Driving Cycle [8] and the introduction of a new, much
more reliable standard WLTP cycle (World-harmonized Light-duty
Test Procedure), which requires emissions measurements according
to Real Driving Emissions (RDE). This is now established as a stan-
dard process in homologation [3]. According to the latest study by
Ref. [9], the ADAC test was performed on 13 diesel vehicles, with
most of European passenger vehicle manufacturers represented. All
of them complied with the current homologation standard Euro 6d
temp, in force from 1 September 2019. Interesting fact coming from
this test is that petrol engine emissions are now higher than those
from diesel engines. It can be noted that harmful emissions of
diesel engines can be effectively neutralized, of course at an appro-
priate cost [10].

The actions for further reduction of CO, emissions by the con-
ventional route are very limited, while very promising results are
given by the hybrid powertrains of Ref. [11], and in particular,
the use of CO, neutral or bio-diesel fuels [12]. According to
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Ref. [13], Reactivity Controlled Compression Ignition (RCCI) in
combination with the use of appropriate ratios of mineral diesel
and methanol significantly reduces PM and NO, and increases
Brake Thermal Efficiency (BTE), and Ref. [14] performs experi-
ments also with RCCI and shows that it is possible to meet the
EURO 6 norm in a wide range of loads without aftertreatment
systems with increasing thermal efficiency, while Ref. [15] shows
that port injection of E100 or E85 reduces NO, emissions but
achieves lower thermal efficiency compared to standard SI
engine. There are numerous authors dealing with emissions from
new, i.e., fully correct, cars, and light commercial vehicles [16],
and other passenger vehicles [17], but not with vehicles from real-
world operating conditions.

The question remains what is the situation with vehicle emissions
in operating conditions and in particular after the projected lifetime
of the exhaust reduction and aftertreatment system. In this part,
American and European approaches to homologation differ the
most, i.e., mainly in the in-use testing. EPA is authorized to take
any vehicle out of service and test it within the standard vehicle
life of 241,000 km in the US. The standard testing is performed
at 16,000 and 80,000 km on an actual vehicle, while European
law prescribes the duration of emission limitation components
160,000 km and proving is done with a test engine on a test
bench. In the US, the EPA can impose a fine on the manufacturer
for the non-compliant vehicle, while in Europe, the responsibility
is transferred to the Member State where the vehicle is approved,
i.e., there is no uniform penalty system as indicated in the work
[18]. Part of the responsibility for emission controlling lies with
the inspection bodies during periodical technical inspection,
which are required to carry out a visual inspection, and opacity
test for diesel vehicles or a check of the volume content of carbon
monoxide, total hydrocarbons and the lambda ratio for gasoline
engines. Mentioned type of the inspection is adequate for vehicle
exploitation inside of the warranty period, as all defective parts
are usually replaced with OEM components similar to those of
the initial installation. The only exception is in the cases where man-
ufacturers “allow” modifications to the driver software without
losing warranty on the drive assembly.

Problems with exhaust emissions occur after a failure of the emis-
sion control system that occurs outside the warranty period, and the
reason is that more expensive original parts. Namely, the DPF
system, EGR system, and catalytic converters such as DOC
(Diesel Catalytic Converter), SCR system (Selective Catalytic
Reduction), LNT (Lean NO, Trap), etc. are replaced by spare
parts of the questionable quality. Moreover, the performance or
cheaper “permanent” solutions are resorted to so that the compo-
nents are completely discarded, or their function is extinguished.
Mentioned problems are the most pronounced in developing coun-
tries where the number of newly registered used vehicles exceeds
the number of newly registered new vehicles. As vehicles
covered by the Dieselgate affair do not meet the applicable stan-
dards on exhaust emissions or NOy from the time of their produc-
tion, i.e., do not meet the type-approval according to the NEDC
cycle, they should not be used in public transport for instance. As
a possible solution to the problem, the manufacturer has offered
an update of the software that manages the engine, the purpose of
which is to reduce NO, emissions to the legally permitted level.
This approach generates two new problems, the first is that there
is no state body that monitors the number of vehicles that have
not updated the disputed software, and thus, there is no statutory
penalty for such vehicles. The second issue is the negative impact
of the new software on the vehicle performance and the durability
of components, especially of those components that affect emis-
sions. The modes of action and effects of individual components
or systems for reducing emissions are known, and they have been
discussed in the literature mostly under the laboratory conditions
[19]. Laboratory experiments on the effects of cooled EGR [20]
and high/low pressure EGR proportion in a passenger car diesel
engine have been investigated and a review of EGR systems for
high performance and low emission diesel engine was provided
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[21,22]. The disadvantages of previous research is that it has not
been conducted in real conditions of exploitation. To assess the
actual effects, it is necessary to perform measurements on the
vehicle under normal driving conditions during the entire lifecycle
period. On road measurements of diesel vehicle emissions by
remote sensing on a large sample showed that the dirtiest 10% vehi-
cles emitted much higher levels of harmful emissions than the rest
90% vehicles [23].

The main objective of this research was to define the real effects
of the absence or use of inadequate components affecting exhaust
emissions under real driving conditions. The paper is a continuation
of research [24], whose upgraded measurements were used as a
source of some of the input data. The novel solution approach for
controlling the above described components was proposed to
reduce total harmful emissions (CO, HC, NO,) from diesel vehicles.
The main goal of the control proposal is to isolate a small share of
vehicles with defective anti-pollution components during the stan-
dard periodical technical inspection, which have a majority share
in certain emissions. In addition, novel method which will simplify
the assessment of hybrid powertrain performance and emissions has
been introduced. Hybrid powertrains in addition to electric ones
represent a future replacement for existing propulsion units.

2 Experiment

2.1 Route and Tested Vehicles. The emission measurements
were carried out on six diesel-powered passenger cars approved
for Euro 3, Euro 4, and Euro 5 emission norms. One vehicle was
equipped with the correct emission reduction systems (all antipollu-
tion components are within factory tolerances), the other vehicle
was missing some of the relevant parts for emission reduction. As
the main goal of the work is to compare vehicle emissions with
correct and incorrect exhaust gas treatment systems, the tests
were performed under similar conditions, in the late afternoon to
avoid excessive traffic jams with outside temperature deviation of
+5 °C between comparable tests and relative humidity deviation
of +£15% RH. All tests were started with a fully warmed engine.
The vehicle performance characteristics are shown in Table 1.
The tests were performed for all test vehicles on the defined route
as shown in Fig. 1. The specific route was chosen to impose and
secure quite different driving conditions, including urban, interur-
ban, and highway driving. Different driving styles were applied,
from low power driving to maximum power.

2.2 Measurement Methods. Two methods have been
approved by the European Commission to estimate the real-world
emissions as part of the September 2019 type-approval procedure,
namely Power Binning and Moving Average Window [3]. Both
methods have their advantages and disadvantages depending on
the test conditions. CO, and NO, values were compared for both
methods which deviate for vehicles powered by CI engines by
13% and 3%, respectively [25].

The Power Binning method was chosen with certain deviations
and related to the measuring equipment, due to the use of data to
determine the possibility of hybrid powertrain or the potential of
regenerative braking and displacement of the working area of the
IC drive engine. The determination of emissions by this method
is based on an estimate obtained by normalizing the distribution
of the standard power frequency, and which implies that measure-
ment and recording are done in real road driving circumstances
under normal conditions, i.e., loads and driving modes. The mea-
surement includes driving on the open road, highway, and city
driving in approximately equal proportions. From all relevant
data, three-second mean values are calculated to reduce the effect
of timing between mass flow and output power on the drive
wheels according to Egs. (1)—(3). The k is the step of the moving
values and i is the time-step from the current test data.
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Table 1 Characteristics of the tested cars

Year of Total distance Emission Engine Engine power Fuel
No production traveled standard displacement HP/KW Antipollution system type Mass
1 2004 391000 Euro3 1.9 115/77 DOC, EGR D 1390
2 2004 236000 Euro3 1.9 115/77 No DOC, EGR off, Remap D 1390
170/125
3 2005 171000 Euro4 1.9 150/110 DOC, EGR D 1395
4 2005 171000 Euro4 1.9 150/110 No DOC, EGR off, Remap D 1395
200/147

5 2010 293000 Euro5 2.0 170/125 DOC, EGR, DPF D 1515
6 2010 293000 Euro5 2.0 170/125 No DOC, EGR off, no DPF D 1515

k3 PLj (kW] = P¢ norm X Parive 4)

Z Mgas,i

prt

Mgas3sk = : 3 (1)
P .ive 1s the actual power on the wheels at the reference speed,
k+3 vres= 70 km/h and reference acceleration
> Py a,f=0.45 m/s’
Pyasi = ’=k3 2) TM is the calculated mass of the vehicle as follows,
%
'%3 N Parive = % X (fo +fi X Vyef +fo X Vi + TMygpe X ey X 0.001)
1 )
Vagk = o 3) )

3

City driving means an average three-second speed of up to
60 km/h, extra-urban driving between 60 and 90 km/h, and
highway driving means a speed above 90 km/h. The total driving
time was between 90 and 120 min, the minimum distance for all
types of driving, urban, suburban, and highway, was 16 km.
Table 2 shows the power classes in the function of time share, to
be valid for any personal and light commercial vehicle. Column
P, norm 1s denormalized by multiplying with P,;,., respectively,

The drag coefficients of the vehicle fy, fi, and f> from Eq. (6) were
determined by least-squares regression analysis using the Coast
Down test [26]. The measurement was performed on a flat road
with the smallest possible height difference and the influence of
wind, which are compensated by the repetition of free deceleration
in both directions. The calculated mass of the vehicle TM is
obtained by summing the mass of the empty vehicle, a number of
persons, fuel, and equipment with the addition of 3% which

Fig. 1 Sketch of the road map of the selected test route, Google Maps (2020)
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Table 2 Normalized standard power for driving (EU) 2016/427
(2016)

P c,norm,j .
Total trip
Power class no From> To<= Time share, ¢..;
1 —0.1 18.5611%
2 -0.1 0.1 21.8580%
3 0.1 1 43.45%
4 1 1.9 13.2690%
5 1.9 2.8 2.3767%
6 2.8 3.7 0.4232%
7 3.7 4.6 0.0511%
8 4.6 5.5 0.0024%
9 5.5 0.0003%
represents the moment of inertia, respectively.
fo+f1><v+f2><v2=TM% ©6)

The highest power class considered in Table 1 is 90% of the
declared maximum engine power of the vehicle. The time shares
of all excluded classes are added to the highest remaining class.
The average of the mean mass emission value classified in each
power class on the drive wheels is calculated from the expression:

_ _ Zall k in class; X Mgas 35k 7
Mgasj = ( )
Counls_]'

_ Zall in class; X V3sk
Vj -

®)
counts;

The average values of each power class on the drive wheels are
multiplied by the time fraction f,; for each class in Table 1, and
they were added to obtain a weighted average value for each param-
eter according to the following relations,

mgas = Z Mygasj X Icj (©))

(10)

The aim was to obtain values related to the distance, i.e., the
average amount of exhaust emissions per km traveled. This is
obtained by dividing the mass flow of each gas at standard power
frequencies with the average speed and standard power frequencies

according to Eq. (11),

Moas X 3600
My gas.a = 1000782 X222
1%

QY

A detailed description of the method of checking the dynamic
conditions of Power binning in Commission Regulation (EU)
2016/427 (2016) [27].

2.3 Measuring Equipment. The following data has to be col-
lected to determine the exhaust emission amount: wheels power,
speed, exhaust gases mass flow and composition, distance, altitude,
and time. To measure the composition of exhaust gases, an exhaust
gas analyzer MRU Vario Plus was used. The measuring principle is
based on the electrochemical effect for measuring O,, NO, NO,,
and SO,. For the measurement of CO and CO,, an infrared spectro-
metry method was used. The analyzer is calibrated at an authorized
service center earlier, and zeroing was performed before the mea-
surement itself. The Pitot tube was used for velocity measurements
and temperature measuring the probe Pt100 (Fig. 2). Calibration of
the Pittot together with the measuring tube was performed in the
laboratory for fluid mechanics. The power at the drive wheels
was determined as the product of angular velocity and torque.
Torque was measured by attaching strain gauges to the drive
shaft via the dual-channel wireless transmitter Lord Microstrain’s
SGLink. The other parameters such as altitude, distance, and
speed were acquired and recorded via On-Board Diagnostic
(OBD) communication directly from the ECU of the vehicle
(Fig. 2). Since the geometrical characteristics of the drive shaft on
which the strain gauges are mounted were not known, the torque
measurement system was calibrated. The velocity was acquired
by the drive wheel and a GPS signal was used for correction. All
measuring instruments have been securely mounted on the
vehicle to avoid any influence on the measurement results. It is
also necessary to warm the vehicle engine to the operating tempera-
ture and to warm the analyzer from the main power supply. Measur-
ing accuracy is shown in Table 3.

2.4 Measurements. First, the resistances were determined with
free deceleration tests for each vehicle. After the free deceleration
tests, an emission test is performed on the mentioned route. The emis-
sions of nitrogen oxides NO and NO, (which together make up NO,),
carbon dioxide CO,, carbon monoxide CO and emissions of sulfur
oxide SO, were obtained. The data from the analyzer was coupled
with the data received from GPS and OBD, and the wheel’s torque
data from the driveshaft. The complexity of processing the results
obtained by measuring emissions was increased due to the need for
time adjustment of volumes, flows, and temperatures from MRU
devices due to the different response times of different sensors.
The first measurements, which included THC emissions, showed

Fig.2 Measuring equipment installed on the vehicle: Torque and power measurement device, gas analyzer, Pitot connection,
and OBD connection
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Table 3 Measuring accuracy

Measured component Sensor Measuring range Accuracy

0, Electrochemical 0-21% +2% absolute

CO Electrochemical 0-10,000 ppm +10 ppm or +5% reading
NO Electrochemical 0-500 ppm +5 ppm or +5% reading
NO, Electrochemical 0-1000 ppm +5 ppm or +5% reading
SO, Electrochemical 0-5000 ppm +10 ppm or +5% reading
H,S Electrochemical 0-500 ppm +5 ppm or +5% reading
H, Electrochemical 0-2% +0,05% or +5% reading
CcO NDIR 0-30,000 ppm +40 ppm or +5% reading
CO, NDIR 0-20% +0,6% or +5% reading
Flow Pitot 1-100 m/s +1 m/s

Pressure Piezoresistive +100 hPa +0.03 mBar or +5% reading
Exhaust out temperature Thermocouple 0-650 °C +1 °C or 2% reading
Torque Strain Gauge +1000 Nm +4%

Speed GPS/OBD 0-255 km/h +1%

Distance GPS/OBD +1%

that they do not differ significantly from CO emissions in terms of
concentration, time of occurrence, and Euro norms, so due to the
aforementioned low concentration of these gases in modern diesel
engines, THC measurements were abandoned. High-quality diesel
fuels with ultra-low sulfur content were used, so sulfur oxide emis-
sions were not performed due to the negligible concentration.

3 Results and Discussion

3.1 Emission Analysis. A vehicle with the functional all anti-
pollution components of exhaust emission system shows a consid-
erable deviation of NO, and CO, emissions with respect to the
legally prescribed emissions. Within the permissible limits are
CO emissions because the engine operates with a lean mixture,
combustion is optimized by ECU unit and oxidation catalysts are
fitted. A large discrepancy in NOy emissions relative to permitted
data is due to outdated NEDC standards [8]. It has already been
mentioned that the preliminary measurements of SO, emissions
have shown almost negligible values due to the high purity low
sulfur fuels. The normalized NOy, CO, CO, emissions, and fuel
consumption are shown in Figs. 3—6. For each pollutant, there are
two representations, one obtained according to the RDE power
binning method, and the second diagram includes only recorded
data, i.e., raw data which are obtained by dividing the total
amount of emissions by the total distance traveled.

In Fig. 3, the measured NO, emissions of vehicles with all regular
antipollution components and vehicles with defective antipollution
components are compared to the applicable Euro norm and then
multiplied by the current valid Conformity factor 2.1. while
Table 4 shows absolute values. It is apparent that despite the
further NOy reduction in newer emission standards, there has
been no real reduction compared to the older standards, in fact,
NOy levels have increased under real driving conditions. The
NO, emissions only for the vehicles of Euro 3 standard are
within the limit, and there are 53% for fully correct vehicles and
91% for defective vehicles of the prescribed limit multiplied by
CF. When there are failures in the control systems of EGR or and
DPF, the amounts of nitrogen oxides in the exhaust gasses increase
significantly because the absence of recirculated exhaust gases
raises the peak combustion temperatures [21], and the removal of
DPF, to a lesser extent causes the absence of soot oxidation with
NO [5]. The NO, emissions for correct and defective Euro 4 vehi-
cles are 5% and 86%, respectively, and for Euro 5 vehicles 107%
and 227% higher than the prescribed limit multiplied by CF. The
NO, emissions reduction system is particularly important for
newer vehicles, as higher cylinder temperatures and good cylinder
scavenging favor the formation of high concentrations of nitrogen
oxides. To reduce NO, emissions, it is necessary to work with
high concentrations of recirculated gasses in the cylinder.

The situation is much more favorable for the CO emissions
regarding the vehicles with correct emission control systems or

Normalized NOx emissions
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Fig. 3 NO, emission rate and comparison with corresponding norm statistically processed data according to power binning

and raw unprocessed measurement data
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Normalized CO emissions
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Fig. 4 CO emission rate and comparison with corresponding norm; statistically processed data according to power binning

and raw unprocessed measurement data

even without an oxidation catalyst CO, they have emissions within
the legal limits. Table 5 shows absolute values of CO emissions,
and Fig. 4. shows normalized CO values with regard to euro
limits, carbon monoxide increases three times for Euro 3, more
than five times for Euro 4, and even 8.7 times for a Euro 5
vehicle in relation to the correct vehicle. It follows that the upper
limits of CO emissions are not set too ambitiously, which should
be considered when drafting the next Euro standard.

The declared CO, emissions, shown in Table 6 and Fig. 5, and
fuel consumption, shown in Table 7 and Fig. 6, for older Euro 3
cars show only minimal deviations of nearly 5% higher, for euro
4 nearly 18% higher from the results obtained by measurements
under the real driving conditions. For Euro 5 vehicles, this deviation
is significant, more than 23% higher CO, emissions and consump-
tion than is factory declared. The absence of an emission control
system has only a small impact on fuel consumption and CO, emis-
sions, and for all tested vehicles, it causes a slight decrease in

consumption or CO, emissions up to 3%. The reduction in CO,
emissions is attributed to the reduction in backpressure in the
absence of DPF filters and DOC catalysts [28,29], which is espe-
cially pronounced at low loads [30] to which a large share
belongs. Measurements of emissions at constant speeds, i.e., cons-
tant loads, have shown that removal of the exhaust gas recirculation
system even increases CO, and fuel consumption, by up to 10% at
very low loads, only up to about 15% of maximum load, due to
increased backpressure which increases gas flow through the
exhaust system. At higher loads, mentioned effect exceeds the
effect of lowering the combustion temperature by the EGR gasses
in the cylinder, causing an increase in fuel consumption [22].
From 2020, the value of 95 g/km CO, is the basis for calculating
the penalty for car manufacturing companies as shown as the
limit in Fig. 6. The emission target of fleet-average CO, emission
of 95 g/km has to be fully met by each manufacturer by 2021; oth-
erwise, they would be penalized.

Normalized CO2 emissions
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Fig. 5 CO, emission rate and comparison with corresponding norm and statistically processed data according to power

binning and raw unprocessed measurement data
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Normalized Fuel Consumption
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Fig. 6 Fuel consumption and comparison with declared data; statistically processed data according to power binning and;

raw unprocessed measurement data

3.2 Antipollution Components Defect Detection. From the
emissions analysis obtained, it can be concluded that the vehicles
emit more than the legally permissible emissions, even with a
proper emission control system. These deviations are expected
due to the old homologation standard [8]. During operation, when
a defective emission control system usually must be repaired with
non-original spare parts or even some components are excluded,
the situation worsens. The missing part cannot be noticed during
the periodical technical inspection, so the solution is to perform
additional measurements of the exhaust gas composition to avoid
the previously mentioned case. The defective catalyst can be
detected by a high concentration of HC or CO, where the values
of CO during normal operation range from three to nine times
higher emissions. Measuring exhaust emissions, especially while
driving, is a very complex procedure and not practical to perform
in a periodical vehicle inspection. In order to determine the deficien-
cies in the catalytic converters, it is not necessary to measure the
number of exhaust emissions, i.€., it is sufficient to measure the con-
centrations of CO or HC gasses at a stationary vehicle. The bar
graph in Fig. 8 shows the average carbon monoxide concentrations
in the exhaust gasses under driving conditions and when the engine
is idling. From Fig. 8, it can be seen that the increase in CO emis-
sion concentration is even more pronounced when the vehicle is
idling than when it is driving, which allows more accurate detection
of the catalytic converter failure. At idle, an average increase in CO
emissions of 2.4 times for Euro 3, 75 times for Euro 4, and even 107
times for Euro 5 vehicles was found when the diesel oxidation

Table 4 NO, emission rate, statistically processed data
according to power binning and raw unprocessed
measurement data

EURO 3 EURO 4 EURO 5

NOy emissions (mg/km) RAW RDE RAW RDE RAW RDE

Euro limit 500 250 180
Euro limit x CF 1050 525 378
Vehicle with all 502 552 656 549 841 784
antipollution components

Vehicle with defective 889 954 1169 978 1221 1240

antipollution components

catalyst DOC failed. The reason for the higher efficiency of the cat-
alytic converter, when idling compared to driving, is due to the fact
that the engine produces a constant amount of carbon monoxide
emissions when idling. During normal driving, there are significant
variations in the concentrations emitted by the engine. These con-
centrations increase particularly during high power demands, i.e.,
heavy acceleration, so that catalytic converters cannot oxidize
such a large amount of carbon monoxide in a short time due to over-
saturation, regardless of the favorable operating temperature range.
It should also be noted how important it is to check the exhaust gas
temperature during the detection of catalytic converter malfunction
atidle. If the test is performed with a cold engine, it may give a false
negative result because the oxidation catalyst operates inefficiently
at low temperatures and concentrations are increased by cold cylin-
der walls and cylinder heads [5]. The dependence of the concentra-
tion of carbon monoxide emissions in the exhaust gasses of the
vehicle on the temperature of the DOC catalytic converter is
shown in Fig. 7. The blue line represents the vehicle with Euro 3
standard, red Euro 4, and green Euro 5. For a valid measurement,
it is necessary to maintain the DOC in the appropriate temperature
range which can be achieved by elevated engine speed. For passen-
ger vehicle engines, the speed should be kept above 3000 rpm for
one to several minutes.

The proper EGR system in conjunction with the air—fuel ratio is
shown in Fig. 8. The increase of the lambda air—fuel ratio was mea-
sured by 94% in Euro 3, 43% in Euro 4, and 51% in Euro 5 with
defective EGR systems. Measuring the air—fuel ratio could be a
solution to detect EGR system failure, as it is indicated by a

Table 5 CO emission rate, statistically processed data
according to power binning and raw unprocessed
measurement data

EURO 3 EURO 4 EURO 5

CO emissions (mg/km) RAW RDE RAW RDE RAW RDE

Euro limit 660 500 500
Vehicle with all 225 141 61 62 44 29
antipollution components

Vehicle with defective 590 419 314 317 361 258

antipollution components
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Table 6 CO, emission rate,
according to power
measurement data

statistically processed data
binning and raw unprocessed

Table 7 Fuel consumption, statistically processed data
according to power binning and raw unprocessed
measurement data

EURO 3 EURO 4 EURO 5

CO, emissions (g/km) RAW RDE RAW RDE RAW RDE

EURO 3 EURO 4 EURO 5

Fuel consumption

Euro limit 2020 95 95 95
Factory data 148 168 139
Vehicle with all 146 157 164 143 181 171
antipollution components

Vehicle with defective 147 156 162 141 166 166

antipollution components

0.8

0.6

0.4

NORMALIZED CO EMISSION

0.2

25 50 75 100 125

(1/100 km) RAW RDE RAW RDE RAW RDE
Factory data 5.61 6.36 5.27
vehicle with all 552 593 621 540 686 649
antipollution components
Vehicle with defective 557 589 6.3 533 630 6.30
antipollution components
—g—Euro 3
—&—Euro4
~—gr— EUr0 5
150 175 200 225
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Fig. 7 Temperature-dependent CO conversion efficiency
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significant increase in the excess air. The usual procedure for testing
the technical correctness of vehicles with gasoline engines includes
the measurement of the ratio of air and fuel, as well as the measure-
ment of carbon monoxide concentration. There is no need to make
additional investments in new equipment, but only to implement

Energy Distribution

Thermal Energy;
43.49: 68.04%

appropriate procedures. Mentioned procedures would be based on
the measurements described above and ranges within which the

concentrations of

carbon monoxide and excess air should be pre-

scribed for each generation of a vehicle relative to the relevant stan-

dards (Fig. 9).

Auxiliaries; 0.64; 1.00%

Drivetrain losses
0.64
1%

Fig. 10 Energy distribution in real driving operation
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3.3 Analysis of Energy Flows, Hybrid Powertrain and
Impact on Emissions. Despite the high efficiency of the diesel
engine, its use in vehicle propulsion in the classical sense is
limited mainly by exhaust emissions and most manufacturers
will switch to hybrid propulsion systems from the Euro-7 standard
[31]. For vehicle number 5 with Euro-5 standard and all correct
exhaust emission control systems, the energy flow in real driving
conditions was analyzed according to Fig. 10. With respect to
the total fuel energy about 30% is converted into usable mechan-
ical work, which is delivered to the vehicle’s drive wheels. Most of
the mechanical energy is spent on vehicle drag (64%) and is irre-
versible, while the remainder is spent on braking (36%), whether
engine or friction braking. The part of mechanical energy wasted
on braking, 36%, i.e., 6.85 kWh per 100 km, can be converted
into useful energy instead of being converted into heat by conven-
tional braking. The easiest way to use the braking energy is to
convert it into electricity due to the simplicity of the system and
the high-efficiency conversion. If the regenerative energy con-
version factor wheel to wheel is being introduced, i.e., {=0.8
[26,32], then, the hybrid powertrain has 5.48 kWh/100 km of addi-
tional mechanical energy. It is now necessary to determine how
this energy should be managed. The simple strategy used herein
is based on minimizing the most problematic emissions, in

this case, NOy. In addition to using regenerative braking energy,
the hybrid drive has the ability to shift the operating point of
the internal combustion engine, which provides additional benefits
in terms of further reducing emissions and increasing fuel
economy [33], but this topic goes beyond scope of the research
in this work.

After the analysis of the energy flows, the distribution of emis-
sions within each power range is made with the Power Binning
method and shown in Fig. 11. The first power class has only nega-
tive power with no positive energy contribution, and the second
power class has a positive energy contribution of less than 0.5%
of the total mechanical energy. The first two power classes together
account for over 46% of the CO emissions, almost 8% of the CO,
emissions and 5% of the NO emissions. It is obvious that the pre-
viously mentioned two classes must be eliminated as their share of
mechanical energy is very small while the amount of emissions is
significant. Over 90% of all remaining emissions are in power
classes 3, 4, and 5, so further analysis is reduced to these three
classes. As the share of all emission types of class 3 is lower than
the share of mechanical energy, and especially, the share of NOy
emissions, this power class is favorable. The higher power classes
are obviously more favorable in terms of CO, emissions, but
clearly the biggest problem with this vehicle is NO4 emissions.

Energy and Emission share HEV with RB
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For these reasons, no energetic changes were made in the power
class 3.

The output of internal combustion engines of power classes 4 and
5 is reduced to power class 3 with an average mechanical power of
11.7 kW. The regenerated energy amount of 5.48 kWh is sufficient
to completely replace the mechanical energy of power class 2, i.e.,
without the use of a diesel engine, and power class 4, if the diesel
engine is operated in the parameters of power class 3 with an
average power of 11.7 kW and 50% of power class 5. The engine
should operate only half the time with the parameters of power
class 3 with an average power of 11.7 kW and the rest unchanged
with an average power of 53.55kW. In this way, around
0.09 kWh should be consumed to replace class 2, 5.25 kWh for
class 4, and 0.9 kWh for class 5.

The differences of the hybrid system compared to the conven-
tional system are shown by the gaps in the bar chart in Fig. 11.
The final effect of the described hybrid drive strategy is shown in
Fig. 12. The NOy emissions are reduced to almost 50% of the
initial values, and they are now 10% above the prescribed limit,
which is simply solved by an engine management strategy. CO,
emissions and fuel consumption have been reduced to 113 g/km
or 68% of the initial value, and they are now 20% above the
penalty limit, which is acceptable for an upper mid-range vehicle.
The remaining CO emissions have been reduced to 31% of the
initial value, which is negligible compared to the legal limit. The
described hybrid drive strategy has been simplified, further
improvements are possible by optimization and introduction of
shifting operating point of the combustion engine. Such or similar
strategies could be applied to smaller vehicles in the future, as
their engines generally use low-cost emission control systems that
only partially solve the NO, problem at the expense of fuel
economy, i.e., both in hybrid and diesel management strategies.
The propulsion engines of larger vehicles will be equipped with
more expensive exhaust after-treatment systems that incorporate
SCR technology and that fully solve the NO, problem. Hybrid
powertrain management strategy for larger vehicles, i.e., optimiza-
tion, will be reduced to minimize CO, emissions and consumption.

Journal of Energy Resources Technology

4 Conclusion

The herein reported study elaborated and discussed the problem
of diesel engine emissions under realistic driving (operating) condi-
tions. An extensive experiment was conducted on several vehicles
during the realistic on-road driving cycles. The analysis performed
on vehicles with the correct emission system shows significant dis-
crepancies between the measurements obtained under real driving
conditions and the homologated values. For vehicles with newer
emission standards, the deviation is even higher. These deviations
are mainly due to the outdated NEDC procedure for homologation
of all tested vehicles. The situation is significantly deteriorated by
the failure of the emission control components. The non-original
components are used for replacement ones or even removed from
the system. A significant increase in NOj relative to the prescribed
euro limit multiplied by CF was recorded, 21% for Euro 5 vehicles,
82% for Euro 4 vehicles, and 38% for Euro 3, mainly due to a defec-
tive EGR system or less significant, the absence of the DPF. The
largest relative deviation of defective vehicles with respect to
NOy emissions is recorded for the vehicles with the euro 5 standard
of 3.28 times, for euro 4 of 1.86 times, and for euro 3 of 9% below,
compared to the related standard and CF 2.1. An increase in CO by
three times for Euro 3, more than five times for Euro 4, and nearly
nine times for Euro 5 were recorded due to a missing of the oxida-
tion catalyst. The content of sulfur oxides is negligible due to the
use of quality fuel with very low sulfur content. Fuel consumption
and CO, emissions are several percents lower, i.e., up to 3% for the
vehicle without EGR, catalytic converter, and DPF. This occurs due
to more complete combustion without exhaust gas recirculation and
lower backpressure. Fuel consumption can be reduced by adjusting
the injection phase, but then the NO, level increases significantly.

Standard technical inspection cannot detect a defective emission
control system or significant modification of the engine manage-
ment software. The new procedure is proposed to detect a
missing oxidation catalyst. For this purpose, the standard emission
measuring devices used for gasoline engines are proposed for mea-
suring CO and HC. Another novelty is the detection of defective
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EGR by measuring excess oxygen. Previous could also be detected
with the lambda ratio, which is between 40 and 90% higher in a
defective engine at idling.

In addition, the impact of the hybrid powertrain on exhaust emis-
sions and consumption was also analyzed. NO, emissions are
reduced by almost 45% and are only 10% above the permissible
limit, which is easily remedied by modifying the engine manage-
ment parameters. CO emissions have been reduced to 31%
compared to conventional propulsion, and CO, emissions are
113 g/km, which is about 20% above the penalty limit that has
been applied since 2020. The result of CO, emissions is quite
acceptable today as it is an upper mid-range vehicle, and the
penalty is calculated at the level of the manufacturer’s fleet,
which includes on average all classes of vehicles. The measured
data clearly showed that additional monitoring of the correctness
of all antipollution components is required to regulate emissions
throughout the whole life cycle of the vehicles if they want to
achieve air quality standards. Measurement data from the long-term
operation are not yet available for the latest vehicles generation
homologated under real driving conditions, due to the short
period of use. However, from the applied technologies, it can be
concluded that the control of emission reduction components in
vehicles with the latest technologies will have a much greater
impact than before.

Future research should include the investigation of the latest Euro
6d standard vehicles with defective “antipollution” components
during out-of-warranty exploitation. Secondly, a method for evalu-
ation exhaust emission of hybrid powertrains and management
strategy based on distributions by power classes would be devel-
oped. Increasing the efficiency of modern diesel engines within
hybrid powertrains, in particular the exhaust after-treatment
systems, in conjunction with a robust control system, will enable
permanent compliance with strict environmental standards. This
will provide a cleaner and near-zero-emission powertrain in terms
of harmful gases and reduce CO, emissions to the lowest possible
level.
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Nomenclature

Jj = power class on drive wheels from 1 to 9
k = time-step
as = reference acceleration for Py, (0.45 m/s?)
fo, f1, and f, = drag coefficients of the vehicles
Mgqs = average emission value of an exhaust gas
component (g/s)
Mgas,; = instantaneous mass of the exhaust component
“gas” at time-step i (g/s)
Mgqsj = average emission value of an exhaust gas
component in the wheel power class j (g/s)
Mgas 35k = 3-S moving average mass flow of the exhaust gas
component “gas” in time-step k given in 1 Hz
resolution (g/s)
t.; = time share of the wheel power class j (%)

082307-12 / Vol. 144, AUGUST 2022

My, = distance-specific emissions for the exhaust gas
component “gas” (g/km)
P nom,; = wheel power class limits for class j as normalized
power value (-)
P_; = wheel power class limits for class number j (kW)
P4ive = power demand at the wheel hub for a vehicle at
reference speed and acceleration (kW)
P,, 55« = 3-s moving average power demand at the vehicle’s
wheel to overcome driving resistances in time-step
k in 1 Hz resolution (kW)
P,,; = actual power demand (kW)
TM = test mass of the vehicle (kg)
V3 = 3-s moving average of the vehicle velocity in
time-step k (km/h)
v; = actual vehicle speed in time-step i (km/h)
Vs = reference velocity for Py, (70 km/h)
v; = average speed in power class (km/h)
¢ = regenerative energy conversion factor
wheel-to-wheel
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Abstract: Hybrid electric vehicles are certainly one of the key solutions for improving fuel efficiency
and reducing emissions, especially in terms of special vehicles and with the use of CO;,-neutral
fuels. Determining the energy management strategy and finding the optimal solution with regard
to the aforementioned goals remains one of the main challenges in the design of HEVs. This paper
presents a new vehicle modeling method, with an emphasis on HEVs, which is based on the frequency
analysis of emissions and consumption according to the current specific traction power of the vehicle.
An evaluation of the newly introduced model in the RDE, NEDC and WLTP cycle was performed,
and the results were compared with the standard verified vehicle model that was created in AVL'’s
CruiseM R2021.2 software package. Positive traction energies have positive deviations of between
0.35% and 2.85%. The largest deviation in CO, emissions was recorded for the HEV model in the
RDE cycle and in the non-hybrid model in the WLTP cycle and were 3.79% and 4.4%, respectively. All
other combinations of cycle and vehicles had deviations of up to about 1%. As expected, the largest
relative deviations were recorded for NOx emissions and ranged from 0.13% to 9.62% for HEVs in
the WLTP cycle.

Keywords: hybrid electric vehicles; vehicles models; VSP analyses

1. Introduction

The constant increase in transport needs and the desire for sustainability is forcing
vehicle manufacturers towards significant reductions in harmful exhaust emissions and
emissions of greenhouse gases, especially carbon dioxide. Several countries, especially EU
members and some US states, want to restrict the sale of new passenger vehicles fueled
by fossil fuels [1,2]; however, this ban policy has proven difficult to implement in less
developed parts of the world with inadequate infrastructure [3]. The EU plans to reduce
CO; emissions to 95 g/km for new passenger vehicles by 2025 [4], an additional reduction
of 17% is planned between 2025 and 2030, and a reduction of 37.5% from 2030 onwards [5].
In the last 15 years, high-speed internal combustion engines have achieved very high
efficiency, diesel engines achieve peak mechanical efficiency of over 40% [6], but it is still
questionable whether they will be able to satisfy newly proposed Euro 7 standard [7,8] as
stand-alone powertrains [9]. The main reason for this is the inefficient energy management
that is due to the absence of regenerative braking and the large drop in efficiency at low
loads for which the engine operates in a low efficiency region. Hybrid electric vehicles
(HEVs) combine the advantages of EVs and standard vehicles, they have a high degree of
flexibility as well as the ability to meet a wider range of driving requirements [10]. The most
significant advantage over standard vehicles powered solely by an ICE is the ability to save
energy from regenerative braking and store excess energy by shifting the engine operating
region towards that of a higher efficiency, as well as the use of smaller, lighter, and simpler
single-range ICEs. Additionally, the ever-present possibility of choosing different operating
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parameters of the ICE enables better emission control management and almost completely
solves the problems associated with their use [11]. The most significant advantage of
HEVs compared with fully electric vehicles (EVs) is their superior range over a single
charge and their fast refueling, which is achieved by using chemical energy instead of
electrical [12]. Hybrid electric vehicles together form a key solution for increasing efficiency
and lowering emissions and a viable strategy for developing countries> This is particularly
so with the use of environmentally friendly, synthetic CO,-neutral fuels at an affordable
price [13] or with the use of alternative fuels, such as LPG, which have significantly lower
emissions and a lower CO; footprint [14]. Such power trains will certainly find their
application in heavy trucks for long distances, special purpose vehicles or off-road and
military vehicles [15,16]. The share of hybrid vehicles, with all levels of hybridization, from
plug-in and full hybrid electric vehicles to mild hybrid vehicles, is predicted to be over 36%
by 2030 [17]. The above indicated advantages are made possible due to the high complexity
of the HEV system, which is also the biggest challenge both in terms of the number of
installed systems and in terms of finding the optimal control method [18-20]. The use of
multiple energy sources and the high complexity of the HEV drive system require a more
complex high-level control system. This, in turn, requires complex modeling methods
with highly demanding models in terms of the user and in computation [21-23]. Various
approaches to the modeling of hybrid road vehicles have been developed and, according
to the literature, we are able to distinguish kinematic (backward), quasi-static (forward)
and dynamic approaches [24,25]. The optimal solution depends on the specifics of the
application, but in most cases the energy management strategy (EMS) is a compromise
between minimizing energy consumption and exhaust gas emissions [26], increasing the
durability of components such as batteries, meeting power requirements, and ensuring
vehicle performance and comfort [27]. Each of these requirements depend on a large
number of parameters and it is very difficult and impractical to cover them all in one model.
Because of these reasons, the authors in the relevant literature mainly observe, in detail,
the influence of certain specific parameters on one of the aforementioned requirements.
In [28], an EMS plug-in HEV bus was proposed based on an equivalent consumption
minimization strategy by using real-time traffic information described by the average
speed, average acceleration, and standard deviation of speed for different road sections.
In [29], a method based on gear shift control was proposed in order to improve further
research on the relationship between different road sections and vehicle driving conditions
and gears. In [28,29] steady-state map-based ICE models were used, which are an efficient
solution to the estimation of fuel consumption. In contrast with consumption models that
do not depend heavily on transient behaviors, emission models are much more sensitive
to them. Due to its complexity, the usual way of modeling a complete HEV does not
include complex and detailed ICE emission models, but relies on lower-level models that
include steady-state emission maps that introduce a certain emission estimation error [30].
Modal vehicle specific power (VSP) analysis is also used in fuel consumption and emissions
estimations. Unlike most consumption models that depend on steady-state maps, in [31]
a fuel consumption model for passenger cars was developed that includes an analysis
of the influence of transient loads. Such an analysis gives an essential advantage when
estimating emissions. In [32], a VSP model of a full HEV was built with 14 modes by
measuring emissions and consumption using a PEMS device, the model was then validated
in an NEDC cycle by which the vehicle is type approved. This used a simplified universal
definition of vehicle specific power according to [33], one which simplifies the model but
also reduces the accuracy. The deviation of the model from the certified data according to
the NEDC protocol was for fuel consumption —3.2%, for CO emission +18.1% and for NOx
emission 26.2%.

Modal VSP analysis is used to form incomplete models of HEVs, mainly for the
assessment of the total vehicle fuel consumption and emissions of the ICE on its own and
of HEVs in different driving conditions. This is because they do not apply the energy
flows necessary for the creation of a complete model that enables the application of an
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appropriate management strategy, i.e., the assessment of the maximum hybridization
efficiency. Additionally, the definition of modal emissions as flow per unit of time in
relation to modal emissions per unit of energy introduces additional error into the model.
The main goal of this paper was to present a new model of a hybrid vehicle based on
modal analysis of vehicle consumption, emissions and energy flows. Because it takes
into account transitory events, this approach should allow for a faster and simpler arrival
at the pre-set HEV optimization target, especially for the emission objective. The model
can also be used as a guideline for a standard time-based model that leads to an optimal
solution, avoiding local minima. The model was based on real vehicle emissions, fuel
and energy consumption data which were recorded in real driving conditions according
to the Real Driving Emissions (RDE) rules, which are today a mandatory segment of the
type approval process. Validation and result comparison was undertaken with regard to
standard time-based CruiseM model results.

2. Materials and Methods

First, a non-hybrid vehicle model was created and validated in AVL’s CruiseM R2021.2
software package. CruiseM is a versatile system simulation tool supporting model-based
development across various domains, such as engine, flow, aftertreatment, driveline,
electrics, and hydraulics. It enables efficient multi-physics system simulation through
a flexible, multi-level modeling approach and has interfaces with third-party tools via the
functional mock-up interface (FMI) standard [34]. The software addresses complex areas in
vehicle development, including electrical networks, thermoregulation systems, mechanical
and thermodynamic systems, and control tasks. For battery electric vehicles, it aids in
answering critical questions about battery packs, thermal management, electric motors,
transmission coordination, and operating strategies. Benefits include easy-to-parameterize
models for concept studies, and the ability to study interrelationships between domains, to
control calibration in a virtual environment, and to serve as a starting point for detailed 3D
simulations in order to evaluate component requirements. The purpose of the non-hybrid
model created in CruiseM was to check the accuracy of the newly introduced VSP frequency
model in different tested conditions and cycles. A new VSP model was developed based on
the specific power of the vehicle, and frequency analysis. The CruiseM model was based
on maps of consumption and emissions which were obtained with chassis dynamometer in
laboratory conditions. The vehicle models were validated with obtained parameters under
RDE driving cycle. The next step was the hybridization of both models into a parallel
hybrid architecture under equal conditions. The CruiseM model was used as a control
model. At the end, the obtained results of the newly developed VSP frequency model
and the time domain CruiseM model were compared. The comparison was made on a
non-hybrid and hybrid vehicle in RDE, NEDC and WLTC cycles.

2.1. Measurement and Equipment

The portable emissions measurement system (PEMS) AVL M.O.V.E. was installed
on a test vehicle for the purpose of measuring emissions of carbon dioxide and other
pollutants in real driving conditions. This system continuously monitors and records
vehicle emissions data. The PEMS device is composed of several basic parts that are
interconnected and controlled by a central computer. More detailed information about the
AVL M.O.VE. measuring instrument is shown in Table 1.

To diminish impact on the driving dynamics, the majority of equipment was installed
in the trunk of the vehicle: gas analyzers, solid particle counter, and central computer
with battery. Exhaust gas mass flow meter, GPS receiver and meteorological station for
monitoring atmospheric conditions were installed outside. A photo of the vehicle with
all the measuring equipment is shown in Figure 1. Measurements of current power,
consumption and emissions were recorded along an 87 km long route that meets the
RDE measurement criteria, and all measurements were performed according to the RDE
test procedure. The calibration of the measuring instruments was performed before the
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start of the measurement and after the measurement was completed. Continuous power
measurement was carried out via OBD diagnostics, whose power values were previously
calibrated on a chassis dynamometer at several operating points throughout the entire
engine operating range. The emission maps and consumption maps that were used in the
creation of the time domain CruiseM model were obtained by measuring emissions and
consumption on the chassis test bed at different engine loads and speeds. In all laboratory
measurements, a MAHA LPS 3000 chassis dynamometer was used, equipment was sourced
from MAHA Maschinenbau Haldenwang GmbH & Co. KG, Haldenwang, Germany. The
vehicle was type approved according to the EURO6b standard [35], based on the laboratory
NEDC test cycle and is powered by a 1.6 L diesel engine with a maximum power of 77 kW
with EGR, DOC and DPF antipollution systems and a 5 speed manual gearbox. Coast-
down analysis was used to determine the resistances of the vehicle. This was obtained by
recording the speed from the OBD system with a resolution of 1 s. The measured speed
from the OBD was previously calibrated with the GPS system.

Table 1. Technical features of PEMS devices.

Analyzer

NO/NO; and CO/CO,/N,O THC/CHy4 Particle Counter

Measuring method

Non-Dispersive Ultra

Violet-NDUV Non-Dispersive  Flame Ionization Detector-FID Advanced diffusion

Infra Red-NDIR charger
NO: 0-5000 ppm
NO;: 0-2500 ppm THC: 0-30,000 ppmC1
Measuring range CO: 0-5% vol. 1500--2.5 x 107 #/cm’

CO,: 0-20% vol.
N,O: 0-2000 ppm

CHy: 0-10,000 ppmCl1

NO/NO;: 2 ppm

CO: 20 ppm
Zero Drift/8 h COy: 0.1% vol. +5ppm C1/8h
N,O: 20 ppm
Accuracy 0.3% FS

L r"fy.

Figure 1. Test vehicle with built-in measuring equipment.

The vehicle model was created in the CruiseM software package with a quasi-static
approach, which starts from the driver’s request to follow a predetermined speed pattern or
driving cycle, with a schematic representation shown in Figure 2. The request is transmitted
to the drive system via the appropriate regulator and accelerator pedal which has its own
characteristics and transient response. The torque is transmitted to the transmission system,
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which has its own gear ratios and losses all the way to the wheels and which needs to
achieve the necessary torque or driving force to meet the required velocity pattern. This
approach gives particularly good results in CO, emissions, consumption estimation as well
as NOx emissions estimation [24].

Cycle Inputs

J Desired > Torque

o Speed . Demand i
Driving p Driver Brake ) Vehicle
Cycle Model [Throttle PRI B Dynamics

v

'Y
Ll

Vehicle Speed

Figure 2. Schematic representation of the quasi-static or forward model of the vehicle.

The next step was the modelling of a full hybrid vehicle with a parallel configuration.
An identical model was also used in the simulation of a non-hybrid vehicle with the
exclusion of the components marked blue in Figure 3. As measurements were taken with
a moderate driving style, the transverse and vertical dynamics have negligible influence
on fuel consumption and emissions, so the vehicle dynamics model was reduced to solely
reflect longitudinal dynamics. The vehicle resistance forces were defined as a function of
the vehicle speed, by a polynomial of second degree (1) obtained from the coast down
analysis [36]. The vehicle drag force equation is defined as:

f0+f1xv+f2x02:TMZ—j (1)
where parameter fj is the free term, f; is the linear component and f; is the quadratic
component.

The internal combustion engine was modeled as a black box based on the corre-
sponding consumption or CO, maps and NOx maps, which give the correlation of the
corresponding emissions with the engine current operating point. Engine maps were also
obtained by testing on chassis test bed sweeping the entire operating range. The engine
is controlled by desired load from a controller. Engine limits were determined by the
maximum torque as a function of rotation speed. The motoring torque losses were set up
with an interpolation curve depending on the rotation speed. A classic gearbox with five
forward gears was modeled, with the same transmission ratios as the physical gearbox. The
efficiency and the moments of inertia were held constant. The vehicle powertrain contains
two clutches, the first (separator) serves to separate the ICE from the rest of the powertrain
and the second is a standard clutch for coupling power devices with the transmission. The
separator enables one to connect/disconnect the ICE to/from the whole system accord-
ing to the applied HEV strategy (e.g., e-drive, e-brake regeneration, etc.). In addition, a
transmission controller is required for gear up-/downshifting as well as actuating both
clutches. Both clutches are driven by thrust force and modeled with the following parame-
ters: maximum torque, moment of inertia and “clutch release” dependence characteristic
on thrust force.
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Figure 3. Schematic representation of the CruiseM vehicle model.

A 48V electric drive system was used, which consists of a battery, a power consumer
and an electric machine (EM) that is mechanically connected between two clutches. The
EM is modeled as a basic quasi-static model that instantly responds to the torque demand.
The characteristics of EM are defined in both working quadrants separately. The maximum
torque limit is defined in generator and motor mode depending on the rotation speed as well
as the efficiency characteristics with an additional parameter of the operating voltage. The
drive control calculates the e-motor load signal in both traction and recuperation conditions,
by modifying the cockpit output signals. If the braking effect of the e-motor torque is below
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the driver’s request in terms of equivalent brake pressure, then the mechanical brakes are
supplied with pressure. The HEV controller contains a basic state machine which smoothly
applies different hybrid strategies according to the current driving situation. A baseline
management strategy was chosen according to the rules and which does not have the ability
to adapt to different driving conditions [37]. Consequently, change of control parameters
during testing in different cycles was undertaken manually. For an easier comparison of
fuel and energy consumption between different models, the charge sustain mode was used,
which requires the battery to be equally charged at the beginning and at the end of each
testing cycle.

2.2. VSP Model

Vehicle specific power (VSP) is defined as a ratio of the instantaneous power to the
vehicle’s mass and is used to overcome the vehicle’s resistances, including rolling and
aerodynamic resistances, and kinetic and potential energies (2) [33]:

%(KE+PE)+FVOII'U+Faer0'U _ %(KE+PE)+PH:5‘U
0 (12 . @
_ & (Gmo*+mgh)+(fo+fivtfov?)v
m

VSP =

All vehicle resistances, including rolling resistances, are also defined by longitudinal
dynamics as in the classic Cruise M model in which moments of inertia are approximated
with a 3% increase in vehicle mass [38]. The total traction energy is calculated according to:

T
Ei = / mVSPdt @3)
0

The mathematical description of the vehicle’s specific power (2) is the basis for the
model of the current traction power or energy consumption. This model was created using
a kinematic or backward approach that starts from the end components of the vehicle, i.e.,
the wheels, which require a certain torque to follow the cycle. The schematic representation
of the backward model is shown in Figure 4, the flow of information or requests is opposite
to the flow of energy. The movement of the vehicle absolutely coincides with the cycle
being followed, so an additional condition is added which takes into account whether the
vehicle can meet the power request at every point of the driving cycle.

Cycle
Inputs Speed
Driving [ Vehicle [— Db
Cycle.  ——»| Dynamics T—»
orque

Figure 4. Schematic representation of the kinematic or backward model of the vehicle.

The VSP model is a discrete model formed by frequency analysis of measured emis-
sions and consumption within certain power ranges or classes. The starting assumption
is that the amount of each emission per unit of traction energy is always equal within the
observed power class, regardless of the driving cycle. More accurate results are obtained
by using a larger number of small ranges classes, but a large number of classes increases
the complexity of data processing. The power classes are determined according to the
power binning method within EU regulation 2016 /427 [39], which gives normalized values
of their power ranges. Some changes were introduced in classes 2 and 3. The change
in the 2nd class refers to the division into its positive and negative parts separately, and
class 3 is divided into two equal parts in order to increase the accuracy of the model. The
denormalized values of power class ranges for the tested vehicle are shown in Table 2.
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Table 2. Power classes for the modelled vehicle.

Power Class No. P ; (kW) from P.; (kW) to

1 —o0 —2.368

2 —2.368 0.000

3 0.000 2.368

4 2.368 11.840

5 11.840 23.680

6 23.680 44992

7 44.992 66.304

8 66.304 o

The bin classification is undertaken according to the limits specified in Table 2, and
according to the conditions of maximum and minimum traction power according to (4):

Pc,j lower bound < Proheel < Pc,j upper bound 4

Myj= Y, Mgy ©)
all k in class j

The traction energy of the j class is calculated according to (6):

Wij = Moenicie 3y, VSPy itk (6)

all k in class j

The value of individual emissions per unit of traction energy of the j class is equal to
the ratio of the total amount of emissions of the grade and its total traction energy (7):

) My k Z My k
. My,j  allkinclass j . all k in class j @)
xj = = =
T Wy, Y. Puxtc Myenice Y. VSPitk
all k in class j all k in class j

The distribution of emissions and energy by power classes during the testing in real
driving conditions are shown in diagram in Figure 5. The energy shares of the classes are
expressed in percentages relative to the total positive traction energy.

Energy and Emission share in RDE measurement

40%
30%
20% i | S | -
10% 8 - - = . I ) B -
i I e . | | | I el
1 2 3 4 5 6 7 8
-10% +—
-20%
ENERGY SHARE [%] m CO2 EMISSION SHARE [%] % NOx EMISSION SHARE [%]

Figure 5. Class distribution of traction energy, CO, emissions and NOx emissions during the
RDE route.
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The total amount of emissions and consumption is obtained by summing the emissions
of all individual classes, i.e., the product of specific emissions and the traction energy
coming from the internal combustion engine, according to (8):

My = me,j = me,jwtr,j 8
] ]

When modelling a non-hybrid vehicle, all power classes were calculated in the as-
sessment of complete cycle emissions. The main point of hybrid vehicles, including this
hybrid vehicle model, is to use the most favorable operation regions for each available
power source, according to a defined objective function that usually evaluates emissions
and consumption. Traction energy of the j-class produced by an internal combustion engine
is given in (9):

Wtr,j = Wyrj + Wimwa,j — r)/fw/stored )

where wy, ; represents the total traction energy of j class that the engine would generate
without hybrid drivetrain components, and Wiwa j TEPTESENtS the additional mechanical
energy due to the shift of the operating region of the engine to the more favorable class.
Stored energy w., ., (10) consists of the regenerative braking energy Wj, and the stored
energy of the engine produced by moving operating region W; ;4

w;tored = NgMstTm (“U;hnjszhr + UgbUst,mwa> (10)

Inserting Equation (10) into Equation (9) gives Equation (11):

Wtr,j = Wir,j + Wiwwp,j — VjHgMstm <a’7§b’7%wbr + Ugbﬁfws,mwﬂ) (11)

The energy flows are based on the flow diagram from [40], with slightly modified
labels and definitions of all energy sources and sinks with regard to the drive shaft. The
objective function is the minimum product of certain emissions and associated weighting
factors (12):

] = AMcoz + BMnox + CMpn + DMco (12)

Due to the limitations of the classic CruiseM model, only CO,, fuel consumption
and NOx emissions were retained, and the objective function (13) preferred only the
minimization of consumption and CO, emissions:

] = AMcop = ) _ticon, jWir j (13)
j

Inserting Equation (11) into Equation (13) gives Equation (14):
] = AZJ‘ mCOZ,j {wtr,j + Winwp,j — Yjtghstm (“W;M}Wbr - ngﬂfws,mwa)] (14)
The total stored engine moving operating region energy is obtained by multiplying

power differences between the engine’s average j-class power, P j, and the required traction
power, j-th class, with the engine’s operating time, Tj,mwa (15):

Ws,mwa = Z Tj,mwa(PEJ - Pj) (15)
j

The total recuperated energy from braking is obtained by the sum of the braking
energies of all individual classes (16):

Wy = Zwbr,j (16)
j



Energies 2023, 16, 8094

10 of 20

3. Results and Discussion
3.1. Vehicle Models

Based on emission measurements and other relevant parameters, a CruiseM model, as
well as a new frequency model of a non-hybrid vehicle was created. The vehicle energy
balance and the main conversion pathways of chemical energy derived from the fuel are
shown in the diagram in Figure 6 below:

Energy Distribution - RDE Route

B Driving Resistance
11.23kWh
27.3%

Brake Energy
(brakes+engine)
2.14 kWh

. 5.2%

Thermal Losses M Auxiliaries M Drivetrain losses M Driving resistance Brake Energy (brakes+engine)
Figure 6. Vehicle energy balance.

The overall efficiency of the internal combustion engine in the test conditions of
the vehicle was quite high, over 32%, but it should be emphasized that the efficiency in
city driving conditions is far lower and in certain conditions falls below 10%, while the
maximum engine efficiency is around 42%. This difference shows the utility of the hybrid
drive, which has the ability to move the load point towards the higher efficiency. Of the
total traction energy, 84% was spent on overcoming the vehicle’s resistances and that part of
the energy is irreversible, while the rest was spent on vehicle braking which can be returned
to the system through regenerative braking. The testing was carried out on roads without
a significant change in altitude and in conditions of moderate traffic, which resulted in
more uniform driving with only 16% reversible energy. The distribution of emissions and
traction energy according to power classes is shown in a bar graph in Figure 5, where all
energy values are shown relative to the total positive traction energy of the RDE cycle,
while emissions are shown as a percentage of the total emissions generated during the cycle.
The relevant parameters for the comparison of the VSP non-hybrid model and CruiseM
non-hybrid vehicle model are presented in Table 3.

Table 3. The relevant parameters for the comparison of the VSP and CruiseM models.

Classic Vehicle

Distance (km)
Positive traction
energy (kWh)
Negative traction
energy (kWh)
CO; emission (g)
NOx emission (mg)
Consumption (kg

RDE Cycle RDE (1/km) Deviation
Measured CruiseM VSP Measured CruiseM  VSP CruiseM CruiseM (%) VSP VSP (%)
86.21 86.63 86.21 1.000 1.005 1.000 0.005 0.48% 0.000 0.00%
13.37 13.33 13.46 0.155 0.154 0.156 —0.035 0.22% 0.092 0.69%
—2.14 —2.22 —2.27 —0.0248 —0.0256  —0.0263 —0.080 3.26% —0.130 6.08%
10,540 10,556 10,540 122.2 121.9 122.2 16.259 —0.33% 0.000 0.00%
39,806 40,051 39,806 461.7 462.3 461.7 245.136 0.13% 0.000 0.00%
3.366 3.371 3.366 0.039 0.039 0.039 0.005 —0.33% 0.000 0.00%
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The distance and emissions of the VSP non-hybrid model match the measured data
perfectly because the model was calculated using those parameters. Positive and neg-
ative traction energy deviate from the measured values because they are calculated via
Equation (2) based on current specific power. The distance deviation of the CruiseM model
is a consequence of the forward approach, which controls velocity using a PI regulator.
In this approach the driving cycle is not perfectly followed because it considers system
response time. Deviations of positive traction energy, distance, consumption and CO,
emissions are within 1% of actual values. Only the relative negative traction energy signifi-
cantly deviates between the two models, while the absolute deviation is small due to the
small value of negative traction energy. The reason for this deviation is the same as for the
distance deviation.

3.2. Testing of Hybrid and VSP Vehicle Models in RDE, NEDC and WLTC Driving Cycles

Both hybrid models were tested and compared using standard cycles: the RDE cycle,
which is identical to the already performed measurement; the NEDC cycle, which is
outdated by today’s standards; and the WLTC cycle, which has gradually replaced NEDC.
The CruiseM model is optimized based on a set of simple rules described with global
objective function. The VSP model works in the frequency domain, so it does not have
the possibility of real-time optimization, but the same rules can be used to compare these
two models. In this case, the primary goal is to compare the two models so that the VSP
frequency model follows the conditions of the CruiseM model. The objective function is a
minimization of CO, emissions or consumption, so the optimization prefers medium and
higher power classes in which the internal combustion engine works more efficiently. On
the other hand, the highest classes generate high NOx emissions, which in this case are not
penalized because they are not covered by the objective function (14). The distribution of
traction energy, emissions, and consumption for the hybrid vehicle under the RDE cycle is
graphically depicted in Figure 7A using a bar chart.

All emissions and energy shares are expressed relative to the emissions of a non-hybrid
vehicle and to the positive traction energy of each cycle. Classes 1 and 2 have a negative
traction power where any engine operation is generally unnecessary, but regenerative
braking is possible. The internal combustion engine remains switched on in class 2 only
1.92% of the time, as shown in Figure 7B, and consumes 0.2% of the total traction energy, as
shown in Figure 7A. This small amount of energy consumption is not the most optimal
solution from an energy point of view, but is a consequence of replicating the energy
management strategy of the CruiseM model.

Class 3 represents the lowest values of positive traction power with a mean power of
1.1 kW, as shown in Figure 7C. This engine’s operating region is very inefficient, so the goal
is to completely eliminate the engine’s work and replace that energy with stored regenera-
tive braking energy. Similar to the CruiseM model The engine remained in operation for
only 1.28% of the operation time compared with the 11.3% of the total operation time of the
non-hybrid vehicle, as shown in Figure 7B and generated 0.2% of the total traction energy,
as shown in Figure 7A. In class 3, the vehicle emits 0.4% instead of the initial 3.5% of CO,
emissions and 0.3% of NOx emissions instead of the initial 2.3%.
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Figure 7. (A) Energy distribution and emissions of the VSP hybrid model in the RDE cycle. (B) Time
shares of power classes. (C) Mean power for each class hybrid vehicle.

Class 4 has a slightly higher average power of 6.9 kW but is still deep in the inefficient
region in terms of consumption and CO, emissions. With a hybrid drive, it would also
be desirable to completely eliminate the operation of the engine in this region, but the
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engine remains on for 3.6% of the total driving time, as in Figure 7B, generating 3.1% of
the total traction energy. Class 4 contains 32.2% of the total traction energy, where 8.7% of
the energy was gained from regenerative braking. The remaining 20.4% was obtained by
moving the operating region of the engine to the more efficient class 6. Of the 20.4% of
the mentioned energy, 9.6% was obtained directly from the internal combustion engine
operating in a higher class and this is marked in Figure 7A as moving operating point direct
(MOPD), while 10.8% is obtained from stored energy from the battery, which is generated
as the excess engine energy gained from the moving engine operating point, marked on the
graph as moving operating point stored (MOPS). Considering the time shares of individual
classes, as in Figure 7C, the engine works only 3.6% of the time with the power of the
original class, it works 10.9% of the time with the average power of the preferred 6th class,
and in the remaining time the vehicle is powered by energy from the battery, 9.9% from
regenerative braking and 12.3% from MOPS. In class 4, the vehicle emits 3.3% instead of
the initial 34.3% of CO, emissions and 1.7% of NOx emissions instead of the initial 17.1%.

In class 5, 20.5% of the energy comes from the internal combustion engine, while the
remaining 13.4% is used from the battery and gained through MOPS. The engine generates
18% of CO, emissions instead of the initial 29.7% and 12.9% of NOx emissions instead of
the initial 21.3%. Class 6 is the preferred choice given its engine efficiency, so the share of
internal combustion engine energy increases in favor of other classes from 23.3% to 71.7%
of the total initial traction energy. At the same time, the CO, emissions of class 6 increase
from 19.3% to 29.3% of initial total CO, emissions, while NOx emissions increase from
31.1% to 95.6%.

Class 7 also belongs to the less efficient region, compared with class 6, and engine
energy covers only 1.3% of the initial required 7.4%. This 1.3% of the traction energy also
results from the CruiseM model energy management strategy. The total CO, emissions of
the hybrid vehicle were reduced from 6.1% to 1%, while NOx emissions were reduced from
19.2% to 3.3%. The bar diagram in Figure 8 shows the respective comparative results of
the vehicle travelled distance for the VSP and CruiseM models of hybrid and non-hybrid
vehicles in RDE, NEDC and WLTP cycles. In contrast with Table 3, where the deviations are
expressed in relation to the measured values of the RDE cycle, the following bar diagrams
show the deviations between the VSP and CruiseM models.
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Figure 8. Comparison of distances covered for different models and cycles.

As mentioned above, the cause of the deviation between the two models lies in the
different modeling approaches. The VSP was created as a backward model that perfectly
follows the given speed profile, while the deviation of the travelled distance of the CruiseM
model is a consequence of the forward approach, which in this case includes the PI regulator.
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Despite the different approaches, the maximum deviation of the travelled distance is less
than 0.7%, which is a more than acceptable result. In the RDE cycle, the travelled distance
of both models deviates the most, —0.69% for the hybrid model, and —0.48% for the non-
hybrid model. Better results were achieved with laboratory cycles compared with the RDE
cycle. One of the important reasons is certainly the influence of altitude, which laboratory
cycles cannot replicate. In the NEDC cycle, the travelled distance of classic vehicles differs
by 0.29% for a non-hybrid vehicle and 0.13% for a hybrid vehicle. The smallest deviations,
of 0.05% for the non-hybrid vehicle and 0.04% for the hybrid vehicle, were recorded in
the WLTP cycle. Although the deviations in the travelled distance are small, they were

taken into account as a corrective factor when comparing other parameters. The bar graphs

in Figures 9 and 10 show the comparative results of the positive and negative traction
energies required for the vehicle to overcome the test driving cycles for different cycles. The

differences that arise in the traction energies are also a consequence of the forward model,
i.e., the settings of the PI regulator. The largest deviation of positive traction energy was

recorded between RDE models of hybrid vehicles at 2.85%. Relative deviations of negative

traction energies are significantly higher due to small absolute amounts, but the absolute

amounts are small and acceptable considering the impact on emissions and consumption.
The largest relative deviation of negative traction energies is shown by the non-hybrid

vehicle model in the WLTP cycle of over 8%, but on an absolute scale only 0.07 kWh.
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Figure 9. Comparison of positive traction energies for different models and cycles.
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Figure 10. Comparison of negative traction energies for different models and cycles.
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The comparison of CO; emissions and fuel consumption is shown in the bar diagrams
in Figures 11 and 12. CO, emissions are expressed in absolute values i.e., in grams that are
corrected according to the travelled distance, while consumption is traditionally expressed
in liters per 100 km. The most significant deviations were recorded for the hybrid vehicle
model in RDE conditions at 3.79% and for the non-hybrid vehicle model in the WLTP cycle
at 4.4%. If we compare the results according to cycles, the NEDC cycle in both modelled
vehicles, hybrid and classic, gives deviations slightly higher than 1%. The CruiseM model
was used as a reference, but it is possible that this model also causes some deviations
because it does not include transients.
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Figure 11. Comparison of consumption per 100 km for different models and cycles.
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Figure 12. Comparison of CO; emissions for different models and cycles.

The reason for the good overlap between the results of the NEDC cycle lies in the
cycle itself, with constant accelerations where the classic CruiseM model, which is based
on consumption and emission maps, approximates the real situation relatively well due to
a reduced influence of transient phenomena.

Because the vehicle is type approved according to the Euro 6b standard, which includes
testing in laboratory conditions according to the NEDC cycle, it is possible to compare the
results with the type approved values. The declared value of CO, emissions in the NEDC
cycle for the tested vehicle is 102 g/km, while the value of CO, emissions of the modelled
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vehicle is slightly less than 111 g/km. A deviation of 8.8% was expected, considering that
the type approval procedure at that time was performed on a “golden vehicle” which gave
significantly better results than the tested one. All of the results derived from the hybrid
models were achieved by following the strategy of the CruiseM model based on set of rules.
However, the best result was achieved by optimizing the VSP hybrid model without taking
into account the CruiseM strategy, which, in terms of CO, emissions, gives about 4% better
results than those shown in Figure 12, and would put this vehicle inside the legal limit of
95 g of CO;, emissions in real conditions.

The absolute amounts and corrected deviations of NOx emissions of both models
applied to different cycles are shown by the bar graph in Figure 13. The deviations of
NOx emissions are, on average, slightly higher than CO, emissions and fuel consumption,
primarily due to the larger possible deviations of the classic map-based CruiseM model
that does not include transients. Transient phenomena in the assessment of NOx emissions
have a greater impact due to the way that NOx emissions are regulated through exhaust
gas recirculation [11].
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Figure 13. Comparison of NOx emissions for different models and cycles.

The largest deviations of NOx emissions, of 9.62%, are shown with the hybrid vehicle
models in the WLTP cycle, while the same models in the NEDC and RDE cycles show
deviations slightly higher than 6%. The non-hybrid vehicle models in the RDE, NEDC and
WLTP conditions differ by 0.13%, 2.53% and 6.07%, respectively. Larger deviations in the
WLTP cycle, especially in NOx emissions, are expected due to extremely dynamic driving.

4. Conclusions

This paper presents a VSP model based on frequency analysis, which represents a new
way of modeling primarily hybrid, but also classic non-hybrid vehicles. A comparison of
two independent models, VSP and one made in CruiseM, was performed in order to prove
the usefulness of the much simpler VSP model with the possibility of obtaining results
with similar accuracy. Positive and negative traction energies data, which are necessary
to follow the desired cycle, as well as CO, emissions data, fuel consumption and NOx
emissions, were analyzed and compared. First, the VSP model was tested on a hybrid
vehicle under RDE conditions following the same rule-based strategy as the CruiseM
model. Furthermore, the energy balance calculation is presented in detail, as well as the
calculation of the corresponding CO; and NOx emissions for each individual class. All
hybrid modes time shares, as well as the shares of individual traction energy components
and average ICE power, are graphically presented and classified into the necessary traction
power classes. Absolute comparative data are presented graphically with all deviations
expressed relatively with a correction according to the travelled distances. The deviations of
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the travelled distances are very low, with the highest value of 0.69% for the hybrid vehicle
and the RDE cycle. The causes of the deviations lie in the different modeling approaches, a
backward approach for the VSP model and a forward approach for the CruiseM model,
where the PI controller causes slight deviations. All positive traction energies have positive
deviations in the VSP model of between 0.35% for the WLTP model of the non-hybrid
vehicle to a maximum of 2.85% for the RDE hybrid model. The deviations of the negative
traction energy are relatively higher, up to 8.38%, which is expected because of their small
absolute values compared with the total positive traction energy, so they have negligible
impact to the overall results. The most important elements of the comparison of the two
models are CO, emissions and fuel consumption, where the biggest deviation of the results
was recorded for the hybrid model of the vehicle in RDE cycle conditions of 3.79% and for
the non-hybrid vehicle model in WLTP conditions of 4.4%. All other combinations of cycles
and models give deviations of about 1%, which is an excellent result that directly proves
the reliability of the model. The best result obtained by optimizing the VSP model of the
hybrid vehicle in RDE conditions, independently of the CruiseM model, is about 4% better
relative to the result obtained following the CruiseM strategy. This outcome means that this
vehicle would reach the legally prescribed, penalty-free limit of 95 g/km under real-world
conditions. Regarding the results of the comparison of NOx emissions, the deviations are
somewhat larger compared with CO, emissions and consumption. The largest deviations of
NOx emissions, of 9.62%, are shown by the hybrid vehicle models in the WLTP cycle, while
the same models in the NEDC and RDE cycles show deviations slightly higher than 6%.
The models of non-hybrid vehicles in the RDE, NEDC and WLTP conditions differ by 0.13%,
2.53% and 6.07%, respectively. Larger deviations of these emissions are expected due to the
reduced performance of the CruiseM model when predicting the NOx emissions that are
controlled by the EGR system, which in turn is very sensitive to transient phenomena that
are not described by this model. This research has shown very good results for the simpler
VSP model when predicting fuel consumption and CO; and NOx emissions without using
complex time domain models which require great skills and complex algorithms to realize
real objective functions. Another problem of the time domain model is that it sometimes
gets stuck in local minima without finding an optimal global solution, so there is also the
possibility to use the VSP model as a control mechanism for the time domain model. Such
a model enables a much simpler definition of the objective function, and thus also enables
the simplification of the optimization of complex energy management systems such as
hybrid propulsion systems. Future research should be directed towards determining the
influence of various parameters of the VSP model on its accuracy, especially the selection
of the number of classes and their ranges. The possibility of expanding the model in a
multidimensional domain should also be investigated, i.e., that it should be expanded with
additional influential parameters.
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Abbreviations
DOC Diesel oxidation catalyst
DPF Diesel particulate filter
EGR Exhaust gas recirculation
EM Electric machine
EMS Energy management strategy
EV Electric vehicle
GPS Global position system
HEV Hybrid electric vehicle
ICE Internal combustion engine
KE Kinetic energy
LPG Liquid petroleum gas
NEDC New European driving cycle
OBD On-board diagnostics
PE Potential energy
PEMS Portable emission measurement system
RDE Real driving emission
™ Technical mass
vsp Vehicle specific power
WLTP Worldwide harmonized light vehicle test procedure
fo f1,./2 Coast down analyses free factor, linear factor, quadratic factor
Etr Traction energy
Frero Aerodynamics resistance force
Froll Rolling resistance force
Fres Resistance force
h Height
m Mass
M, Total mass of x emission
My j Mass of x emission in j power class
My Mass of x emission in k interval
P Power j-class
Pe Engine power j-class
Pneer Wheel power
T} mwa j class engine ICE operating time
v Velocity
Wy Braking energy
Winwa,j Mechanical energy due to the shift of the ICE operating region
W imwa Total stored energy due to the shift of the ICE operating region
Wi j Traction energy from ICE in class j
Wir j Drive shaft traction energy in class j
o Regenerative braking factor
v Stored energy share in class j
g, st Mm  Generator, storage, motor efficiency
Ngbs Mf Gearbox, final drive efficiency
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