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Abstract

Road transport is a major contributor to climate change. However, given
the lack of competitiveness of fossil fuel-free alternatives, it does not seem
possible to reduce the dependence on the internal combustion engine (ICE) as
rapidly as planned by the authorities. Advanced gasoline engines will therefore
hold a high market share in the automobile industry in the following years, at
least during the next decade, either working in conventional or hybrid pow-
ertrains. Hence it is essential to keep improving these engines to reduce the
negative impact of light-duty vehicles on the environment.

The most used strategy to reduce fuel consumption and CO2 emissions in
current spark-ignition (SI) gasoline engines is downsizing combined with direct
injection (DI). Besides, downsizing must go hand in hand with turbocharging
to maintain peak power. It is also proven that exhaust gas recirculation (EGR)
can improve fuel economy in SI engines by 3-6% at medium and high loads.
As a disadvantage, extracting the full benefit from EGR requires operating
with high recirculation rates (close to the EGR dilution limit), leading to
some issues under transient conditions. In this thesis, it is demonstrated that
high EGR operation through long-route systems in turbocharged engines can
potentially originate combustion instabilities and poor engine response during
load-decrease (tip-out) and load-increase (tip-in) maneuvers, respectively.

Transient operations are especially important for manufacturers since the
implementation of the Worldwide harmonized Light vehicle Test Procedure
(WLTP). The present thesis is therefore devoted to analyzing and optimizing
the gasoline engine performance under high EGR conditions during relevant
transient maneuvers. To this end, a Euro-6 1.3L turbocharged DI SI gasoline
engine with a variable geometry turbine was employed. A 1D model of this ICE
was developed to assess fluid dynamics and transport phenomena. Engine tests
were also performed to validate the 1D model and evaluate torque response,
combustion stability, and raw exhaust emissions.

Before addressing the study of transient maneuvers, the engine calibration
with EGR was carried out, and 0D conventional and hybrid vehicle simula-
tions were done to determine the EGR benefit in fuel economy under WLTP
driving conditions. Finally, tip-in and tip-out results revealed that some air
management strategies are effective in meeting the transient EGR challenges
in SI engines, but at the expense of increased complexity and costs.
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Resumen

El transporte por carretera es uno de los sectores que más contribuyen al
cambio climático. Por ello, muchos gobernantes a nivel mundial están promo-
viendo una transición hacia medios de transporte sostenibles que no dependan
de combustibles fósiles. Sin embargo, debido a la falta de competitividad de
las alternativas actuales, no parece factible, en el corto plazo, reducir significa-
tivamente el uso de los motores de combustión. Así pues, es probable que los
motores de gasolina (MEP) mantengan su papel dominante en el sector au-
tomotriz durante los próximos años. De ahí que sea crucial seguir mejorando
estos motores a fin de reducir su huella de carbono.

Actualmente, es habitual fabricar motores MEP de pequeña cilindrada
(“downsizing”) con sistemas de sobrealimentación e inyección directa, a fin
de reducir el consumo de combustible y las emisiones de CO2. Además, en
la última década, se ha demostrado que la recirculación de gases de escape
(EGR) puede mejorar la eficiencia de los motores MEP entre un 3 % y un
6 %, dependiendo del grado de carga. Como desventaja, para poder extraer
todo el potencial de la estrategia EGR, es necesario trabajar con altas tasas
de EGR, lo que puede causar ciertos problemas en condiciones transitorias.
En esta tesis, se ha demostrado que el uso de altas tasas de EGR a través de
sistemas de baja presión en motores MEP turboalimentados puede ralentizar
la respuesta del motor y provocar fallos de encendido durante maniobras de
aceleración y desaceleración, respectivamente.

Con la entrada en vigor de nuevos procedimientos de homologación de
vehículos, como el WLTP (Worldwide harmonized Light vehicle Test Proce-
dure), donde las operaciones transitorias tienen un peso importante, los fabri-
cantes buscan que sus motores consuman y emitan menos en un amplio rango
de condiciones de operación, tanto estacionarias como transitorias. Por ello,
el objetivo principal de esta tesis es analizar y optimizar el funcionamiento,
en condiciones transitorias, de los motores MEP que operan con altas tasas
de EGR. Para ello, se ha empleado un motor de gasolina (Euro 6) de 1.3l
turboalimentado con inyección directa, distribución variable y turbina de geo-
metría variable. Se ha desarrollado un modelo unidimensional (1D) del motor
para el estudio de la fluidodinámica y los fenómenos de transporte en su in-
terior. Por otro lado, se ha ensayado el motor para calibrar el modelo 1D y
evaluar aspectos difícilmente predecibles con dicho modelo, como las emisiones
contaminantes y la estabilidad de la combustión.
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Previo al estudio en condiciones transitorias, el motor fue calibrado con
EGR, y se realizaron simulaciones para determinar el consumo de un vehículo
convencional y otro híbrido, ambos con EGR, durante un ciclo WLTP. Final-
mente, se concluyó que ciertas estrategias orientadas a mejorar el proceso de
renovación de la carga pueden resolver la problemática del uso del EGR en
condiciones transitorias. Eso sí, implementar dichas estrategias conllevaría un
aumento en complejidad y costes.
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Resum

El transport per carretera és un dels sectors que més contribueixen al can-
vi climàtic. Per això, molts governants a nivell mundial estan promovent una
transició cap a mitjans de transport sostenibles que no depenguen de com-
bustibles fòssils. No obstant això, a causa de la falta de competitivitat de les
alternatives actuals, no sembla factible, en el curt termini, reduir significati-
vament l’ús dels motors de combustió. Així doncs, és probable que els motors
de gasolina (MEP) mantinguen el seu paper dominant en el sector automotriu
durant els pròxims anys. D’ací ve que siga crucial continuar millorant aquests
motors a fi de reduir la seua petjada de carboni.

Actualment, és habitual fabricar motors MEP de xicoteta cilindrada (“down-
sizing”) amb sistemes de sobrealimentació i injecció directa, a fi de reduir el
consum de combustible i les emissions de CO2. A més, en l’última dècada,
s’ha demostrat que la recirculació de gasos d’escapament (EGR) pot millorar
l’eficiència dels motors MEP entre un 3% i un 6%, depenent del grau de càrre-
ga. Com a desavantatge, per a poder extraure tot el potencial de l’estratègia
EGR, és necessari treballar amb altes taxes de EGR, la qual cosa pot causar
uns certs problemes en condicions transitòries. En aquesta tesi, s’ha demostrat
que l’ús d’altes taxes de EGR a través de sistemes de baixa pressió en mo-
tors MEP turboalimentats pot alentir la resposta del motor i provocar fallades
d’encesa durant maniobres d’acceleració i desacceleració, respectivament.

Amb l’entrada en vigor de nous procediments d’homologació de vehicles,
com el WLTP (Worldwide harmonized Light vehicle Test Procedure), on les
operacions transitòries tenen un pes important, els fabricants busquen que els
seus motors consumisquen i emeten menys en un ampli rang de condicions
d’operació, tant estacionàries com transitòries. Per això, l’objectiu principal
d’aquesta tesi és analitzar i optimitzar el funcionament, en condicions transi-
tòries, dels motors MEP que operen amb altes taxes de EGR. Per a això, s’ha
emprat un motor de gasolina (Euro 6) de 1.3l turboalimentat amb injecció di-
recta, distribució variable i turbina de geometria variable. S’ha desenvolupat
un model unidimensional (1D) del motor per a l’estudi de la fluidodinàmica i
els fenòmens de transport en el seu interior. D’altra banda, s’ha assajat el mo-
tor per a calibrar el model 1D i avaluar aspectes difícilment predictibles amb
aquest model, com les emissions contaminants i l’estabilitat de la combustió.

Previ a l’estudi en condicions transitòries, el motor va ser calibrat amb
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EGR, i es van realitzar simulacions per a determinar el consum d’un vehicle
convencional i un altre híbrid, tots dos amb EGR, durant un cicle WLTP.
Finalment, es va concloure que unes certes estratègies orientades a millorar
el procés de renovació de la càrrega poden resoldre la problemàtica de l’ús
del EGR en condicions transitòries. Això sí, implementar aquestes estratègies
comportaria un augment en complexitat i costos.
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1.1 Background and motivation

Environmental awareness has substantially increased in the last decades, mainly
in the most developed countries [7], promoting ambitious policies to fight
climate change and air pollution. An example of this is the new emission
regulations for on-road vehicles. Road transport is responsible for 12% of
global greenhouse gas (GHG) emissions [8] and is the biggest contributor to
nitrogen oxide (NOx) emissions [9, 10]. Hence many governments have estab-
lished more stringent requirements for new vehicle sales: reducing the allowed
tailpipe emission levels, defining new vehicle certification procedures, and even
imposing some bans on the use of fossil fuels in the future. The present thesis
is focused on the study of gasoline engines, and these are predominantly used
in light-duty vehicles (LDVs). So, first and foremost, it is essential to know
the current status of the LDV emission standards in the leading markets [11]:

• All new LDV sold in the European Union (EU) from September 2018
must be homologated according to the Worldwide harmonized Light ve-
hicle Test Procedure (WLTP). This procedure is more realistic than the
preceding one, the New European Driving Cycle (NEDC), which was
designed in 1993. It is estimated that the deviation between the lab-
oratory and real-life CO2 emissions is reduced from around 35% with
the NEDC [12] to 13% with the WLTP [13]. In order to eliminate this
discrepancy, the WLTP is complemented with Real Driving Emissions
(RDE) tests, in which the vehicle emissions are measured during actual
road routes. In addition, the European Parliament recently voted in
favor of a proposal to reduce CO2 emissions in 2030 by 55% and 50%
from new cars and vans, respectively, compared to the 2021 targets [14].
This proposal also calls for a CO2 emission reduction of 100% by 2035,
thus banning the sales of LDV powered by fossil fuels in the EU from
that year. Regarding air pollutants, great efforts have been made in the
last two decades to decrease such emissions. The Euro 5 and Euro 6
standards have resulted, since the application of the former until 2019,
in a 35% reduction in both NOx and particulate matter (PM) emissions
from road transport [15]. The Euro 7 regulation is under discussion and
will include: new limits on previously non-regulated species; lower NOx,
CO, and PM limits; and changes in test procedures [11].

• In the United States of America (USA), the Environmental Protection
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Agency (EPA) has updated the federal GHG emission standards for
LDV to set more stringent requirements in each model year from 2023
to 2026 [16]. The EPA has agreed to increase 2026’s target values of
fuel economy by 23%, compared to the previous rule (Safer Affordable
Fuel-Efficient), and to establish a series of incentives to accelerate the
production of zero and near-zero tailpipe emission vehicles. The EPA has
also defined exigent limits for air pollutant emissions through the Tier
3 standard. Every manufacturer must gradually reduce its fleet average
NOx + NMOG (non-methane organic gas) emissions until reaching 19
mg/km in 2025, 65% less than in 2017; and the 100% of the new cars
must generate less than 1.9 mg PM/km since 2021. These limit values
are in line with the California LEV III regulation. Concerning vehicle
certification procedures, the EPA has not lately introduced any changes.
The Federal Test Procedure and the Highway Fuel Economy Test are
used to comply with GHG and air-pollutant emission targets [16].

• The fuel economy and CO2 emissions in the Chinese LDV market are
regulated by the rule of Parallel Management of Corporate Average
Fuel Consumption (CAFC) and New Energy Vehicle (NEV) credits, also
known as the Dual-Credit policy. Updated in January 2021, this regula-
tion aims to improve the fuel economy of gasoline and diesel cars while
promoting the sale of NEVs, a term referring to battery electric vehicles,
plug-in hybrid electric vehicles, and fuel cell electric vehicles [17]. Every
manufacturer must achieve a specific amount of credits by producing
or importing NEVs. In the case of a NEV credit surplus at the end of
the year, manufacturers can either sell the excess to other companies or
employ it to offset their CAFC deficit if they have not complied with the
CAFC target. The China 5 standard sets a fleet-average fuel consump-
tion target of 4 WLTP L/100 km by 2025 and 3.2 WLTP L/100 km by
2030 for new LDV registrations [18]. Besides, the China 6 standard, in
effect since July 2020, establishes stricter limits on air pollutant emis-
sions than Euro 6 and replaces the NEDC with WLTP. RDE tests are
included in China 6 as well [19].

• Japan and South Korea have also updated their fuel economy targets for
passenger cars by 2030 [11]. Japan plans to achieve a fleet-average CO2
emission of around 85 g/km under WLTP conditions, 23% lower than
in 2015. South Korea is more ambitious and proposes a 50% reduction
from 140 (2015) to 70 g CO2/km (2030).
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In view of all these environmental policies, most manufacturers are putting
much faith in vehicle electrification to achieve GHG emission objectives. How-
ever, it does not seem easy to reduce the dependence on the internal combus-
tion engine (ICE) at the pace planned by the authorities. The battery electric
vehicle (BEV) is the most solid alternative to fossil fuels but still has major
limitations: high production costs, short driving ranges, long charging times,
and polluting battery manufacturing. In addition, BEV’s benefit in the well-
to-wheel CO2 emissions is unclear and may evaporate depending on the energy
mix [20, 21]. Such limitations explain why only 10% and 6% of the new cars
sold in the EU and USA in 2022 are BEVs. A more advanced situation is found
in China, where the BEV share in the new LDV registrations has risen to 19%
in the first half of 2022 [22]. Some predictions show that at least 50% of the
cars on the road in 2050 will be based on ICEs and that the sales of plug-in
cars, including BEVs and plug-in hybrid electric vehicles (PHEVs), will not be
predominant until 2040 [23]. Other more optimistic studies foresee that half
of the cars sold by 2030 will be plug-in vehicles [24]. In any case, the ICE will
still play an important, even leading, role in the automotive sector over the
following decades. Therefore, in order to further reduce vehicle emissions, it
is critical to keep dedicating resources and efforts to improve ICEs.

Spark ignition (SI) engines working in conventional and, mostly, hybrid
powertrains are the main LDV propulsion system currently. Over the last
decade, SI engines, commonly fueled with gasoline, have gained much weight
in the automotive sector because of the increased complexity and costs of diesel
after-treatment systems and the “diesel-gate” scandal. Focusing on gasoline
engines, most manufacturers opt for downsizing with direct fuel injection to
reduce fuel consumption [25, 26], closely related to CO2 emissions, while pol-
lutant emissions are usually under control using a three-way catalyst (TWC)
followed by a gasoline particulate filter (GPF). Besides, downsized engines
need turbocharging to maintain peak power. Another worthwhile fuel-saving
strategy in SI engines is exhaust gas recirculation (EGR). High rates of cooled
low-pressure EGR can provide fuel savings higher than 5% depending on the
operating conditions [27]. EGR also avoids fuel enrichment to decrease the
turbine inlet temperature at high engine loads.

However, the combination of high EGR rates with long transport delays,
inherent to long-route EGR systems, can penalize the transient engine perfor-
mance in terms of response, combustion stability, and fuel economy. Firstly,
during load-decrease and deceleration maneuvers, high EGR operation can
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result in misfire events due to an over-dilution of the air-fuel mixture in the
final working conditions. This over-dilution is, in turn, caused by a slow EGR
evacuation from the intake system [3]. Misfiring is undesired as it brings about
some negative effects: unstable output torque, higher unburned hydrocarbon
emissions, thermal damage to the catalyst, and crankshaft torsional vibration.
Secondly, in the case of load-increase and acceleration maneuvers, operating
with high EGR levels can lead to poor engine response due to a longer turbo-
charger lag [6]. Introducing high EGR rates while keeping the load constant
involves increasing the intake manifold pressure, so the dependence on the tur-
bocharger is greater. This fact can significantly delay the increase in engine
airflow required when demanding more power.

The present thesis arises from the need to solve these transient EGR chal-
lenges. Since the adoption of new vehicle homologation procedures, such as
WLTP and RDE, the management of transient maneuvers is even more impor-
tant for manufacturers. Some of them decide not to exploit the full potential
of the EGR strategy by decreasing recirculation rates, simplifying the tran-
sient engine operation control in return. Hence improving the transient engine
performance under high EGR conditions is essential to obtain the maximum
reduction in fuel consumption and CO2 emissions. The present thesis is there-
fore devoted to studying and optimizing the transient operation of gasoline
engines with EGR.

1.2 Objectives

The objective of the present Ph.D. thesis is twofold. The first purpose is
to analyze the influence of the low-pressure EGR strategy on the transient
behavior of a Euro-6 downsized turbocharged SI gasoline engine with variable
valve timing (VVT) and variable geometry turbine (VGT) systems. The main
variables to be analyzed are engine response, combustion stability, and fuel
economy. Once the main issues derived from using EGR are identified, the
second objective is to provide and assess a set of air management solutions
to improve engine operation with high EGR rates during relevant transient
maneuvers.
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1.3 Methodology

The whole procedure followed to accomplish the objectives defined in Section
1.2 has been divided into five chapters, whose content is described below:

• Chapter 2 gives a comprehensive literature review on the state-of-the-
art. This chapter examines the technological advances that have im-
proved gasoline engines in the last decades, mostly in terms of fuel econ-
omy and CO2 emissions. The EGR strategy and technologies integrated
into the used SI gasoline engine have been especially reviewed.

• Chapter 3 describes the experimental and modeling tools. A 1D en-
gine model and an engine test stand have been employed in this thesis.
Engine simulations were used to analyze fluid dynamics and transport
phenomena, while experimental tests were performed to calibrate the
engine model and assess the combustion process and exhaust emissions.
In addition, 0D vehicle models were developed to evaluate the impact of
the EGR strategy on fuel consumption under driving conditions.

• Chapter 4 is devoted to optimizing ICE operation with EGR from
the fuel consumption perspective. It was required before addressing the
study of transient maneuvers, given that the gasoline engine employed
in this thesis was not initially designed to operate with EGR. Thus, the
EGR rate, VVT settings, and spark timing were optimized for several
steady-state operating conditions deliberately selected. The optimiza-
tion method is characterized by a high number of engine simulations
and a reduced experimental workload. After the engine calibration, the
fuel economy improvement achieved with EGR was quantified not only
for each of the selected steady-state operating points, but also during
a WLTP driving cycle by means of conventional and hybrid powertrain
simulations.

• Chapter 5 consists of three studies and is fully dedicated to analyzing
the transient engine operation under high EGR conditions. The first two
studies are focused on evaluating the EGR impact on torque response
during tip-in (load-increase) and tip-out (load-decrease) maneuvers at
1500 rpm, in which the fuel consumption in the former and the com-
bustion stability in the latter are also considered. In these studies, dif-
ferent technical solutions, such as a secondary air path, a pressurized
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air tank, and an electric supercharger, are researched to improve engine
performance. In addition, a third study on compressor surge control
was performed under transient EGR conditions. In the engine utilized,
installing a throttle valve at the compressor inlet duct (upstream of the
EGR joint) is required to achieve high EGR rates. By taking advan-
tage of this valve, the viability of preventing compressor surge during
aggressive tip-outs without the anti-surge valve is analyzed. This way,
the compressor manufacturing costs could be reduced.

• Finally, Chapter 6 provides the main conclusions and the potential
future studies derived from the research carried out in the present thesis.
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2.1 Introduction

The current status of the technology in SI gasoline engines has been thor-
oughly reviewed in this chapter, with particular emphasis on the most com-
mon strategies employed by manufacturers to reduce fuel consumption and
emissions. Secondly, a detailed literature review of the EGR strategy is given.
The following aspects related to the use of EGR in SI engines are examined:
possible configurations, benefit in fuel economy, and impact on pollutant emis-
sions. In addition, in order to define the starting point of the present thesis,
the available literature on transient SI engine operation with EGR has been
consulted.

2.2 State of the art in SI gasoline engines

As stated in Section 1.1, downsizing with direct injection (DI) is the favorite
choice of manufacturers to improve fuel economy in gasoline engines, while tur-
bocharging is used not to lose power. Some predictions have estimated that
more than 90% of new gasoline engines will be downsized and turbocharged
by 2025 in China, Europe, and the USA [28]. In the case of the USA, this
prediction is too optimistic as the Environmental Protection Agency reported
that only 35% of new LDVs sold in 2020 were powered by turbocharged en-
gines [29]. Modern gasoline engines also include other interesting fuel-saving
strategies, such as variable valve actuation, cylinder deactivation, variable
compression ratio, and water injection. Besides, current SI engines utilize
an after-treatment system composed of a TWC and GPF to control the four
main pollutants: NOx, CO, hydrocarbons, and particulate matter. All these
strategies and technologies have been reviewed in this section.

2.2.1 Downsizing

Downsizing consists in reducing the engine displacement by decreasing the
number of cylinders or their size. The rationale behind this is basically to shift
the engine operation to a better thermal efficiency zone, given that a downsized
engine must operate at higher loads to provide the same output power [30].
Downsizing also results in lower friction losses due to smaller moving parts and,
possibly, shorter strokes [31]. This strategy has been widely studied since the
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early 1980’s [32] and used for mass production since the late 2000’s. Depending
on the downsizing degree, fuel economy improvements higher than 20% can
be obtained [33]. Coltman et al. [26] revealed that fuel savings of around
15% were achieved during an NEDC test by downsizing a 2.2l DI SI engine by
32%. A few years later, Turner et al. [34] evaluated the performance of a 60%
downsized 2.0l SI engine and its naturally aspirated counterpart under NEDC
conditions, reporting a CO2 emission reduction of 21%.

However, the implementation of high downsizing degrees is also subject to
some issues, such as drivability penalty and increased knocking risk. The for-
mer can be enhanced with VGT turbochargers [35] or electrical superchargers
[36], and the latter can be reduced in different ways, e. g., direct fuel injection
[25], EGR [37], variable valve actuation [38], and water injection [39], among
others. Besides, the packaging of the valves, injector, and spark plug can
become challenging if the cylinder size is significantly decreased.

2.2.2 Direct fuel injection

Japanese manufacturers were the first to utilize direct fuel injection in SI
gasoline engines in the late 1990’s. Injecting the fuel directly into the cylin-
ders leads to lower in-cylinder temperature values than doing it into the intake
ports, due to the higher heat absorbed by the in-cylinder trapped gases during
the fuel evaporation. In turn, reducing the in-cylinder temperature results in
lower heat losses [40], better volumetric efficiency [41], and decreased knock-
ing risk [25]. This last point is key to increasing the compression ratio (or
improving the combustion phasing) and, consequently, thermal efficiency [42].
According to the extensive literature review by Zhao et al. [43], the compres-
sion ratio (CR) in SI engines with early DI strategy can be up to 1.5 units
higher than in comparable engines with port fuel injection. This CR increase,
along with the rest of the direct injection advantages, can translate into fuel
savings close to 25% depending on the test cycle [43].

These improvements match the results obtained by Graham [44], who
tested two light-duty vehicles with DI SI engines under EPA Federal Test
Procedure (FTP) conditions using a chassis dynamometer. Graham compared
the fuel consumption of these two with the median value of a sample of LDVs
with similar characteristics and port fuel injection (PFI) technology; conclud-
ing that the vehicles with DI used between 20% and 30% less fuel. However,
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other researchers have stated that the contribution of the DI strategy to fuel
economy is not as high as the estimated one by Zhao et al. [43] and Graham
[44]. Confer et al. [45] determined that the DI strategy was responsible for
only a 4% fuel saving after they performed EPA vehicle homologation tests on
a rolling road. In particular, Confer et al. tested a PFI engine vehicle and a
newer version of the same vehicle with some upgrades, like a start-stop system,
a more aerodynamic chassis, and the direct injection, EGR and variable valve
actuation strategies.

Furthermore, some studies have evaluated the potential of dual injection
systems (DI + PFI) to reduce the knocking tendency further, obtaining posi-
tive [46] but also negative [47] results. Golzari et al. [46] stated that combining
PFI and late DI strategies in a boosted single-cylinder SI engine resulted in
9% fuel improvement at 1000 rpm and partial load, compared with using only
DI. In contrast, the same authors [46] observed no benefits at 2000 and 3000
rpm.

In terms of pollutant emissions, the direct injection strategy has some
drawbacks. The air-fuel mixture heterogeneity associated with DI systems [48],
coupled with lower combustion temperature values, can give rise to incomplete
combustion. This explains why DI engines usually emit much more particulate
matter than PFI engines [49] and why automotive manufacturers have included
GPF systems in their new cars. Braisher et al. [50] reported that the PM
emissions in a DI gasoline vehicle were an order of magnitude higher than
in a similar PFI vehicle, based on chassis dynamometer tests under NEDC
conditions. Gasoline engines with DI also generate greater amounts of CO
and HC emissions than with PFI [48]. Nevertheless, the high performance
of current TWC devices leads to no significant differences in CO and HC
emissions between DI and PFI vehicles [51].

2.2.3 Turbocharging

Turbocharging enables the engine to be downsized without losing power, thus
improving fuel economy. Another benefit of turbocharging is altitude com-
pensation. Mansouri and Ommi [52] found via modeling that the brake power
of an aircraft turbocharged SI engine with waste-gate (WG) at nominal speed
was only reduced by 8% at 5000 meters above sea level, despite the 43% drop
in the ambient air density. On the other hand, the use of turbochargers in
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gasoline engines is also subject to the following issues: higher pumping losses,
gas temperature limitation at the turbine inlet, drivability penalty due to
turbocharger lag, and compressor surge.

Traditionally, the exhaust gas temperature at the turbine inlet has been
controlled through fuel enrichment, that is, injecting more fuel than the sto-
ichiometric value. However, this strategy is clearly undesired from the fuel
economy perspective. Many studies have proven that the EGR strategy can
assume the role of fuel enrichment, thus avoiding additional fuel consumption
[27, 53]. Regarding drivability problems, some improvements have been intro-
duced to minimize turbocharger lag, such as low-viscosity oils [54], advanced
bearing technologies [55], mechanical [56] and electric [36] superchargers, and
variable geometry turbines [35]. Besides, VGT turbochargers usually have an
advantage in pumping losses over WG ones. Serrano et al. [57] stated that
the VGT technology led to gasoline savings of up to 7.5% at full load in a
downsized SI engine with a VVT system, compared to the fuel used with WG.

The most limiting issue of the ones associated with turbochargers is com-
pressor surge. It consists in the stalling of the air (or intake gases) when the
mass flow through the compressor is lower than a critical value [58]. This
stalling phenomenon leads to flow reversal and recirculation within the com-
pressor, which, in turn, can have multiple consequences: local instabilities,
noise, large flow oscillations, efficiency loss, and damage to bearings, seals and
impellers [59]. Surge appearance depends on the compressor design [60], the
upstream and downstream duct geometries [61], and the flow pulsation [62]
and transience [63]. Galindo et al. [64] stated that reducing the downstream
volume may modify the surge dynamics from a low-frequency deep to a high-
frequency mild surge. In addition, Galindo et al. found that the surge margin
can be improved using either a tapered duct upstream of the compressor [65]
or inlet vanes to generate a swirling flow [66].

Even though these improvements are implemented, compressor surge usu-
ally appears in turbocharged SI engines during gear shifts and fast throttle
closings, in which the engine airflow is quickly reduced. Under such circum-
stances, the most extended solution for surge avoidance is installing a recircu-
lation loop where an anti-surge valve (ASV) is opened when the compressor
is getting close to the surge limit, thus connecting its inlet and outlet [67].
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2.2.4 Variable valve actuation

The scavenging in four-stroke engines is typically carried out through two
camshafts responsible for opening and closing the intake and exhaust valves.
Figure 2.1 shows a generic valve lift diagram where the main parameters rel-
ative to valve actuation are specified. Initially, camshafts did not enable any
modification of the valve lift, phase, or opening duration. Over the years,
vehicle manufacturers have implemented variable valve actuation (VVA) sys-
tems due to their potential to reduce fuel consumption and tailpipe emissions.
Several VVA technologies can be found depending on the valve parameter
controlled: VVT (phase), VMVL (lift), VVEL (lift and duration), VVD (du-
ration), and i-VTEC (lift, phase, and duration), among others. These tech-
nologies are defined in Figure 2.2 and reviewed below.

Figure 2.1: Generic valve lift diagram.

Current variable valve timing (VVT) systems allow continuous change of
the valve phase without modifying the lift or event [68]. In turbocharged SI
engines under throttling conditions, the VVT settings are generally chosen
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to provide long valve overlaps, that is, late exhaust valve closings followed
by early intake valve openings [69]. This way, the scavenging is worsened,
so the intake pressure must be increased through de-throttling to keep the
engine load constant. In consequence, pumping losses and fuel consumption
are decreased. However, if VVT and EGR strategies are combined, again in
throttling conditions, short valve overlaps are used to increase EGR tolerance
by reducing internal burnt gas recirculation (IGR). Piqueras et al. [70] showed
that minimizing the valve overlap was key to operating with cooled EGR rates
close to 30%, thus achieving lower heat and pumping losses and better fuel
economy.

Under turbocharged conditions, the valve overlap is shortened if the intake
pressure is lower than the exhaust pressure, and vice versa. In other words, the
VVT system is configured to improve scavenging and minimize residual gas
fraction. The latter results in better volumetric efficiency, lower in-cylinder
temperature, and decreased knocking risk [57]. Additionally, in the case of
having more pressure at the intake manifold than at the exhaust manifold,
increasing the valve overlap reduces the turbine inlet temperature, enabling
fuel enrichment to be avoided at high engine loads [57].

Figure 2.2: VVA concepts.
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Variable valve lift and event (VVEL) systems, often referred to as variable
valve lift (VVL), allow discrete or continuous change of the valve lift and open-
ing duration (Figure 2.2). Another less-used technology is variable maximum
valve lift (VMVL), by which only the lift is varied [71]. In VVEL systems, lift
and duration are proportional, that is, they cannot be adjusted separately. If
their adjustment is continuous, the throttle can be removed from SI engines,
in which case the intake manifold pressure is always close to (or higher than,
if turbocharged) the ambient pressure [72]. Li et al. [73] tested three tur-
bocharged DI SI engines, two with dual VVT and one with intake VVL and
exhaust VVT. They concluded that the VVL engine consumed up to 13% less
fuel than the VVT ones at 2000 rpm and low loads. Li et al. also showed that
the advantage of VVL over VVT was gradually reduced as the engine load was
increased, even turning into a disadvantage at 1000 rpm and medium loads.

Some manufacturers have designed other more complex technologies, such
as CVVD (continuously variable valve duration) and i-VTEC (intelligent vari-
able valve timing and lift electronic control). The Hyundai’s CVVD mecha-
nism consists of an electro-mechanical actuator that moves the rotation axis
of the cam lobes, enabling them to turn faster or slower than the camshaft,
which, in turn, is translated into shorter and longer valve openings [74]. For
its part, Honda introduced the dual overhead camshaft VTEC engine in 1989,
which included two lobe profiles, one optimized for stability and fuel economy
at low engine speeds and the other designed to give more power at high speeds.
Switching from the former lobe profile, with low lift and short duration, to the
latter, with high lift and long duration, is carried out using a hydraulically-
driven locking pin. One decade later, Honda launched the i-VTEC technology
combining VTEC with a continuously variable cam phasing system [75].

2.2.5 Other fuel consumption reduction strategies

Over the years, many other strategies have been used in gasoline engines to
improve fuel economy. Three of the most interesting ones at present have been
reviewed in this section: variable compression ratio (VCR), water injection,
and cylinder deactivation.

Increasing the CR of an engine improves its thermal efficiency [76]. How-
ever, the compression ratio has an upper limit defined by the knock resistance
of the fuel, so selecting a single CR represents a compromise between econ-
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omy and performance. The VCR technology allows the compression ratio to be
changed depending on the engine running conditions: at partial loads (where
knocking risk is lower), high CR values are used to improve fuel efficiency;
and at high loads, lower values are utilized to maintain the peak power. Auto-
motive manufacturers have developed multiple VCR concepts, such as moving
cylinder head, variable combustion chamber volume using a valve or secondary
piston, variable connecting rod geometry, and variable height piston [77]. Wit-
tek et al. [78] tested a turbocharged 1.0L DI SI engine with a two-stage VCR
connecting rod system over a wide range of steady-state operating conditions.
They determined that increasing the CR from 9.6 to 12.1 at partial loads led
to fuel savings of up to 5%. In addition to the advantage in fuel economy, it
should be remarked that VCR engines also have great fuel flexibility.

Another method to reduce fuel consumption at partial loads is cylinder
deactivation. It basically consists in cutting fuel injection in some of the
cylinders while increasing the load in the active ones. This way, pumping
losses are reduced because of lower throttling. According to the review of
Fridrichová et al. [79], cylinder deactivation can result in fuel savings higher
than 20%. The fuel injection cut in the inactive cylinders must go hand in
hand with valve deactivation. If not, the oxygen excess in the final exhaust
gases may penalize the NOx conversion efficiency of the three-way catalyst
[80].

Thirdly, some research studies have revealed the benefit of water injection
in fuel economy [81]. The water can be injected at the intake ports [82] or
directly into the cylinders [83]. The idea behind this is to reduce the in-cylinder
temperature because of not only water evaporation but also the increased
heat capacity of the trapped charge. As commented previously, decreasing
the in-cylinder temperature leads to lower heat losses, knocking tendency, and
turbine inlet temperature. Golzari et al. [81] performed engine tests at six
steady-state operating points to evaluate the influence of intake port water
injection on the performance of a boosted 1.2L DI SI engine. They reported
that net indicated efficiency was improved by 5% and 15% at medium and
high loads, respectively.
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2.2.6 Pollutant emission control

Three-way catalysts are the after-treatment system utilized in SI gasoline en-
gines since the early 1980’s. TWCs are characterized by their compact design,
low costs, and high conversion efficiency of NOx, CO and HC emissions [84].
These devices are composed of a honeycomb-structured monolith of cordierite,
a high surface area washcoat, catalysts, and catalytic promoters [85]. The
washcoat is a thin coating that covers the internal surface of the monolith and
consists of a doped alumina-based material (Al2O3) with structural (BaO) and
oxygen storage (CeO2) promoters. Platinum group metals (Pt, Pd, and Rh)
are used as oxidation and reduction catalysts. The main drawback of TWC
systems is that high conversion rates can only be achieved in a narrow range
of air-to-fuel ratio (AFR) values around the stoichiometric one. This explains
why the AFR in SI engines is continuously oscillating between slightly-rich
and slightly-lean values. Figure 2.3 shows, based on the information provided
in [86, 87], the typical conversion efficiency values of a TWC as a function of
the air-to-fuel equivalence ratio (λ).

Figure 2.3: Typical conversion efficiency values of a three-way catalyst as a function
of the air-to-fuel equivalence ratio. Adapted from [86, 87].
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In addition, new emission regulations have forced manufacturers to reduce
particulate matter emissions [11]. To this end, a gasoline particulate filter is
installed downstream of the three-way catalyst. GPFs have the same operation
principle as diesel particulate filters but require ceramic materials with higher
thermal shock resistance [88].

2.3 Exhaust gas recirculation (EGR) in SI gasoline
engines

2.3.1 EGR systems

The EGR strategy is used in turbocharged engines mainly through high-
pressure (HP) and low-pressure (LP) systems. In the first ones, the exhaust
gases are recirculated from the turbine inlet duct to the intake manifold; while,
in the second ones, the gases are extracted downstream of the after-treatment
devices and reintroduced upstream of the compressor. Figure 2.4 illustrates
the single-line diagram of a turbocharged DI SI engine with a cooled low-
(a) and high-pressure (b) EGR loop. Cooled EGR systems are composed of
pipes, a cooler, and a valve to regulate the recirculation of exhaust gases. In
addition, in the low-pressure configuration, it is usually required to install an
additional valve upstream of the EGR joint or at the exhaust line, in order to
guarantee a pressure difference (between the exhaust and intake lines) enough
to achieve the desired recirculation rate.

The LP configuration has some advantages over the HP one. LP-EGR
gases are introduced into the cylinders at a lower temperature than HP-EGR
gases, mostly thanks to the intercooler located downstream of the compressor
[89]. Potteau et al. [37] stated that this factor is critical for knock suppression
and fuel enrichment avoidance. Another key parameter affecting knocking
is the NOx emission levels in the recirculated gas flow, which are much lower
when using LP systems (exhaust gases extracted after the TWC). Kawataba et
al. [90] confirmed by testing that the knock probability in SI engines decreases
as the NOx concentration in the trapped charge does. The HP-EGR strategy
is also associated with cylinder-to-cylinder EGR dispersion [91] and major
interferences with the turbocharger [92]. In contrast, LP-EGR systems are
characterized by significant gas transport delays because of the large distance
between the cylinders and the EGR valve. This means that any change in the
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LP-EGR valve opening is not noticed in the cylinders until after some engine
cycles, complicating engine control under transient conditions [93].

Some researchers [92, 94] have also investigated an alternative EGR loop
configuration resulting from combining the LP- and HP-EGR systems: the
mixed pressure loop. In this case, the exhaust gases are extracted upstream
of the turbine and carried to the compressor inlet pipe.

Figure 2.4: Single-line diagram of a turbocharged DI SI engine with a cooled low- (a)
and high-pressure (b) EGR loop.

2.3.2 Impact on fuel consumption and engine-out emissions

Exhaust gas recirculation in SI gasoline engines reduces pumping losses (un-
der throttling conditions), heat losses, knocking risk, and turbine inlet gas
temperature [27, 95]. Alger et al. [53] added low- and high-pressure EGR
loops to a boosted 1.6L DI SI engine. Both EGR systems were equipped with
by-passable coolers. The conclusions from the engine tests performed by Al-

24



Chapter 2 Section 2.3

ger et al. are given below. Firstly, uncooled HP-EGR rates of up to 20% at
partial loads resulted in a 3% fuel economy improvement due to a reduction in
pumping losses mainly. Secondly, fuel savings higher than 25% were achieved
at high loads with cooled LP EGR because of lower heat losses, improved
combustion phasing, and fuel enrichment avoidance. Thirdly, engine-out CO
emissions were decreased with EGR due to reduced CO2 dissociation at partial
loads (as a result of lower combustion temperature values) and higher air-to-
fuel ratios at high loads. Fourthly and finally, the combustion temperature
reduction also led to an abatement of engine-out NOx emissions.

These findings by Alger et al. [53] match the ones found in the works
of Siokos et al. [96] and Piqueras et al. [70]. These two research works
were performed by testing a turbocharged DI SI engine with a cooled low-
pressure EGR loop. Siokos et al. [96] concluded that cooled LP EGR led to
fuel efficiency benefits of around 4% at partial loads. Besides, Siokos et al.
showed that fuel consumption at 2000 rpm and 6 bar BMEP was minimized
by increasing the EGR-to-IGR ratio to 5. However, as the engine load was
decreased, lower EGR-to-IGR ratios were more favorable. Piqueras et al. [70]
optimized the EGR rate and VVT settings to improve fuel economy at 1500
rpm and 6 bar BMEP. They determined that the indicated efficiency was
optimized by combining a minimum valve overlap with an EGR rate close
to 30%. Comparing the optimized ICE operation with and without EGR,
Piqueras et al. [70] observed that engine-out CO and NOx emissions were
reduced by 15% and 80% with EGR, but HC emissions were increased by
60%.

As reported in the research studies mentioned above, obtaining the max-
imum benefit of the EGR strategy requires operating with high recirculation
levels, except for very low engine loads. Although the turbocharger perfor-
mance can be the main limitation at high loads and low speeds [57], increasing
the EGR rate is usually limited by combustion instabilities (excessive dilution
of the air-fuel mixture). On this matter, some advances in the field of ignition
systems have been made in the last few years to extend the EGR tolerance
in gasoline engines. Shimura et al. [97] and Pilla et al. [98] stated that the
recirculation rate could be increased to 27% and 31% at high and low load
conditions, respectively, using high-energy dual-coil ignition systems, thus im-
proving fuel economy.
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2.3.3 Transient operation with low-pressure EGR

High EGR operation through LP systems can lead to combustion stability
issues during transient maneuvers, mainly due to the long transport delays
inherent to these systems. These issues may occur particularly for aggressive
throttle tip-outs in which the EGR dilution tolerance in the final operating
point is much lower than in the initial one [99]. Throttle tip-outs are referred
to the engine load decrease at a quasi-constant speed that happens in the first
moments after the driver sharply lifts the accelerator pedal. Once the throttle
is closed, the intake manifold pressure is substantially reduced, increasing the
internal burnt gas recirculation during the valve overlap. This phenomenon,
together with the slow evacuation of high EGR rates accumulated all through
the intake path (from the LP-EGR valve to the intake ports), may cause
misfires because of an excessive dilution of the air-fuel mixture (over-dilution).

A usual technique that calibration engineers use to manage fast tip-outs
is fuel injection cutoff. However, this practice can negatively affect the NOx
conversion efficiency of the TWC when restarting the injection, given that
the oxygen storage capacity of the catalyst becomes saturated during the fuel
cutoff [100]. In order to recondition the TWC surface, the engine operates with
fuel-rich mixtures for some cycles after the restart despite the fuel economy
penalty [99]. Fuel cutoff can also result in thermal damage to the catalyst
[100].

Few alternatives to the fuel cutoff strategy can be found in the literature.
Sarlashkar et al. [101] optimized the valve synchronization and spark timing
to prevent misfiring during a 20-cycle tip-out in a dedicated EGR engine,
in which only the exhaust gases from a cylinder are recirculated. Wiese et
al. [102] utilized the VVT system to generate a short-circuit flow to quickly
evacuate the EGR accumulated in the intake system, just before reducing the
engine load. This solution is valid only under specific boosted conditions, and
its implementation requires applying a delay between the throttle closure and
driver demand. Siokos et al. [99] investigated the capability of a secondary
air path to mitigate over-dilution during an aggressive tip-out (load reduction
requested by a 0.1-second ramp). This secondary air path bypasses the main
intake line, from the air filter outlet (upstream of the LP-EGR junction) to
the intake manifold, to rapidly provide fresh air to the cylinders.
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The use of high EGR levels can also give rise to poor drivability. Op-
erating with EGR in downsized SI engines increases the dependence on the
turbocharger, given that a higher pressure value at the intake manifold is
needed to reach a specific load. Therefore, turbocharger lag becomes much
more relevant, and this may lead to slow engine response during acceleration
and tip-in maneuvers. A throttle tip-in is the opposite maneuver of a tip-out
(previously defined). The drivability penalty can be partially compensated us-
ing VGT turbochargers [35], electric superchargers [103], and other strategies,
which will be addressed in the present thesis. Another key point regarding en-
gine control is estimating the LP-EGR rate accurately in transient conditions
[104]. A precise estimation of the EGR gases entering the cylinders is critical
to adjusting the spark timing and, thus, avoiding knocking and misfiring.

In summary, operating with high LP-EGR rates (close to the dilution limit)
reduces fuel consumption in SI gasoline engines but is associated with some
transient challenges. Researching and proposing solutions to these transient
EGR challenges are the main focus of the present thesis.
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3.1 Introduction

The main tools employed in the present thesis are a 1D engine model and
an engine test stand. The former was used to analyze fluid dynamics and
transport phenomena in engine pipes and volumes; while the latter was utilized
mainly to calibrate and validate the 1D model and to evaluate the engine
combustion and exhaust emissions. More details about the use of these two
tools will be given in Chapter 4 and Chapter 5, where applicable. In
addition, the 0D models of two vehicles, a hybrid electric sport utility vehicle
(SUV) and its conventional counterpart, were developed to assess the impact
of the EGR strategy on fuel economy under WLTP driving cycle conditions.

Therefore, this chapter is structured as set out below. The experimental
setup is presented in Section 3.2, where the main characteristics of the gaso-
line engine and the control and measurement devices are provided, and the
1D engine model description is given in Section 3.3. Besides, three technical
solutions, such as a secondary air path, a pressurized air tank, and an elec-
tric supercharger, were investigated to improve air management and engine
performance during transient maneuvers. The modeling of the three systems
mentioned is also explained in Section 3.3. Finally, Section 3.4 is devoted to
describing the 0D SUV models and the energy management strategy used for
the hybrid powertrain.

3.2 Experimental setup

3.2.1 The gasoline engine

In the present thesis, a 4-stroke 4-cylinder downsized (1.3 l) turbocharged di-
rect injection SI gasoline engine with VVT and VGT technologies is employed.
Table 3.1 shows the main engine’s attributes. The VVT system enables the
variation of the intake and exhaust camshaft timings in a range of 40 crank-
angle degrees (CAD) without modifying the valve lift or opening duration.
And the VGT turbocharger allows for a maximum boost pressure of 2.5 bar.
Besides, the original engine is equipped with a Euro 6 after-treatment system,
consisting of a conventional three-way catalyst followed by a gasoline particu-
late filter, and a compact water charge air cooler (WCAC) integrated into the
intake manifold.
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Table 3.1: Engine’s attributes.

Attribute Description

Technology Euro 6 GTDI
Displacement 1300 cc
Compression ratio 10:1
Number of cylinders 4
Bore / Stroke 72.20 / 81.35 mm
Camshaft system Variable valve timing
Total number of valves (intake / exhaust) 8 / 8
Type of injection Direct injection
Turbocharger Water-cooled with VGT
After-treatment system TWC + GPF

A low-pressure EGR system was added to the original engine. It is com-
posed of an EGR valve, a water-to-air intercooler, and a T-shape flow splitter
to extract the exhaust gases downstream of the GPF. A choke valve, named
“intake flap”, was also placed in the intake line, just upstream of the EGR
joint, to increase the pressure difference between the intake and exhaust lines
if required. In addition, a secondary air path (SAP) was installed to bypass
the main intake path, connecting the air filter outlet to the intake ports. This
bypass allows fresh air to be rapidly supplied to the cylinders to prevent com-
bustion instabilities during aggressive tip-out maneuvers. The SAP system
consists of a flowmeter, a check valve (DN20), and a pipe linked to a sec-
ondary entry to the intake manifold, from where the fresh air is carried by
four rails to the intake ports. All these systems, along with the control and
measurement devices described in the following subsection, are represented in
the schematic engine’s layout provided in Figure 3.1.
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Figure 3.1: Schematic engine’s layout.

42



Chapter 3 Section 3.2

3.2.2 Test bench and instrumentation

The engine was installed and fully instrumented in a dynamic test rig with
the AVL AFA 200/4-8EU brake dynamometer, whose torque and rotational
speed were controlled by means of the AVL PUMA software. This software
was also used to acquire the pressure and temperature values in the most rele-
vant engine parts, air and fuel mass flows, turbocharger speed, and engine raw
emissions, all with a sampling frequency of 20 Hz. The location of the tem-
perature (K-type thermocouples) and pressure (Kistler 4260A piezoresistive
type transmitters) sensors is shown in Figure 3.1. The total and secondary
air mass flows, the fuel mass flow, and the turbocharger speed were registered
using the AVL FLOWSONIX, ABB Sensyflow FMT700-P, AVL 733S, and
MICRO-EPSILON DZ140 devices, respectively. Besides, two gas analyzers
were employed: the HORIBA MEXA-ONE to measure raw NOx, CO2, CO,
and HC emissions, and the Cambustion NDIR500 to provide the concentra-
tions of CO and CO2 in both the intake and exhaust gases under transient
operating conditions. The EGR rate was estimated by applying Equation 3.1
according to [105]:

EGR [%] = [CO2]intake − [CO2]ambient

[CO2]exhaust − [CO2]ambient
· 100 (3.1)

where the intake ([CO2]intake) and exhaust ([CO2]exhaust) mole fractions of
CO2 are measured at the intake manifold and turbine outlet, respectively.
The [CO2]ambient represents the ambient mole fraction of CO2.

Crank-angle resolved pressure traces were measured in the four cylinders
with pressure sensors integrated into the spark plugs (AVL Z133), and in the
manifolds with Kitsler 601CAA piezoelectric type sensors. These instanta-
neous pressure signals, along with the CO and CO2 measurements from the
Cambustion NDIR500 device, are registered with a frequency of 5 samples
per CAD through the PXI 6123 and PXI 6251 acquisition modules, both pro-
grammed with Labview by National Instruments TM [106]. In addition, the
engine control unit (ECU), designed for the original engine without EGR, was
partially bypassed with the ETAS ES910 prototyping and interface module,
enabling any modification of the VVT system, spark timing, injected fuel, and
throttle position. The ECU was also equipped with an air flowmeter, placed
at the air filter outlet, to guarantee proper lambda control when operating
with EGR. The PXI 7813R and NI 9759 control modules were used to man-
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age the EGR valve, intake flap, SAP valve, and VGT position in open-loop
configuration [107].

Furthermore, the instantaneous in-cylinder pressure signals were processed,
in real time, to display the values of COV (coefficient of variation), MAPO
(maximum amplitude of pressure oscillations), and combustion phase and du-
ration for every engine cycle, as explained in [106, 107]. These variables were
used as real-time references to set spark timing in the tests with EGR. The
COV is a measurement of the cycle-to-cycle combustion variability [107], and
the MAPO is one of the most extended methods for knock detection [106].
The combustion parameters were calculated by means of the apparent heat
release (AHR). The AHR is an estimation of the heat released by the fuel
by ignoring heat transfer from the combustion chamber to the walls and by
replacing the ratio of specific heats with a constant parameter (κ, usually
around 1.3). Equation 3.2 presents the first law of thermodynamics for the
combustion chamber assuming ideal gas behavior, and Equation 3.3 provides
the apparent heat release rate (AHRR). As observed in the latter, the AHRR
is only a function of the in-cylinder pressure and volume.

dQf

dt
= cp

cp − cv
· pcc

dVcc

dt
+ cv

cp − cv
· Vcc

dpcc

dt
+ dQw

dt
(3.2)

AHRR = κ

κ − 1 · pcc
dVcc

dt
+ 1

κ − 1 · Vcc
dpcc

dt
(3.3)

where pcc and Vcc are the instantaneous pressure and volume at the combus-
tion chamber, Qf is the heat released by the fuel, Qw is the heat transfer
from the combustion chamber to the walls, and the terms cp and cv represent
the specific heat capacities of the in-cylinder gases at constant pressure and
volume, respectively.

3.3 1D engine model

3.3.1 Model description

The 1D model of the whole gasoline engine described in Section 3.2, including
the EGR, VVT, and VGT technologies, was developed using GT-POWER
software. The air filter, TWC, and GPF were also modeled to replicate the
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gas flow pressure drop in these devices. The convective heat transfer in GT-
POWER flow components is estimated by applying the Colburn analogy in
ducts and volumes and the classic Woschni correlation in the cylinders [108].
Regarding the pressure losses, the Fanning factor is used to calculate friction
between the working fluid and the pipe walls as a function of the surface
roughness and Reynolds number [108]. Besides, in this particular case, a
single-Wiebe function model was selected for combustion simulation due to
its simplicity and low computational cost [109]. The single-Wiebe function is
presented in Equation 3.4:

Xfb = 1 − exp
(

−C

(
α − α0

∆α

)m+1
)

(3.4)

where Xfb, α, α0, and ∆α are the mass fraction of fuel burned, the instanta-
neous crank angle, the crank angle at which the combustion starts, and the
combustion duration. The adjustable parameters C and m define the combus-
tion efficiency and the shape of the heat release rate curve. The m value is
usually around 2 for SI engines, and C is set to 6.908 if assuming that 99.9%
of the fuel injected is burnt at the end of combustion.

In order to perform accurate and predictive engine simulations, a series
of empirical correlations were introduced into the model to adjust the heat
transfer and pressure drop phenomena in all engine parts; and an artificial
neural network (ANN) was trained to predict the Wiebe function parameters.
This way, the Wiebe parameters are sensitive to changes in operating condi-
tions. The empirical correlations and ANN are the main outputs of the model
calibration procedure described in Chapter 4.

The turbocharger submodel was fed with hot-exposed compressor and tur-
bine maps that were formerly extrapolated and adiabatized, as explained in
[110], to enhance the limited data given by the manufacturers. Because of
the use of adiabatized maps, the heat transfer through the turbine volute wall
was considered accordingly. In addition, the following data provided by the
engine manufacturer was introduced into the model in 1D and 2D lookup table
formats: characteristic curves of all valves (discharge coefficient versus valve
opening), intake and exhaust valve lift profiles (lift versus crank angle), and
thermal efficiencies of the WCAC and EGR cooler (as a function of the gas
and coolant mass flows).
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3.3.2 Air management solutions

In the present thesis, a series of air management solutions have been proposed
to improve engine operation with EGR during transient maneuvers. Some of
these solutions simply consist in optimizing the opening or closing of the throt-
tle, EGR valve, and intake flap; while others are more complex and require
the use of auxiliary air supply systems, such as a secondary air path (SAP), a
pressurized air tank (PAT), and an electric supercharger. These systems were
exclusively investigated via 1D modeling, except the SAP solution, which was
also tested. Figure 3.2 shows the GT-POWER schematic diagram of the whole
engine intake path, from the environment to the intake ports, including the
low-pressure EGR, SAP, PAT, and electric supercharger systems.

The SAP submodel was built with a check valve and round pipes, con-
necting the air filter outlet to the intake manifold secondary entry. The PAT
system was recreated using a zero-dimensional air reservoir with a constant
volume and a check valve. Two PAT configurations, named “upstream” and
“downstream” due to the tank location regarding the compressor, were stud-
ied. The downstream tank is also connected to the intake manifold secondary
entry, while the upstream tank pressurizes the volume between the EGR joint
and the compressor inlet. When using the upstream PAT, the intake flap and
EGR valve were modeled as check valves to avoid reverse flow. Besides, the
tank was equipped with an anti-vacuum valve to not operate below the am-
bient pressure. This scenario might happen with the upstream configuration
when the intake flap is partially closed to achieve high EGR rates.

The electric supercharger was modeled with three elements: a basic elec-
tric motor (EM) that requires a single input, the output power; a shaft with
a simple model of mechanical losses (1D lookup table with the shaft speed as
the input variable) that also includes the losses in the electric motor; and a
compressor fed with hot-exposed maps previously extrapolated and adiaba-
tized [110]. This system, along with a bypass valve, was installed downstream
of the main compressor in series. In addition, a proportional controller was
configured to regulate the EM output power based on the desired intake man-
ifold pressure. The electric supercharger employed in this thesis is the same as
the one researched in [111], and its main attributes are provided in Table 3.2.

The SAP system was only used for tip-outs, the electric supercharger for
tip-ins, and the PAT for both maneuvers, as will be stated in Chapter 5.
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Figure 3.2: GT-POWER schematic diagram of the whole engine intake path, includ-
ing the low-pressure EGR, SAP, PAT, and electric supercharger systems.
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Table 3.2: Electric supercharger’s attributes.

Attribute Description

Moment of inertia 2.4 · 10−6 kg · m2

Maximum compression ratio 1.5
Maximum compressor efficiency 0.85
Maximum electrical power 2 kW
Maximum speed 70000 rpm

3.4 0D vehicle models

3.4.1 Conventional vehicle

The passenger car selected to perform WLTP driving cycle simulations is a real
conventional sport utility vehicle (SUV) of 2018, equipped with the SI gasoline
engine described in Section 3.2. A 0D model of this SUV was developed
using GT-SUITE software by Gamma Technologies LLC. The conventional
SUV model consists of five subassemblies, named as ‘ICE’, ‘ECU’, ‘Driver
controller’, ‘Gearbox’ and ‘Vehicle’, as illustrated in the schematic layout of
the said model in Figure 3.3. The part ‘ICE’ is a map-based engine fuel
consumption model that requires the following inputs: engine geometry, fuel
properties, engine maps of fuel consumption and exhaust emissions, power
demand and fuel injection shut-off strategy. The subassembly ‘ECU’ is a basic
finite-state machine where the fuel shut-off strategy is defined. In particular,
the fuel is shut off during braking events, as long as the engine torque demand
is negative and lower than the negative of the engine friction torque, and
during gear shifts.

The part ‘Driver controller’ is a model-based controller used to regulate
the vehicle speed in dynamic simulations. This controller estimates the ve-
hicle acceleration demand as the acceleration necessary to reach the desired
speed in a second multiplied by an aggressiveness factor [112]. Based on the
acceleration demand, the torque requested (τreq) from the power sources (the
internal combustion engine in conventional vehicles) is calculated as the sum of
the external forces (aerodynamics, rolling resistance and gravity), the torque
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required to accelerate the effective inertia of the entire drivetrain, and the load
induced by a transient gear ratio [112], as shown in Equation 3.5:

τreq =
[

Fae + Frr + Fg

RdRt

]
rw +

[
Iit + Iot

R2
t

+ Id

R2
t

+ Ia

R2
dR2

t

+ Mvr2
w

R2
dR2

t

]
ω̇d

+
[

Iot

R3
t

+ Id

R3
t

+ Ia

R2
dR3

t

+ Mvr2
w

R2
dR3

t

]
ωdṘt

(3.5)

where Fae, Frr, and Fg are referred to the aerodynamic, rolling resistance
and gravity forces. The differential ratio, transmission ratio and wheel radius
are represented by the terms Rd, Rt, and rw, respectively. The moments of
inertia of the transmission input and output sides, driveshaft and axles are
symbolized by Iit, Iot, Id, and Ia; while Mv and ωd are the vehicle mass and
the driveline speed at the clutch output. Besides, a gear shift strategy based
on engine speed is specified in the ‘Driver controller’ to manage the gearbox.

Figure 3.3: Schematic layout of the conventional vehicle model.
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Finally, the vehicle aerodynamics and geometry, together with the trans-
mission characteristics, were defined in the subassemblies ‘Vehicle’ and ‘Gear-
box’. The main specifications of the selected conventional SUV, provided in
the manufacturer’s website, are shown in Table 3.3.

Table 3.3: Main specifications of the selected conventional SUV.

Attribute Description

Vehicle, passenger and cargo
mass

1500 kg

Vehicle drag coefficient 0.33
Frontal area 2.38 m2

Tires 215/60 R17
Gearbox 6-speed manual
Gear ratios 4.35, 2.48, 1.55, 1.14, 0.89,

and 0.75
Differential ratio 3.6

3.4.2 Hybrid electric vehicle

The parallel in-line full hybrid version of the SUV presented in the previous
subsection with a 2-kWh battery package was also modeled with GT-SUITE.
The schematic layout of the hybrid electric vehicle (HEV) model is provided
in Figure 3.4. The hybrid SUV model consists of seven parts: four of the
five subassemblies included in the conventional SUV model (‘ICE’, ‘Driver
controller’, ‘Gearbox’, and ‘Vehicle’); the submodels of the electric motor (EM)
of 50 kW and the battery; and the object ‘EMS’ where the energy management
strategy (EMS) is defined to determine the power split between the ICE and
EM. It should be noted that the weight of electrical components was added to
the vehicle mass assuming 10 kg per battery capacity unit (kWh), 0.7 kg per
electric motor power unit (kW) and 20 kg for the additional control units and
cabling [113]. Besides, a second clutch between the engine and the electric
motor was included. In order to estimate the battery state of charge (SOC),
a simplified SOC model based on Kirchhoff’s voltage law (Equation 3.6) and
Coulomb Counting method (Equation 3.7) was utilized:
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Ωint · i2 + Eoc · i + Pbat · ηc = 0 (3.6)

SOC (t + ∆t) = SOC (t) − 1
BC

∫ t+∆t

t
i dt (3.7)

where the terms Ωint, Eoc, i, Pbat and BC are referred to the following battery
parameters: internal resistance, open circuit voltage, instantaneous current,
power (negative sign during battery charging) and total capacity, in that order.
The Coulomb efficiency is represented by the term ηc.

Figure 3.4: Schematic layout of the parallel in-line full HEV model.

Regarding the type of energy management strategy (EMS), a deterministic
rule-based EMS was selected due to its simplicity and robustness [114]. This
EMS was implemented into the HEV model by means of a GT-SUITE finite-
state machine (FSM), which consists of states and transitions. The states are
the hybrid powertrain operation modes, while the transitions are the logical
conditions under which the FSM can change from one state to another [112].
Five main operation modes were defined according to the power split between
the ICE and EM: pure electric, hybrid, conventional, regenerative braking,
and conventional braking. Table 3.4 provides a summary of the information
entered into the EMS, including, for every operating mode, the ICE torque
request, the EM torque request, the state of the clutch between the ICE and
the EM (‘Clutch 1’), and the logical conditions to stay in that mode. As
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observed in Table 3.4, operating in a specific mode depends on the battery
SOC, driver power demand, and vehicle speed.

Table 3.4: Rule-based EMS: operation modes of the hybrid SUV.

Operation
mode

ICE
torque
request

EM
torque
request

Clutch 1 Conditions

Pure
electric

0 τd open SOC > SOCmin and v < vup

Hybrid τ∗
ICE τd − τ∗

ICE closed
{

SOC > SOCmin and v > vlow

and
[
{τ∗

ICE ≥ τd ≥ −FICE and

SOC < SOCmax} or {τ∗
ICE < τd}

]}
or
{

SOC < SOCmin

and τ∗
ICE ≥ τd ≥ −FICE

}
Conventional τd 0 closed

{
SOC > SOCmin and v > vlow

and τ∗
ICE ≥ τd ≥ −FICE and

SOC > SOCmax

}
or
{

SOC < SOCmin

and τ∗
ICE ≥ τd ≥ −FICE

}
Regenerative
braking

0 τd + FICE closed τd < −FICE and SOC < SOCmax

Braking 0 0 closed τd < −FICE and SOC ≥ SOCmax

τd: driver torque demand; τ∗
ICE : ICE torque at which the BSFC is minimum for a given

engine speed; FICE : engine friction torque; v: vehicle speed; vup, vlow: upper and lower
limit of the vehicle speed for the transitions between pure electric and hybrid modes.

The vehicle is initially launched in pure electric mode (unless the battery is
low), that is, the EM supplies the whole driver power demand. Once either the
battery is discharged or the vehicle speed is higher than a certain threshold,
the ICE is started and the ‘Clutch 1’ is closed. While the hybrid mode is
active, the engine constantly operates at its minimum BSFC (brake-specific
fuel consumption) curve. Therefore, the battery is always charging when the
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torque demand (τd) is lower than the engine torque value at which the BSFC
is minimum for a given engine speed (τ∗

ICE), and vice versa (Table 3.4). With
regard to the conventional mode, in which the vehicle is exclusively powered
by the ICE, it is used under the following two scenarios: either if τd is lower
than τ∗

ICE and the battery is totally charged, or if τd is higher than τ∗
ICE

and the battery SOC reaches its minimum. The last two operation modes,
regenerative and conventional braking, are activated when the driver torque
demand is negative. During a regenerative braking, part of the vehicle kinetic
energy is converted into electric energy and stored in the battery, as long as
the SOC is lower than its maximum. Otherwise, a conventional braking takes
place.
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Optimization of the engine
operation with EGR
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4.1 Introduction

The optimization of the EGR and VVT strategies is addressed in this chapter.
As stated in previous chapters, the gasoline engine researched in this thesis
was originally conceived to operate without EGR. Therefore, before studying
the engine behavior under transient conditions, an optimization process was
carried out to find the EGR and VVT settings that minimize fuel consumption
at specific steady-state operating points. These points were selected based on
the engine operation during a WLTP driving cycle test.

This chapter is structured as stated below. Section 4.2 is devoted to the
selection criterion of the steady-state engine operating points, and Section
4.3 details the optimization procedure. The fuel saving achieved with EGR
at each operating point is quantified and analyzed in Section 4.4. Besides,
conventional and hybrid vehicle simulations were performed to evaluate the
impact of the EGR strategy on fuel economy under driving conditions. The
results of these simulations are also presented in Section 4.4.

4.2 Selection of steady-state engine operating points

A WLTP class 3b driving cycle was carried out in the engine test cell at
warm conditions, during which the EGR strategy was not used. The WLTP
homologation cycle, with a total duration of 30 minutes, is divided into four
parts (scenarios) with different average speeds: low (urban), medium (sub-
urban), high (rural), and extra-high (highway). Figure 4.1 shows the WLTP
speed profile for class 3b vehicles. In order to replicate the engine running
conditions during the driving cycle in the test bench, the AVL PUMA software
was fed with the speed profile in Figure 4.1 and the vehicle characteristics in
Table 3.3.

Figure 4.2 illustrates the experimental engine running conditions, defined
by the brake mean effective pressure (BMEP) and rotational speed, recorded
with a sampling frequency of 10 Hz throughout the WLTP cycle test. Based
on these data, 16 steady-state operating points, which cover the bulk of the
engine operation, were selected to be optimized with EGR. These 16 points,
along with the idle conditions at 900 rpm, are marked in Figure 4.2 with red
crosses.
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Figure 4.1: WLTP speed profile for class 3b vehicles

Figure 4.2: Experimental engine running conditions during the WLTP cycle per-
formed in the test rig. The 16 operating points selected to be optimized with EGR,
along with the idle conditions, are marked with red crosses.
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4.3 Optimization of the VVT and EGR strategies

An optimization method mostly based on 1D simulations was used to reduce
the costs associated with engine testing. The simulations were supported with
only the experimental work needed to calibrate the engine model and validate
the predicted results. This method consisted of four stages: experimental
EGR sweeps for different valve overlap conditions at each operating point, 1D
model calibration using these experimental data, parametric studies with the
fitted model to find the optimum EGR rate and VVT settings, and a reduced
design of experiments (DOE) to verify the trends observed with the model.
Each stage is detailed below.

4.3.1 Experimental EGR sweeps

Around 300 steady-state engine tests distributed into the 16 selected oper-
ating points were performed by varying the EGR rate and VVT settings, in
order to adjust the 1D model for a wide range of in-cylinder gas pressures,
temperatures, and compositions. In particular, six EGR rates (0, 5, 10, 15,
20, and 25%) for three pairs of VVT settings (minimum, intermediate, and
maximum valve overlaps) were tested for every operating point. In each of
these 300 tests, the injection timing was set to 82 CAD after the start of the
intake stroke (early DI strategy). And the spark timing was fixed in real time
by assuming that the optimal combustion start in SI engines generally leads
to a value of CA50 (the crank angle at which 50% of the heat is released)
between 5 and 10 CAD after top dead center [115]. In the event of knocking,
the spark timing was delayed as much as necessary. In addition, a COV limit
of 3% was considered to guarantee combustion stability, so those experiments
in which the COV of the indicated mean effective pressure was higher than
3% were excluded.

4.3.2 1D model calibration

The 1D engine model calibration was carried out following the methodology
developed by Serrano et al. [1], which consists of three steps: tuning of fitting
parameters, model validation, and obtention of empirical correlations.
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In the first step, the experimental EGR sweeps were reproduced with the
model to adjust heat transfer and pressure drop phenomena in pipes and vol-
umes by modifying heat transfer and friction multipliers (fitting parameters).
Tuning the fitting parameters was automatized using a series of proportional-
integral (PI) controllers, which were configured to replicate the experimental
cycle-averaged temperature and pressure values around the turbocharger and
at the intake and exhaust manifolds. The way that these variables were fitted
in the 1D model is explained below:

• The compressor inlet pressure (p1) was adjusted with the friction multi-
plier (FM) of the air filter, while the temperature (T1) was not controlled.
So, achieving the experimental T1 values depended on how accurately
the air mass flow, EGR rate, and EGR cooler outlet temperature were
reproduced.

• The compressor outlet temperature (T2) was artificially fitted by impos-
ing a wall temperature equal to the experimental T2 value in the pipe
downstream of the compressor and by setting the heat transfer multiplier
(HTM) of this pipe to 1000. Fitting T2 is important to correctly predict
the heat transferred in the WCAC. The compressor outlet pressure (p2)
was regulated by varying turbocharger speed.

• The intake manifold pressure (pint) was controlled with the throttle
opening, and the temperature (Tint) with the WCAC coolant mass flow.

• In order to adjust pint and the exhaust manifold pressure (pexh) simul-
taneously, the turbocharger was decoupled by unlinking the compressor
and turbine powers [1]. This way, pexh could be regulated by changing
the VGT position without affecting turbocharger speed. The turbine in-
let temperature (Texh) was fitted by tuning the exhaust manifold HTM.

• The pressure drop along the exhaust line was calibrated using two fric-
tion multipliers. The FM of the after-treatment system was used to
adjust the turbine outlet pressure, and the GPF outlet pressure was fit-
ted by tuning the FM in the pipes and volumes located downstream of
the GPF.

• The EGR rate was regulated by varying the opening of the EGR valve
and intake flap, and the EGR cooler outlet temperature was controlled
with the coolant mass flow.
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In the second step, the results of the engine simulations performed in the
first step were validated. The predicted values of air mass flow (AMF) and
indicated mean effective pressure (IMEP) were compared with their respective
experimental ones, and the instantaneous pressure traces in the manifolds
and cylinders were also checked. Regarding those variables regulated with PI
controllers in the first step, their validation was not required because they
were perfectly replicated (errors around 0%). An error threshold of 5% was
considered for both AMF and IMEP variables in the interest of reliability. In
other words, the fitting parameters of each simulation were employed as inputs
to obtain the empirical correlations only if the corresponding AMF and IMEP
relative errors were lower than 5%.

Figure 4.3 and Figure 4.4 illustrate the modeling AMF and IMEP errors
related to the 300 engine tests simulated in the first step. In particular, two
types of errors were calculated for each variable per operating point: the mean
absolute percentage error (MAPE) and maximum error (in absolute valve).
These figures demonstrate that no error in AMF and IMEP exceeds the 5%
threshold.

Figure 4.3: Modeling AMF errors related to the 16 operating points used for the
model calibration. In the x-axis labels, the first value is referred to the engine speed
(rpm) and the second one to the engine BMEP (bar).

62



Chapter 4 Section 4.3

Figure 4.4: Modeling IMEP errors related to the 16 operating points used for the
model calibration. In the x-axis labels, the first value is referred to the engine speed
(rpm) and the second one to the engine BMEP (bar).

Figure 4.5 and Figure 4.6 show the experimental and modeling p-V dia-
grams (in a logarithmic scale) at two steady-state engine operating points: 6
bar BMEP at 1500 rpm and 12 bar BMEP at 3000 rpm. As seen in both
figures, the 1D engine model reproduces the gas exchange process with re-
markable accuracy, but also the in-cylinder heat transfer phenomenon and
the combustion process.

In the third and final step, empirical correlations were determined from
the validated fitting parameters, and an artificial neural network (ANN) was
trained with experimental and modeling data, as detailed in [1], to predict
Wiebe function parameters for combustion simulation. Table 4.1 provides the
following attributes of the correlations and ANN introduced into the model:
(i) the involved variable; (ii) the fitting parameter or correlation output; (iii)
the independent variables or inputs; (iv) the type of correlation; and (v) the
coefficient of determination (R2).

The model calibration was completed with the implementation of these
empirical correlations. Then, the turbocharger was recoupled, and all the PI
controllers, except the one that regulates the engine load (by means of the
throttle or VGT position), were removed. This way, the 1D model was ready
to perform predictive engine simulations.

63



Section 4.3 Chapter 4

Figure 4.5: Experimental (solid line) and modeled (dashed) p-V diagrams (log scale)
at 1500 rpm and 6 bar BMEP.

Figure 4.6: Experimental (solid line) and modeled (dashed) p-V diagrams (log scale)
at 3000 rpm and 12 bar BMEP.
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Table 4.1: Attributes of the empirical correlations and ANN implemented into the
1D engine model. (*) R2 related to the ANN training data set.

Involved
variable

Fitting
parameter

Independent
variables

Correlation
type

R2

p1 FM of the
air filter

Air volume flow Quadratic polynomial
equation

0.98

Tint WCAC coolant
flow

Engine speed and IMEP 3D map from
scattered data

-

Texh HTM of the
exhaust manifold

Gas temperature at the
exhaust ports and gas mass
flow through the turbine

Linear polynomial
equation

0.81

Turbine outlet
pressure

FM of the
TWC and GPF

Gas volume flow at the GPF
inlet

Quadratic polynomial
equation

0.97

GPF outlet
pressure

FM of the
exhaust line

Gas volume flow through the
exhaust line

Quadratic polynomial
equation

0.98

EGR cooler inlet
temperature

HTM of the
EGR line

Gas temperature at the GPF
outlet and EGR mass flow

Linear polynomial
equation

0.75

EGR cooler outlet
temperature

Coolant flow in
the EGR cooler

Engine speed and IMEP 3D map from
scattered data

-

Comb. phasing
(Wiebe function)

CA50 Spark timing, λ, engine speed
and in-cylinder temperature,
pressure, trapped mass and
residual gas fraction at IVC.

Quadratic polynomial
neural network

0.98*

Comb. duration
(Wiebe function)

CA1090 Spark timing, λ, engine speed
and in-cylinder temperature,
pressure, trapped mass and
residual gas fraction at IVC.

Quadratic polynomial
neural network

0.96*

Engine friction
losses

FMEP Engine speed and maximum
cylinder pressure

Chen-Flynn model 0.81

4.3.3 Parametric engine simulations

A parametric study per operating point was performed with the fitted model.
Each parametric study consists of 150 engine simulations, in which 25 pairs
of IVO (intake valve opening) and EVC (exhaust valve closing) values were
modeled for each of the six EGR rates (0, 5, 10, 15, 20 and 25%). For all these
simulations, the ambient pressure and temperature were set to 1 bar and 25◦C
(standard ambient conditions) and a λ value of 1 was used. Figure 4.7 shows
an example of the modeling results obtained at 1500 rpm and 6 bar BMEP:
(a) the indicated efficiency contour map as a function of IVO and EVC for
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10% EGR, and (b) the evolution of indicated efficiency for different EGR rates
under minimum and maximum valve overlap conditions. In Figure 4.7a, the
combinations of IVO (x-axis) and EVC (y-axis) equal to 0–0 CAD and 40–40
CAD provide the minimum and maximum valve overlap, respectively. These
modeling results demonstrated that fuel consumption at 1500 rpm and 6 bar
might be minimized with a high EGR rate and long valve overlap.

Figure 4.7: Contour map of the modeled indicated efficiency (in % in the colorbar) as
a function of IVO and EVC for 10% EGR at 1500 rpm and 6 bar BMEP (a), and the
evolution of the modeled indicated efficiency for different EGR rates under minimum
and maximum valve overlap conditions at the same operating point (b).

Figure 4.8: Contour map of the modeled indicated efficiency (in % in the colorbar)
as a function of IVO and EVC for 20% EGR at 3000 rpm and 12 bar BMEP (a),
and the evolution of the modeled indicated efficiency for different EGR rates under
minimum and maximum valve overlap conditions at the same operating point (b).
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Figure 4.8 illustrates (a) the indicated efficiency contour map as a function
of IVO and EVC for 20% EGR at 3000 rpm and 12 bar BMEP, and (b) the
evolution of indicated efficiency for different EGR rates under minimum and
maximum valve overlap conditions at the same operating point. In this case,
fuel economy was maximized with 25% EGR and a short valve overlap period.

4.3.4 Reduced DOE

As the last stage of the engine performance optimization with EGR, a DOE
with around 10 experiments per operating point was performed, in which the
best combinations of EGR and VVT settings found via modeling were tested.
This final stage is critical to verify the absence of knocking or combustion
instabilities, given that these phenomena are not reproduced with the model.
For example, at 1500 rpm and 6 bar BMEP, a substantial deterioration in
combustion stability was detected from 20% EGR with maximum valve over-
lap. This can be seen in Figure 4.9, which shows the IMEP COV values for
the experimental EGR sweeps performed at 1500 rpm and 6 bar BMEP under
minimum and maximum valve overlap conditions.

Figure 4.9: Evolution of the experimental COV of the IMEP for different EGR rates
under minimum (crosses) and maximum (circles) valve overlap conditions at 1500
rpm and 6 bar BMEP.
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The increase in COV from 20% EGR with maximum valve overlap leads to
worse indicated efficiency values than the ones predicted by the model for the
same EGR and VVT settings. In fact, the lowest fuel consumption at 1500
rpm and 6 bar BMEP is obtained with the minimum valve overlap, unlike the
conclusions drawn by simulation (Figure 4.7), and 28% EGR. Nevertheless,
the combination of a long valve overlap period of 60 CAD and 22% EGR
also provides a very similar BSFC value. Given that the difference in BSFC
between these two calibrations is lower than 0.5%, both have been taken into
consideration for the studies presented in Chapter 5 about the transient
engine performance with EGR. One of the two calibrations will be selected for
each study, particularly the one that creates the most challenging conditions.

4.4 Fuel economy improvement with EGR

In order to point out the value of the EGR strategy, this section presents
and analyzes the fuel economy improvement from using EGR at each oper-
ating point considered for the engine calibration and under WLTP driving
conditions.

4.4.1 Steady-state operating points

Figure 4.10 shows the EGR rates that minimize fuel consumption at the 16
steady-state engine operating conditions studied, and Figure 4.11 illustrates
the fuel savings achieved with these EGR rates.

The fuel saving values in Figure 4.11 were calculated as the difference
between the brake-specific fuel consumed by the engine with and without
EGR at each working point, normalized by the latter. To obtain the BSFC
values without EGR, the engine was tested using the original ECU calibration
to define the spark timing and VVT settings.

4.4.2 Conventional vehicle simulations

The 0D conventional SUV model was fed with the experimental fuel con-
sumption data of the 16 selected operating points with and without EGR.
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Figure 4.10: Optimum EGR rate at the 16 operating points studied. In the x-axis
labels, the first value is referred to the engine speed (rpm) and the second one to the
engine BMEP (bar).

Figure 4.11: BSFC improvement achieved with EGR at the 16 operating points stud-
ied. In the x-axis labels, the first value is referred to the engine speed (rpm) and the
second one to the engine BMEP (bar).
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GT-SUITE utilizes these data to generate by interpolation the fuel consump-
tion maps later used to predict engine performance during the vehicle simula-
tion. Figure 4.12 provides two contour maps with the following information:
(a) the fuel consumption of the SI engine operating without EGR, and (b)
the improvement in fuel economy using EGR. The dashed black line on both
maps represents the minimum BSFC curve for each engine speed. It should be
noted that the highest fuel savings from the EGR strategy are achieved when
operating at medium engine loads.

Figure 4.12: Contour map of engine fuel consumption (kg/h) without EGR (a), and
contour map of EGR benefit (%) in fuel economy (b). The minimum BSFC curve is
represented with the dashed black line.

By taking advantage of the WLTP cycle test previously presented in Sec-
tion 4.2, the transient behavior of the conventional SUV model in terms of 
fuel consumption was validated. To this end, a first W LTP d riving cycle 
simulation was performed using the data of engine fuel consumption with-
out EGR. In this simulation, the model replicated the WLTP vehicle speed 
demand with a root-mean-square error of 1.79% (normalized by the average 
speed). Figure 4.13a shows the actual and predicted values of cumulative fuel 
consumption for the conventional powertrain without EGR during the WLTP 
driving cycle. And Figure 4.13b provides the corresponding modeling error, 
calculated as the difference between the actual and predicted values divided 
by the total fuel consumed.

Comparing the modeled total fuel consumed at the end of the WLTP cycle
(1052 g) with the experimental value (1064 g), it can be stated that the GT-
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SUITE vehicle model performance is highly accurate (accumulated error equal
to around -1.14%).

In order to quantify the improvement in fuel economy from EGR under
driving conditions, a second WLTP cycle was simulated using, in this case, the
data of engine fuel consumption with EGR. The SI gasoline engine consumed
1025 g of fuel in this second simulation, 27 g less than without EGR (1052 g).

Figure 4.13: Actual (solid line) and predicted (dashed) values of cumulative fuel
consumption for the conventional powertrain without EGR during the WLTP driving
cycle (a), and the corresponding modeling error (b).

4.4.3 Hybrid electric vehicle simulations

As explained in Section 3.4, a series of deterministic rules were defined for the
transitions between the different parallel full HEV operation modes, based on
the driver power demand, battery SOC, and vehicle speed (Table 3.4). The
logical conditions related to the SOC and vehicle speed were optimized, from
the perspective of fuel economy, by performing two DOE procedures with 60
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WLTP cycle simulations each: one considering the engine operating without
EGR and the other with EGR. In particular, the variables to be optimized
(DOE factors) were the upper and lower limits of the vehicle speed (vup, vlow)
and the maximum and minimum SOC (SOCmax, SOCmin).

A hysteresis loop was applied to the vehicle speed limit criterion to avoid
successive engine starts and shutdowns. Therefore, an upper speed limit was
considered to shift from the pure electric to hybrid mode, and a lower speed
limit for the opposite transition. The difference between the upper and lower
limits is the hysteresis width (wh). For its part, the difference between the
maximum and minimum SOC is the width of the SOC interval (wi). Table 4.2
provides the levels of the DOE factors considered along with their respective
optimum values with and without EGR. Some combinations of SOCmax and
wi levels were excluded to guarantee that the battery always operates within
the usable SOC window; that is, between 30 and 70% SOC [116, 117]. Besides,
it was assumed for every simulation that the battery was fully charged at the
beginning.

Table 4.2: DOE by simulation for calibrating the rule-based EMS of the hybrid pow-
ertrain: factors, levels and optimum values.

DOE factor Levels Optimum values
without EGR

Optimum values
with EGR

Upper speed
limit (km/h)

70, 80 and 90 90 90

Hysteresis
width (km/h)

5 and 10 5 5

Maximum
SOC (-)

0.55, 0.60, 0.65
and 0.70

0.7 0.7

SOC interval
width (-)

0.20, 0.25, 0.30
and 0.40

0.3 0.3

Figure 4.14 and Figure 4.15 present the modeled WLTP fuel consump-
tion of the hybrid SUV without and with EGR, respectively, for all feasible
combinations of the DOE factor levels. To ensure a fair fuel consumption com-
parison, only those simulations in which the final SOC was equal to its initial
value were included. Focusing on (Figure 4.14a), the fuel consumption for a
hysteresis width of 5 km/h is reduced as the upper speed limit is increased.
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A similar tendency is also observed for a wh of 10 km/h, but in this case, the
minimum fuel consumption with a vup of 80 km/h is higher than with a vup

of 70 km/h. In short, the fuel economy without EGR was maximized with an
upper speed limit of 90 km/h and a hysteresis width of 5 km/h. Regarding
the battery, it is found that increasing the maximum SOC leads to better fuel
economy (Figure 4.14b). The optimum values of SOCmax and wi are equal
to 0.7 and 0.3. The same trends as without EGR were observed with EGR
(Figure 4.15).

Figure 4.14: Predicted WLTP fuel consumption of the hybrid SUV without EGR
versus: (a) upper speed limit for different hysteresis widths and (b) maximum SOC
for different SOC interval widths.

Figure 4.15: Predicted WLTP fuel consumption of the hybrid SUV with EGR ver-
sus: (a) upper speed limit for different hysteresis widths and (b) maximum SOC for
different SOC interval widths.
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Lastly, Figure 4.16 shows, on the contour map of EGR benefit in fuel
consumption (previously provided in Figure 4.12b), the predicted engine op-
erating points with EGR during the WLTP cycle for the optimum EMS cali-
bration. As observed in this figure, the engine operation in the hybrid SUV is
mostly concentrated on the minimum BSFC curve, just where the benefit of
EGR in fuel economy is maximum.

Figure 4.16: Predicted engine operating points with EGR during the WLTP cycle
for the optimum calibration of the hybrid vehicle EMS, on the contour map of EGR
benefit in fuel consumption.

4.4.4 Discussion

The impact of EGR on the fuel economy of SI engines is not uniform on the
entire engine operating map, as shown in Figure 4.12b. Fuel savings above 3%
are generally achieved at medium loads, between 8 and 16 bar BMEP, with
EGR rates of around 25% at eight of the sixteen working points investigated
(Figure 4.10). A peak EGR benefit of 5.9% is obtained at 2000 rpm and 15
bar BMEP. These results match the ones found in the research works of Alger
et al. [53] and Siokos et al. [96], both previously reviewed in Chapter 2. In
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addition, significant BSFC improvements are also achieved with EGR at high
loads and 3000 rpm, while no (or very limited) benefits are obtained at low
loads (Figure 4.11).

The bar chart in Figure 4.17 depicts the modeled WLTP fuel consump-
tion of the conventional (labeled as “CONV.”) and hybrid (with the optimum
EMS calibration) vehicles with and without EGR. The fuel savings achieved
with EGR in both powertrains, regarding the fuel consumed by their respec-
tive counterparts without EGR, are also included in this figure, above the
corresponding bars. The EGR strategy improves the fuel consumption of the
conventional SUV by 2.60% during the WLTP cycle. This improvement is
similar to the arithmetic average (2.76%) of the fuel savings obtained for the
16 operating points (Figure 4.11).

Figure 4.17: Modeled WLTP fuel consumption of the conventional and hybrid (with
the optimum EMS calibration) vehicles with and without EGR.

As stated in the former subsection (Figure 4.16), the powertrain hybridiza-
tion allows the ICE to mostly operate on its minimum BSFC curve, where the
benefit of EGR is maximum (or comparatively high). This is clearly reflected
in the fuel consumption of the hybrid SUV, leading to a saving of 5% (826
g of fuel without EGR versus 784 g with EGR), as noticed in Figure 4.17.
This saving is almost twice the one obtained with EGR in the conventional
SUV (2.6%). Therefore, it is concluded that hybridization notably increases
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the benefit of EGR in fuel economy, thus justifying the application of this
strategy in advanced SI gasoline engines working in complex hybrid-electric
powertrains.
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Chapter 5

Transient engine operation
under high EGR conditions
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5.1 Introduction

The fuel consumption of the gasoline engine used in this thesis was max-
imized with LP-EGR rates of around 25% at half of the operating points
studied in Chapter 4. However, as stated in Section 2.3, high EGR opera-
tion through low-pressure systems in downsized gasoline engines may penalize
torque response during transient maneuvers. This chapter is therefore focused
on analyzing how the EGR strategy affects the transient performance of the
SI gasoline engine and evaluating the potential of different technical solutions
to improve the said performance. Three studies are included in this chapter.
Section 5.2 is devoted to analyzing the engine response time with EGR in tip-
in maneuvers, while Section 5.3 is dedicated to studying combustion stability
in tip-outs. Finally, for the sake of cost reduction, Section 5.4 proposes and
evaluates an alternative method to manage compressor surge during aggressive
tip-outs by taking advantage of the intake flap (Figure 3.1).

5.2 Engine response in tip-in maneuvers

In this section, three air management strategies (or solutions) are investigated
to improve torque response during tip-in maneuvers under high EGR condi-
tions. The three strategies are the following: reducing EGR dilution by rapidly
closing the EGR valve simultaneously with the throttle opening; using a small
tank of pressurized air that can be connected to either the intake manifold
(downstream configuration) or the compressor inlet pipe (upstream); and in-
stalling an electric supercharger at the compressor outlet in series. The last
two solutions have already been researched under different circumstances or
from a distinct perspective [103, 118, 119], so the intention of the Ph.D. can-
didate is not to present these solutions as a groundbreaking technology. The
contribution of this study lies in understanding the negative impact of EGR
on the transient response of the gasoline engine and analyzing if the systems
mentioned are useful for solving or minimizing this particular issue.

For that purpose, a series of tip-ins at 1500 rpm from 6 bar BMEP (62
Nm) to 12 bar BMEP (124 Nm) were tested and simulated. Tip-in tests were
used to analyze the EGR influence on transient operation, validate the engine
model performance, and assess the EGR reduction strategy. The pressurized
air tank and electric supercharger systems were studied with 1D simulations.
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The modeling of both systems was explained in Section 3.3 (Figure 3.2). It
should be remarked that both torque response and fuel economy criteria were
considered to evaluate the three air management strategies.

The tip-in operating conditions mentioned above were selected for two
reasons. Firstly, the initial working point (6 bar BMEP and 1500 rpm) is quite
relevant for conventional vehicles during the WLTP driving cycle (Figure 4.2).
In particular, the engine works at around 1500 rpm between 4 and 8 bar
BMEP during one sixth of the WLTP cycle. Secondly, there is a significant
difference between operating with and without EGR at the final tip-in point.
Turbocharging is almost not required with no EGR to reach 12 bar BMEP,
while the VGT mechanism must be closed above 80% to achieve an EGR rate
of 24%.

As stated in Section 4.3, at the initial tip-in point, the BSFC can be mini-
mized through two combinations of EGR and VVT settings: either minimum
valve overlap and 28% EGR or a valve overlap of 60 CAD and 22% EGR.
Although both generate very similar fluid-dynamic conditions at all engine
parts, the latter is chosen for this study because it leads to a slightly lower
turbocharger speed, making the maneuver a bit more challenging.

The results of tip-in tests are provided in the first two subsections: (5.2.1)
influence of EGR on torque response and (5.2.2) EGR reduction strategy. The
tip-in simulations are presented in other three subsections: (5.2.3) validation
of the transient model performance, (5.2.4) pressurized air tank, and (5.2.5)
electric supercharger. Finally, all modeled and experimental data are analyzed
together in Subsection 5.2.6 to compare the three air management solutions.

5.2.1 Influence of EGR on torque response

Two tip-in tests were performed, one without EGR (labeled “target”) and the
other with EGR (“baseline”), to determine the impact of high EGR operation
on the transient engine response. Figure 5.1 depicts the time evolution of the
valve setpoints in both tip-in tests. The setpoints of the throttle, VGT, intake
flap, and spark timing were linearly changed from their initial to final values
in two engine cycles. In the baseline case, the EGR valve was kept fully open
during the whole maneuver, and the VVT system is configured to reduce the
valve overlap from around 60 to 15 CAD also in two cycles. All the actuations
were synchronized using the pedal signal. Figure 5.2 shows the time evolution
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of the intake manifold pressure (a), air mass flow (b), turbocharger speed (c),
and torque (d) in the target and baseline cases.

Figure 5.1: Time evolution of the throttle (a), VGT (a), EGR valve (b), and intake
flap (b) setpoints in the target (case without EGR) and baseline (with EGR) tip-in
tests.

Figure 5.2: Time evolution of the intake manifold pressure (a), air mass flow (b),
turbocharger speed (c), and torque (d) in the target (without EGR) and baseline
(with EGR) tip-in tests.
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A notably slower air mass flow increase is observed in the case with EGR
(Figure 5.2b), leading to poor engine response. This behavior is because of the
need for higher turbocharger acceleration, given that introducing 24% of EGR
requires an additional pressure increment of around 0.20 bar in the intake
manifold to reach the final torque (124 Nm). Comparing the torque evolution
in both tip-ins reveals that the EGR strategy leads to a 2-s slower response
time (Figure 5.2d). The response time is defined in this study as the time
required to complete the 95% of the total load increase; that is, the time spent
to achieve a torque value of 120 Nm.

5.2.2 EGR reduction strategy

Given the poor engine response with EGR, a first strategy, consisting in reduc-
ing the EGR dilution during the first engine cycles of the tip-in, was proposed
to accelerate the torque increase. This strategy is carried out just by mod-
ifying the EGR valve actuation as explained below. Instead of keeping the
EGR valve fully open as in the baseline tip-in, it is closed as fast as possible
simultaneously with the throttle opening, kept closed for some engine cycles,
and finally, reopened slowly. Twenty tip-in maneuvers divided into two stages
were tested to determine the duration of the EGR valve closure and the slope
of the reopening ramp. In the first stage, ten tip-in tests were performed with
varying durations (3, 5, 7, 9, and 11 cycles) and slopes (40 and 80 units of
opening per second). A conservative spark timing was used in these first tests
to prevent knocking. In the second stage, the same ten tip-ins were repeated,
but now adjusting the spark timing actuation based on the fast intake CO2
measurements (registered using the Cambustion NDIR500 device) to enhance
combustion. The best of these last tip-ins in terms of torque response (labeled
“Case A”) is the one that combines an EGR valve closure of 7 cycles with a
reopening slope of 40.

Figure 5.3 shows the time evolution of the EGR valve (a) and spark timing
(b) setpoints in the “baseline” and “Case A” tip-in tests. The rest of the valve
actuations in Case A are the same as in the baseline tip-in (Figure 5.1). Fig-
ure 5.4 provides the time evolution of the intake manifold pressure (a), intake
CO2 volume fraction (b), air mass flow (c), engine torque (d), turbine inlet
temperature (e), and turbocharger speed (f) in the “baseline” and “Case A”
tip-in tests. Closing the EGR valve at the start of the maneuver improves
torque response significantly, mainly due to a sharp increase in AMF before
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0.4 s. In addition, higher enthalpy is provided to the turbine in Case A, lead-
ing to a better turbocharger acceleration (Figure 5.4f). The response time in
Case A is around 0.57 s, only 0.25 s slower than in the target case without
EGR and 1.75 s faster than in the baseline case. Finally, it should be stated
that the torque overshoot observed from 0.8 s (Figure 5.4d) can be removed
by adjusting the EGR valve actuation, as will be shown in Subsection 5.2.6.

Figure 5.3: Time evolution of the EGR valve (a) and spark timing (b) setpoints in
the “baseline” and “Case A” tip-in tests.

5.2.3 Validation of the transient 1D model response

The “Case A” tip-in test was simulated to validate the model performance
under these particular transient conditions. The procedure followed to repli-
cate the said tip-in is described below. The experimental throttle, EGR valve,
and intake flap actuations were directly imposed into the model, and the VGT
position was adjusted during the simulation to achieve the experimental pres-
sure evolution in the intake manifold. This adjustment is explained in detail in
[120] and mainly consists in applying a slight correction to the VGT position
measurement using a PI controller. The experimental values of spark timing,
air-to-fuel ratio, and VVT settings were also given to the model as inputs. In
addition, some thermocouples were modeled to consider the thermal inertia of
actual sensors in the main engine parts, such as the turbine inlet and outlet,
compressor outlet, and intake manifold. Regarding the combustion, the Wiebe
function parameters were predicted by means of the ANN.
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Figure 5.4: Time evolution of the intake manifold pressure (a), intake CO2 volume
fraction (b), air mass flow (c), engine torque (d), turbine inlet temperature (e), and
turbocharger speed (f) in the “baseline” and “Case A” tip-in tests.

Figure 5.5 provides the experimental and modeled values of the following
variables during the “Case A” tip-in: intake and exhaust manifold pressure
(a), intake CO2 volume fraction (b), air mass flow (c), IMEP and BMEP (d),
turbocharger speed (e), and turbine inlet temperature (f).
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Figure 5.5: Actual (exp) and predicted (mod) values of the following variables during
the “Case A” tip-in: pressure in the intake and exhaust manifolds (a), intake CO2
volume fraction (b), air mass flow (c), IMEP and BMEP (d), turbocharger speed (e),
and turbine inlet temperature (f).

The model prediction is quite accurate in general. The evolution of the in-
take manifold pressure is perfectly replicated by regulating the VGT position
(errors lower than 1%). The gas pressure at the exhaust manifold is also well
reproduced, but differences of up to 4% are detected at around 0.8 s. Such
differences are probably because of a slight turbine efficiency overprediction.
Besides, no noticeable errors are observed in the evolution of the intake CO2
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fraction and AMF, so the 1D model reproduces the gas exchange process pre-
cisely. If the intake flow and composition are achieved, the accurate modeling
of the IMEP and BMEP demonstrates that the Wiebe parameters (ANN)
and FMEP (Chen-Flynn model) are well estimated. Between 1.4 and 2.4 s,
the model does not capture some BMEP fluctuations caused by combustion
instabilities, given that the ANN was trained only under stable combustion
conditions. The turbine inlet temperature is reproduced with errors lower
than 5◦C, so the heat transfer in the exhaust manifold is rightly corrected
through the corresponding HTM correlation. Finally, the precise modeling
of the turbocharger speed corroborates the high accuracy of the turbine and
compressor maps.

5.2.4 Pressurized air tank (PAT)

A 2-L tank of fresh air, initially at 3 bar and 20◦C, was employed for all sim-
ulations presented in this section. Firstly, it was assumed that larger tank
volumes would not be feasible due to space restrictions. Secondly, after trying
different values, it was found that an initial tank pressure of at least 3 bar
is required to obtain the same torque response time as in the “target” tip-
in without EGR. As mentioned before, two PAT configurations or locations
were investigated: downstream and upstream. The downstream tank is di-
rectly linked to the intake manifold to increase the in-cylinder trapped air
mass rapidly. Nevertheless, this strategy can lead to compressor surge and
must be combined with a transient EGR valve closure, as in Case A, to pre-
vent the torque drop once the tank empties. As an alternative, the upstream
PAT is connected to the volume between the EGR joint and the compressor
inlet (Figure 3.2). This way, the tank does not block the compressor, but its
implementation involves using check valves to avoid reverse flow through the
intake flap and EGR valve. Both downstream and upstream PAT strategies
are detailed below. Lastly, it should be stated that the tank filling procedure
is not addressed in this study.

5.2.4.1 Downstream PAT

Since the amount of pressurized air is limited (only 2 L), calibrating the open-
ing timing of the tank valve (DN30) is essential for obtaining good results.
Firstly, six tip-ins were simulated with the downstream PAT, in which three
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PAT valve opening delays (0, 2, and 4 engine cycles regarding the throttle
opening) and two EGR valve actuations (partially closed and fully open) were
tried. Figure 5.6 shows the positions of the EGR and PAT valves during these
six tip-in simulations. The rest of the valve actuations are the same as the
ones utilized to replicate the “Case A” tip-in in Subsection 5.2.3. In addition,
the stoichiometric air-to-fuel ratio was imposed throughout the maneuver in
all simulations, and the Wiebe function parameters were predicted using the
ANN. Figure 5.7 illustrates the predicted values of the next variables during
the six tip-ins presented in Figure 5.6: AMF through the PAT valve (a) and
intake ports (b), EGR rate at the intake ports (c), and engine torque (d).

Figure 5.6: Opening percentage of the EGR (a) and PAT (b) valves during the six
tip-in with the downstream PAT. In the legend, the first term refers to the PAT
valve opening delay in cycles (regarding the throttle opening), and the second (in
parentheses) is related to the EGR valve position.

The fastest torque response is achieved by combining a PAT valve opening
delay of 2 cycles with the EGR reduction strategy (EGR valve partially closed
during the first two seconds, as shown in Figure 5.6). The response time is not
reduced when opening the PAT valve without any delay owing to the short-
circuit of a portion of the pressurized air. As observed in Figure 5.7, the peak
of AMF (through the intake ports) at 0.15 s does not result in a proportional
torque increase. Though this short-circuit phenomenon happens in the six
cases, it is more significant when the PAT valve opening is not delayed. This
is because the abrupt pressure increase in the intake manifold takes place while
the valve overlap is still quite long. It should be reminded that the VVT system
was configured to provide a valve overlap period of around 60 and 15 CAD at
the initial and final tip-in operating points, respectively. And the transition
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between the initial and final VVT settings lasts 3 cycles. With regard to
the EGR valve actuation, it is found that reducing the EGR dilution in the
first 2 s is required to prevent a torque drop once the PAT becomes empty
(Figure 5.7d).

Figure 5.7: Modeled AMF through the PAT valve (a) and intake ports (b), EGR
rate at the intake ports (c), and engine torque (d) during the six tip-in with the
downstream PAT. In the legend, the first term refers to the PAT valve opening delay
in cycles (regarding the throttle opening), and the second (in parentheses) is related
to the EGR valve position.

As a disadvantage, the downstream PAT strategy leads to compressor surge
because the air from PAT blocks the intake path. Surge appearance can be
avoided, as in tip-out maneuvers [4, 67], using a by-pass (or anti-surge) valve
that connects the inlet and outlet of the compressor when it approaches the
surge limit. This by-pass valve was inserted into the 1D engine model, and
the tip-in with the best torque response of the six cases in Figure 5.7 was
re-simulated. The anti-surge valve was opened in this simulation when the
compressor operating point exceeded the surge line, which was experimentally
measured under steady-state non-pulsating flow conditions. Figure 5.8 illus-
trates the compressor operating path (a), engine torque (b), AMF through the
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throttle and intake ports (c), and EGR rate at the intake ports (d) during two
tip-in simulations: the case with a PAT valve opening delay of 2 cycles and
with a transient EGR valve closure, formerly presented in Figure 5.7, and the
same case but with compressor surge mitigation.

The flow recirculated through the by-pass valve gives rise to a negative
mass flow rate in the throttle, slightly penalizing the torque increase. This
was compensated by further closing the EGR valve, as seen in the time evo-
lution of the EGR rate in the case with no surge in Figure 5.8d. After these
simulations, it is concluded that combining the downstream PAT and EGR
reduction strategies leads to a torque response time of 0.31 seconds.

Figure 5.8: Predicted compressor operating path (a), engine torque (b), AMF through
the throttle and intake ports (c), and EGR rate at the intake ports (d) during the
best tip-in with the downstream PAT strategy with (dotted blue line) and without
(solid black line) compressor surge mitigation. In the top-left plot (a), the corrected
compressor speed values are given in the vertical colorbar in kRPM.

90



Chapter 5 Section 5.2

5.2.4.2 Upstream PAT

As with the downstream tank, tip-in simulations were carried out with the
upstream PAT to optimize the opening of its valve (DN30). Due to the larger
distance between the tank and cylinders, the fastest torque response is achieved
by opening the PAT valve with no delay (simultaneously with the throttle). It
should be stated that closing the EGR valve is not needed to avoid the torque
drop after the tank emptying. The EGR dilution is reduced using the PAT
even when depressurized, given that it is connected to the compressor inlet
pipe where the pressure is slightly lower than the ambient. In relation to this,
it should be reminded that the tank was equipped with an anti-vacuum valve,
as explained in Section 3.3.

Figure 5.9 shows the time evolution of the AMF through the PAT valve
(a) and intake ports (b), EGR rate at the intake ports (c), and engine torque
(d) in the two following tip-in simulations: the best case with the downstream
PAT without surge (labeled “Case B”), previously presented in Figure 5.8;
and the best solution with the upstream PAT (“Case C”) by opening the tank
valve simultaneously with the throttle and keeping the EGR valve open. As
noticed in Figure 5.9a, the tank valve opening in Case C is extended until the
turbocharger provides the desired boost pressure, thus maintaining the EGR
dilution below 20% during the first 1.3 s. Concerning the engine torque, the
response time in Case C is around 0.43 s, 0.12 s slower than in Case B with
the downstream tank.

5.2.5 Electric supercharger

A tip-in simulation was performed with the electric supercharger, which was
actuated simultaneously with the throttle opening. The output power of the
electric motor was regulated using a proportional controller to reach and main-
tain the intake manifold pressure target (1.3 bar). The peak power consumed
by the electric supercharger (e-supercharger) was around 90% of its maximum
capacity. The rest of the valve actuations were the same as in the baseline
tip-in, so the valve positions were linearly changed in two engine cycles, and
the EGR valve was kept open throughout the simulation. In addition, as in
the tip-in simulations with the PAT, the ANN was used to estimate the Wiebe
function parameters, and a constant air-to-fuel ratio equal to the stoichiomet-
ric was imposed.
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Figure 5.9: Modeled AMF through the PAT valve (a) and intake ports (b), EGR
rate at the intake ports (c), and engine torque (d) during the “Case B” and “Case C”
tip-in simulations.

Figure 5.10 illustrates the e-supercharger operating path (a), e-supercharger
speed (b), intake manifold pressure (c), and engine torque (d) during the
tip-in simulation with the electric supercharger (labeled “Case D”). The e-
supercharger reached 48.000 rpm in 0.25 s, providing a maximum pressure
ratio of 1.2. This resulted in a fast pressure increase in the intake manifold
without the need to decrease the EGR dilution. Regarding the engine torque,
it is concluded that the electric supercharger leads to a response time of 0.41
seconds.

5.2.6 Comparison of the solutions

This subsection provides a combined analysis of all the air management strate-
gies, mostly based on the torque response and fuel economy. Other criteria,
such as complexity and material costs, are also evaluated. To ensure a fair
comparison, the EGR valve actuation in Case A was adjusted via modeling
to remove the torque overshoot noticed in Figure 5.4d. The torque overshoot
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was avoided by combining an EGR valve closure of 4 engine cycles (instead
of 7) with a reopening slope of 35 units per second (instead of 40). The tip-in
simulation with the adjusted EGR valve actuation was labeled “Case A+”.
In the interest of readability, Table 5.1 summarizes the main characteristics
of the four solutions investigated in this study: EGR reduction (Case A+),
downstream PAT with EGR reduction (Case B), upstream PAT (Case C), and
electric supercharger (Case D).

Figure 5.10: Electric supercharger operating path (a) and speed (b), intake manifold
pressure (c), and engine torque (d) during the “Case D” tip-in simulation. In the
top-left plot (a), the corrected e-supercharger speed values are given in the vertical
colorbar in kRPM.

Figure 5.11 shows the time evolution of the modeled AMF through the
intake ports (a), EGR rate at intake ports (b), engine torque (c), and corrected
BSFC (d) in Cases A+, B, C, and D. The experimental torque values during
the “target” and “baseline” tip-ins are also provided in Figure 5.11c. The
corrected BSFC, calculated using Equation 5.1, includes a fuel penalty to take
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into account the power delivered by the auxiliary boosting system (PAT or
electric supercharger).

BSFC∗(j) = ṁf (j) + BSFC · Ẇsys(j)
Ẇeng(j)

(5.1)

where BSFC∗(j) is the corrected BSFC in the engine cycle j, ṁf the fuel
mass flow rate (g/h), and Ẇeng the engine power (kW). The constant term
BSFC refers to the average BSFC (290 g/kWh) of the SI engine working in
the conventional SUV presented in Section 3.4 during the WLTP driving cycle
(Figure 4.13). The power supplied by the auxiliary boosting system (Ẇsys) is
calculated using Equation 5.2:

Ẇsys(j) =


Vtank · ptank(j − 1) − ptank(j)

TC
, if sys is the tank

Ẇe−s(j), if sys is the electric supercharger

(5.2)

where Vtank is the tank volume, ptank the tank pressure, and TC the duration
of one engine cycle at 1500 rpm (0.08 s). The term Ẇe−s is the output power
of the supercharger electric motor.

Figure 5.12 shows the average of the corrected BSFC (average BSFC∗) in
the first 20 cycles (1.6 s) versus the torque response time for Cases A+, B,
C, and D. A period of 20 cycles is selected for the average BSFC∗ because,
after that time, the engine operating conditions (speed, load, and EGR) are
practically stable in the four cases (Figure 5.11). The average BSFC∗ is
estimated applying Equation 5.3:

average BSFC∗ =

20∑
j=1

(
ṁf (j) + BSFC · Ẇsys(j)

)
20∑

j=1
Ẇeng(j)

(5.3)
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Table 5.1: Main characteristics of the four air management solutions used to improve
the engine torque response during tip-in maneuvers: Case A+, B, C, and D. (+) The
EGR valve actuation in Case A was corrected to prevent torque overshoot.

Case Strategy EGR valve Description

A+ EGR reduction Closed The EGR valve is closed quickly, kept
closed for 4 cycles, and reopened slowly
in 35 cycles.

B Downstream PAT
combined with
EGR reduction

Partially
closed

A 2-L tank with air at 3 bar is linked to
the intake manifold, and the tank valve
is opened 2 cycles after the throttle open-
ing.
The EGR valve is closed until the 17%
opening, kept in this position for 4 cy-
cles, and reopened in 20 cycles. And the
compressor by-pass valve is opened for a
very short time.

C Upstream PAT Open A 2-L tank with air at 3 bar is connected
to the compressor inlet volume, and the
tank valve is opened without any delay
regarding the throttle opening.

D Electric
supercharger

Open An electric supercharger is installed
downstream of the compressor in series.

The EGR reduction strategy (Case A+) is the simplest and leads to an ac-
ceptable torque response time of 0.57 seconds with no additional equipment.
By contrast, implementing this strategy is not easy. The EGR valve and
spark plug actuations must be adapted according to the operating conditions
of each tip-in maneuver to prevent torque overshoot and to ensure stable com-
bustion. The best response time (0.31 s) is achieved with the downstream PAT
(Case B), even being a bit better than in the target tip-in without EGR (Fig-
ure 5.11c). However, using the downstream PAT strategy involves higher fuel
consumption (Figure 5.12), an added expense in materials, and a remarkable
increase in complexity:

• Different initial tank pressure values may be demanded depending on
the operating conditions.
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• A tank filling procedure is required.

• If the PAT capacity is not enlarged, the downstream PAT must be com-
bined with the EGR reduction strategy to avoid the torque drop once
the PAT becomes empty.

• A dedicated PAT valve actuation is also required.

• The air flow from the downstream PAT blocks the intake path, leading
to compressor surge.

Figure 5.11: Time evolution of the following modeled variables in Cases A+, B, C,
and D: AMF through the intake ports (a), EGR rate at intake ports (b), engine torque
(c), and corrected BSFC (d). The experimental torque evolution in the “target” and
“baseline” tip-ins is also included.

The upstream PAT solution (Case C) is a bit simpler, given that closing
the EGR valve is not necessary and that the compressor is not blocked during
the maneuver. It must be reminded that the EGR dilution in Case C is
reduced using the tank itself thanks to its location. Nevertheless, the torque
response with the upstream PAT is slower than with the downstream tank
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(Figure 5.11c). In addition, installing the tank upstream of the compressor
requires utilizing check valves to avoid reverse flow through the intake flap and
EGR valve.

With the electric supercharger, a torque response time of 0.41 s is achieved
while keeping the EGR rate over 22% (Figure 5.11b). High EGR operation
throughout the tip-in makes a difference in fuel economy, causing the BSFC
in Case D to be 1.6% lower than in Case B if considering the first 20 cycles
(Figure 5.12). Concerning the BSFC evolution in Figure 5.11d, it should be
noted that the peaks noticed in Cases B, C, and D before 0.4 s are because of
two reasons: the short-circuit of a portion of the intake gases and, mainly, the
fuel penalty related to the added boosting systems. It should also be stated
that using the e-supercharger only requires the management of the electric
motor to obtain the desired boost pressure, so the increase in complexity is
minor.

Figure 5.12: Average of the corrected BSFC in the first 20 cycles (1.6 s) versus torque
response time for Cases A+, B, C, and D.

In summary, the EGR reduction strategy is the simplest solution and im-
proves torque response notably regarding the baseline case. The best response
time is achieved with the downstream PAT, but at the expense of a significant
increase in complexity, costs, and fuel. And the electric supercharger system
provides a good trade-off between fuel economy and torque response.
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5.3 Engine response in tip-out maneuvers

In this section, three alternative solutions to fuel injection cutoff are investi-
gated to avoid combustion instabilities during tip-out maneuvers under high
EGR conditions. The three solutions are the following: optimizing the throt-
tle actuation (based on delaying the throttle closure regarding the pedal de-
mand), installing a secondary air-path which bypasses the main intake path
(Figure 3.1), and connecting a small tank of pressurized air (as the one studied
in the previous section, but with a different size) to the intake manifold. The
idea behind applying these strategies is to reduce the EGR dilution as fast
as possible, once the load reduction is demanded, without negatively affecting
torque response.

To this end, tip-out maneuvers at 1500 rpm from 6 to 0.7 bar BMEP were
tested and simulated. The potential of combining the two first strategies (de-
layed throttle closure and SAP) to improve combustion stability was analyzed
with both experimental and modeling data. Separately, the third strategy
(PAT) was only researched by simulation. The three air management solu-
tions were evaluated based on two variables: the tip-out duration (related to
engine response) and the number of misfire events (combustion stability).

A tip-out at 1500 rpm from 6 to 0.7 bar BMEP was selected due to the
relevance of this maneuver for conventional cars during the WLTP driving
cycle. Firstly, the gasoline engine operates at around 1500 rpm between 0
and 7 bar BMEP during one third of the WLTP cycle; and secondly, over 100
similar maneuvers to the chosen one were identified throughout the said cycle.
The latter can be checked in Figure 5.13, which depicts the load-decrease
maneuvers, at quasi-constant engine speed, whose initial operating point is
close to 6 bar BMEP at 1500 rpm during the WLTP driving cycle shown in
Figure 4.2. The size and color of the arrows in Figure 5.13 are related to the
time derivative of the engine BMEP: values lower than 2 bar/s in black, lower
than 4 bar/s in blue, and higher than 4 bar/s in red. Besides, it should be
noted that 0.7 bar BMEP is the load provided by the engine when the pedal
demand is zero at 1500 rpm.

Regarding the engine calibration at the initial tip-out operating point,
fuel economy can be maximized using two combinations of EGR and VVT
settings (as stated in Section 4.3): either minimum valve overlap and 28%
EGR or a valve overlap of 60 CAD and 22% EGR. The former is chosen for
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this study because, through it, the amount of exhaust gases accumulated along
the intake path, from the EGR valve to the intake valves, is higher. This fact
causes the maneuver to be more challenging. At the final tip-out point, the
engine operates with no EGR.

The tip-out tests and simulations are presented in the next four subsec-
tions: (5.3.1) combustion stability issue, (5.3.2) validation of the transient
model performance, (5.3.3) delayed throttle closure (DTC) and SAP strate-
gies, and (5.3.4) pressurized air tank.

Figure 5.13: Load-decrease maneuvers at quasi-constant engine speed whose initial
operating point is close to 6 bar BMEP at 1500 rpm during the WLTP driving cycle
shown in Figure 4.2.

5.3.1 Combustion stability issue

A tip-out maneuver (labeled “baseline”) was tested to assess combustion sta-
bility when using the default throttle actuation from the original ECU. In
this tip-out, the SAP system valve was kept closed. Figure 5.14 illustrates the
time evolution of the throttle (a), spark advance (a), EGR valve (b) and intake
flap (b) setpoints in the baseline tip-out. The throttle closure was demanded
with a ramp-down of one engine cycle (0.08 seconds at 1500 rpm), while the
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EGR valve closing and intake flap opening were requested by means of 2-cycle
ramps. The optimum spark advance is 34 CAD (before top dead center) at the
initial tip-out point, to ensure stable combustion with 28% EGR, and 5 CAD
at the final point, to prevent an excessive temperature decrease in the TWC.
In order not to facilitate the occurrence of misfires, a slow linear transition of
20 cycles between both spark advance values was defined. Regarding the VVT
system, it was configured to provide the minimum valve overlap throughout
the maneuver.

Figure 5.14: Setpoints of the throttle (a), spark advance (a), EGR valve (b) and
intake flap (b) during the baseline tip-out.

Figure 5.15 provides the time evolution of the BMEP (a), IMEP (b), fuel-
to-air equivalence ratio or ϕ (c), and CO and CO2 volume fractions at the
turbine outlet (d) in the baseline tip-out test. Figure 5.15a also includes
the ideal load reduction, and Figure 5.15b shows the IMEP of all cylinders.
From 0.4 to 0.8 s, the IMEP takes values equal to or lower than 0 bar for
some engine cycles because of misfiring. This phenomenon is observed in the
BMEP evolution as well. The variation of the raw CO and CO2 emissions can
be another indicator of the occurrence of misfires. Focusing on Figure 5.15d,
firstly, a global maximum and a local minimum in the evolution of the CO
and CO2 emissions, respectively, are found at around 0.4 s. The appearance
of these extrema is due to the combination of rich conditions (owing to a
not accurate estimation of the air trapped into the cylinders by ECU) and
combustion instabilities. Later, between 0.4 and 0.8 s, the bulk of misfire
events lead to a second CO2 reduction, but no impact on the CO concentration
is noticed. The most probable explanation to this is an increase in HC and O2
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emissions. After all these results, it is confirmed that using the default throttle
actuation (from the original ECU) gives rise to the occurrence of misfires.

Figure 5.15: Time evolution of the BMEP (a), IMEP of the four cylinders (b), fuel-
to-air equivalence ratio (c), and CO and CO2 volume fractions at the turbine outlet
(d) in the baseline tip-out test.

5.3.2 Validation of the transient 1D model response

In order to validate the 1D engine model performance under these particular
transient operating conditions, three tip-outs were performed in the engine
test bench using the SAP system. In these tip-outs, three throttle closure
delays (2, 4 and 6 cycles regarding the pedal demand) were tested, the SAP
valve was opened 20% for 6 cycles with no delay, and the fuel injection was
shut off to assess how the EGR gases are evacuated from the intake path.
Regarding the EGR valve, intake flap, spark advance, and VVT settings, the
same actuations as in the baseline tip-out were utilized. It should be remarked
that the fuel cutoff strategy was only used for the model validation. In the rest
of the tip-out tests presented in Section 5.3, the fuel injection was controlled
by the ECU. Figure 5.16 illustrates the throttle and SAP valve setpoints (a)
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and the ϕ measurements (b) during the three tip-outs tested for the model
validation.

Figure 5.16: Setpoints of the throttle and SAP valve (a) and ϕ measurements (b)
during the three tip-out tests used for the model validation. In the legend, the delay
between the throttle closure and pedal demand is specified in the parentheses.

The three tip-out tests were replicated with the 1D model using the ex-
perimental valve actuations. Besides, the ϕ measurements were given to the
model as a input, and the Wiebe function parameters were predicted by means
of the ANN. Figure 5.17 provides the experimental and modeled values of the
following variables during the three tip-outs with fuel cutoff used for the model
validation: intake manifold pressure (a), total AMF (b), CO2 volume fraction
at the turbine outlet (c), and AMF through the SAP valve (d). The evolu-
tion of the intake manifold pressure, raw CO2 concentration and secondary
AMF is reproduced with no remarkable errors. Some slightly higher differ-
ences are found if comparing the actual and predicted values of total AMF,
mainly between 0.4 and 0.8 s. These differences could simply be explained
by the low-frequency sampling (20 Hz) of this variable in the test rig. In any
case, in view of the results shown in Figure 5.17, it can again be affirmed that
the 1D model reproduces the gas exchange process with high accuracy.

5.3.3 Delayed throttle closure and secondary air path

A parametric study was performed to calibrate the delayed throttle closure
(DTC) and secondary air path (SAP) strategies. The parametric study con-
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Figure 5.17: Actual and predicted values of intake manifold pressure (a), total AMF
(b), raw CO2 concentration (c), and secondary AMF (d) during the three tip-outs
with fuel cutoff used for the model validation. In the legend, the first term is related
to the data source (experimental or modeled), and the second (in parentheses) shows
the throttle closure delay in cycles.

sists of 24 tests and simulations, in which four throttle closure delays (0, 2,
4, and 6 cycles) and five SAP valve opening percentages (0, 10, 15, 20, 25%)
were investigated. A SAP valve opening time of 6 cycles was considered for
all the cases, except for the tip-outs with 20% SAP valve opening, in which
an opening time of 12 cycles was tried as well. It was found this opening time
led to a excessive tip-out duration, so it was excluded for the rest of opening
percentages. It should also be noted that testing shorter opening times than 6
cycles was not possible with the valve technology and control systems available
in the engine test bench. Table 5.2 presents the different combinations of these
three parameters (throttle closure delay, and SAP valve opening percentage
and time) studied in this section.

Figure 5.18 shows the setpoints of the throttle and SAP valve for the
following 12 tip-outs: the four cases only with the DTC strategy (SAP valve
closed), and the eight cases combining the four throttle closure delays with

103



Section 5.3 Chapter 5

the best two SAP valve opening values (15 and 20%). The rest of the valve
actuations used to test and simulate these tip-outs are the same as the ones
for the baseline, shown in Figure 5.14. It should be remarked that the EGR
valve, in all cases, was closed in 2 cycles without any delay, once the pedal
demand is zero. Besides, in the 1D model, a constant ϕ equal to 1 was used,
and the combustion process was simulated using the ANN. Figure 5.19 and
Figure 5.20 provides the predicted values of the next variables during the 12
tip-outs mentioned above: EGR rate at the intake ports (5.19a), secondary
AMF (5.19b), in-cylinder residual gas fraction 5.20a, and in-cylinder trapped
air mass (5.20b). In both figures, a color gradient is utilized to distinguish the
four throttle closure delays, while the type of line is related to the SAP valve
opening: 0% (solid line), 15% (dashed line), and 20% (dotted line).

Table 5.2: All tip-out tests and simulations performed by combining the DTC and
SAP strategies.

Number
of cases

SAP valve opening
percentage (%)

SAP valve opening
time (cycles)

Throttle closure
delay (cycles)

Fuel
cutoff

4 0 0 0*, 2, 4, and 6 No

4 10 6 0, 2, 4, and 6 No

4 15 6 0, 2, 4, and 6 No

11 (3) 20 6 and 12 0, 2, 4, and 6 Yes/No

4 25 6 0, 2, 4, and 6 No

The baseline is marked with an asterisk (*), while the three cases used for the model vali-
dation are marked in bold.

Starting with the cases without SAP, it is found that delaying the throttle
closure by 4 or more engine cycles leads to a faster evacuation of the EGR gases
(Figure 5.19a); given that the intake manifold pressure and, consequently, the
total mass trapped into the cylinders do not change until the throttle is closed.
Regarding the cases with SAP, two facts are remarkable. On the one hand,
during the first 0.6 seconds, the EGR rate into the cylinders is lower in the
cases where the throttle closing is delayed by 0 and 2 cycles. This is because
the AMF through the SAP is higher once the throttle is closed (Figure 5.19b),
as a result of a larger pressure difference across the SAP valve. On the other
hand, from 0.6 s, the remaining amount of EGR gases in the intake line is
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smaller in the tip-outs with throttle closure delays of 4 and 6 cycles, due to a
higher EGR evacuation at the maneuver beginning, before closing the throttle
(as in the cases without SAP). In addition, comparing the pairs of analogous
cases with 15 and 20% SAP valve opening, it is observed that a slightly faster
EGR reduction is achieved with 20% opening, mainly in the first half of the
tip-out.

Figure 5.18: Setpoints of the throttle and SAP valve for the 12 tip-outs in which SAP
valve openings of 0, 15, and 20% are combined with throttle closure delays of 0, 2, 4,
and 6 cycles.

The influence of the DTC and SAP strategies on the EGR evacuation
from the intake path is also reflected in the time evolution of the in-cylinder
residual gas fraction (RGF). It should be stated that the RGF is calculated
as the ratio between the in-cylinder trapped mass of burned gases (including
external EGR) and the in-cylinder total trapped mass, both at the combustion
start. In general, combining the two strategies leads to a faster reduction in
RGF. The effect of SAP is predominant for the first cycles, while the opposite is
observed in the final part of the maneuver (Figure 5.20a). Besides, a RGF peak
is noticed at around 0.6 s in the cases without SAP and with a throttle closure
delay of 0 and 2 cycles. These peaks are due to the abrupt pressure reduction
at the intake manifold (once the throttle is closed), which causes backflows
through the intake valves, even though the valve overlap is minimum, and a
slow evacuation of the EGR gases. Delaying the throttle by 4 cycles is enough
to avoid the RGF peaks.
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Figure 5.19: Predicted EGR rate at the intake ports (a) and secondary AMF (b)
during the 12 tip-outs presented in Figure 5.18. In the legend, the first term is the
throttle closure delay, and the second is the SAP valve opening percentage.

Figure 5.20: Predicted (in-cylinder) residual gas fraction (a) and trapped air mass
(b) during the 12 tip-outs presented in Figure 5.18. In the legend, the first term is
the throttle closure delay, and the second is the SAP valve opening percentage.

As a clear drawback, the DTC strategy induces a delay in the engine load
reduction, as reflected in the evolution of the in-cylinder trapped air mass
(TAM) in Figure 5.20b. The decrease in TAM is even slower when the SAP
strategy is used as well. By taking as reference the time spent in the baseline
tip-out to complete the 90% of the total TAM reduction (from 0.8 to 0.4
g/cycle), the maneuver duration is extended for a minimum of 2 cycles with
15% SAP valve opening and a minimum of 9 cycles with 20% opening. In
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addition, when delaying the throttle closure by 6 cycles with and without
SAP, an increase in TAM of between 10% and 18%, regarding the initial TAM
value (0.8 g/cycle), is observed at around 0.6 s. Another interesting point is
that no difference in TAM between the baseline and the two cases with no
delay and SAP is found until 2 cycles after the throttle closing, given that
the supply of fresh air by the SAP is not immediate. This can be checked
if comparing the curves of secondary AMF (Figure 5.19b) and SAP valve
setpoint (Figure 5.18b).

In conclusion, it seems clear that delaying the throttle closure avoids a peak
of residual gases at the tip-out start and decreases the EGR dilution faster,
and even faster when the DTC strategy is combined with SAP. However, both
strategies also lead to a slower TAM reduction. Therefore, it can be concluded
that a trade-off between a more stable combustion and better engine torque
response is expected from the experiments, whose results are presented below.

The experimental analysis of combustion stability and torque response is
focused on the six cases where throttle closure delays of 0, 2, and 4 cycles are
combined with SAP valve openings of 0% and 15% SAP. Figure 5.21 shows
the IMEP values of the four cylinders (a, b) and the CO and CO2 volume
fractions at the turbine outlet (c, d) during these six tip-out tests. Figure 5.22
provides the time evolution of the experimental BMEP (a) and ϕ (b) in the
same six cases.

Firstly, focusing on the tip-outs without SAP, it can be affirmed that delay-
ing the throttle closure by 4 cycles leads to much better combustion stability.
A significant amount of misfire events (IMEP values very close to zero or neg-
ative in Figure 5.21a) is found in the cases in which the throttle closing is
not delayed or only delayed by 2 cycles; by contrast, the number of misfires
is notably lower when delaying throttle closure by 4 cycles. This combustion
stability improvement is also reflected in the BMEP evolution in Figure 5.22a
(solid black lines), but it is not enough to achieve a 100% stable torque de-
crease. The evolution of the raw CO and CO2 concentrations is very similar in
the three tests without SAP, as seen in Figure 5.21c. After 0.4 s, an increase
in CO emissions and a reduction in CO2 are observed mainly because of rich
mixture operation. Then, the CO peaks disappear, and the CO2 emissions are
secondly decreased due to the occurrence of misfires. This second reduction
in CO2 also happens in the case with a 4-cycle delay, although it is probably
caused by operating under lean mixture conditions (Figure 5.22b).
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Figure 5.21: IMEP values of the four cylinders (a, b) and the CO and CO2 volume
fractions at the turbine outlet (c, d) during the six tip-out tests selected to show
the real effect of the DTC and SAP strategies on combustion stability and torque
response.

Figure 5.22: Experimental BMEP (a) and ϕ (b) during the same six tip-outs presented
in Figure 5.21.
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Regarding the tests with 15% SAP valve opening, it seems clear that using
the SAP system improves combustion stability. Nevertheless, this strategy
by itself is not enough to achieve a 100% stable load decrease. As explained
before, the supply of fresh air through the SAP is not immediate, so the RGF
reduction is not either, causing some misfires in the case without DTC in
Figure 5.21b. No misfire is found in the other two cases, in which the DTC
and SAP strategies are combined. The absence of misfires in these two tip-out
tests is also perceived in the evolution of the CO2 volume fraction. A reduction
in CO2 emissions is observed between 0.4 and 0.6 s, but it is caused by the
lack of oxygen under rich mixture conditions (Figure 5.22b).

As a summary, Figure 5.23 shows the tip-out duration (x-axis), calculated
as the time required to complete the 90% of the total BMEP reduction (from
6 to 0.7 bar) once the pedal demand reaches zero, and the numbers of misfires
(y-axis) for the 12 cases presented in Figure 5.18. A misfire event was consid-
ered as such if the IMEP is equal to or lower than zero. The following four
conclusions can be drawn from all these results:

Figure 5.23: Number of misfire events versus duration of the maneuver for the 12
tip-outs presented in Figure 5.18.

• A trade-off between combustion stability and torque response must be
faced, as predicted via modeling.
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• Delaying the throttle closure by 4 cycles with no SAP is a practical
solution that remarkably improves combustion stability (only one misfire
event) without increasing costs and complexity. As a disadvantage, the
tip-out duration is increased proportionally to the throttle closure delay
(Figure 5.23).

• Using the SAP system is effective in enhancing combustion stability.
This strategy by itself, without DTC, does not affect the tip-out duration
but cannot completely prevent misfiring.

• The combination of the DTC and SAP strategies can lead to a 100%
stable load decrease. The fastest torque reduction without misfiring was
achieved with a throttle closure delay of 2 engine cycles and with a SAP
valve opening of 15% (for 6 cycles). In this particular case, the maneuver
duration is 0.56 s, 0.32 s (4 cycles) longer than in the baseline.

5.3.4 Pressurized air tank (PAT)

The potential of the PAT strategy to enhance combustion stability during
tip-outs is assessed via 1D modeling in this subsection. The first step is the
tank design, which is based on providing a similar amount of air to the one
introduced through the SAP in the case with a throttle closure delay of 2
cycles and a SAP valve opening of 15%. In this particular tip-out, the area
under the secondary AMF curve (Figure 5.19b) is equal to 1.5 g. To introduce
this amount using the PAT, a 1-L tank of fresh air, initially at 20◦C and 1.3
bar, is sufficient if opening the PAT valve by 15% for 6 cycles. The PAT valve
used for this study has the same diameter as the SAP valve (DN20). Besides,
it should be reminded that the tank was equipped with an anti-vacuum valve
to not operate below the ambient pressure.

Four tip-out simulations were performed with the PAT strategy, in which
two initial tank pressure values (1.3 and 1.8 bar) were combined with two
throttle closure delays (0 and 2 cycles). The second pressure value equal to
1.8 bar was tried to increase the initial secondary AMF and, consequently, to
reduce the EGR dilution more quickly in the first cycles. Before analyzing the
results of these simulations, it must also be remarked that: the tank filling
procedure is not be addressed in the present thesis; and there is no differ-
ence between the PAT and SAP valve actuations (same opening percentage,
duration and timing) to ensure a fair comparison of both strategies.
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Figure 5.24 illustrates the predicted values of EGR rate at the intake ports
(a) and secondary AMF (b) during eight tip-outs: the four cases with PAT,
mentioned above, and other four, formerly presented in Subsection 5.3.3, with
the most interesting combinations of the DTC and SAP strategies. Figure 5.25
shows the time evolution of the in-cylinder RGF (a) and TAM (b) in the same
eight tip-out simulations. In the legend of both figures, the first term is the
throttle closure delay, and the second one refers to the SAP valve opening
percentage or the initial tank pressure.

Figure 5.24: Predicted EGR rate at the intake ports (a) and secondary AMF (b)
during the tip-outs used for the evaluation of the PAT strategy.

Figure 5.25: Predicted in-cylinder RGF (a) and TAM (b) during the tip-outs used
for the evaluation of the PAT strategy.
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The SAP and PAT systems introduce a similar amount of air throughout
the tip-out but with a different time distribution: in the cases with SAP, the
secondary AMF is almost constant during the whole valve opening; in contrast,
in the cases with PAT, a first peak is noticed at around 0.4 s, and then the
secondary AMF decreases as the tank empties (Figure 5.24b). Therefore, it
can be affirmed that the addition of air through the PAT in the first cycles is
larger and faster than through the SAP system, and even larger and faster as
the initial tank pressure is increased. This is reflected in the evolution of the
EGR rate and in-cylinder RGF. Both are reduced a bit more quickly, between
0.2 and 0.7 s, using the PAT. From 0.7 s, no differences in RGF between the
cases with SAP and PAT are observed (Figure 5.25a).

Considering the above, it is concluded that combining the PAT strategy
(1 liter and 1.3 bar) with a throttle closure delay of 2 cycles leads to a 100%
stable load decrease without any misfire; given that this solution provides sim-
ilar results in RGF and TAM to the ones obtained in the analogous case with
a SAP valve opening of 15% (Figure 5.25). Nevertheless, the TAM decrease
with PAT is slightly slower than with SAP (comparing the cases with the same
throttle closure delay), so the engine torque response will also be.

Focusing on the tip-out with no throttle closure delay and a initial tank
pressure of 1.8 bar (opaque green solid line in Figure 5.25), the values of in-
cylinder RGF and TAM are respectively 3% lower and 12% higher, at around
0.48 s, than in the equivalent case with SAP (opaque blue dashed line). An
increase in TAM (closely related to the engine load) leads to a better EGR
dilution tolerance, so the PAT doubly decreases the probability of misfiring in
the first cycles, compared to SAP. In view of these last results, it is concluded
that the PAT system offers a potential solution to avoid misfires without de-
laying the load decrease. Anyway, it should not be forgotten that the PAT is
a more complex technology than SAP. Implementing the PAT strategy would
require defining a tank filling procedure, calibrating the initial tank pressure
according to the operating conditions, and using an anti-vacuum valve.
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5.4 Compressor surge in tip-out maneuvers

This section presents a study on compressor surge control in gasoline engines
operating with EGR during aggressive tip-outs. To avoid surge in deceleration
or load-decrease maneuvers, automotive turbochargers are usually equipped
with an anti-surge valve (ASV), which can connect the compressor inlet and
outlet to rapidly decrease the compression ratio. The objective of this study is
to determine if it is feasible to remove the ASV, in the interest of reducing the
turbocharger cost, without affecting compressor stability and torque response.
For that purpose, two alternative strategies are investigated: optimizing the
throttle closure and reducing the compressor inlet pressure. The latter can be
applied, without any additional equipment, just using the intake flap (located
upstream of the EGR joint).

A series of tip-outs at 1500 rpm from full to zero load were tested to
research the strategies mentioned. This particular maneuver was selected be-
cause the surge margin at the initial operating conditions is minimal, so the
surge tendency is very high, especially at the tip-out start. The optimum
EGR rates at the initial and final working points are 5% and 0%, respectively.
Regarding the surge detection, a criterion based on the analysis of the crank-
angle resolved pressure signal at the compressor outlet was utilized. Using the
theoretical surge line, obtained from tests in the turbocharger test rig, was
rejected, given that the surge margin can significantly change under transient
flow conditions.

The results of the tip-outs tests are presented in two subsections: (5.4.2)
throttle closure optimization and (5.4.3) reduction of the compressor inlet
pressure. Before that, the criterion used for surge detection is defined in
Subsection 5.4.1.

5.4.1 Surge detection

The turbocharger was formerly tested in a gas stand according to the method
described in [110], after which the compressor surge line was determined. How-
ever, this limit is not reliable once the turbocharger is coupled to the engine;
given that, as explained in Chapter 2, surge appearance is affected by the
piping geometry around the compressor [61], the engine pulsation [62], and
the flow transience [63]. Instead, the compressor outlet pressure (p2) signal,
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acquired with a sampling period of 0.2 crank-angle degrees (45 kHz at 1500
rpm), was used to detect surge. The procedure followed for surge detection is
explained below.

The characteristic frequency of surge is generally below 30 Hz [121], while
the engine firing frequency with four cylinders at 1500 rpm is 50 Hz. Hence,
to identify surge with no interference from engine pulses, the p2 signals were
processed by means of a 5th order low-pass Butterworth filter [122] with a cut-
off frequency (fC) of 30 Hz. In addition, the moving average of p2 was obtained
using the same low-pass filter but with an fC of 5 Hz, in order to eliminate the
oscillations caused by the surge. The difference between the pressure filtered
with an fC of 30 Hz (p̃2) and the moving average pressure (p2) was selected
as the surge indicator. For the sake of brevity, the difference between p̃2 and
p2 is represented by the term p̃2. Using this variable, the following criterion
was defined for surge detection: an oscillation in the p̃2 signal is considered
a surge event if the amplitude of this oscillation is higher than 10 mbar [64,
121].

5.4.2 Throttle closure optimization

The throttle closure was optimized to decrease the engine load as fast as possi-
ble without causing compressor surge. To this end, the throttle actuation was
divided into five linear transitions, and the time to complete each transition
was varied to find the surge limit. Figure 5.26 shows the throttle actuation in
the 20 tip-outs tested for its optimization. In all cases, the compressor ASV
was disconnected, and the throttle was automatically closed from 100% (fully
open) to 67% opening in just one cycle (0.08 s); given that, in this opening
range, the engine intake flow is slightly modified. For each of the other four
transitions, between 67, 50, 33, 17, and 5% opening (minimum value to com-
pensate friction losses), five transition durations (1, 3, 5, 7, and 9 cycles) were
tested, as seen in Figure 5.26.

Regarding the rest of valves, the VVT system was configured to provide
a constant valve overlap period of 40 CAD throughout the maneuver, and
the VGT mechanism was fully opened in 2 cycles from its full-load position
simultaneously with the throttle closure. The EGR valve was closed from 15 to
0% opening, also in 2 cycles, and the intake flap was kept 100% open. Besides,
the spark timing actuation was designed to avoid knocking and misfiring.

114



Chapter 5 Section 5.4

Figure 5.26: Throttle closure optimization.

For each of the four transitions optimized, Figure 5.27 provides the time
evolution of the p̃2 and p̃2 signals in the following two cases: in descending
order of transition duration, the first case where surge is detected (solid red
line) and the preceding one (dashed black line). The latter is the optimum case.
According to the criterion defined in Subsection 5.4.1 for surge detection, the
duration of each transition cannot be lower than 3 (from 67 to 50%), 5 (50
to 33%), 5 (33 to 17%), and 3 (17 to 5%) cycles, respectively. Thus, the
total duration of the fastest “surge-free” throttle actuation is 17 engine cycles
(around 1.4 s), including the 1-cycle ramp between 100% and 67% opening.

After optimizing the throttle actuation, other two tests were performed: a
tip-out with the ASV activated, labeled “Case E”, in which the throttle was
closed in 2 cycles; and another with the ASV disconnected, labeled “Case F”,
where the throttle actuation was designed to obtain the closest compressor
operating path to the theoretical surge line. The tip-out with the throttle
closure optimized according to the criterion defined in Subsection 5.4.1 was
labeled “Case G”. Figure 5.28 provides the throttle actuation (a) and com-
pressor operating path (b) in the three tip-outs mentioned: Case E, F and G.
And Figure 5.29 shows the time evolution of the compressor outlet pressure
(a), air mass flow at the filter outlet (b), turbocharger speed (c), and engine
load (d) in Case E, F, and G.
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Figure 5.27: Time evolution of the p̃2 and p̃2 signals in eight of the twenty tip-outs
tested for the throttle closure optimization. In the legend of every plot, the transition
under study is specified in bold letters, and the transition duration of each case is
shown in parentheses.
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To obtain Figure 5.28b, 5.30b and 5.30d (the last two will be presented
later), the mass flow (MF) of gases through the compressor was calculated
as explained below. Firstly, the instantaneous EGR rate was estimated by
means of Equation 3.1 by utilizing the intake CO2 measurements registered
with the Cambustion NDIR500 device and, besides, by assuming that the
volume fraction of CO2 at the exhaust line was constant and equal to around
14% (Figure 5.17). Then, the compressor MF was determined using the values
of AMF, measured at the filter outlet, and the estimated EGR rate.

Figure 5.28: Throttle actuation (a) and compressor operating path (b) during three
tip-outs: Case E (solid gray line), Case F (dashed blue), and Case G (dotted black).
In the right plot, the corrected compressor speed values are given in the vertical
colorbar in kRPM.

The compressor operating path in Case G is clearly located at the left side
of the surge line, except for compression ratios between 1.2 and 1.4, as seen
in Figure 5.28b. Therefore, it is confirmed that the surge line (used as the
surge limit in Case F) determined by testing a turbocharger in a gas stand is
not a reliable limit. Regarding Case E, it is observed that the throttle reaches
its minimum opening (5%) in 0.16 s, 1.2 and 5.4 s earlier than in Case G and
F, respectively. These significant differences are also reflected in the evolution
of the AMF and engine load. In particular, the torque response time in Case
G is around 1 s slower than in Case E (Figure 5.29d), if considering the time
required to reach an engine load of 10% in each case. In view of these results,
it is concluded that compressor surge can be avoided without the ASV by
adjusting the throttle closure, but in return for a 1 s slower torque response.
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Figure 5.29: Time evolution of the compressor outlet pressure (a), AMF at the filter
outlet (b), turbocharger speed (c), and engine load (d) in Case E, F, and G.

5.4.3 Reduction of the compressor inlet pressure

Reducing the compressor inlet pressure (p1) increases the corrected mass flow
and, consequently, the surge margin, given that the compressor operating point
is moved to the right. Therefore, the p1 reduction strategy can lead to a faster
load decrease than the one obtained in Case G (Figure 5.29). This strategy
can be applied without additional equipment and costs, given that the intake
flap, located upstream the EGR joint, can be used to reduce p1.

A tip-out, labeled “Case H”, was tested using the same throttle actuation
as in Case G, but now the intake flap was closed from 100 to 6% opening
in two engine cycles, instead of keeping it open throughout the maneuver.
Figure 5.30 shows the values of p1 and p2 (a), the compressor mass flow along
with its corrected values (b), the turbocharger speed (c), and the compressor
operating path (d) during the “Case G” and “Case H” tip-out tests, both with
the ASV disconnected.
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Figure 5.30: Compressor inlet and outlet pressure (a), compressor mass flow (b),
turbocharger speed (c), and compressor operating path (d) during Case G and H. In
the top-right plot, the corrected values of MF are also provided. And in the bottom-
right plot, the corrected compressor speed values are given in the colorbar in kRPM.

As observed in Figure 5.30a, p1 is decreased to a minimum value of 0.65
bar at around 0.8 s in Case H, then it is recovered as the engine intake flow is
reduced. It should be noted that the intake flap is not reopened during the tip-
out. Even though decreasing p1 leads to lower compressor MF values in Case
H (than in Case G) between 0.2 and 1.2 s, the evolution of the corrected MF is
very similar in both cases (Figure 5.30b). In fact, if considering the compressor
operating path in Case G as the actual surge line, it can be affirmed that there
is still a margin to close the throttle faster in Case H at the beginning, before
0.4 s, and at the end, from 1 s.

Once the capability of the p1 reduction strategy to accelerate torque re-
sponse was confirmed, three p1 levels were analyzed (considering its minimum
value during the tip-out): 0.87, 0.65, and 0.33 bar. For the first two levels, the
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throttle actuation was re-optimized by following a similar procedure to the
one described in Figure 5.26. However, this re-optimization is not required
for the last p1 level, given the tip-out can be completed, without varying the
throttle position, just by closing the intake flap. Figure 5.31 provides the
time evolution of the p̃2 and p̃2 signals in the following four tests: in the left
plots (a,c), the tip-out with a p1 level of 0.33 bar (Case I) and Case G; and
in the right plots (b,d), two tip-outs with a p1 level of 0.65 bar, the one with
the throttle closure re-optimized (Case J) and another with a more aggressive
throttle actuation (with surge), and again Case G. As noticed in Figure 5.31c,
no surge is detected in Case I.

Figure 5.31: Time evolution of the p̃2 and p̃2 signals in four tip-out tests: Case G
(intake flap open), Case I (p1 = 0.33 bar), Case J (p1 = 0.65), an additional case (p1
= 0.65) with surge.

Two more remarks must be made in relation to the tip-out tests in which
the p1 reduction strategy was used. Firstly, in all these cases, the intake flap
was closed as quickly as feasible, generally in two cycles, from 100% opening
to its final position (2, 6, and 12% opening, in ascending order of p1). And
secondly, no delay between the start of throttle and intake flap actuations was
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applied. For the sake of readability, Table 5.3 provides a summary of the main
features of the tip-out tests presented in this section, from Case E to K.

Table 5.3: Summary of the main features of Case E, F, G, H, I, J and K.

Case Throttle closure Intake flap p1 level ASV

E in 2 cycles (0.16 s) fully open ambient Yes

F defined to follow surge line fully open ambient No

G optimized fully open ambient No

H same as G 100 to 6% opening in 0.16 s 0.65 bar No

I fully open 100 to 2% opening in 0.16 s 0.33 bar No

J re-optimized 100 to 6% opening in 0.16 s 0.65 bar No

K re-optimized 100 to 12% opening in 0.16 s 0.87 bar No

Figure 5.32 shows the throttle actuation (a) and the values of p1 (b) during
the following five tip-outs: Case E, G, I, J and K. It should be reminded that
the first one was tested with the ASV activated, and the rest without it.
Figure 5.33 illustrates the time evolution of the compressor outlet pressure
(a), AMF at the filter outlet (b), turbocharger speed (c), and engine load (d)
for these five cases.

Figure 5.32: Throttle actuation (a) and compressor inlet pressure (b) during the
following tip-out tests: Case E, G, I, J and K.
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As seen in Figure 5.32a, the throttle closure in Case J and K is completed
0.48 and 0.16 s earlier, respectively, than in Case G because of the reduction
in p1. In consequence, the air mass flow and engine load in Case J and K
is decreased more quickly. In particular, the torque response time in Case
J is improved by around 0.6 s, compared to Case G, if considering the time
required to reach an engine load of 10% in each case (Figure 5.33d). Besides,
it should be remarked that the torque evolution in Case I (p1 = 0.33 bar) is
very similar to the one achieved in the reference tip-out (Case E). These results
clearly reveal that the role of the anti-surge valve can be assigned to the intake
flap without affecting compressor stability and torque response. However, as
a potential drawback, such momentary low p1 levels might cause oil leakages
into the compressor; so it would be necessary to study how relevant they are
and how to mitigate them before using the p1 reduction strategy.

Figure 5.33: Time evolution of the compressor outlet pressure (a), AMF at the filter
outlet (b), turbocharger speed (c), and engine load (d) in Case E, G, I, J and K.
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6.1 Summary and conclusions

Operating with high rates of cooled LP-EGR in SI gasoline engines is a proven
strategy to reduce fuel consumption and CO2 emissions. However, the use of
this strategy in current SI engines, generally downsized with direct injection,
can also lead to some issues during transient operation, such as poor engine
responsiveness or combustion instabilities. Solving these issues is essential
for automobile manufacturers, especially since the adoption of new vehicle
homologation procedures, in which the number of transient maneuvers is much
higher than in the preceding ones.

Knowing the above, two objectives were defined in the present thesis:
firstly, analyze the influence of EGR on the performance of advanced gaso-
line engines during relevant transient maneuvers, and secondly, investigate
technical solutions to improve the said performance. In order to achieve these
objectives, a Euro-6 1.3L turbocharged DI SI gasoline engine with VVT and
VGT technologies was tested and simulated. Engine tests were mainly em-
ployed to validate the 1D engine model, which, in turn, was used to assess
fluid dynamics and transport phenomena. Engine tests were also utilized to
evaluate torque response, combustion stability, and raw exhaust emissions.

Given that the gasoline engine mentioned above was originally designed
to operate without EGR, the engine calibration with EGR had to be carried
out before anything else. With the aim of reducing the costs and resources
related to the experimental activity, a calibration method based on a high
number of 1D simulations was applied. In particular, this method consisted
of four stages: (i) 300 experiments distributed into 16 operating points were
first performed to know the engine behavior under different EGR and valve
overlap conditions; (ii) these 300 tests were reproduced with the 1D model
to calibrate it; (iii) 150 engine simulations per operating point were done to
find the EGR rate and VVT settings that minimize fuel consumption in each
case; and (iv) a reduced DOE was performed to verify the findings obtained
via modeling.

After this calibration process, and before studying the engine performance
under transient conditions, the impact of EGR on fuel economy was analyzed.
The tests and simulations for engine calibration revealed that the LP-EGR
strategy led to fuel savings above 3% at medium loads when using high recir-
culation rates (around 25%). Such fuel savings resulted from higher knocking
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resistance (which allows better combustion phasing) and lower heat and pump-
ing losses. A maximum fuel consumption reduction of 5.9% was achieved at
2000 rpm and 15 bar BMEP, while limited advantages were observed at very
low and high loads. These findings related to the use of the EGR strategy
match the ones found in the literature [53, 96].

Moreover, conventional and hybrid SUV simulations were performed to
evaluate the EGR benefit under WLTP driving conditions. These simulations
showed that the EGR strategy decreased the fuel consumed by the conven-
tional and hybrid SUVs by 2.6% and 5.0%, respectively. The higher impact
of EGR on hybrid vehicle performance is due to the fact that hybridization
enables the ICE to typically operate at medium-high loads, where both the
engine thermal efficiency and the EGR benefit are maximum.

Once the potential of the EGR strategy to reduce fuel consumption and
CO2 emissions was confirmed, the objectives of this Ph.D. thesis were ad-
dressed. For that purpose, three studies were carried out to analyze and opti-
mize the transient performance of the gasoline engine under high EGR condi-
tions during relevant tip-in and tip-out maneuvers. All the conclusions drawn
from these three studies are gathered in the following subsections: (6.1.1) en-
gine response in tip-ins, (6.1.2) engine response in tip-outs, (6.1.3) compressor
surge in tip-outs, and (6.1.4) overall conclusions.

6.1.1 Engine response in tip-ins

In this study, a series of tip-ins at 1500 rpm from 6 to 12 bar BMEP were
tested to determine the influence of the EGR strategy on transient engine
response. These tests were also utilized to assess the 1D model prediction
under such conditions. The experimental tip-ins revealed that using EGR
rates of around 22% slowed down the load increase notably, leading to a 2-s
longer response time than not using EGR. This poor response with EGR is
because of the slow increase in AMF, which, in turn, is derived from the need
for larger turbocharger acceleration when introducing high EGR rates.

Therefore, in order to accelerate torque response, it is required to increase
the engine airflow more rapidly. To this end, the following three strategies
were investigated mainly with tip-in simulations (the first was also tested):
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• EGR reduction strategy. The EGR dilution is reduced as fast as possible
by closing the EGR valve simultaneously with the throttle opening.

• Pressurized air tank (PAT). A small (2l) tank of fresh air, initially at
3 bar and 20◦C, is connected to both the intake manifold (downstream
PAT) and the compressor inlet duct (upstream PAT).

• Electric supercharger. An electrically-driven supercharger is installed at
the compressor outlet in series.

In addition to the engine response time, other criteria, such as fuel econ-
omy, complexity and costs, were also considered to evaluate the said strategies.
In particular, the fuel consumption in each tip-in was assessed through the av-
erage BSFC in the first 20 engine cycles of the maneuver (Equation 5.3). The
findings obtained from the tip-in simulations are listed below:

• The EGR reduction strategy is the simplest solution and leads to a
torque response time of 0.57 s, around 0.25 s slower than with no EGR.
Thus, this strategy is able to improve torque response significantly with-
out using additional equipment. However, despite being the simplest,
its implementation would not be effortless; given that the EGR valve
and spark plug actuations must be adapted according to the tip-in op-
erating conditions. This calibration work is essential to prevent torque
overshoot and to ensure stable combustion.

• The downstream PAT leads to the best torque response time (0.31 s),
which is even slightly better than the one achieved in the tip-in with-
out EGR (0.32 s). In contrast, this strategy also results in higher fuel
consumption and material costs. Besides, it should be noted that imple-
menting the downstream PAT is associated with a significant increase in
complexity: (i) a tank filling procedure is needed; (ii) compressor surge
must be managed; and (iii) there is a trade-off between the tank capacity
and the effort required to design the EGR and PAT valve actuations. If
the amount of fresh air supplied by the tank is limited, it is necessary to
close the EGR valve transiently (as in the tip-in with the EGR reduction
strategy) and to optimize the PAT valve opening.

• The upstream PAT is a simpler solution than the preceding one. Thanks
to the tank location, the compressor is not blocked during the maneuver,
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and a dedicated EGR valve actuation is not needed. However, the torque
response time (0.43 s) is not as fast as with the downstream tank.

• The electric supercharger provides an excellent trade-off between torque
response and fuel consumption. With this boosting system, a short
response time (0.41 s) can be achieved without reducing EGR dilution
(the recirculation rate is kept above 22% throughout the maneuver),
making a difference in fuel economy. Besides, using the e-supercharger
is not associated with high complexity, given that it is enough to regulate
the input power of its electric motor.

6.1.2 Engine response in tip-outs

Secondly, the impact of EGR on the performance of SI engines during tip-out
maneuvers was studied. The EGR strategy was found to lead to combustion
instabilities (in particular, 11 misfire events) in a tip-out test at 1500 rpm
from 6 to 0.7 bar BMEP. The IMEP values of all cylinders were used as the
main indicator of the occurrence of misfires. Besides, other variables, such as
BMEP and raw CO and CO2 emissions, were also analyzed to identify such
stability issues. The appearance of misfires under these particular conditions
is caused by a slow evacuation of the LP-EGR gases accumulated along the
intake path, resulting in an excessive dilution of the air-fuel mixture once the
load is decreased. In other words, the EGR dilution is reduced at a rate slower
than required by the load conditions, so the solution seems clear: either to
slow down the torque decrease (not desirable) or to reduce the amount of EGR
gases entering the cylinders more quickly.

In order to achieve the latter, the following three strategies were investi-
gated with tip-in tests and simulations:

• Delayed throttle closure (DTC). The throttle closure is delayed by 2, 4
and 6 engine cycles regarding the rest of the valve actuations.

• Secondary air path (SAP). A second intake path is coupled to the engine
to bypass the main line, thus directly connecting the pipe upstream of
the EGR joint to the intake manifold.

• Pressurized air tank (PAT). The concept is the same as the one defined
in Subsection 6.1.1, but the tank capacity is lower in this case. A 1l tank
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of fresh air was connected to the intake manifold, and two initial tank
pressure were considered: 1.3 and 1.8 bar. This system was investigated
only via modeling.

The potential of these three strategies to enhance transient engine opera-
tion with EGR was evaluated based on two variables (related to combustion
stability and engine response, respectively): the number of misfire events and
the tip-out duration. The conclusions drawn from this study are given below:

• The tip-out tests and simulations performed to investigate the DTC
and SAP solutions revealed a trade-off between combustion stability and
torque response. Both solutions achieve to mitigate misfiring but at the
expense of delaying or slowing down, to a greater or lesser degree, the
load decrease.

• Delaying the throttle closure by 4 engine cycles (0.32 s) without SAP re-
duced the number of misfire events to 1. This improvement is attributed
to a higher evacuation of EGR gases from the intake path during those
first 4 cycles in which the in-cylinder trapped mass is not decreased.
Therefore, it is concluded that DTC is an effective and simple solution,
able to improve combustion stability without increasing complexity or
costs. By contrast, delaying the throttle closure also involves postponing
the torque drop.

• Installing a secondary air path was effective in mitigating combustion
instabilities. However, given that the supply of air through the SAP is
not instantaneous, this strategy cannot completely eliminate misfiring
unless combined with DTC.

• No misfire was found during the tip-out tests in which DTC and SAP
strategies were used. Nevertheless, the tip-out duration was prolonged
by at least 4 cycles. Therefore, combining both strategies can lead to a
stable load decrease but also slower.

• Engine simulations showed that the PAT system is able to reduce the
EGR dilution more rapidly than SAP in the first 5 or 6 engine cycles.
Hence, the PAT could potentially prevent misfiring without DTC and,
consequently, without affecting torque response; although this should be
confirmed with tests. That said, it should not be forgotten that using
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the PAT is associated with a non-negligible increase in complexity and
costs.

6.1.3 Compressor surge in tip-outs

A third study was done to determine if removing the compressor anti-surge
valve (ASV) is feasible, with the aim of reducing turbocharger costs, without
affecting compressor stability and engine response during fast load-decrease
maneuvers. A series of tip-outs at 1500 rpm from full to zero load were tested
to investigate two alternative strategies to ASV:

• Throttle closure optimization. The throttle actuation was divided into
five linear transitions, whose durations were varied to find the surge
limit. The optimum throttle closure was the fastest one that did not
lead to compressor surge without the help of the ASV.

• Reduction of compressor inlet pressure (p1). It basically consists in par-
tially closing the intake flap (placed upstream of the EGR joint to achieve
high recirculation rates) during the maneuver to decrease p1 and increase
the (compressor) corrected mass flow. This way, the load can be reduced
faster without causing compressor instabilities. Three p1 levels were ana-
lyzed: 0.33, 0.65 and 0.87 bar, considering the minimum p1 value during
the tip-out. For each of the last two levels, the throttle actuation was
re-optimized by following the procedure mentioned just above. Closing
the throttle was not required to reach the final load in the case with a
minimum p1 of 0.33 bar.

Instead of using the theoretical surge line, obtained from turbocharger tests
in a gas stand under steady-state non-pulsating conditions, a criterion based on
the crank-angle resolved pressure signal at the compressor outlet was defined
for surge detection. By utilizing this criterion, the following conclusions were
drawn from the tip-out tests:

• Compressor surge could be avoided without the ASV just by optimizing
the throttle closure. In return, torque response was clearly penalized.

• Experimental tip-outs confirmed that the p1 reduction strategy is effec-
tive in mitigating compressor surge, enabling a faster throttle closure.
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In particular, in the case where p1 was reduced to 0.33 bar, no surge
was detected, and the torque response was very similar to the target
response, the one achieved in the tip-out with the ASV activated.

• Therefore, it is concluded that compressor surge can be prevented during
fast tip-out maneuvers by closing the intake flap instead of using the
ASV, without any impact on engine response. Besides, it should be noted
that implementing the p1 reduction strategy is easy and does not require
additional equipment or costs, but it is not 100% free of drawbacks.
Reducing p1 below the ambient pressure, even momentarily, can result
in oil leakages into the compressor; so it would have to analyze the
relevance of such leakages before using this strategy.

6.1.4 Overall conclusions

The test and simulation results of the first two studies demonstrated that high
EGR operation adversely affects the SI gasoline engine performance during
transient maneuvers, leading to slow torque response in tip-ins and unstable
combustion in tip-outs. Such issues can be partially solved just by optimizing
the throttle and EGR valve actuation. However, matching the transient en-
gine response achieved without EGR requires more complex solutions, such as
duplicating the intake path, using electric superchargers or air reservoirs, or
any other strategy that allows the engine airflow to be increased (or the EGR
dilution to be decreased) more quickly. Some of these solutions were found to
be able to eliminate the penalty in engine response and combustion stability
with EGR. That said, it should be considered that the better the solution is,
the more complex and costly it tends to be. Therefore, understanding that
engine response and, consequently, drivability cannot be penalized, manufac-
turers have to choose between two options: either reduce the EGR rate at
certain operating conditions at the expense of not using the full EGR poten-
tial to improve fuel economy; or increase costs in design, development and
manufacturing to operate with high EGR rates without affecting drivability.

Finally, the experimental results of the third study revealed that the intake
flap can potentially assume the role of the compressor ASV during fast tip-
out maneuvers without negative effects on compressor stability and engine
response. Therefore, a reduction in turbocharger costs can be derived from
high EGR operation.
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6.2 Future works

The respondent is fully aware of the limitations of the studies performed in
this thesis. Firstly, although the 1D engine model performance was widely
validated, some of the solutions or strategies proposed (such as the pressurized
air tank or electric supercharger) were investigated only with simulations.
Secondly, it should be noted that the conclusions presented in Section 6.1
were drawn from engine tests and simulations under some specific transient
operating conditions. Besides, the pollutant emissions were not analyzed in
the studies. These limitations open the doors for the following future works:

• Testing the PAT and electric supercharger systems in order to confirm
the findings obtained via modeling.

• Analyzing the EGR impact on engine response during other transient
maneuvers and under real driving conditions. In this way, manufacturers
could assess the worthiness of each solution more completely.

• Carrying out design and calibration tasks to utilize the strategies inves-
tigated (DTC, SAP, PAT, electric supercharger,...) over a wide range of
operation. Using these strategies requires, among others, compact de-
signs, dedicated valve and spark plug actuations, and a filling procedure
for the PAT system.

• Evaluating how EGR and the other strategies affect pollutant emissions
during the selected transient maneuvers.

Additionally, focusing on fuel economy, it would be interesting to explore
the synergies between EGR and other relatively-new strategies, such as pow-
ertrain hybridization or advanced combustion modes:

• In this thesis, it was demonstrated with vehicle simulations that hy-
bridization can increase the EGR benefit due to the possibility of par-
tially decoupling engine power from driver demand. It should also be
noted that the electric motor can mitigate or eliminate (depending on
the level of hybridization and power demand) the drivability penalty
derived from high EGR operation. Hence it would be worth studying
the influence of the EGR strategy on fuel economy and drivability in
different hybrid vehicle concepts.
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• Turbulent jet ignition (TJI) is an advanced pre-chamber initiated com-
bustion system that enables gasoline engines to operate with high levels
of dilution [123]. The TJI strategy can extend the EGR tolerance [124]
and reduce throttling. In light of this, the potential of TJI to improve
the performance of gasoline engines during transient maneuvers under
high EGR conditions should be studied.
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