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Resumen

Debido a las regulaciones en materia de emisiones y CO2 la industria automotriz a
desarrollado diferentes tecnologias inovadoras. Estas tecnologias incluyen combustibles
alternativos y nuevos modos de combustion, entre otros.

De aqui surge la necesidad del desarrollo de nuevos métodos para el control de
la combustion en estas condiciones mencionadas. Por este motivo, en este trabajo se
han desarrollado diferentes modelos e indicadores orientados al diagnoéstico y control
de la combustién tanto en condiciones normales como anormales.

Para los casos de combustion normal, se ha desarrollado un modelo de com-
bustion, cuyo objetivo es estimar la media de la evolucién de la fraccién de la masa
quemada y la presion dentro del cilindro. Se implementé un observador, basado en la
senal de knock, con la finalidad de mejorar la estimacion en condiciones transitorias y
poder aplicar asi el modelo a diferentes tipos de combustibles. También se presenta
un modelo de variabilidad ciclica, en el cual, a partir del modelo de combustion, se
propaga una distribucién en dos de los parametros de dicho modelo. Ambos modelos
han sido aplicados para un motor de encendido provocado y un motor de combustion
de encendido por chorro turbulento.

En los casos de combustion anormal, se ha includo un analisis de la resonancia
dentro de la cAmara de combustion, en donde también se desarrollaron dos modelos
capaces de estimar la evoluaciéon de la resonancia.

Estos modelos, tanto para condiciones normales como anormales, se utilizaron
para el diagnostico de la combustién. Por una parte, para la deteccién de knock, en
donde tres estrategias de detecciéon de knock fueron desarrolladas: dos basadas en el
sensor de presiéon en camara y una en el sensor de knock. Por otra parte, se realizé
una aplicaciéon de un modelo de resonancia para la mejora de la estimacién de la masa
atrapada a partir de la resonancia.

Finalmente, para mostrar el potencial de los modelos de diagnéstico, dos aplica-
ciones a control se desarrollaron: una para el control de knock a través de la actuacion
de la chispa, y otra para el control de gases residuales, a través de la actuacién de la
distribucién variable, realizando paralelamente una optimizacién de la combustién a
través de la actuacion de la chispa.



Resum

Impulsada per les regulacions en materia d’emissions i CO2 la industria automotriu
a desenvolupat diferents tecnologies inovadore. Aquestes tecnologies inclouen com-
bustibles alternatius i nous modes de combustid, entre altres.

D’aci sorgix la necessitat posar en practica nous metodes per al control de la
combustié. En aquest context, el present trevall proposa diferents models i indicadors
orientats al diagnostic i control de la combustié tant en condicions normals com
anormals.

Per als casos de combustié normal, es proposa un model de combustié, I’'objectiu
del qual és estimar la mitjana de 1’evolucié de la fraccié de la massa cremada i la
pressio dins del cilindre. Es va implementar un observador, basat en la senyal de
knock, amb la finalitat de millorar ’estimacié en condicions transitories i poder
aplicar aixi el model a diferents tipus de combustibles. També es presenta un model
de variabilitat ciclica, en el qual, a partir del model de combustié, es propaga una
distribucié en dos dels parametres del dit model. Ambdds models han sigut aplicats
a un motor d’encesa provocada i un motor de combustié d’encesa per doll turbulent.

Als casos de combustié anormal, s’ha inclos un analisi de la ressonancia dins de
la cambra de combustié, on també es van desenvolupar dos models capagos d’estimar
I’evolucié de la ressonancia.

Aquests models, tant per a condicions normals com anormals, s’utilitzen per
al diagnostic de la combustié. Per una part, per a la deteccié de knock, on tres
estrategies de deteccié de knock s’han desenvolupat: dues basades en el sensor de
pressio a la cambra de combustié i una altra basada en el sensor de knock. Per altra
part, es va realitzar una aplicaci6 d’un model de ressonancia per a la millora de
I’estimacié de la massa atrapada a partir de la ressonancia.

Finalment, per a mostrar el potencial dels models de diagnostic, dos aplicacions
de control es van desenvolupar: una per al control de knock a través de I'actuaci6 de
I’espurna, i una altra per al control de gasos residuals, a través de 'actuacié de la
distribucié variable, realitzant paral - lelament una optimitzacié de la combustié a
través de 'actuacié de I'espurna.



Abstract

The need to satisfy emissions and COs regulations is pushing the automotive
industry to develop different innovative technologies. These technologies include
alternative fuels and new modes of combustion, among others.

Therefore, the need for the development of new methods for combustion control
in these mentioned conditions arises. For this reason, in this work different models
and indicators have been developed aimed at the diagnosis and control of combustion
in both normal and abnormal conditions.

For normal combustion cases, a combustion model has been developed, the
objective of this model is to estimate the mean of evolution of the mass fraction
burned and the in-cylinder pressure. An observer had been implemented, based
on knock sensor signal, in order to improve the estimation in transient conditions
and also to be able to make use of the model with different fuels. A cyclic vari-
ability model is also presented, where from the combustion model, a probability
distribution is propagated over two of the parameters of such model. Both models had
been applied for a spark ignition engine and a turbulent jet ignition combustion engine.

For the abnormal combustion cases, an analysis of the resonance within the
combustion chamber had been included, where two models capable of estimating the
evolution of the resonance were also developed.

These models, for both normal and abnormal conditions, were used for the
diagnosis of combustion: on the one hand, for knock recognition, where three knock
detection strategies were developed: two based on the in-cylinder pressure sensor and
one on the knock sensor. On the other hand, an application of a resonance model
was carried out in order to improve the estimation of the trapped mass from the
resonance excitation.

Finally, to show the potential of such models and applications, two control
strategies were developed: one for the control of knock through the actuation of the
spark advance, and a second for the control of residual gases, through the actuation
of the variable valve timing, while optimizing the combustion through the actuation
of the spark advance.
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1.1 Background

Internal combustion (IC) engines are the main propulsion systems in road
transport, since they represent the 99 % of global transport [1]. In the past
decades, the number of vehicles produced has increased, being the passenger
cars the ones with the highest percentage compared to the commercial ones.
The word production of IC engines is illustrated in Figure 1.1.
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Figure 1.1: Word vehicles production. Data extracted from [2].

Nerveless, environment is of great concern these days due to the climate
changes and one of the main challenges of the industry is to generate a low
environmental impact. Climate changing is producing global warming on the
earth surface, since 1980 the mean global temperature has increased over 1 °
C, as illustrated in Figure 1.2, where the distribution over the years of the
temperature anomaly is shown.
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Figure 1.2: Global Temperature probability distributions. Data extracted
from [3].

As a consequence, states have translated society concerns into policies set
to keep global warming below 2 °C [4]. Global warming in mainly caused by
human activity, the concentrations of some of greenhouse gases is increasing
in the atmosphere, especially: carbon dioxide (CO3), methane(CHy), nitrous
oxide (N20) and fluorinated gases, among others. Being COs the responsible
for 64% of global warming related with human activity [5]. Because of the
impact of CO2 emissions on climate change, a reduction on greenhouse gas
emissions more than 55% below 1990 levels is expected by 2030 [5].

Passenger cars transport contributes around 23 % of global COy emis-
sions [6], as is shown in Figure 1.3and road transport is responsible for more
than 70 % of the CO3 emissions from transport [5].



6 Introduction

Bl ransport

B Industry

I Buildings

Bl Other

[ |Energy and heat generation

23%

5%

23%

Figure 1.3: COy emissions produced by different economic sectors. Data
extracted from [6].

Currently, IC engine future is on discussion, and as a consequence, the
evaluation of various powertrain solutions is underway, e.g Electrical Vehicles
(EV) and Hybrid Electrical Vehicles (HEV). But the benefits in CO2 emissions
of EV is associated to the electricity production emissions [7]. Regarding the
future of IC technology, OPEC considers that, by 2045, a 16% of vehicles will
be operating with non-oil fuels, as shown in Figure 1.4.

million %

3,000

48

B Fuel cellvehicles Share of alternative fuel vehicles (RHS)
M Electricvehicles  smmShare of electric vehicles (RHS)

2,500 —{ M Natural gas vehicles 40
M Hybrid electric vehicles
B Conventional

2,000 — 32

1,500 - -——— 24
1,000

500

2019 2021 2023 2025 2027 2029 2031 2033 2035 2037 2039 2041 2043 2045

Figure 1.4: Composition of the global vehicle fleet, 2019-2045 million. Source
OPED [8].
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As is shown in Figure 1.4, IC engines will continue to be dominant in the
road transport sector, being HEV and Natural Gas (NG) vehicles the third
highest percentage.

In this context, and with the aim of controlling transport emissions, gov-
ernments legislated the emission targets limits in the last two decades. The
current pollution emissions values for the European Union (EU), the United
States (USA) and Japan are illustrated in Figure 6.6. The emissions shown are:
carbon monoxide (CO), non-methane organic gases (NMOG), CO4, particulate
matter (PM) and particle number (PN).

Spark ignition engines

EU6e LEV 3, SULEV Post New Long Term I
° 1150
1000 50
64101 621
4.5
- ez @ []
CO NMHC+ PM PN CO NMOG+ PM PN cO NMHC+ PM PN
NGy NOy NOy

Compression ignition engines

EUGBc 170 R LEV 3, SULEV E Post New Long Term
e .
621
- ﬁ N

co HC+ PM PN CO NMOG+ PM co NMHC+ PM PN
NO, NO,

Figure 1.5: Pollutant emission limits for EU, USA and Japan (mg/km,
PN/km). Source [9].

Regarding the future of IC engines technology, the main target is to
increase the efficiency and fulfill the emissions regulations. In this sense, fuel
consumption of compression ignition engines (CI) compared to spark-ignited
(SI) demonstrated important benefits. But in terms of emissions, the after
treatment system for CI engines is more complex and costly than for SI en-
gines [10]. In this sense, several alternatives fuels had been studied in order to
improve CI engines emissions performance [11,12].

Regarding SI technology, according to [13], the registration of new gasoline
cars during 2020 in the EU is about the 47 %, as is shown in Figure 6.7.
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Figure 1.6: EU New passenger cars classified by fuel type. Source [13].

For this reason, in the last years new technologies raised in SI in order to
reduce the gap in terms of fuel consumption, and maintaining the advantages
in exhaust emissions. These new technologies included direct injection (DI),
exhaust gas re-circulation (EGR), turbocharging and downsizing, diversifica-
tion of fuels, lean combustion, among others [9].

In recent years, EGR became a good alternative to achieve similar effi-
ciency levels to CI engines. With EGR the engine is kept at stoichiometric
conditions (A = 1) while diluting the oxygen concentration. One advantage of
cooled EGR is the mitigation of knock phenomena at high load conditions [14].
The main problem with EGR in SI combustion, is that high EGR rates are
not possible to achieve due to misfire and stability [15,16].

Respecting the engine operation at lean conditions (A > 1), the main
problem is that the after-treatment in SI engine is not compatible with this
combustion concept [17], and then NO, emissions will not satisfy the target
limits. An alternative to implement lean combustion for SI combustion is
the Turbulent Jet Ignition concept (TJI), which make used of a pre-chamber
connected to the main combustion chamber across a set of orifices [18].

Nowadays, downsizing is a design trend in SI engine, on the one hand
small volume engines allows to reduce heat, pump and friction losses [19].
The reduction of the displacement in downsizing engines needs the increase of
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Brake Mean Effective Pressure (BMEP) to keep equal engine torque, in order
to cope this problem turbocharging seem to be the best solution [19].

Regarding diversification of fuels, other alternatives to petroleum based
fuels are being analyzed: Bio-fuels, Liquefied Petroleum Gas (LPG), alcohols
(e.g ethanol), Compressed Natural Gas (CNG) are alternative fuels which
can be used in IC engines [20,21]. Concerning ethanol as fuel, it has an
octane number (RON) higher than gasoline, which improves thermal efficiency
by using higher compression ratios [22]. LPG is comparatively easier to im-
plement than CNG, but because is a refinery product it is not suitable on
future applications [23]. SI engine fueled with CNG exhibit a performance
drop, but shows better emissions compared with gasoline [24] due to its low
carbon content. According to OPEC, CNG it is one of the key fuels as an al-
ternative to conventional fuels due to its lower emission of greenhouse gasses [8].

1.2 Engine control

In this context, engine control optimization has an important role in
IC engine development. The engine control can be divided in combustion,
air-path and after-treatment controls [25]. Actually, IC engines are controlled
by Electronic Control Units (ECUs), which stores Open Loop (OL) maps
on memory in order to manage some of the different control variables of the
engine, and different control oriented models [26]. OL control exhibit good
results since is predictable and robust because of the extensive knowledge in
this field. The problem with this approach is the extensible calibration experi-
ments necessary for each operating condition. In addition, some variables, e.g
lambda or knock, are controlled by CL controls in order to correct the control
variable with the feedback information [27].

In recent years, evolution of computational capabilities of ECUs presents
an opportunity in order to implement more advanced control strategies based
in more complex models [27]. On-board diagnosis of combustion were im-
plemented over the last few years, and due to the increasing functions of IC
engines, the development of the control electronic management has become
more complex.

In order to improve engine performance, the process needs to be precisely
controlled, so model-based control is required, not only to estimate off-line
parameters but to be implemented in real-time. Progressively, control oriented
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models have been included in ECUs in order to provide more information to
the system and for a more efficient operation [28].

Recently, more complex control techniques have been published: online
learning [29-31], Model Predictive Control (MPC) [32] or on-board calibra-
tions [33,34], all of them aimed to adapt the engine control to a wider spectrum
of conditions at the expense of the increase in control complexity.

1.3 Scope of the work

Future IC engine technologies focused on combustion efficiency will need
accurate combustion indicators for on-board diagnosis and control. This disser-
tation presents a set of combustion diagnosis indicators, some of them based
on the extensive use of information from the in-cylinder pressure sensor, and
some of them relying on conventional sensors currently used in state-of-the-art
engines. These indicators aim to model the engine operation condition under
normal and abnormal combustion, being able to adapt to different fuels.

The work is divided in modeling and diagnosis part, which includes an
average and variability combustion model, resonance characterization of in-
cylinder pressure signal, and knocking recognition methods based on in-cylinder
pressure and knock sensor. And a second part which includes the control
applications of the diagnosis and models developed in the first part of the
work, showing the potential of such models and indicators.

1.4 Objectives

The main objective of this work is the development of combustion indica-
tors for combustion diagnosis and control. This objective is implemented in
the following partial objectives:

e Developing a control oriented combustion model able to predict the
average of the combustion in a SI engine. (Chapter 4)

o Identification and modeling of the combustion variability in SI engine.
(Chapter 5)
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e Providing a model able to predict resonance evolution of the in-cylinder
pressure for different combustion modes. (Chapter 6)

e Designing different knock recognition methods, in-cylinder pressure
based, and knock sensor based. (Chapter 7)

e Proposal of two control applications for knock control and combustion
optimization. (Chapter 8)

1.5 Methodology

In order to achieve such objectives, this dissertation is divided in 5 parts
which consist of 9 different chapters as is shown in Figure 1.7.

Overview

Concepts & tools

Control oriented
modeling

Chapter 2
Combustion
i .

Chapter 4
Combustion
modeling

Chapter 1 N
Introduction

Chapter 3

Chapter 5
Cycle to cycle
variabilit;

Applications to combustion
diagnosis
and control

Chapter 7
Combustion
diagnosis

Chapter 8

Conclusions

Chapter 9
Conclusions

Experimental set

up Chapter 6
characterization

Figure 1.7: Chapters organization.

Combustion
control

The second part, concepts and tools, is composed of two chapters: the
state of the art in combustion and control topic, and the experimental facilities
used to carry out experimental activities, where the engines and test benches
configurations are described.

The third part, control oriented modeling, is organized in three chapters:
Chapter 4, the combustion modeling, where a control oriented model to repre-
sent the combustion in an average sense, i.e. without considering cycle-to-cycle
dispersion is presented. The model makes use of available signals on the ECU
as input variables. An observer is designed in order to improve the estimation
of such model under transient conditions. Chapter 5, where the variability
causes in IC engines is analyzed. Previous analysis have led to the development
of a model able to capture cycle-to-cycle dispersion in an statistical way. And
Chapter 6, a resonance analysis of in-cylinder pressure is performed, where two
models are developed. This models aims to reproduce the amplitude evolution
of resonance in the combustion chamber. These models can improve control
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oriented analysis of resonance for applications such as knock recognition or
trapped mass estimation.

The fourth part, applications to combustion diagnosis and control, is
organized in two chapters: in Chapter 7 offline applications of the modeling
block for trapped mass estimation and knock recognition methods are devel-
oped, where knock recognition methods are two in-cylinder pressure based,
and one knock sensor based. Chapter 8 presents two control applications to
point out the potential of such models. In the first control application, a
map-based knock control which makes use of in-cylinder pressure sensor is
described. In the second control application, a residual gas fraction control
with combustion optimization based on the combustion model developed in
Chapter 4 is presented. Both controllers are validated on a SI engine.

Finally, the last part, Chapter 9 which includes main conclusions of the
work and future implementation in industry of the methods and models pre-
sented.

1.6 Publications

Most of the contents included in this dissertation have been published in
international journals and conferences. In this section, the publications by the
author are listed with the chapter which include the publication information.

Journal papers

1. Pla, B., De la Morena, J., Bares, P., & Jiménez, 1. (2020). Cycle-to-
cycle combustion variability modelling in spark ignited engines for control
purposes. International Journal of Engine Research, 21(8), 1398-1411. (Chap-
ter 4 and 5)

2. Novella, R., Pla, B., Bares, P., & Jiménez, 1. (2020). Acoustic charac-
terization of combustion chambers in reciprocating engines: An application

for low knocking cycles recognition. International Journal of Engine Research,
1468087420980565. (Chapters 6 and 7)

3. Pla, B., Bares, P., Jiménez, 1., Guardiola, C., Zhang, Y., & Shen,
T. (2020). A fuzzy logic map-based knock control for spark ignition engines.
Applied Energy, 280, 116036. (Chapter 8)
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4. Pla, B., De La Morena, J., Bares, P., & Jiménez, 1. (2021). Adaptive
in-cylinder pressure model for spark ignition engine control. Fuel, 299, 120870.
(Chapter 8)

5. Pla, B., Bares, P., Jiménez, 1., Guardiola, C. (2022). Increasing knock
detection sensitivity by combining knock sensor signal with a control oriented
combustion model. Mechanical Systems and Signal Processing (MSSP) (Chap-
ter 7).

Conference papers

1. Pla, B., De La Morena, J., Bares, P., & Jiménez, 1. (2020). Knock
Analysis in the crank angle domain for low-knocking cycles detection (No.
2020-01-0549). SAE Technical Paper. (Chapter 7)

2. Pla, B., Bares, P., Jiménez, I. & Guardiola, C. (2021). Model-based
residual gas fraction control with spark advance optimization. Engine and
Powertrain Control, Simulation and Modeling, E-COSM 2021, Tokyo, Japan.
(Chapter 8)
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