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Abstract

The current climate crisis has urged the research community and manufacturers to pro-
vide solutions to make the transportation sector cleaner. Among the various technologies
proposed, low temperature combustion has undergone extensive investigation. Premixed
dual-fuel combustion is one of the concepts addressing the NOx-soot trade-off in compres-
sion ignited engines, while maintaining high thermal efficiency. This combustion makes
use of two fuels with different reactivities in order to improve the controllability of this
combustion mode over a wide range of operation.

Similarly to all premixed combustion modes, this combustion is nevertheless sensitive
to the operating conditions and traditionally exhibits cycle-to-cycle variability with signif-
icant pressure gradients. Consequently, advanced control strategies to ensure a safe and
accurate operation of the engine are required. Feedback control is a powerful approach
to address the challenges raised by the premixed dual-fuel combustion. By measuring
the output signals from the engine, strategies can be developed to adapt and correct the
control actions to maintain the desired operation.

This thesis presents control strategies, based on the in-cylinder pressure signal mea-
surement, applied to premixed dual-fuel combustion engines. Various objectives were
addressed by designing dedicated controllers, where a special emphasis was made towards
analyzing and implementing these solutions to the different levels of mixture stratification
considered in these engines (i.e., fully, highly and partially premixed). At first, feed-
back control strategies based on the in-cylinder pressure signal processing were designed.
Proportional-integral actions were selected to ensure the desired engine performance with-
out exceeding the mechanical constraints of the engine. Extremum seeking was evaluated
to track efficient combustion phasing and NOx emissions reduction. The in-cylinder pres-
sure resonance was then analyzed and a knock-like controller was implemented to ensure
safe operation of the engine. Finally, mathematical models were used to design a control-
oriented model and a state observer that aimed to leverage the signals measured in the
engine to improve the prediction and diagnostic capabilities in such engine configuration.

The results from this work highlighted the importance of considering feedback control
to address the limitations encountered in premixed combustion modes. Particularly, the
use of the in-cylinder pressure measurement showed the relevance and potential of this
signal to develop complex and accurate control strategies.



Resumen

La actual crisis climática ha instado a la comunidad investigadora y a los fabricantes
a brindar soluciones para hacer que el sector del transporte sea más sostenible. De entre
las diversas tecnoloǵıas propuestas, la combustión a baja temperatura ha sido objeto de
una extensa investigación. La combustión premezclada dual-fuel es uno de los concep-
tos que abordan el compromiso de NOx-holĺın en motores de encendido por compresión
manteniendo alta eficiencia térmica. Esta combustión hace uso de dos combustibles con
diferentes reactividades para mejorar la controlabilidad de este modo de combustión en
un amplio rango de funcionamiento.

De manera similar a todos los modos de combustión premezclados, esta combustión
es sensible a las condiciones de operación y suele estar sujeta a variabilidad ćıclica con
gradientes de presión significativos. En consecuencia, se requieren estrategias de control
avanzadas para garantizar un funcionamiento seguro y preciso del motor. El control en
bucle cerrado es una herramienta eficaz para abordar los desaf́ıos que plantea la com-
bustión premezclada dual-fuel. En este tipo de control, para mantener el funcionamiento
deseado, las acciones de control se adaptan y corrigen a partir de una retroalimentación
con las señales de salida del motor.

Esta tesis presenta estrategias de control basadas en la medición de la señal de presión
en el cilindro, aplicadas a motores de combustión premezclada dual-fuel. En ella se resuel-
ven diversos aspectos del funcionamiento del motor mediante el diseño de controladores
dedicados, haciéndose especial énfasis en analizar e implementar estas soluciones a los
diferentes niveles de estratificación de mezcla considerados en estos motores (es decir, to-
talmente, altamente y parcialmente premezclada). Inicialmente, se diseñan estrategias de
control basadas en el procesamiento de la señal de presión en el cilindro y se seleccionan
acciones proporcionales-integrales para asegurar el rendimiento deseado del motor sin ex-
ceder las limitaciones mecánicas del motor. También se evalúa la técnica extremum seeking
para realizar una supervisión de una combustión eficiente y la reducción de emisiones de
NOx. Luego se analiza la resonancia de la presión en el cilindro y se implementa un con-
trolador similar a aquel usado para el control de knock para garantizar el funcionamiento
seguro del motor. Finalmente, se utilizan modelos matemáticos para diseñar un modelo
orientado a control y un observador que tiene como objetivo combinar las señales medidas
en el motor para mejorar las capacidades de predicción y diagnóstico en dicha configu-
ración de motor.

Los resultados de este trabajo destacan la importancia de considerar el control en bucle
cerrado para abordar las limitaciones encontradas en los modos de combustión premez-
clada. En particular, el uso de la medición de presión en el cilindro muestra la relevancia
y el potencial de esta señal para desarrollar estrategias de control complejas y precisas.



Resum

L’actual crisi climàtica ha instat a la comunitat investigadora i als fabricants a brindar
solucions per a fer que el sector del transport siga més sostenible. D’entre les diverses tec-
nologies proposades, la combustió a baixa temperatura ha sigut objecte d’una extensa
investigació. La combustió premesclada dual-fuel és un dels conceptes que aborden el
compromı́s de NOx-sutge en motors d’encesa per compressió mantenint alta eficiència
tèrmica. Aquesta combustió fa ús de dos combustibles amb diferents reactivitats per a
millorar la controlabilitat d’aquest tipus de combustió en un ampli rang de funcionament.

De manera similar a tots els tipus de combustió premesclada, aquesta combustió és
sensible a les condicions d’operació i sol estar subjecta a variabilitat ćıclica amb gradients
de pressió significatius. En conseqüència, es requereixen estratègies de control avançades
per a garantir un funcionament segur i prećıs del motor. El control en bucle tancat és una
eina eficaç per a abordar els desafiaments que planteja la combustió premesclada dual-
fuel. En aquesta mena de control, per a mantindre el funcionament desitjat, les accions
de control s’adapten i corregeixen a partir d’una retroalimentació amb els senyals d’eixida
del motor.

Aquesta tesi presenta estratègies de control basades en el mesurament del senyal de
pressió en el cilindre, aplicades a motors de combustió premesclada dual-fuel. En ella
es resolen diversos aspectes del funcionament del motor mitjançant el disseny de contro-
ladors dedicats, fent-se especial èmfasi a analitzar i implementar aquestes solucions als
diferents nivells d’estratificació de mescla considerats en aquests motors (és a dir, to-
talment, altament i parcialment premesclada). Inicialment, es dissenyen estratègies de
control basades en el processament del senyal de pressió en el cilindre i se seleccionen
accions proporcionals-integrals per a assegurar el rendiment desitjat del motor sense ex-
cedir les limitacions mecàniques del motor. També s’avalua la tècnica extremum seeking
per a realitzar una supervisió d’una combustió eficient i la reducció d’emissions de NOx.
Després s’analitza la ressonància de la pressió en el cilindre i s’implementa un contro-
lador similar a aquell usat per al control de knock per a garantir el funcionament segur
del motor. Finalment, s’utilitzen models matemàtics per a dissenyar un model orientat
a control i un observador que té com a objectiu combinar els senyals mesurats en el mo-
tor per a millorar les capacitats de predicció i diagnòstic en aquesta configuració de motor.

Els resultats d’aquest treball destaquen la importància de considerar el control en bucle
tancat per a abordar les limitacions trobades en la combustió premesclada. En particular,
l’ús del mesurament de pressió en el cilindre mostra la rellevància i el potencial d’aquest
senyal per a desenvolupar estratègies de control complexes i precises.
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Nomenclature

Acronyms and abbreviations

ACEA European Automobile Manufacturers Association
AFR Air-fuel equivalence ratio

aTDC After top dead center
atm Atmospheric

BDC Bottom dead center
BEV Battery electric vehicle

BMEP Brake mean effective pressure
BP Back pressure
BR Blending ratio

BSFC Brake specific fuel consumption
BSNOx Brake specific NOx emissions
bTDC Before top dead center
CAD Crank angle degree
CAN Controller area network
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CE Common era
CFD Computational fluid dynamics
CH4 Methane

CI Compression ignition
CL Closed-loop
CN Cetane number

CNG Compressed natural gas
CO Carbon monoxide

CO2 Carbon dioxide
COM Control-oriented model
COV Coefficient of variation



cyl Cylinder
DAQ Data acquisition
DFC Dual-fuel combustion

DI Direct injection
DMDF Dual-mode dual-fuel

DOC Diesel oxidation catalyst
DOI Duration of injection
DPF Diesel particulate filter
ECU Engine control unit
EGR Exhaust gas recirculation
EKF Extended Kalman filter
EOC End of combustion

eq Equivalent
ES Extremum seeking
est Estimation
EU European Union

EURO European emissions standards
EVO Exhaust valve opening

exh Exhaust
exp Experimental

FPGA Field-programmable gate array
GHG Greenhouse gases

HC Hydrocarbons
HCCI Homogeneous charge compression ignition
HEV Hybrid electric vehicle

HP High pressure
HRF High reactivity fuel

HTHR High temperature heat release
ICCT International Council on Clean Transportation

ICE Internal combustion engine
ICEV Internal combustion engine vehicle

int Intake
IPCC Intergovernmental Panel on Climate Change

IVC Intake valve closing
KF Kalman filter

LCA Life cycle assessment
LHV Low heating value

lim Limit
LNT Lean NOx trap



LP Low pressure
LPG Liquefied petroleum gas
LPV Linear parameter-varying
LQG Linear quadratic Gaussian
LQI Linear quadratic integral
LRF Low reactivity fuel
LTC Low temperature combustion

LTHR Low temperature heat release
MA Moving average

MCE Multi-cylinder engine
MIMO Multi-input multi-output
MKIM Modified knock integral model

MPC Model predictive control
N2O Nitrous oxide

NEDC New European Driving Cycle
NI National Instruments

NOx Nitrogen oxides
O2 Oxygen
O3 Ozone
OL Open-loop
OP Operating point
PC Personal computer

PCCI Premixed charge compression ignition
PCI Premixed compression ignition

PDF Probability density function
PEV Plug-in electric vehicle
PFI Port fuel injection

PHEV Plug-in hybrid electric vehicle
PI Proportional-integral

PID Proportional-integral-derivative
PM Particulate matter

PPC Partially premixed combustion
pre Premixed

PSD Power spectral density
RCCI Reactivity controlled compression ignition

RT Real-time
SCE Single cylinder engine
SCR Selective catalytic converter

SI Spark ignition



SOC Start of combustion
SOI Start of injection

STFT Short-time Fourier transform
str Stroke

SUV Sport utility vehicle
TDC Top dead center

tot Total
UEGO Universal exhaust gas oxygen

VGT Variable-geometry turbine

Symbols and variables

A Frequency amplitude in the extremum seeking calibration
Aht Effective heat transfer area in the cylinder
Bi,j Bessel constant
c Speed of sound

CA10 Crank angle at 10% of the combustion energy released
CA50 Crank angle at 50% of the combustion energy released
CA90 Crank angle at 90% of the combustion energy released
CACG Crank Angle combustion Center of Gravity

[CO2] Carbon dioxide concentration
cv Heat capacity at constant volume
D Cylinder bore
e Error

Ea Energy of activation
f Frequency

fres Resonant frequency
fs Sampling frequency

GF Gasoline fraction
IMEP Indicated mean effective pressure

hc Heat transfer coefficient
J Cost function
k Engine cycle index

kadv Calibration constant in knock controller
KI Knock index
kret Calibration constant in knock controller
Lc Connecting-rod length
Lr Crankshaft radius
m Masses



ma Fresh air mass
MAPO Maximum amplitude of pressure oscillations

mb Burnt products mass
mcyl In-cylinder trapped mass
md Injected diesel fuel mass
mdi Direct injected fuel mass
mf Total injected fuel mass
mff Fuel film mass
mg Injected gasoline fuel mass

mPFI Port fuel injected fuel mass
MPRR Maximum pressure rise rate

N Engine speed
n Calibration constant

[O2] Oxygen concentration
p Pressures, in-cylinder pressure in heat release model

php High-pass filtered in-cylinder pressure
Pint Intake manifold pressure
pkc Knock controller probability
pki Percentage of exceeding cycles above the defined limit
plp Low-pass filtered in-cylinder pressure
pm Motored in-cylinder pressure

Prail Diesel rail pressure
Q Energy supplied to the system

Qapp Apparent heat released
Qc Chemical energy released (from fuel)
Qht Heat transferred to the walls
R Specific gas constant
r Reference
rc Compression ratio
RI Ringing intensity
rs Encoder resolution

SOIm Diesel main injection timing
SOIp Diesel pilot injection timing

SOIpost Diesel late (post) injection timing
Sp Mean piston speed
T Temperatures
t Time

Tw Cylinder wall temperature
u Input



U System internal energy
V Volume
Vcc Combustion chamber volume
Vd Cylinder displacement volume
W Work done by the system
x States
y Output, measurement
α Calibration constant
β Calibration constant
ηc Combustion efficiency
ηv Volumetric efficiency
γ Heat capacity ratio
κ Polytropic coefficient
λ Air-fuel ratio measurement
µ Calibration constant
ω Average cylinder gas velocity
ϕ Fuel-air equivalence ratio
ψs Air-to-fuel ratio in stoichiometric conditions
σ Standard deviation
τ Delay
τid Ignition delay
θ Crank angle degree

Θcyl Energy level bias at each cylinder
θd Combustion duration

ϑPFI Port fuel quantity distribution factor
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Chapter 1

Introduction

1.1 Background

Modern society is facing one of its greatest challenges: climate change. The ma-
jor concern in this climate crisis is the Earth’s global warming. Human activity,
substantially since the industrial revolution (from mid 18th to mid 19th century),
was evidenced to have been the major contributor in this warming trend with
unprecedented levels of carbon dioxide (CO2) in the atmosphere in the human era
history and beyond [1,2]. Figure 1.1 presents the various episodes of CO2 increase
and decrease estimated on Earth, showing that the current situation registers the
highest recorded peak.

Carbon dioxide, alongside with methane (CH4), nitrous oxide (N2O), ozone
(O3) and water vapor, is a greenhouse gas (GHG) which absorbs and emits radia-
tion within the thermal infrared range. By increasing the emission levels of theses
gases, more heat is trapped in the atmosphere and results in a higher average
temperature on Earth, this is the greenhouse effect [4]. Relative to the tempera-
ture average in the 1961-1990 baseline period, an increase of approximately 0.7◦C
was measured over the last decades [3] (Figure 1.2a), where almost the entire
globe suffered from surface warming [1] (Figure 1.2b). As shown in Figure 1.2a,
a clear correlation between this increase in temperature and the CO2 emitted is
observed. Although water vapor accounts for the most abundant greenhouse gas
in the atmosphere, its amount is mainly regulated by the atmosphere temperature
and therefore only the regulation of GHG influenced by human activity, such as
CO2, is considered as a mean to address the climate change [5]. According to
various projection scenarios from the Intergovernmental Panel on Climate Change
(IPCC), it is very likely that this trend will continue for the following decades caus-

1



Chapter 1. Introduction

Figure 1.1: Atmospheric CO2 concentration (CO2,atm) over time in the Common Era
(CE) year notation. Data extracted from [3].

ing long-term and irreversible consequences for people and ecosystems including,
but not limited to: sea level rise, increased species extinction risk, marine organ-
isms jeopardy due to ocean acidification, water and food supply repercussions, and
impact on human health [1]. Against this alarming situation, important measures
are needed more than ever to limit human-related GHG emissions.

The majority of the anthropogenic CO2 emitted to the atmosphere comes from
the combustion of fossil fuels (coal, oil, natural gas) [6], where the energy sector
(electricity, heat and transportation) represents approximately 73% of the global
greenhouse gases emissions (percentage based on the carbon dioxide equivalent
CO2eq distribution data for the year 2016 [3], Figure 1.3).

The transportation sector contribution (around 16% of the global GHG emis-
sions), is composed of land, air and marine transportation emissions, where road
transportation prevails. Over the world, more than 1 billion passenger vehicles are
estimated to be in use on the road [7,8]. In 2020, despite the COVID-19 pandemic
situation [9], according to a report from the European Automobile Manufactur-
ers Association (ACEA) [10], almost 10 million new cars were registered in the
European Union (EU). Current transportation market mostly includes internal
combustion engine vehicles (ICEVs), where the engine is used to propel the vehi-
cle by burning fuel (e.g. diesel, gasoline, compressed natural gas), battery electric
vehicles (BEVs), which store the energy to move the vehicle in the form of electric-
ity in batteries and deliver it when needed, and hybrid electric vehicles (HEVs),
which use both ICEVs and BEVs technologies and exist in various configurations

2



1.1. Background

(a) Global average temperature
anomaly and CO2 emissions

(°C) 
−0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1.0 1.25 1.5 1.75 2.5

(b) Observed change in surface temperature 1901-2012

Figure 1.2: (a) The CO2 emissions, expressed in billion tons, come from the burning
of fossil fuels for energy and cement production. Note that here only the CO2 is shown
and the other GHG were not accounted in the calculation. Data extracted and adapted
from [3]. (b) More information can be found in the source where the map has been
extracted from [1].
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Figure 1.3: Global greenhouse gases emissions by sector in percentage based on the total
emitted CO2eq for the year 2016. Adapted from [3].
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Chapter 1. Introduction

(i.e., mild, full, and plug-in hybrids). In 2020, in the European Union, around 92%
of the cars sold were equipped with an internal combustion engine (i.e., gasoline,
diesel and hybrid vehicles) and 5% were BEVs [10] (Figure 1.4a). In the recent
years, ecological awareness, government policies and upcoming vehicle emissions
restrictions (e.g., 95 g/km of CO2 fleet-wide average emission for new cars in 2020-
21 in the EU [11]) promoted the development and sales of plug-in vehicles around
the world [12], see Figure 1.4b. Counter-intuitively, although the share of electric
cars has been increasing over the past years [13], the average CO2 emissions from
new cars in the EU has been globally increasing since 2017 [14,15] with a decrease
in 2020 [16] (in the official New European Driving Cycle NEDC procedure). The
reason to this increase is partly explained by the higher average vehicle weight, as
reflected by the growing sport utility vehicles (SUVs) market [16]. These vehicles
tend to be heavier and more powerful with larger frontal areas which all contribute
to fuel consumption and, therefore, to carbon dioxide emissions [17]. As it was
highlighted in a report of the European market from the International Council on
Clean Transportation (ICCT) [16], since 2001, although the average vehicle weight
increased by 12% and the engine power by 37%, a 29% CO2 emissions reduction
was obtained (in the NEDC test conditions) which shows that a further reduction
might be possible by reducing vehicles weight and power output. Yet, it must
be highlighted that the European restrictions are, currently, exclusively based on
vehicle tailpipe emissions. Consequently, when the vehicles are using the electric
mode, they are considered as emitting 0 g/km and therefore this is reflected by a
decrease in the registered average CO2 emissions. A life cycle assessment (LCA)
could help to get a better picture of the real environmental impact of the different
powertrain technologies [18] and various reports are being published in this sense
recently [19–22].

The large number of vehicles in the world represents a substantial source of
GHG emissions and the future of transportation must provide cleaner solutions
in order to reach net-zero emissions by 2050 [23]. As demonstrates the target of
15% and 30% CO2 emissions reduction set by the EU for 2025 and 2030 respec-
tively [24], reducing the road transportation GHG footprint does not only consist
into passenger cars, but concerns the road freight sector with heavy-duty vehicles
as well (around 29% of the global CO2 emissions from the whole transportation
sector [25]). Although electrification is under intensive research and development
in the transportation sector for its GHG emissions reduction potential, especially
if combined with non-fossil energy sources for the electricity production [26], its
market penetration is currently mainly limited to passenger cars. Heavy-duty ap-
plications such as long-haul trucks continue to mainly rely on diesel fuel as, lower
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47%

28%

17%

5%2%

(a) EU cars registrations share by
powertrain technology (2020)

(b) Plug-in vehicles sales evolution (BEVs and
PHEVs) in the world and in Europe

Figure 1.4: (a) Here HEV includes mild, full and plug-in hybrids (PHEV) and Others
includes alternative propulsion technologies such as fuel cell, natural gas and E85. Data
extracted and adapted from [10]. (b) Plug-in electric vehicles (PEV: BEV + PHEV) sales
evolution. World sales are shown in bar graph where BEV and PHEV are detailed, while
combined EU sales are shown by the solid line with dot markers. Data extracted and
adapted from [12].

energy density, shorter driving range, and adapted infrastructures are challenging
their conversion to an all battery-based powertrain technology [27, 28]. Nonethe-
less, while the technology is not ready yet, this sector also requires a transition to
low-carbon alternatives (e.g., biofuels) [29].

The future of internal combustion engines (ICE) in a sustainable world is a
topical debate. Notwithstanding, the current readiness of electric powertrain tech-
nologies and corresponding infrastructures in some sectors such as heavy-duty
vehicles, and the worldwide disparities in the access to low-carbon energy pro-
duction [30], are challenging a worldwide and fast transition to such technology.
Furthermore, considering that around 97% of the vehicles sold in 2020 were still
provided with an ICE [31], it is believed that the ICE will continue to play a role in
the near future of the transportation landscape where a mix of various powertrain
technologies might coexist [32–35].
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Chapter 1. Introduction

1.2 Internal combustion engines

Since its first appearance and application in the 19th century, high power density,
long range, and low cost made the internal combustion engine a major player in the
transportation and power generation sector [36]. From replacing steam machines
with initial efficiency below 20% [37], to reaching thermal efficiency over 40%
[38,39], and even as high as 50% in the power generation and maritime sector [40],
the ICE has been part of an extensive and intensive investigation effort. These
accomplishments were made possible by various technological improvements over
the world from the 20th century [41], and by advanced techniques such as design
optimization through computational fluid dynamics (CFD) [42, 43] and optical
studies [44,45].

1.2.1 Fundamentals

An internal combustion engine transforms chemical energy into useful work by
burning fuel inside the combustion chamber. The leading engine configuration in
the medium and heavy-duty sector, the one studied in this thesis, is the four stroke
compression ignition engine. For the sake of simplicity, this section is centered on
the compression ignition combustion and technologies found in conventional diesel
combustion engines. Other engine architectures such as gasoline spark ignition
engines [36] are therefore not described here.

The four stroke engine cycle is illustrated in Figure 1.5 and consists of the
following steps: air is induced in the engine cylinder through the intake valves
during the intake stroke with the downward movement of the piston towards the
bottom dead center (BDC). The valves are then closed and the air is compressed
at high pressure and temperature near the top dead center (TDC) during the com-
pression stroke. At this moment, the fuel is injected in the combustion chamber
via an injector. The high pressure and temperature conditions favor the auto-
ignition of the fuel and the combustion starts. The pressure resulting from the
combustion of the air-fuel mixture pushes the piston downward and produces the
linear useful work which is converted into rotational work through the connecting-
rod-crankshaft system, this is the power stroke. Finally, the exhaust valves are
opened and the burnt products resulting from the combustion are expelled into
the exhaust manifold with the upward movement of the piston during the exhaust
stroke. Then, the complete cycle is repeated again.
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Figure 1.5: Illustration of the four stroke engine cycle.

1.2.2 Challenges

Along with the emissions of carbon dioxide resulting from the combustion of fossil
fuels, internal combustion engines also emit various pollutants such as nitrogen
oxides (NOx), particulate matter (PM), carbon monoxide (CO) and hydrocarbons
(HC). These pollutants result from many reactions and sources (e.g., incomplete
combustion, high combustion temperature, local rich conditions) and were found to
have a harmful impact on health [46,47]. As a result, exhaust emissions standards
such as the European limits (EURO) were introduced to contribute into protecting
the environment and reducing the air pollution [48]. Figure 1.6 illustrates the
emissions standards evolution for the aforementioned pollutants in the heavy-duty
sector from EURO I (1992) to EURO VI (2013). These standards provide pollutant
emissions limitations for the different transportation sectors and have driven the
research and development of solutions to face the stringent regulations over time
(e.g., exhaust gas recirculation (EGR) [49], modern high-pressure common rail
systems [50, 51]). A non-exhaustive list of the technologies that were, and are
still, evaluated to tackle the challenges raised by these standards, and the urgent
climate situation, is provided below [52].

After-treatment systems One of the solutions that was explored to limit the
pollutants amount at the exhaust of the vehicles was to use after-treatment sys-
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Figure 1.6: European emissions standards (CO, HC, NOx and PM) for heavy-duty diesel
vehicles (EURO I-VI) in g/kWh. Data extracted and adapted from [53].

tems [54–56]. These devices are installed directly on the exhaust line and aim to
reduce the pollutants from the exhaust thanks to their design and internal reac-
tions. As an example, the emissions of CO and HC can be reduced by oxidizing
them with a diesel oxidation catalyst (DOC) [57]. In addition, NOx and PM emis-
sions can be respectively reduced by a selective catalytic converter (SCR), or lean
NOx trap (LNT) [58, 59], and a diesel particulate filter (DPF) [60]. Nevertheless,
specific exhaust conditions, precise control of the reactions, and additional sen-
sors, actuators and components (e.g., urea and its tank are required for the SCR
technology) tend to increase the system complexity and cost [61].

Alternative fuels The main source of the life cycle GHG emissions of an ICE
vehicle comes from its use phase due to the combustion of the fuel [62]. The major
issue with this practice is that burning fossil fuels keeps adding carbon dioxide
into the atmosphere. Faced with this situation, carbon-neutral fuels became an
important area of combustion engine research, especially for biofuels and synthetic
fuels (or e-fuels). Biofuels (e.g., ethanol, biodiesel) are made from plants or bio-
logical wastes, which are renewable sources, and were studied for their potential
to balance the carbon dioxide emissions resulting from the combustion of these
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fuels considering that a part of it is captured by the growing feedstock [63]. Al-
though second- and third-generation biofuels addressed the main issues raised by
the first-generation (i.e., availability, cost and sustainability of the feedstock, crop
land competition with food production [64, 65]), life cycle GHG emissions bene-
fits from biofuels remain uncertain. Indeed, the sustainability of their production,
along with technical and economical challenges for their implementation, high-
lighted the need for further research to increase the sustainable potential of this
solution [66–68]. On their side, synthetic fuels combine hydrogen extracted from
water, and carbon extracted from CO2 captured in the air, to produce new liquid
fuels with similar properties to diesel or gasoline [69, 70]. By doing so, the com-
bustion of these fuels would only emit back into the atmosphere the CO2 that was
used to create the fuel itself instead of adding new CO2 such as with conventional
combustion of fossil fuels. Nonetheless, in order to make this solution CO2-neutral,
the energy used to produce these fuels must come from renewable and clean sources
such as wind or solar [71]. Although this solution is gaining more attention re-
cently, and still requires further research in order to compare the impact of the
various energy sources in powertrain technologies, it seems that expensive pro-
duction and lower global efficiency compared to BEVs questioned this approach,
particularly for passenger cars [72, 73]. Even though many challenges still have
to be addressed, one of the greatest advantages of these fuels is that they keep a
high energy density and could be applied on current combustion engines without
the need to design new and complex technologies and infrastructures. These fuels
could therefore participate quickly into the reduction of the transportation carbon
footprint, especially for the heavy-duty vehicles, airplanes and ships [74–76]. Fi-
nally, considering that the carbon dioxide emitted from the combustion is due to
the presence of carbon in the fuel composition, hydrogen, which is a carbon-free
fuel, inherently received some interest [77,78]. The hydrogen, similarly to gasoline
or diesel, is injected inside the combustion chamber and is burned with the air,
making this approach an attractive alternative as existing engine platforms knowl-
edge and infrastructures could ease the transition to such a fuel [79]. Nevertheless,
this solution raises some challenges as well, such as: the hydrogen storage in the
vehicle due to low energy density by volume, uncontrolled and rapid combustion,
the high temperature combustion responsible of an increase in NOx emissions,
and the need of clean energy sources for the hydrogen production to make this
approach carbon-neutral [80–82]. Moreover, some studies suggested that using the
same hydrogen directly into a fuel cell vehicle might, in the end, represent a more
efficient solution, although more research is still necessary [83–85].
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Low temperature combustion Instead of trying to reduce the pollutant emis-
sions with dedicated devices in the exhaust line, which tends to increase the overall
vehicle cost and complexity, another approach consists in mitigating these emis-
sions directly at their formation source: the combustion. As an example, high
combustion temperatures and lean mixture allow to reduce particulate matter
emissions (soot). However, as a counterpart, this will tend to increase the emis-
sions of NOx [86,87]. To face this NOx-soot trade-off, a combustion that simulta-
neously avoids both conditions is therefore desired. Such combustion concept was
widely investigated over the years and it is referred to as low temperature combus-
tion (LTC) [88]. This concept relies on a long air-fuel mixing time to avoid rich
zones in the combustion chamber, and therefore soot formation, while ensuring
combustion flame temperatures low enough for ultra-low NOx emissions [89, 90].
One of the former techniques to fall within this combustion category is the ho-
mogeneous charge compression ignition (HCCI) [91,92]. This combustion concept
consists in the auto-ignition of a homogeneous air-fuel mixture, characterized by
short combustion duration with high efficiency and low pollutant emissions thanks
to lower combustion temperatures and reduced heat losses [93, 94]. Because it
is kinetically controlled (i.e., the ignition is highly dependent on the in-cylinder
species concentration and temperature conditions), this concept raised some igni-
tion timing control issues. Furthermore, although some works have succeeded to
reach high load operation [95,96], the spontaneous ignition of the air-fuel mixture
in the combustion chamber results in high combustion rates and is responsible of
violent combustion with potential damage for the engine, which tends to limit the
operating range of this combustion concept [97, 98]. Various LTC concepts were
proposed over the years to address the challenges faced by the HCCI combustion,
such as premixed charge compression ignition (PCCI) or reactivity controlled com-
pression ignition (RCCI). Similarly, these concepts keep the same goal of achieving
high thermal efficiency and low pollutant emissions by avoiding high combustion
temperatures and rich zones [99, 100]. Figure 1.7 shows the regions of NOx and
soot formation with respect to local flame temperature and equivalence ratio. The
operating regions of various combustion concepts are also illustrated with colored
lines showing the path followed by LTC modes to avoid NOx and soot emissions
compared to conventional diesel combustion (CDC). Although some challenges
such as controllability, load limitation, cold start capability or important cyclic
and cylinder-to-cylinder variation are still to be tackled for their commercializa-
tion [101–103], low temperature combustion concepts have exhibited an attractive
potential for future efficient propulsion technologies. Furthermore, these combus-
tion concepts might also be combined with alternative fuels [104–106] or hybrid
powertrains [107–109] to further contribute into providing clean transportation
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Figure 1.7: ϕ-T diagram, regions of NOx and soot formation with respect to local flame
temperature and equivalence ratio. Colored contours illustrate the operating regions of
various combustion modes. Adapted from [90].

solutions.

1.2.3 Combustion engine control and modeling

No matter the powertrain technology, the combustion mode and its complexity,
modeling and control have played a major role in the area of transportation and
combustion engines development [110–112].

Thanks to the increasingly powerful electronic technologies, engine control
units can embed elaborated multivariable strategies in order to set the control
commands required to satisfy the driver demands [113]. Internal combustion en-
gines are complex non-linear dynamic systems and traditionally rely on open-loop -
feedforward - control. Open-loop is a straightforward solution where the controller
output is a direct function of the controller input. Such relation might be expressed
with mathematical equations or in the form of a two-input single-output look-up
table where a calibrated map provides the value to apply [114]. Some controllers,
on the other side, use a feedback from the engine, also known as closed-loop -
feedback - control, to continuously correct the control variables in order to obtain
the desired output. A common example of these two approaches can be found in
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the control of the fuel injection in gasoline engines: the duration of injection is
estimated based on the operating conditions (e.g. engine speed and intake mani-
fold pressure), this is the open-loop mode. Meanwhile, the lambda sensor placed
at the exhaust is used to evaluate the real equivalence ratio and correct the fuel
injection to reach the stoichiometric conditions necessary for the high conversion
efficiency at the three-way catalyst, this is the closed-loop mode [115].

Along with conventional open and closed-loop strategies, modeling represents
a cost-effective approach to ease the design and the calibration of advanced control
strategies in both feedforward and feedback configurations [116]. Indeed, as they
provide an insight of the engine operation, the models are used to improve the
controller definition and contribute to a more efficient operation. These models
can be found with various levels of complexity depending on the desired approach
and application, and can be applied in model-based controllers [117].

Stringent constraints on regulated pollutant emissions and evolving complexity
of new combustion modes are pushing the research community to always keep im-
proving and developing new controllers. Thanks to its improved effectiveness and
accuracy against external disturbances and variations in the system’s environment
(e.g., aging, fuel properties), closed-loop combustion control is considered a way to
enhance and ensure safe and efficient operation of combustion engines [118–121];
although particular attention has to be paid to sensors selection and signal pro-
cessing to avoid control instabilities (e.g., noise) [122].

Thanks to its capacity to evaluate the in-cylinder process and obtain relevant
information such as the indicated engine work, efficiency, and even NOx forma-
tion [123], the in-cylinder pressure sensor is considered as the most powerful source
of feedback information for internal combustion engines [124]. Although widely
used in combustion research activities, this technology is still not broadly installed
in on-road applications (some production engines equipped with such sensor can
be found, such as the ones from VW [125] and Mazda [126]). Yet, an interest
towards its implementation for closed-loop control was being evidenced [127–129],
especially for the proper control of low temperature combustion concepts where
many challenges are yet to be addressed [123, 130, 131]. Various combustion con-
trollers based on such signal can be found in the literature such as cycle-to-cycle
feedback control [132–134], in-cycle [135–137] or even model-predictive control
strategies [138–140].

12



1.3. Outline and contributions

1.3 Outline and contributions

The present thesis describes the work conducted by the author in the area of
cycle-to-cycle combustion control. The thesis is focused on the analysis, design
and implementation of control strategies and models related to premixed dual-
fuel combustion engines. Diesel medium-duty engines were converted to dual-fuel
operation and instrumented with in-cylinder pressure sensors in order to develop
closed-loop combustion controllers with special emphasis on providing strategies
for various levels of mixture stratification in order to cover most of the engine
operating range. The analysis and conclusions about the results obtained from
the data acquired and presented in this dissertation are covered in the following
chapters as specified below:

Chapter 2

First, an introduction to the premixed dual-fuel combustion is provided. It
starts with a brief description of its history to address the challenges faced by
other combustion modes such as the homogeneous charge compression ignition.
The combustion concept with its applications and various injection strategies are
mentioned. Then, a summary of the works found in the literature about the
modeling and control of such combustion concept is given. Accordingly, the con-
tributions of this thesis are finally highlighted.

Chapter 3

This chapter details the experimental setup and methods used throughout the
investigation work conducted by the author. The engines, their respective instru-
mentation, as well as the signal acquisition and control layout are described. Given
that this thesis is based on the in-cylinder pressure signal to develop the control
strategies, a section is dedicated to its acquisition, processing and analysis. In
particular, the resonant frequency range potential to provide relevant information
about the combustion operation is highlighted.

Related publications

� Carlos Guardiola, Benjamı́n Pla, Pau Bares, Alvin Barbier. An analysis of
the in-cylinder pressure resonance excitation in internal combustion engines.
Applied Energy, Vol. 228, pp. 1272-1279, 2018.
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Chapter 4

In this chapter, closed-loop combustion controllers are investigated. Based on
the in-cylinder pressure signal, various approaches are evaluated. From maintain-
ing the desired performance with PI controllers, to optimizing and ensuring the
safe operation of the engine through extremum seeking and stochastic control, this
chapter covers different control concepts and analyzes their outcomes when applied
to the various injection strategies considered in this work.

Related publications

� Carlos Guardiola, Benjamı́n Pla, Pau Bares, Alvin Barbier. Closed-loop
control of a dual-fuel engine working with different combustion modes using
in-cylinder pressure feedback. International Journal of Engine Research,
Vol. 21 n◦3, pp. 484-496, 2020.

� Benjamı́n Pla, Pau Bares, Alvin Barbier, Carlos Guardiola. On-line Opti-
mization of Dual-Fuel Combustion Operation by Extremum Seeking Tech-
niques. SAE Technical Paper, 2021-01-0519, 2021.

� Carlos Guardiola, Benjamı́n Pla, Pau Bares, Alvin Barbier. Safe operation of
dual-fuel engines using constrained stochastic control. International Journal
of Engine Research, Vol. 23 n◦2, pp. 285-299, 2022.

Chapter 5

Modeling offers a variety of benefits for control applications, either for its es-
timation or prediction capabilities. In this chapter, as a starting point, a control-
oriented model dedicated to RCCI combustion is developed to estimate the com-
bustion phasing. In a second step, combustion models are harnessed to estimate
the fuel blend (i.e., the ratio between diesel and gasoline) in each cylinder through
a state observer.

Related publications

� Carlos Guardiola, Benjamı́n Pla, Pau Bares, Alvin Barbier. A combus-
tion phasing control-oriented model applied to an RCCI engine. IFAC-
PapersOnLine, Vol. 51 n◦31, pp. 119-124, 2018.

� Alireza Kakoee, Younes Bakhshan, Alvin Barbier, Pau Bares, Carlos Guardi-
ola. Modeling combustion timing in an RCCI engine by means of a control-
oriented model. Control Engineering Practice, Vol. 97, pp. 104321, 2020.
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� Carlos Guardiola, Benjamı́n Pla, Pau Bares, Alvin Barbier. Individual cylin-
der fuel blend estimation in a dual-fuel engine using an in-cylinder pressure
based observer. Control Engineering Practice, Vol. 109, pp. 104760, 2021.

Chapter 6

Finally, the last chapter summarizes the contributions of the present work in
addressing the control of premixed dual-fuel engines and concludes about the po-
tential paths towards an improved control architecture for real-world applications.
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A review of current and future powertrain technologies and trends in 2020. Trans-
portation Engineering, Vol. 5 n◦ June, pp. 100080, sep 2021. (cited in p. 5)

[32] Abdul-Manan Amir F.N. Uncertainty and differences in GHG emissions between
electric and conventional gasoline vehicles with implications for transport policy
making. Energy Policy, Vol. 87, pp. 1–7, dec 2015. (cited in p. 5)

[33] Kalghatgi Gautam. Is it really the end of internal combustion engines and petroleum
in transport? Applied Energy, Vol. 225 n◦ February, pp. 965–974, sep 2018.

(cited in p. 5)

[34] Senecal P.K. and Leach Felix. Diversity in transportation: Why a mix of propulsion
technologies is the way forward for the future fleet. Results in Engineering, Vol. 4
n◦ October, pp. 100060, dec 2019. (cited in p. 5)

[35] Lešnik Luka, Kegl Breda, Torres-Jiménez Elóısa and Cruz-Peragón Fernando. Why
we should invest further in the development of internal combustion engines for road
applications. Oil & Gas Science and Technology – Revue d’IFP Energies nouvelles,
Vol. 75 n◦ 1, sep 2020. (cited in p. 5)

[36] Heywood J.B. Internal Combustion Engine Fundamentals. Automotive technology
series. McGraw-Hill, 1988. (cited in pp. 6, 71, 118, 119, 150, and 158)

[37] Cummins C. Lyle. Early IC and Automotive Engines. In SAE Technical Papers,
pp. 1960–1971, feb 1976. (cited in p. 6)

[38] Lee Byeongsoek, Oh Heechang, Han Seungkook, Woo Soohyung and Son Jinwook.
Development of High Efficiency Gasoline Engine with Thermal Efficiency over 42%.
In SAE Technical Papers, volume 2017-Octob, oct 2017. (cited in p. 6)

[39] Johnson Timothy and Joshi Ameya. Review of Vehicle Engine Efficiency and Emis-
sions. SAE International Journal of Engines, Vol. 11 n◦ 6, pp. 1307–1330, apr 2018.

(cited in p. 6)

18

https://www.iea.org/reports/global-ev-outlook-2021
https://www.iea.org/reports/global-ev-outlook-2021
https://www.iea.org/reports/trucks-and-buses
https://www.iea.org/reports/trucks-and-buses


References
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[56] Reşitoğlu İbrahim Aslan, Altinişik Kemal and Keskin Ali. The pollutant emissions
from diesel-engine vehicles and exhaust aftertreatment systems. Clean Technologies
and Environmental Policy, Vol. 17 n◦ 1, pp. 15–27, jan 2015. (cited in p. 8)

[57] Russell April and Epling William S. Diesel Oxidation Catalysts. Catalysis Reviews,
Vol. 53 n◦ 4, pp. 337–423, oct 2011. (cited in p. 8)

[58] Guan Bin, Zhan Reggie, Lin He and Huang Zhen. Review of state of the art tech-
nologies of selective catalytic reduction of NOx from diesel engine exhaust. Applied
Thermal Engineering, Vol. 66 n◦ 1-2, pp. 395–414, may 2014. (cited in p. 8)

[59] Praveena V. and Martin M. Leenus Jesu. A review on various after treatment
techniques to reduce NOx emissions in a CI engine. Journal of the Energy Institute,
Vol. 91 n◦ 5, pp. 704–720, oct 2018. (cited in p. 8)

[60] Adler Joerg. Ceramic Diesel Particulate Filters. International Journal of Applied
Ceramic Technology, Vol. 2 n◦ 6, pp. 429–439, nov 2005. (cited in p. 8)

[61] Cloudt Robert and Willems Frank. Integrated Emission Management strategy for
cost-optimal engine-aftertreatment operation. SAE International Journal of En-
gines, Vol. 4 n◦ 1, pp. 1784–1797, apr 2011. (cited in p. 8)

[62] Wu Zhixin, Wang Michael, Zheng Jihu, Sun Xin, Zhao Mingnan and Wang Xue.
Life cycle greenhouse gas emission reduction potential of battery electric vehicle.
Journal of Cleaner Production, Vol. 190, pp. 462–470, jul 2018. (cited in p. 8)

[63] Nigam Poonam Singh and Singh Anoop. Production of liquid biofuels from renew-
able resources. Progress in Energy and Combustion Science, Vol. 37 n◦ 1, pp. 52–68,
feb 2011. (cited in p. 9)

[64] Jambo Siti Azmah, Abdulla Rahmath, Mohd Azhar Siti Hajar, Marbawi Har-
tinie, Gansau Jualang Azlan and Ravindra Pogaku. A review on third generation
bioethanol feedstock. Renewable and Sustainable Energy Reviews, Vol. 65, pp. 756–
769, nov 2016. (cited in p. 9)

20

https://www.transportpolicy.net/standard/eu-heavy-duty-emissions/
https://www.transportpolicy.net/standard/eu-heavy-duty-emissions/


References

[65] Oumer A.N., Hasan M.M., Baheta Aklilu Tesfamichael, Mamat Rizalman and Ab-
dullah A.A. Bio-based liquid fuels as a source of renewable energy: A review.
Renewable and Sustainable Energy Reviews, Vol. 88 n◦ October 2017, pp. 82–98,
may 2018. (cited in p. 9)

[66] Whitaker Jeanette, Ludley Katherine E., Rowe Rebecca, Taylor Gail and Howard
David C. Sources of variability in greenhouse gas and energy balances for biofuel
production: A systematic review. GCB Bioenergy, Vol. 2 n◦ 3, pp. 99–112, jun 2010.

(cited in p. 9)

[67] IEA. IEA (2020), Transport Biofuels, IEA, Paris. https://www.iea.org/reports/
transport-biofuels. Accessed 22 March 2022. (cited in p. 9)

[68] Ambaye Teklit Gebregiorgis, Vaccari Mentore, Bonilla-Petriciolet Adrián, Prasad
Shiv, van Hullebusch Eric D. and Rtimi Sami. Emerging technologies for bio-
fuel production: A critical review on recent progress, challenges and perspectives.
Journal of Environmental Management, Vol. 290 n◦ March, pp. 112627, jul 2021.

(cited in p. 9)

[69] Pearson Richard J., Eisaman Matthew D., Turner James W. G., Edwards Peter P.,
Jiang Zheng, Kuznetsov Vladimir L., Littau Karl A., di Marco Leon and Taylor S.
R. Gordon. Energy Storage via Carbon-Neutral Fuels Made From CO2, Water, and
Renewable Energy. Proceedings of the IEEE, Vol. 100 n◦ 2, pp. 440–460, feb 2012.

(cited in p. 9)

[70] Lehtveer Mariliis, Brynolf Selma and Grahn Maria. What Future for Electrofu-
els in Transport? Analysis of Cost Competitiveness in Global Climate Mitiga-
tion. Environmental Science & Technology, Vol. 53 n◦ 3, pp. 1690–1697, feb 2019.

(cited in p. 9)

[71] Li Xuping, Anderson Paul, Jhong Huei-Ru Molly, Paster Mark, Stubbins James F.
and Kenis Paul J. A. Greenhouse Gas Emissions, Energy Efficiency, and Cost of
Synthetic Fuel Production Using Electrochemical CO2 Conversion and the Fis-
cher–Tropsch Process. Energy & Fuels, Vol. 30 n◦ 7, pp. 5980–5989, jul 2016.

(cited in p. 9)

[72] Brynolf Selma, Taljegard Maria, Grahn Maria and Hansson Julia. Electrofuels for
the transport sector: A review of production costs. Renewable and Sustainable
Energy Reviews, Vol. 81 n◦ February 2017, pp. 1887–1905, jan 2018.

(cited in p. 9)
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Chapter 2

Premixed dual-fuel combustion

As introduced in Chapter 1, with the introduction of more stringent emissions re-
strictions for internal combustion engines, premixed low temperature combustion
(LTC) modes were evaluated. These concepts aim to mitigate the issues encoun-
tered in conventional diesel combustion engines, such as the NOx-soot trade-off,
by decreasing the combustion temperatures and reducing the local equivalence
ratio [1, 2]. Homogeneous charge compression ignition (HCCI) was one of the
first concepts to be investigated. Nevertheless, many challenges were encountered
and led to the development of various new strategies, such as partially premixed
combustion (PPC) [3–5], premixed charge compression ignition (PCCI) [6–8], or
reactivity controlled compression ignition (RCCI). This dissertation is focused on
the premixed dual-fuel combustion in which the RCCI concept is included. In this
chapter, first, an introduction to the premixed dual-fuel concept, its benefits and
its challenges, is provided. Then, an attempt to summarize the research activities
dedicated to the control strategies of this combustion concept is proposed.

2.1 Introduction

Homogeneous charge compression ignition combustion was proposed as a promis-
ing solution to address the challenges raised by conventional combustion modes.
The HCCI combustion consists in injecting the fuel during the intake stroke in
order to create a homogeneous air-fuel mixture in the cylinder, similarly to spark
ignition engines, and therefore lower the local equivalence ratio. This mixture is
then compressed and, once favorable pressure-temperature conditions are reached
in the cylinder, the mixture is auto-ignited, similarly to compression ignited en-
gines. The diluted charge operated in this combustion concept thanks to the lean
mixtures, and/or high levels of exhaust gas recirculation, lowers the combustion
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temperatures which, together with shorter combustion, contributes to minimize
the heat transfer losses [9–11]. Accordingly, the main benefits observed were high
thermal efficiency, a significant reduction in NOx emissions thanks to the low tem-
perature conditions, and a decrease in soot production as a result of the lean
operation [12]. Nevertheless, the HCCI concept is usually limited to narrow zones
of the engine operating map as a consequence of the high pressure gradients result-
ing from the fast combustion in the cylinder which represent a risk of damage for
the engine [13]. Furthermore, being a kinetically controlled combustion, the proper
ignition timing of the combustion is highly dependent on the in-cylinder conditions
and species, which is inherently more challenging in terms of controllability [14].
Poor fuel conversion efficiency with excessive unburned products, and high cyclic
variability were therefore observed, especially at low load conditions [15,16]. Over
the years, several solutions were explored to extend the range of operation and
to improve the combustion controllability of this concept. Techniques such as air
heating control and compression ratio adjustment [17, 18], or fuel properties vari-
ations, were proposed and it was suggested that a proper HCCI operation could
be made possible with the use of a fuel that would exhibit characteristics between
a gasoline and a diesel fuel [19, 20].

Dual-fuel combustion was intuitively proposed to address the aforementioned
issues by creating a mixture of a low reactivity fuel (e.g., iso-octane, gasoline) and a
high reactivity fuel (e.g., n-heptane, diesel) to alter the mixture reactivity. Works
such as the one presented by Inagaki et al. [21] were dedicated to demonstrate
the benefits of such implementation to extend the operation range of premixed
combustion modes over the engine map while ensuring low levels of NOx and soot
emissions. Further investigations were subsequently carried out to optimize and
extend this concept, which led to the RCCI combustion mode.

2.2 Combustion concept

Investigations about dual-fuel combustion can already be found since the last cen-
tury [22]. Traditionally, these engines were compression ignited engines operated
essentially with a homogeneous mixture of air and natural gas as the main con-
tributor to the engine power output, and a small amount of diesel as the ignition
source by injecting it near the top dead center, similarly to conventional diesel
combustion [23]. These engines exhibited the benefits of: reducing the NOx and
soot emission levels thanks to the homogeneous air-gas mixture, and being able to
either run on dual-fuel or pure diesel conditions depending on the fuel availability.
However, higher CO and HC concentrations, especially at low loads, and signifi-
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cant pressure rise rates, were encountered [24].

Given the issues raised by the homogeneous charge compression ignition con-
cept (note that some of these concerns were already found in the aforementioned
dual-fuel engines as they were mostly composed of a homogeneous charge), espe-
cially regarding its timing control, the use of a mixture reactivity resulting from the
injection of two fuels with different properties was explored. The use of the mixing
ratio between two fuels to control the combustion onset was already suggested in
works such as the one proposed by Olsson et al. [25]. A blending of n-heptane and
ethanol was used as a mean to control the combustion timing with two separate
port fuel injection systems in a HCCI combustion engine. The objective of this
work was, however, not to demonstrate the potential of the dual-fuel operation
itself, but essentially to show the potential of high load HCCI combustion where
the fuel blending was used as a substitute to air temperature for controlling the
timing of the combustion. By contrast, Inagaki et al. [21] analyzed further the
effect and outcomes from a dual-fuel combustion at different stratification levels.
It was observed that, in HCCI combustion, the blending ratio of the two fuels
was able to control the combustion timing but had no control authority over the
burning rate which is responsible of the high load operation limitation of such con-
cept. Consequently, a dual-fuel premixed compression ignition (PCI) combustion
mode consisting in iso-octane port fuel injection, and diesel direct injection, was
evaluated. It was observed that, not only the mixing ratio was able to control the
combustion, but also that the stratification levels achieved in the cylinder thanks
to the direct injection timings were able to mitigate the burning rate. Moreover, a
significant reduction in NOx and soot emissions under an extensive range of load
operation was appreciated. These promising results have encouraged the research
community to deepen the understanding of this combustion concept and to eval-
uate its potential implementation for commercial applications. Works such as the
ones presented by Kokjohn et al. [26] and Hanson et al. [27] followed the early
stages of the premixed dual-fuel concept by enhancing its understanding and op-
eration through experimental and numerical analyses. It was highlighted that the
combustion evolution of this dual-fuel PCCI strategy was dictated by the mixture
reactivity stratification, from the most to the least reactive zones, leading to the
known name of reactivity controlled compression ignition (RCCI) combustion [28].

Subsequently, the RCCI combustion was extensively investigated over the years
with works dedicated to: improving the understanding of the operating condi-
tions [29–31], injection strategies [32–35], and fuel properties [36–38] effects to im-
prove the engine’s efficiency; performing combustion chamber optimization with
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different piston geometries [39, 40]; or to assess the combustion operational limits
and evaluate its potential for current engine platforms and applications [41–44]. It
was found that the RCCI concept was able to enhance the combustion controlla-
bility against other LTC concepts thanks to the control of the mixture reactivity
with the fraction of the low reactivity fuel, and the mixture stratification with
the injection timing of the high reactivity fuel [45, 46]. It was thereby noticed
that an increase in the low reactivity fuel resulted in a more delayed combustion
due to the decrease in the mixture reactivity [47]. The effect of the high reac-
tivity fuel injection timing was, however, less straightforward as it was observed
to cause a change in the combustion regime (from kinetically controlled to mix-
ing controlled) when approaching the top dead center vicinity [48]. Especially
appealing for medium and heavy-duty engines [49, 50], in combination with high
dilution levels, this concept was successfully extended to high load operation while
maintaining reasonably low NOx and soot emission levels [51]. However, due to
its highly premixed conditions, the RCCI combustion was observed to not be ex-
empted from significant pressure gradients due to the spontaneous ignition of the
mixture in the combustion chamber, especially at high loads [52, 53]. Although
reducing the compression ratio allows to reduce these pressure levels, this tech-
nique promotes CO and HC emissions at low loads due to poor fuel conversion
efficiency [54]. It was therefore concluded that limitations to the application of
the RCCI combustion over the entire engine operating map still remained.

In order to overcome these challenges, while leveraging the benefits of the
RCCI combustion, new approaches such as the dual-mode dual-fuel (DMDF) con-
cept were proposed [55]. In this concept, the RCCI operation is maintained until
the pressure gradients are about to exceed the safe operation levels of the engine.
Then, the combustion is progressively switched towards a more mixing controlled
combustion by reducing the amount of premixed charge in the cylinder with later
injections of the high reactivity fuel [56]. This combustion concept is therefore
composed of fully and highly premixed charge conditions up to medium load op-
eration, which ensures low NOx and soot emissions, and switches to a partially
premixed combustion, which could exhibit some diffusive-like reactions, to reach
high load operation while respecting the mechanical constraints of the engine.
However, these late injection timings promote the formation of rich zones which
consequently result in an increase of the soot emissions. Furthermore, the increase
in combustion temperature induced by the diffusive-like behavior of the high load
operation penalizes the NOx emissions as well. Despite such observation, this
modification of the premixing levels in the dual-fuel combustion concept appeared
to be a promising way to extend the benefits of this low temperature combustion
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mode to the entire engine operating map (after-treatment systems might be used
to compensate the emissions increase in these specific operating regions). Many
challenges are yet to be tackled in order to comply with the upcoming restrictions
on exhaust gas emissions and a substantial effort is currently carried out to adapt
this technology to on-road applications, such as presented in the work conducted
by Lago Sari [57].

In summary, premixed dual-fuel combustion has demonstrated to be a promis-
ing approach to face the actual concerns about the emissions caused by the trans-
portation sector [58]. Yet, this combustion concept represents a challenging envi-
ronment to ensure a proper engine operation while leveraging the benefits of this
combustion (e.g., pressure gradients, cyclic variability, various injection strategies,
different fuel properties).

2.3 Modeling and control applications

Combustion optimization is traditionally carried out in a controlled environment
(i.e., engine test bench) in steady-state conditions where the engine is calibrated
at the optimal setpoint for each given operating condition. Once encountered, the
corresponding settings are generally saved within open-loop look-up tables which
are then used to control the engine. Nevertheless, an extensive calibration effort
on these maps is traditionally required for the readiness of such open-loop control
in real-world conditions. Indeed, a particular attention has to be paid to tran-
sient conditions where a certain operation smoothness is expected for the user,
and where the engine dynamics (e.g., air path response, temperature effect) might
worsen the engine outcomes (performance and emissions) compared to the steady-
state calibration alone.

In the case of premixed combustion modes, in addition, many challenges need to
be tackled to operate the engine to its full potential. A proper understanding of the
inputs-outputs pairing and further investigation about advanced control strategies
are therefore required. Dual-fuel combustion concepts, such as RCCI combustion,
were proposed to deal with some of the combustion control instabilities encountered
in HCCI combustion [59], and to improve the LTC operation over the engine
operating map. To this end, an efficient control system is key to harness the
benefits from these concepts while handling the remaining challenges:

� Controllability and stability of the combustion operation, especially at highly
premixed conditions where the combustion ignition is triggered by the in-
cylinder conditions (i.e., species concentration and temperature).
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� Mechanical and operating limitations to ensure a safe operation of the engine
due to high pressure gradients resulting from this type of combustion.

� Transient operation with eventual combustion switching-mode to deliver the
required performance in the most efficient and safest way.

Similarly to HCCI combustion, which has been undergoing extensive research
activities in control applications in order to evaluate solutions for reliable opera-
tion [60–66], several control applications can be found in the literature for premixed
dual-fuel combustion engines [67]. Due to the challenging aspects of such premixed
combustion strategy (e.g., high cyclic variability, large pressure gradients, lack of
robust combustion timing control, various combustion modes [68]), most of them
use a feedback signal from the engine to ensure safe and stable operation. This
signal is traditionally provided by an in-cylinder pressure sensor [69] but it is worth
mentioning that some works are dedicated to evaluate the potential of cost effec-
tive and non-intrusive methods for estimating the engine combustion metrics such
as with an accelerometer [70].

When investigating combustion control applications, two main families of con-
trol strategies can be established: those relying on conventional closed-loop con-
trollers such as with proportional-integral-derivative (PID) actions, and the ones
using physical equations to describe the engine behavior, the model-based con-
trollers.

At the time where Olsson et al. were investigating the potential of the HCCI
combustion in a heavy duty engine equipped with a double port fuel injection
system, a closed-loop control of the combustion was proposed [71]. This controller
was based on the in-cylinder pressure signal feedback to estimate the combustion
phasing (represented by the crank angle where 50% of the heat has been released,
CA50) and the indicated mean effective pressure (IMEP) which were then indi-
vidually controlled in each cylinder by PID controllers. The load (IMEP) was
controlled by modulating the total fuel quantity injected inside the cylinder, while
the combustion timing was controlled by the mixing ratio of the two iso-octane and
n-heptane fuels. This work preceded further investigations performed by the same
group of researchers to evaluate and compare different control architectures such
as with linear quadratic Gaussian (LQG) and model-predictive control (MPC), ex-
hibiting their potential to control a HCCI engine [62,72,73]. Another investigation
on model-based control of a dual-fuel HCCI engine was also proposed by Bidar-
vatan et al. [74]. Closed-loop controllers can also be found in natural gas-diesel
engines such as the one proposed by Ott et al. [75]. In this case, as the diesel was
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used as the ignition source by injecting it directly in the combustion chamber at
the top dead center, the diesel injection timing and quantity were chosen as the
control variables to regulate the combustion phasing and the maximum pressure
rise rate (MPRR) with a PI controller.

With the introduction of the RCCI combustion concept, a special attention
was paid regarding its controllability, especially for transient operation. Hanson
and Reitz [76] compared a load change from 1 to 4 bar brake mean effective pres-
sure (BMEP) from conventional diesel combustion and RCCI operation. In the
RCCI combustion case, two control strategies were compared: open-loop based on
steady-state operation tables, and closed-loop control of the combustion phasing
by modulating the blending ratio (BR) of the two fuels (gasoline and diesel). It
was observed that the engine was able to perform the load step in RCCI com-
bustion in both control approaches. Nonetheless, the benefits of the closed-loop
controller were appreciated with a faster response to reach the desired CA50 set-
point. The authors finally concluded and highlighted that this combustion concept
would certainly require more advanced control techniques to improve its operation
in real-world conditions.

More recently, Arora and Shahbakhti [77] successfully implemented a closed-
loop PI controller for controlling the load (IMEP) and the combustion phasing
(CA50) in a 2-liter RCCI engine with port fuel injected iso-octane and direct in-
jected n-heptane. In this case, the load was controlled by the total fuel amount,
while the CA50 was controlled by either the blending ratio, or the injection timing
of the high reactivity fuel. Indeed, unlike in HCCI combustion such as in [71], here
the injection timing acts on the mixture stratification and can be used as a control
variable. Arora and Shahbakhti therefore characterized the sensitivity of the CA50
to the BR and to the injection timing. Then, whichever had higher sensitivity (i.e.,
controllability) for the corresponding operating conditions was chosen to drive the
CA50. The results showed that this strategy was able to reach the desired load
under transient operation while maintaining the CA50 to its target value.

As a result of the need for advanced control strategies, models that could en-
compass the physics of premixed dual-fuel combustion with low computational cost
started to be investigated. These computationally efficient models, also known as
control-oriented models (COMs), aim to describe the combustion phenomena and
to estimate variables such as the start of combustion (SOC), or the combustion
phasing, by means of physical equations. These models address various purposes.
As an example, they can be devoted to characterize the combustion itself (e.g., see
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the models proposed by Khodadadi Sadabadi et al. [78] and Sui et al. [79]). These
models can then substitute the real engine in the process of designing control
strategies off-line in a simulation approach, which allows to reduce the experi-
mental calibration effort. Bekdemir et al. [80] developed a multi-zone model of a
natural gas-diesel heavy-duty RCCI engine to capture the response of the engine
to a change in control variables such as the injection timing or the blending ratio
of the fuels. The model was then used to compute a map-based model of the
RCCI engine which enabled the fast analysis and development of PI controllers
on the combustion phasing, engine load and blending ratio. This same model was
also used by Indrajuana et al. [81] to develop a multi-input multi-output (MIMO)
feedback controller for RCCI combustion. The model was then completed by a
conventional dual-fuel (CDF) combustion model (similar to the aforementioned
DMDF concept) to design a closed-loop controller in [82]. Combined to PI control
actions, this controller was based on decoupling the effect of each control variable
on the engine outputs. A controller for combustion mode-switching, which is of
great interest to implement such combustion concept into real-world applications,
was also designed and evaluated (see another example with conventional diesel
in [83]). Based on a similar strategy, the control approach was further demon-
strated with a complete air-fuel path control which, this time, was experimentally
validated by Willems et al. [84]. Khodadadi Sadabadi and Shahbakhti [85] de-
signed a controller to track the desired CA50 by modulating the blending ratio of
the two fuels using a simulated RCCI engine (i.e., its physical model representa-
tion was used instead to evaluate the controller). Kondipati et al. [86] followed a
similar approach but in this case the designed controller was validated experimen-
tally. First, the engine model was used to design and tune a PI controller aiming
to track the combustion phasing. Then, the resulting calibration was tested on a
real RCCI engine showing and validating the performance of the controller.

Compared to the aforementioned applications, control-oriented models can also
be directly applied at the core of the controller such as in the model predictive
control investigations performed by Raut et al. [87,88]. Such implementation was
chosen due to the MPC capability to handle input and output constraints. By
doing so, the proposed controller was able to track the reference IMEP and CA50
under variations of the blending ratio, while maintaining the coefficient of varia-
tion of the IMEP (COVIMEP ) below a predefined threshold. Similarly, Irdmousa
et al. [89] and Basina et al. [90] managed to implement a MPC in a RCCI engine.
In [89], the MPC aimed to control the combustion phasing under varying operating
conditions, while in [90], IMEP and CA50 tracking with pressure rise rate levels
limitation were performed.
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Table 2.1 summarizes and provides details about the control strategies for pre-
mixed dual-fuel combustion presented in this chapter. According to this table, it
is seen that the majority of the works were dedicated to track the load (IMEP)
and the combustion phasing (CA50), traditionally by adjusting the total injected
fuel quantity in the cylinder, the blending ratio of the two fuels, and the injec-
tion timing of the direct injected high reactivity fuel. Moreover, it is noticed that
few works were dedicated to explicitly address the significant pressure gradients
resulting from this combustion in the controller definition, which is a critical con-
straint for an eventual implementation of this concept in real-world applications.
It is therefore highlighted that that there is still room for improvement in control
investigations to enhance and bring this concept towards on-road implementation.
Also, it can be noticed that unlike HCCI combustion, the control and sensitiv-
ity of the combustion timing to temperature dynamics and residual gases fraction
modulation was not widely explored in concepts such as RCCI and late premixed
dual-fuel combustion [91–93].

Table 2.1: Summary of the premixed dual-fuel control applications studies.

Authors Controller Control strategy

Olsson et al. [71] PID The load (IMEP) is driven by the total fuel
amount, and the combustion timing (CA50) by
the ratio of the two fuels. Peak pressure and max-
imum pressure rate are monitored to set alarms
that modify IMEP or CA50 setpoint to avoid en-
gine damage

Strandh et al. [72] PID and LQG Comparison of PID and LQG control of the com-
bustion timing (CA50) using the fuel ratio as the
control input

Bengtsson et al.
[73]

MPC Variable valve actuation (VVA) and fuel ratio were
compared for controlling the combustion timing,
which was delayed to avoid exceeding the pressure
rise rate constraint

Bidarvatan et al.
[74]

Sliding mode con-
trol

The desired combustion phasing (CA50) is ob-
tained by adjusting the ratio of the two fuels

Ott et al. [75] PI Pressure rise rate and combustion timing are con-
trolled by the diesel injection quantity and timing

(continued on next page)
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Table 2.1 (continued)

Authors Controller Control strategy

Hanson and Reitz
[76]

PID Control of the combustion phasing using the blend-
ing ratio of the two fuels

Arora and Shah-
bakhti [77]

PI Control of the IMEP with the total fuel quantity,
and control of the combustion phasing (CA50) us-
ing either the high reactivity fuel injection timing
or the blending ratio (according to a sensitivity
map)

Bekdemir et al.
[80]

PI Control of the IMEP using the diesel quantity and
the combustion timing with its injection timing.
The blending ratio is also closed-loop controlled
varying the quantity of natural gas

Indrajuana et al.
[81]

MIMO feedback
control

Control of the combustion timing, load and blend-
ing ratio with the diesel injection quantity and tim-
ing, and the natural gas quantity

Indrajuana et al.
[82]

Combined decou-
pling matrix and
PI control actions

Control of the air-path (EGR and pressure differ-
ence across the engine) with the EGR valve and the
variable geometry turbine. Control of the CA50,
IMEP, and BR with the diesel injection quantity
and timing, and natural gas quantity

Willems et al. [84] Combined decou-
pling matrix and
PI control

Similar to Indrajuana et al. [82] with the addition
of the control of the air-to-fuel ratio λ

Khodadadi Sad-
abadi and Shah-
bakhti [85]

Linear quadratic
integral (LQI)

Control of the combustion phasing by modulating
the blending ratio

Kondipati et al.
[86]

PI Combustion phasing tracking using either the
blending ratio or the injection timing of the di-
rect injected fuel

Raut et al. [88] MPC Control of the IMEP using the total fuel quantity,
and control of the CA50 by adjusting either the in-
jection timing or BR (similarly to Arora and Shah-
bakhti [77]) with BR used as a scheduling variable
to switch from one MPC to another depending on
the operating conditions

(continued on next page)
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Table 2.1 (continued)

Authors Controller Control strategy

Irdmousa et al.
[89]

MPC A linear parameter-varying (LPV) model was im-
plemented into a MPC for tracking the CA50 with
the n-heptane injection timing

Basina et al. [90] MPC The LPV model was implemented into the MPC to
track IMEP and CA50 while limiting the MPRR.
The load was controlled by the total fuel quantity
and the injection timing was adjusted to comply
with both the combustion phasing and the pressure
rise rate target/constraint

2.4 Conclusions

This chapter summarized the numerous works carried out for the investigation of
the premixed dual-fuel combustion concept. It was first concluded that this com-
bustion strategy shows promising results to address the concerns related to the
emissions levels of internal combustion engines. Nonetheless, many challenges are
yet to be faced, especially regarding the potential implementation of this concept
in current on-road applications. Various levels of mixture reactivity and strati-
fication were proposed for this concept as a way to extend its benefits over the
entire engine operating map. However, this raised at the same time new challenges
and control requirements to provide an efficient combustion operation. Implemen-
tation of advanced combustion control strategies to ensure the correct, safe and
stable operation of this combustion concept at any operating condition is therefore
necessary.

Several works were dedicated to this aspect, from traditional closed-loop con-
trollers, to more advanced model-based strategies. From the studies identified in
the literature, it was observed that various works were intended to develop con-
trollers to meet the required performance of the engine (i.e., load and combustion
phasing), but few of them considered its operation constraints. Furthermore, some
of these investigations were based on simulation results, and most of the results
experimentally validated were presented from a single cylinder point of view, thus
not exhibiting the cylinder-to-cylinder behavior of the control strategy.

In the following chapters, this work attempts to propose control strategies that
could be applied on premixed dual-fuel engines in order to address some issues
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raised by this concept and participate in the global effort to bring this combustion
mode closer to real-world conditions implementation. In particular, for the most
part, this investigation is oriented to a multi-cylinder engine configuration and
also tries to tackle all the levels of mixture stratification found in this combustion
concept in order to analyze the potential of each control approach in a wider
operating range. By doing so, this work seeks to evaluate control strategies in a
system, and in conditions, that could be encountered in an on-road vehicle.
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Chapter 3

Experimental setup and data
processing

The experiments presented in this thesis were carried out on medium-duty engines
in test cells from the CMT-Motores Térmicos research and development laboratory
in the Universitat Politècnica de València. These engines were modified to run in
dual-fuel operation and various mixture stratification levels were explored. In order
to provide a better understanding of the tools used in this work, this chapter details
the engines, the measured signals, the acquisition instruments and the devices used
for controlling the engines, as well as a more detailed description of the in-cylinder
pressure signal, from its acquisition to its processing and analysis.

3.1 Engines

Two compression ignited (CI) engines, which specifications can be found in Ta-
ble 3.1, were used in this work. These two engines shared a common cylinder
architecture and only the number of cylinders was initially differing. Both en-
gines, originally designed to run on conventional diesel combustion (CDC), were
equipped with additional port fuel injectors in the intake manifold runners in or-
der to perform dual-fuel combustion operation. Aiming at extending the operating
range of the dual-fuel concept, the pistons were machined to lower the compression
ratio (the nominal value being 17.5:1) [1]. Hereafter, further details about engine
A and B, thereby identified in this manuscript, are provided.

Engine A In order to evaluate the dual-fuel combustion concept in a controlled
and precise environment, engine A was modified in a hybrid single-cylinder engine
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Table 3.1: Engines specifications.

Engine A B

Bore [mm] 110
Stroke [mm] 135
Connecting-rod length [mm] 212.5
Number of cylinders [-] 4 6
Total displacement [dm3] 5.1 7.7
Compression ratio [-] 15.3:1 12.2:1

(SCE) by isolating one cylinder for dual-fuel combustion operation, hence avoid-
ing cylinder-to-cylinder dispersion effect on the combustion metrics and emissions
measurement. Only this specific cylinder received therefore dedicated equipment
to carry out dual-fuel combustion investigation (e.g., machined piston, port fuel
injector, diesel fuel supply), while the rest of the cylinders were kept with the
stock configuration and control (e.g., common-rail, turbocharger). This design
approach, between a multi-cylinder engine (MCE) and a SCE, provides a cost ef-
fective solution to conventional SCE research, although it does not allow to obtain
brake (torque-based) results as the dynamometer measures the whole engine per-
formance. Indeed, in this case, the three other cylinders were controlled in CDC
by the stock engine control unit (ECU) to compensate forces on the crankshaft
by balancing the cylinder-to-cylinder load. Nonetheless, indicated quantities, ob-
tained from the in-cylinder pressure signal measurement, allowed to study the
combustion concept.

To achieve stable operation of the gas-exchange system, the air-loop used for the
single-cylinder part of engine A was separated from the stock engine. The original
high-pressure (HP) exhaust gas recirculation (EGR) loop was removed from the
stock engine to compensate the flow loss from the isolated cylinder (each part of
the engine has its own exhaust line). A dedicated air supply line was used for the
dual-fuel single-cylinder, and an EGR line was installed between its exhaust and
intake manifolds to provide the desired air dilution.

Engine B Engine B was used to evaluate the dual-fuel combustion concept in
a multi-cylinder engine configuration. Each cylinder was therefore equipped with
a port fuel injector, and the air management was ensured by the stock configura-
tion which includes a variable-geometry turbine (VGT) turbocharger, to provide
the required boost pressure, and a cooled high-pressure exhaust gas recirculation
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Table 3.2: Fuel properties.

Diesel Gasoline

Research octane number (RON) [-] - 95
Motor octane number (MON) [-] - 85
Cetane number (CN) [-] 51 -
Low heating value (LHV) [MJ/kg] 42.8 42.4

loop. To further expand the air dilution capabilities for this engine, and evaluate
various EGR scenarios, a low-pressure EGR (LP-EGR) path was added between
the turbine outlet and the compressor inlet. The direct injection was assigned to
the original common rail configuration.

Fuels In the present study, the fuels used by both engines were regular gasoline
as the port fuel injected low reactivity fuel (LRF), and diesel as the high reactivity
fuel (HRF) for the direct injection, whose main properties are listed in Table 3.2.

3.2 Instrumentation and signals

Both engines were installed in a fully instrumented test cell and equipped with
various sensors and actuators to run the engines under a wide range of operating
conditions. From now on, unless specified, engine A refers to the SCE part of this
same engine, and the instrumentation and equipment are therefore detailed for the
dual-fuel SCE application. Figure 3.1 and figure 3.2 illustrate the respective engine
layout. Details about the instrumentation and signals are provided hereinafter, and
additional information about the sensors is listed in Table 3.3. Note that these
figures only give an overview of the engines instrumentation and implementation.
More details can be found in [2] and [3] for engine A and B, respectively.

Dynamometer The engines were connected to an ELIN INDY 44/4Z dynamome-
ter which has an engine speed range from 0 to 4200 rpm and can handle up to
440 kW of load. This dynamometer maintains the engine at the desired engine
speed and provides a measurement of the torque delivered by the engine as well.

Gas-exchange The desired boosted air was supplied to engine A by a dedicated
screw compressor, while the VGT was used for engine B. For the air dilution, the
EGR flow rate was regulated by a valve placed between the inlet and the outlet of
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Figure 3.1: Scheme of the engine A layout with equipment and measurements indication:
pressures p, temperatures T , air mass flow ṁa, and fuel consumption ṁf . A valve is used
for the back pressure, and another one for the exhaust gas recirculation (EGR). The in-
cylinder pressure in the cylinder from the MCE part of this engine is used to measure the
combustion evolution and for balancing the cylinder-to-cylinder load with the SCE part.

Table 3.3: Sensors specifications summary.

Sensor Model Measurement range Accuracy

Air flow meter
Eng. A: Elster RVG G100 1-160 m3/h ±1-2%
Eng. B: Sensycon 0-2400 kg/h n/a

Fuel flow meter AVL 733S fuel balance 0-150 kg/h 0.12%

Lambda Bosch LSU 4.9 0.65 to air ±0.01-0.05

Pressure Kistler 4045A10 0-10 bar ≤ ±0.1%FSO∗

Temperature
Type K thermocouples 0-1100◦C ±2.5◦C
PT100 thermoresistances -200◦C to +650◦C ±0.3◦C

In-cylinder pressure Kistler 6125C 0-300 bar ≤ ±0.4%FSO∗

∗ Full scale output linearity
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Figure 3.2: Scheme of the engine B layout with equipment and measurements indication:
pressures p, temperatures T , air mass flow ṁa, fuel consumption ṁf , air-fuel ratio λ, and
nitrogen oxides NOx. A valve is used for the back pressure, and two other for the low-
pressure (LP) and high-pressure (HP) exhaust gas recirculation (EGR).

the recirculation line. In the case of engine A, one valve was used for the EGR, and
two valves were installed for engine B (LP and HP-EGR). Both engines had an
additional back pressure (BP) valve at the exhaust line mounted after the exhaust
gas recirculation line. In the case of engine A, this valve was used to replicate the
counter pressure created by the turbine in a conventional configuration, while in
engine B, it aimed to create further back pressure to force the exhaust gases to
flow through the LP-EGR line.

Fuel injection Both engines were supplied with solenoid direct injection (DI) in-
jectors in all the cylinders, which were coupled to the high pressure diesel common-
rail, with the exception of engine A where a separated fuel supply was installed
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for the SCE diesel direct injector. An additional fuel pump, fuel tank, fuel con-
sumption balance, and fuel filter were added to the engine test cell facilities for
the gasoline port fuel injection system to undertake the dual-fuel investigation. As
previously mentioned, only one cylinder was equipped with an injector for port
fuel injection (PFI) in engine A, while each cylinder intake runner received a PFI
injector in engine B. Both diesel and gasoline fuel lines were mounted with pressure
sensors to monitor the fuel pressure applied to the injectors.

Air flow The air mass flow in engine A was measured using the air pressure
and temperature together with the volumetric flow rate provided by an Elster
RVG G100 meter. In the case of engine B, a Sensycon mass flow meter with a
measuring range from 0 to 2400 kg/h was placed before the compressor.

Fuel flow Gasoline and diesel fuel flows were measured by two AVL 733S dy-
namic fuel meter.

Air-fuel equivalence ratio In both engines, the air-fuel equivalence ratio (AFR)
was evaluated from the ratio of the measured air to fuel mass flows, and from the
value provided by the exhaust gas analyzer which is based on the emissions mon-
itoring. Engine B embedded an additional lambda (λ) sensor after the turbine
outlet.

In-cylinder pressure sensor In both engines, the in-cylinder pressure signal
was measured by a Kistler 6125C piezoelectric transducer which was connected to
a Kistler type 5011 charge amplifier. Engine A had one sensor for the SCE cylinder
and another one in one of the three cylinders from the MCE part. The latter was
used to help the manual balancing of the cylinder-to-cylinder load dispersion when
performing the experiments, as previously mentioned. By modifying the injection
settings in the MCE, thanks to its ECU, similar maximum cylinder pressure, load
and combustion phasing than in the dual-fuel single cylinder were obtained. In
the case of engine B, the six cylinders were equipped with a pressure transducer.
Next section provides a description of this signal as its acquisition and processing
are at the core of the presented work.

Pressure and temperature sensors Various pressure and temperature sen-
sors were placed along the intake and exhaust lines to measure the engine operating
conditions. The pressure evaluation consisted in Kistler type 4045A10 piezoresis-
tive absolute pressure sensors connected to Kistler type 4603 charge amplifiers,

54



3.3. In-cylinder pressure signal

while the temperature measurement was assigned to type K thermocouples and
PT100 thermoresistances.

Exhaust emissions A MEXA-ONE-D1-EGR exhaust gas analyzer from HORIBA
was used to measure the HC, CO, NOx, O2 and CO2 levels at the exhaust. An
additional CO2 probe was placed in the intake manifold to evaluate the EGR rate
as:

EGR =
[CO2]int − [CO2]atm
[CO2]exh − [CO2]atm

(3.1)

where int, exh and atm stand for intake, exhaust and atmospheric, respectively,
and [CO2]atm was considered equal to 0.04%. Due to the slow gas analyzer re-
sponse, in the case of engine B, a NOx sensor was added after the turbine to
enhance the nitrogen oxides monitoring under transient conditions.

3.3 In-cylinder pressure signal

With the increasing complexity of the combustion concepts introduced in the re-
cent years as a response to the stringent emissions regulations, a proper evaluation
of the combustion process is more than ever crucial to properly understand the
outcomes and leverage their potential. While the majority of the traditional sen-
sors such as manifolds pressure and temperature, or exhaust probes such as the
lambda sensor, allow to evaluate the engine operating conditions, they fail to ac-
curately characterize the combustion reactions inside the cylinder. One way to
overcome this barrier is to use an in-cylinder pressure sensor.

The in-cylinder pressure signal is among the most important signals in combus-
tion engines research and development. Indeed, this signal allows to get a direct
insight into what is happening inside the cylinder, which explains why it is tradi-
tionally measured in research applications. Commonly used for off-line processing,
this signal is gaining more interest in series applications for its potential to enhance
on-line combustion engines operation. Furthermore, in the case of low temperature
combustion, where low controllability was encountered and high resonance levels
detected, in-cylinder pressure measurement could improve the implementation of
such concepts [4, 5]. The in-cylinder pressure signal has found its place in many
applications and is still widely used in present investigation: from providing a
direct feedback of the engine operation for cycle-to-cycle [6–8] and in-cycle [9, 10]
closed-loop controllers, knock detection and control [11–13], to emissions estima-
tion [14–16].
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Figure 3.3: Conventional workflow of the in-cylinder pressure signal acquisition and
processing.

3.3.1 Signal acquisition

The in-cylinder pressure signal is traditionally measured by a piezoelectric pressure
transducer which converts the mechanical force created from the pressure variation
in the cylinder into an electrical signal that can be measured. This analog signal
must then be digitized in order to be processed by the data acquisition hardware.
The typical workflow of the combustion measurement can be summarized by the
process shown in Figure 3.3 (the reader is invited to refer to the book Engine
Combustion: Pressure Measurement and Analysis from David Rogers [17] for a
detailed and comprehensive description of the pressure measurement technology
in combustion engines). A modification was made in the right part of this fig-
ure according to the configuration used in this thesis. When implemented into a
real-time application, the data processing and the display through the personal
computer (PC) user interface enter into a loop where the in-cylinder pressure sig-
nal might be processed on-line (and not simply stored and analyzed later), and
the combustion diagnostic and metrics are therefore displayed in real-time.

The two most important features in the in-cylinder pressure acquisition are
the analog-to-digital converter resolution, i.e., the number of bits per measure-
ment, and the sampling frequency, i.e., the number of samples (measurements)
per second. While the former participates to the signal measurement accuracy
and is fixed by the hardware characteristics, the latter can be tuned according to
the desired acquisition application, and the hardware specifications. In the case
of the in-cylinder pressure acquisition, two approaches can be mentioned for the
sampling frequency: time-based and crank angle-based.
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3.3. In-cylinder pressure signal

Most of the combustion engines investigation make use of the crank angle-based
solution with an angular encoder in order to phase the in-cylinder pressure signal
with the crank position (i.e., piston position and cylinder volume) throughout the
engine cycle. In this case, the encoder is used as an external digital clock which,
in the end, provides the sampling frequency fs (in Hz) according to its resolution
rs (in samples/crank angle degree), i.e., the number of encoder signal edges within
one crank angle degree (CAD), and the engine speed N (in rpm) such as:

fs = 6Nrs (3.2)

where the encoder resolution rs is an important factor that affects the observ-
able frequency range of the in-cylinder pressure signal and should therefore be set
accordingly (i.e., Nyquist–Shannon sampling theorem). In addition, a triggering
edge from a once-per-cycle trigger signal should also be provided to acquire the
in-cylinder pressure signal at the same position from one experiment to the other
and to reference the top dead center (TDC) position. For detailed combustion
analysis, the proper TDC determination from the acquired in-cylinder pressure
signal is an important aspect of the data processing in order to phase it with the
volume evolution, as most of the calculations depend on these two quantities (see
section 3.5). The thermodynamic TDC offset should therefore also be taken into
account when processing the cylinder pressure signal [18–20]. Figure 3.4 illustrates
the principle behind the in-cylinder pressure acquisition where the in-cylinder pres-
sure and volume signals are already in phase. Once the top dead center position
is known, a once-per-cycle signal, or similar, is also used to reference the position
of the piston in the cylinder according to the combustion TDC to differentiate it
from scavenging (similarly to the crankshaft and camshaft position signals in se-
ries applications [21]). This position, illustrated in Figure 3.4 by TDC position, is
then used to physically phase the injection settings in the cylinder (e.g., injection
timings).

Thereafter, events and metrics are referred to as after or before the combus-
tion TDC, respectively aTDC and bTDC. By convention in this thesis, aTDC and
bTDC are preceded by the symbol ◦ to refer to the crank angle degree. Injection
settings and combustion phasing, for instance, are reported this way. When refer-
ring to a crank angle degree value that is not referenced to the top dead center
(e.g., a standard deviation) then the acronym CAD is used instead.

When performing frequency analysis (e.g., short-time Fourier transform) of the
in-cylinder pressure signal, the time-based approach is preferred due to the con-
stant time elapsed between two samples. Nonetheless, one can neglect the engine
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Figure 3.4: Illustration of the in-cylinder pressure signal acquisition in the crank angle
domain. The research encoder signal edges provide the sampling frequency and the once-
per-cycle signal allows to reference the pressure evolution according to the piston position
in the cylinder.
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speed fluctuations during the engine cycle [22] and therefore facilitate the time-
frequency analysis of crank angle-based signals.

In this thesis, all the in-cylinder pressure traces were recorded in the crank angle
domain and more information about the encoder resolution is provided later.

3.3.2 Signal processing

As it is acquired, the in-cylinder pressure signal requires to be processed to be valid
for combustion analysis [23, 24]. Two main steps are required before performing
combustion calculations:

� Pegging: by design, the piezoelectric sensor measures a change in pressure
during the engine cycle inside the cylinder but does not provide an abso-
lute pressure reading. Consequently, a zero-level correction, or pegging, is
required. Many techniques exist to correct the pressure curve, such as refer-
encing it with an absolute pressure sensor at the intake considering that the
value measured in the cylinder at a certain crank angle (e.g., bottom dead
center) is equal to the level measured by this intake pressure sensor, or by
applying a thermodynamic offset fitting during the compression [25, 26]. In
this thesis, the intake manifold referencing technique was selected.

� Filtering: the in-cylinder pressure signal decomposition through filtering is a
key feature in combustion analysis [27,28]. Figure 3.5 shows the in-cylinder
pressure frequency components in three different areas of the engine cycle:
compression, combustion and expansion. In the left plot, the in-cylinder
pressure trace (1800 rpm and 50% load from engine B in RCCI combustion)
is shown in black, and the windows of interest are illustrated in grey scale.
The resulting Fourier transform for each window are shown in the right plot
in a log-log scale. From this figure, it can be observed that in the compres-
sion and expansion phase, the frequencies above 200 Hz (left vertical black
line) decay rapidly, compared to the combustion window where the frequency
components below 3000 Hz (right vertical black line) are still representative.
Above 3 kHz, the signal is characterized by peaks in the high frequency range,
particularly representative between 3 and 10 kHz, associated to resonance at
different modes excited by the combustion. Such observation provides a first
insight into the calibration of the low-pass filter of the in-cylinder pressure
signal for combustion analysis. Most of the time, the high frequency com-
ponents associated to resonance are considered as noise and are removed.
Nonetheless, the resonance components might also gather important infor-
mation about the combustion and could therefore be processed. Hereinafter
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Figure 3.5: In-cylinder pressure of a conventional RCCI combustion cycle in engine B:
crank-angle domain (left) and frequency domain (right) at three signal windows, namely
compression, combustion, and expansion.

is provided a brief description of the resonance analysis and its contribution
to the global definition of the in-cylinder pressure evaluation.

Resonance analysis

Pressure waves resulting from the combustion can be measured in the cylinder and
observed in the high frequency range of the in-cylinder pressure signal. Figure 3.6
shows the decomposition of the pressure signal illustrated in Figure 3.5 into the
low-pass (plp) and high-pass (php) filtered signals tuned at 3 kHz. Pressure oscil-
lations induced by combustion up to more than 3 bar amplitude can be observed
in php. The high-pass filtered signal is a direct representation of the pressure res-
onance and is therefore the main source of information for its analysis.

The resonant modes from the in-cylinder pressure in a cylindrical combustion
chamber were characterized by Draper who stated that the frequency of each mode
was a function of the cylinder geometry and the speed of sound such as [29]:

fi,j,g = c

√
B2

i,j

(πD)2
+

g2

2h2
(3.3)

where Bi,j and g are constants characterizing each mode, D and h are the com-
bustion chamber bore and height, and c is the speed of sound. As the combustion
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Figure 3.6: Decomposition of the in-cylinder pressure signal shown in Figure 3.5 into
low-pass (plp, combustion) and high-pass (php, pressure oscillations) signals.

Table 3.4: Bessel constants for each resonant modes: i corresponds to the circumferential
modes and j to the radial modes.

Bi,j Bi,0 Bi,1

B0,j 3.83 7.02
B1,j 1.84 5.33
B2,j 3.00 6.75

occurs near the top dead center, h becomes really small and the axial modes used
to be neglected [30], leading to the commonly used form of the resonant frequency
calculation:

fres = c
Bi,j

πD
(3.4)

where the speed of sound can be calculated using the in-cylinder conditions:

c =
√
γRT (3.5)

and the Bessel constant Bi,j is chosen according to the selected resonant mode (a
non-exhaustive list is provided in Table 3.4 [29]).

In spark ignition (SI) engines, this resonance is traditionally associated to
knock [31]. Knock corresponds to the auto-ignition of the end gas, before the
flame front reaches all the combustion chamber, which excites heavily the reso-
nant frequencies inside the cylinder. Knock can result in a thermal efficiency drop
and can be responsible of engine damage [32]. Various indexes based on the analy-
sis of the in-cylinder pressure oscillations signal were proposed over time to detect
and characterize such phenomena [33–36] (note that in commercial applications,
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Figure 3.7: Short-time Fourier transform of a RCCI combustion cycle. The black line
represents the theoretical resonant frequency of the first mode in a cylindrical combustion
chamber.

such detection is traditionally performed by an accelerometer, also known as knock
sensor, placed on the engine block, and not by an in-cylinder pressure sensor [37]).

Similarly, compression ignition engines with high degree of premixed charge
exhibit high frequency components due to the rapid auto-ignition of the mixture,
showing the importance of addressing this aspect on new combustion modes as
well [38]. Most of the resonance content released by the combustion pressure
oscillations was found to be well characterized by the first two circumferential
modes [39–41], where the first one tend to be more relevant and persistent along
the combustion evolution. Figure 3.7 shows the short-time Fourier transform of the
cycle analyzed in Figures 3.5 and 3.6. The black line represents the theoretical res-
onant frequency of the first mode calculated from (3.4) as expressed by Draper in
a cylindrical combustion chamber [29]. It is observed that the resonant frequency
follows the cylindrical theory only far from the TDC, at the end of the combustion
(crank angle > 60◦aTDC). This observation was explained by the in-bowl piston
geometry in the engine. As it was studied by Broatch et al. [42], it was found that
in the case of such piston geometry, discrepancies exist near the TDC compared to
the cylindrical theory, while a convergence is observed when the effect of the bowl
becomes negligible. Yet, as previously mentioned, it can be appreciated that the
first mode is slowly damped and therefore observable throughout the combustion
evolution.

The proper measurement of the resonant modes is sensitive to the combustion

62



3.3. In-cylinder pressure signal

+ - + + +
--

-

(1,0) (2,0) (0,1)

Figure 3.8: Resonant modes in a cylindrical chamber where circumferential (i) and radial
(j) modes are indicated in the form (i, j)

chamber geometry and the pressure sensor location [43]. As an example, it is not
recommended to use centrally mounted pressure transducers when investigating
phenomena with high circumferential modes excitation because such configuration
would mainly detect the first radial mode [17]. Such statement can be further un-
derstood in Figure 3.8. In this figure, the first two circumferential (i) and the first
radial modes (j) in a cylindrical chamber are illustrated from left to right, respec-
tively [29]. The lines represent the nodes where the pressure is constant, hence, if
the pressure transducer is located in one of these nodal lines, the corresponding
resonant mode detection becomes more challenging [44]. A proper implementation
of the in-cylinder pressure sensor with identical sensor properties and position in
all the cylinders is therefore advised for multi-cylinder engines applications.

The in-cylinder pressure resonance is a rich source of information and might
be addressed, especially for the evaluation of potential engine damage. In this
dissertation, Chapter 4 makes use of the high-pass filtered signal to evaluate the
maximum pressure oscillation in the cylinder and control its value to a desired
threshold, with a defined probability, in order to limit the risk of high amplitude
cycles.

Trapped mass estimation Apart from its potential to address engine noise and
prevent engine damage, the analysis of the resonance can provide useful informa-
tion for the in-cylinder trapped mass estimation as well. Indeed, by inverting the
calculation formulated in (3.4), with the definition of the speed of sound and the
ideal gas equation, one might estimate the overall in-cylinder mass mcyl through:

mcyl =
B2

i,jγpV

(fresπD)2
(3.6)

Such approach was explored by Bares [45] by computing the short-time Fourier
transform (STFT) of the in-cylinder pressure signal to obtain fres, and by propos-
ing a variation of the Fourier transform to correlate virtual masses with the reso-
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Figure 3.9: System layout implementation used in this work for the control actions (dark
grey) and the data acquisition (light grey) during the experiments.

nant modes in order to avoid incorrect identification of fres. The results showed
the potential of this method for diagnosis and control, including in premixed com-
bustion modes such as HCCI which exhibit high resonance excitation.

3.4 Acquisition and control system layout

In commercial on-road applications, the ECU is in charge of acquiring and pro-
cessing the signals coming from the set of sensors installed on the engine, and
to send the command to the different actuators to control the engine operation
with pre-calibrated strategies. In a research environment, many degrees of free-
dom are needed, in both terms of acquisition and control, in order to evaluate new
concepts such as the one presented in this work, i.e., premixed dual-fuel combus-
tion. Although open-ECUs could allow to take control over the present actuators,
some systems might require dedicated platforms if no other device has been yet
developed, e.g., in the present case the ECUs supplied with the engines were not
developed to integrate additional port fuel injectors control. Furthermore, the
signal acquisition must be addressed according to various properties such as the
measurement range, or the expected signal resolution, where different sampling
rates might coexist as well. For these reasons, various devices and layouts were
implemented in order to acquire all the signals and control all the systems used
in this work. Figure 3.9 shows the global layout used to perform the dual-fuel
combustion investigation, where the control actions and the data acquisition are
delimited by grey areas. In this figure, Research facilities includes the rapid pro-
totyping systems, and conventional devices and software for test bed applications.
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3.4.1 Data acquisition

The data acquisition (DAQ) layout was composed of two main systems: the AVL
PUMA test bed workstation, and the rapid prototyping platform developed using
National Instruments (NI) devices, in which all the features described in this work
were programmed in the visual programming language LabVIEW using the built-
in functions and libraries.

The acquisition of the analog signals on a crank angle basis, and some addi-
tional cycle-based signals, was carried out by dedicated devices: the PXIe-6356
(engine A) and PXIe-6358 (engine B) modules from NI which offer simultaneous
acquisition up to 1.25 MS/s/channel with a 16 bits resolution to 8 and 16 analog
inputs, respectively. In order to coordinate and transmit the data to the host
personal computer, the PXIe-8135 controller was used as the real-time (RT) core
of the developed DAQ system. This controller embeds an Intel Core i7 processor,
a hard drive in order to save the data, and several communication ports in which
the Ethernet one was used to communicate with the host PC. This controller was
also in charge of executing the processing of the data and the computation of
the models. These equipment were connected to a PXIe-1071 chassis in order to
transmit data and control sequences from one module to the other.

The sensors installed on the engine were transmitting the signals to the AVL
PUMA and/or to the analog acquisition module PXIe-635x (x being either 6 or 8
depending on the module used). The emissions measurement was done using ex-
haust probes connected to the HORIBA exhaust analyzer and the registered values
were transmitted to the AVL PUMA and the rapid prototyping platform using an
Ethernet port (TCP/IP communication protocol). Furthermore, in engine B, the
additional NOx sensor signal was connected to a PXI-8512 high-speed Controller
Area Network (CAN) interface module, whose acquisition was programmed using
CAN (XNET) library within LabVIEW.

Sampling The AVL PUMA testbed software was set with a fixed sampling fre-
quency of 10 Hz for all the signals registered. On the other hand, the signal
acquisition from the National Instruments devices offered a higher degree of free-
dom and allowed to tune the desired sampling frequency for each signal within
the same platform. Accordingly, all the mean variables measured with the DAQ
devices from NI (e.g., intake pressure, emissions, air mass flow) were sampled ev-
ery engine cycle. On the other hand, the instantaneous analog signals, such as
the in-cylinder pressure traces, were recorded in the crank angle domain using
a research encoder mounted on the crankshaft with a sampling resolution rs of
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5 samples/CAD, which corresponds to a 0.2 crank angle degree resolution (see
section 3.3 for more details about the sampling frequency in crank angle-based
applications).

In-cylinder pressure acquisition The in-cylinder pressure signal was acquired
in the crank angle domain using the sampling frequency driven by the research
encoder fs. The pegging was based on the intake manifold pressure correction in
the area of the bottom dead center, and the filters applied to the signal were tuned
at 2.5 kHz to separate the combustion signal from the resonant components, as
discussed in the previous section.

3.4.2 Control actions

The control of the actuators was shared between the devices from National Instru-
ments, the provided ECUs using CAN protocol, and dedicated devices for some
specific systems. The main features of the control architecture are described below.

Engine speed The engine speed was controlled and maintained by the ELIN
INDY dynamometer according to the setpoint provided by the AVL PUMA engine
test system.

Gas-exchange In engine A, the screw compressor used to provide the desired
air at the intake was controlled by a dedicated system which used PID control
actions to reach the target air boost pressure. For the exhaust loop, the back
pressure and EGR were managed by 4-20 mA control valves.

In the case of engine B, except for the back pressure valve which was controlled
using an analog signal, the EGR valves (both low-pressure and high-pressure) were
connected to the PXI-8512 module and controlled through CAN protocol. In this
engine, the air boost was performed using the VGT which was controlled by the
provided ECU.

Injection control The injection control was performed by dedicated modules
from National Instruments: the NI-9758 for the port fuel injection, and the NI-
9751 for the direct injection. These modules are provided with injection duration
and timing settings, and send the signals to the injectors accordingly. In order to
phase the injections, a NI-9752 was in charge of acquiring both the crankshaft and
camshaft position to synchronize the injection settings during the engine cycle. All
of these modules were connected to a cRIO-9024 real-time controller in engine A,
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Figure 3.10: Summary of the data acquisition and control system layout. Note that
this figure is a general illustration and more details about the specific equipment used in
engines A and B can be found in sections 3.2 and 3.4.

and a MXI-Express NI-9155 CompactRIO chassis for engine B. In the first case,
the cRIO was connected through an Ethernet port to the host PC and was ded-
icated to the injection system by communicating with the PXIe-8135 controller,
in charge of the control strategies, through network shared variables. In the sec-
ond case, the NI-9155 chassis was directly connected to the PXIe-8135 controller,
hence acting as an extension of the RT controller. This configuration allowed to
simplify the layout and to avoid time delay between the control requirement and
the resulting actuation. In both cases, the injection control was programmed in
the field-programmable gate array (FPGA) embedded in each chassis using Lab-
VIEW. The port fuel injection pressure was manually regulated and fixed at a
constant level, while the diesel injection pressure was regulated and controlled
with an in-house common-rail control system in engine A, and by the ECU in the
case of engine B.

Figure 3.10 summarizes the flow of data and control actions in the implemented
system to investigate the dual-fuel combustion concept in both engines A and B.
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3.5 Combustion evaluation and modeling

Although a significant quantity of information about the combustion can be ob-
tained from the in-cylinder pressure signal alone, many models leverage this signal
to get a better understanding about what is happening inside the cylinder. This
section presents the main tools used in combustion analysis and describes the
variables that will be used throughout this dissertation.

3.5.1 Heat release

One of the main tools to analyze the combustion evolution is the heat release
computation. This calculation considers the cylinder as a closed system and is
based on the first law of thermodynamics which, if neglecting mass transfer (i.e.,
the valves are closed, and the injected fuel quantity and potential blow-by are
considered negligible), states that:

dU = dQ− dW (3.7)

where the change in internal energy dU is expressed as the subtraction of the work
done by the system dW from the energy supplied to the system dQ. Given the
definitions of the change in internal energy and work, the following expression is
obtained:

mcv dT = dQ− pdV (3.8)

where m is the mass in the system, cv is the heat capacity at constant volume,
T the temperature, and p and V are the pressure and the volume of the sys-
tem, respectively. By considering a constant mass and the ideal gas equation of
state (pV = mRT ) to express the change in temperature dT , this leads to:

cv
R
d(pV ) = dQ− pdV (3.9)

where the specific gas constant R is here assumed constant. Replacing the gas
constant by its relation with the heat capacity ratio:

R = cv(γ − 1) (3.10)

and considering that the heat supplied to the system corresponds to the difference
between the chemical energy released by the fuel (dQc) and the heat transferred
to the walls (dQht), the description of the total heat released by the combustion
of the fuel in the cylinder can be described by the following expression:

dQc =
γ

γ − 1
pdV +

1

γ − 1
V dp+ dQht (3.11)

The calculations considered in this work for each element of the heat release rate
model in (3.11) are provided below.
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Cylinder volume While the in-cylinder pressure p is directly measured by the
pressure transducer, as described in section 3.3, the instantaneous cylinder volume
V is computed from the cylinder geometry with the connecting-rod length Lc, the
crankshaft radius Lr, and the cylinder bore D, for every crank angle θ:

V (θ) = Vcc +
πD2

4

(
Lc + Lr(1 − cos(θ)) −

√
L2
c − L2

r sin(θ)2
)

(3.12)

where the minimum combustion chamber volume Vcc (at the top dead center) is
calculated from the compression ratio rc:

Vcc =
Vd

rc − 1
(3.13)

with Vd the cylinder displacement volume.

Heat capacity ratio The heat capacity ratio γ depends on the species con-
centration and temperature of the system and may thus vary during the engine
cycle. Its value may be estimated through equations based on thermodynamics
properties of individual species [46], but in this work it was decided to evaluate
it at each crank angle degree using the approach provided in [47]. First, the gas
constant Rc of the in-cylinder gas is estimated using the gas constants and the
mass fractions of the species contained in the cylinder, being air (ma), fuel (mf )
and burnt products (mb):

Ra = 287 J/kg.K (3.14)

Rf = 55.95 J/kg.K (3.15)

Rb = 285.4 J/kg.K (3.16)

Rc =
1

mcyl
(Rama +Rfmf +Rbmb) (3.17)

where ma, mf and mb are the instantaneous mass of each species at each crank an-
gle degree, and mcyl is the total in-cylinder trapped mass. Then, the instantaneous
in-cylinder temperature is calculated:

T =
pV

mcylRc
(3.18)

The temperature is then used to determine the specific heat at constant volume
cv of the three considered species using polynomial correlations, in which the
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Table 3.5: Coefficients kij used in the polynomial correlations for the heat capacity
calculation in equations (3.19) to (3.21) from [47].

kij ki1 ki2 ki3 ki4 ki5
k1j -1.04×101 2.52×103 -6.72×104 9.17×105 -4.18×106

k2j -2.01×102 0.69×101 -4.05×10−3 9.10×10−7 1.46×106

k3j 6.41×102 4.31×10−1 -1.13×10−4 8.98×10−9

coefficients are listed in Table 3.5, and finally obtain the global cv:

cv,a = k11T
0.5 + k12 + k13T

−0.5 + k14T
−1 + k15T

−1.5 (3.19)

cv,f = k21 + k22T + k23T
2 + k24T

3 + k25T
−2 (3.20)

cv,b = k31 + k32T + k33T
2 + k34T

3 (3.21)

cv =
1

mcyl

(
cvama + cvfmf + cvbmb

)
(3.22)

Finally, using (3.17) and (3.22), the instantaneous γ can be estimated by:

γ =
Rc + cv
cv

(3.23)

As introduced in (3.17), (3.18) and (3.22), the computation of the energy released
by the fuel combustion depends on the estimation of the in-cylinder charge mcyl. A
common way to estimate the total trapped mass is by applying the speed density
method. This method relies on the pressure and the temperature measurement
at the intake port, and uses a pre-calibrated volumetric efficiency map, function
of the engine speed and the intake pressure, to estimate the total mass inducted
in the cylinder [48]. However, apart from the possible error coming from the vol-
umetric efficiency estimation, such methodology might not be able to deal with
the cylinder-to-cylinder variability if based on a single intake runner measurement.
In that case, the trapped mass estimation based on the in-cylinder pressure reso-
nance (see section 3.3) might address this aspect if all the cylinders are equipped
with an in-cylinder pressure transducer. In this work, such method was selected
to estimate the trapped mass at each cylinder in the evaluation of the individual
fuel blend concentration in Chapter 5.

Heat transfer The heat transferred to the cylinder walls can be modeled using
Newton’s law of cooling, which is based on the effective heat transfer area Aht
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obtained from the geometry of the cylinder and the piston’s position, and the
thermal gradient between the system and the environment:

dQht

dθ
=
hcAht

6N
(T − Tw) (3.24)

where the engine speed N (in rpm) is used to convert this quantity to the crank
angle domain (θ), Tw is the temperature of the cylinder walls, and hc is the heat
transfer coefficient which is approximated with the Woschni correlation [49, 50]
using the cylinder bore D, the in-cylinder pressure and temperature (p and T ),
and the average cylinder gas velocity ω:

hc = 0.013D−0.2p0.8T−0.53ω0.8 (3.25)

where ω is estimated by:

ω = C1Sp + C2
VdTivc
pivcVivc

(p− pm) (3.26)

with the mean piston speed Sp, the cylinder conditions at intake valve closure
(IVC), the instantaneous in-cylinder pressure p, the motored cylinder pressure pm,
and C1 and C2 being two empirical constants [51].

Apparent heat release

In many control applications, where the heat release rate computation is performed
in real-time within a cycle delay and where a high degree of accuracy of the heat
release calculation might not be required, the heat transfer calculation is often
removed [52]. In this case, this quantity, named the net apparent heat release
rate, is defined as follows:

dQapp =
κ

κ− 1
pdV +

1

κ− 1
V dp (3.27)

where κ is a polytropic coefficient traditionally set to a constant value ranging
from 1.30 to 1.35 [51], or fitted at the compression and the expansion stroke and
linearly interpolated in-between during the combustion phase [53].

The heat release rate can then be integrated to obtain the accumulated heat release
Q(θ):

Q(θ) =

∫ θevo

θivc

dQ

dθ
dθ (3.28)

where the same calculation applies to any heat release rate model, e.g., dQc or
dQapp, hence indicated simply as Q here. The integration is naturally performed
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Figure 3.11: Illustration and comparison of the heat release rate (left) and heat release
(right) calculation from the model definition in (3.11) with the heat capacity ratio obtained
as in (3.23), the same model but without the heat transfer (dQht = 0), and the apparent
heat release approach presented in (3.27) with a constant κ set to 1.3.

in the closed part of the engine cycle between intake valve closing (θivc) and exhaust
valve opening (θevo). Figure 3.11 shows the difference between different heat release
computations for the same engine cycle. The complete model definition in (3.11)
with the heat capacity ratio computed from (3.23), the same model but without the
heat transfer (dQht = 0), and the apparent heat release in (3.27) with a constant
κ set to 1.3, are compared. Especially in the right plot, it can be observed the
effect of removing the calculation of the heat transferred to the cylinder walls that
leads to a reduction of the total heat released amount. In the left plot, considering
a constant heat capacity ratio shows a modification of the maximum heat release
rate peak value.

3.5.2 Combustion metrics

Aside from the crank angle-based signals, such as the in-cylinder pressure and the
heat release rate, cycle-to-cycle metrics can be computed from these signals in order
to evaluate the engine operation. In this thesis, most of the following metrics are
used as a feedback to develop closed-loop controllers applied to premixed dual-fuel
combustion.

Engine load The engine metrics were exclusively computed from the in-cylinder
pressure signal. Consequently, the measurements were limited to the indicated
parameters, i.e., torque-based (brake) values were not measured for feedback ap-
plication in this work. Here, the gross indicated mean effective pressure (IMEP )
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was considered to evaluate the engine load. This value is a normalized quantity
that represents the work done by the gas on the piston during the closed part of
the cycle:

IMEP =
1

Vd

∫ θevo

θivc

p dV (3.29)

An example of the use of such value can be found in Chapter 4 where it was selected
to evaluate the engine load for developing a closed-loop controller that ensures to
maintain the load level to a desired threshold against external disturbances.

Combustion phasing The main objective during the combustion is to obtain
the maximum work from the heat released in the cylinder with the minimum heat
losses through the cylinder walls in order to improve the fuel conversion efficiency.
The combustion phasing plays therefore an important role in the amount of work
transferred to the piston: a too early combustion is counterproductive as the piston
is moving towards the top dead center against the combustion pressure evolution,
while if the combustion starts too late, the volume has increased, the peak pressure
is consequently reduced and less work is obtained [54,55].

The combustion phasing is commonly used as an indicator of the combustion
efficiency and is traditionally estimated with the crank angle where 50% of the
energy released by the fuel is encountered, the CA50. This value is determined by
finding the crank angle CAx where the sought amount of the total energy released
is reached:

CAx = θi when x = 100
Q(θi)

max (Q(θ))
(3.30)

where i denotes the index iteration on the crank angle vector, Q is defined in
(3.28), and x would be equal to 50 in this case to find the CA50.

Other indicators such as the CA10 and the CA90 are commonly used respectively
as the start of combustion (SOC) and the end of combustion (EOC) to evaluate
the burn duration, particularly for premixed combustion modes where the combus-
tion of the cylinder mixture is mostly initiated at once. Figure 3.12 illustrates the
accumulated heat release from one cycle showing the corresponding combustion
timing events. In this thesis, and in the majority of the investigated applications,
the combustion phasing metrics were evaluated using the apparent heat release
model in (3.27), and then computing similarly the accumulated heat release (3.28)
to obtain the combustion phasing (3.30). Indeed, compared to a more detailed
model, no significant deviation was observed in estimating the combustion phas-
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Figure 3.12: Illustration of the accumulated heat release signal showing the CA10, CA50
and CA90 positions which are common metrics used in combustion analysis to evaluate
the combustion evolution.

ing with a simpler heat release calculation approach [56].

Nonetheless, in some operating conditions, control instabilities were found when
using the CA50 as the reference for the combustion phasing evaluation, as illus-
trated in the right plot from Figure 3.13. When using a late diesel injection (close
to the TDC, in partially premixed combustion as detailed in the following sec-
tion), the CA50 estimation could correspond to the exact transition between the
premixed and the late combustion phase (see the heat release traces in the left
plot). In the case shown in the left plot, the first heat release rise represents
around 50% of the total fuel mixture energy and is mainly composed of premixed
gasoline (about 85%) and a small part of premixed diesel, while the second part is
only composed by the late diesel injected fuel (the diesel fuel injection timings are
shown with colored crosses in the left plot of Figure 3.13, the gasoline injection was
injected at 340◦bTDC and is not shown in this graph). It can be observed that
in these conditions, the premixed diesel auto-ignited the whole premixed mixture
and thus made that charge to burn early in the cycle. Consequently, when the
post diesel injection is performed, the previous premixed combustion is about to
end and, therefore, the late injection (start of injection at 5◦bTDC) creates a sec-
ond combustion phase. For this reason, in order to adapt the combustion phasing
control to combustion operation with late diesel injections, it was decided to use
a different parameter here named the Crank Angle combustion Center of Gravity
(CACG), also known as the combustion centroid [57]. This value consists in an
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Figure 3.13: CA50 dispersion (1200 rpm-15 bar IMEP) and corresponding CACG metric.
The left plot shows the cumulative apparent heat release traces Qapp used to estimate the
combustion phasing (grey: cycle-to-cycle, black: mean) with the 50% level shown in black
dashed line. The diesel injection (Inj.) timings are also represented with colored crosses,
and the gasoline is not illustrated here. The resulting CA50 (black dash-dotted line) and
CACG (solid-dotted grey line) estimation are shown in the right plot.

energy balance from the apparent heat release rate dQapp as detailed in (3.31):

CACG =

∫ EOC

SOC
θ dQapp dθ∫ EOC

SOC
dQapp dθ

(3.31)

As it can be seen in a grey line in the right plot of Figure 3.13, the CACG shows a
more stable behavior for a closed-loop control application than the CA50 in these
operating conditions.

Both the CA50 and the CACG are used in the control strategies described in the
following chapters depending on the intended control objective and combustion
operation.

Operating condition constraints At any given operating condition, the en-
gine must not exceed its mechanical constraints [58]. To evaluate the harmful
potential of the combustion, the in-cylinder pressure is commonly used as the
principal source of information. The main features that are considered are: how
large is the combustion pressure, how fast it occurs, and how large is the pressure
resonance excited. While the first one can be easily monitored by measuring di-
rectly the maximum in-cylinder pressure, the latter have been widely studied for
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various combustion modes and different indexes were proposed.

Among the indexes found in literature for evaluating the harmfulness of the com-
bustion, it is worth mentioning three that are typically used in combustion analysis:
the maximum pressure rise rate (MPRR), the ringing intensity (RI), and the maxi-
mum amplitude of pressure oscillations (MAPO). While the first one characterizes
how fast the combustion pressure evolves, the last two aim to describe the pressure
oscillations generated by the combustion.

The MPRR, expressed in bar/CAD, is obtained with the maximum value of the
first derivative of the filtered pressure signal plp:

MPRR = max (dplp(θ)) (3.32)

This index is traditionally considered as a mechanical and combustion noise con-
straint limitation thanks to its easy calculation and implementation in real-time
applications [59–61]. In this thesis, Chapter 4 makes use of the MPRR as the
limitation factor in a closed-loop combustion controller for dual-fuel operation.
Nonetheless, being based on the low-pass filtered pressure trace, this index alone
fails to capture the combustion pressure oscillations, as it was highlighted by
Wissink et al. [40].

Assuming that high pressure rise rates stimulate pressure oscillations in the com-
bustion chamber, the ringing intensity, expressed in MW/m2, was proposed by
Eng [38] to approximate the intensity of the pressure waves with the following
correlation:

RI ≈ 1

2γ

(
β
(
dp
dt

)
max

)2

pmax

√
γRTmax (3.33)

where (dp/dt)max, pmax and Tmax are the maximum pressure rise rate (kPa/ms),
cylinder pressure (kPa) and temperature (K), respectively. The adjustable term β
aims to relate the pressure oscillations amplitude to the pressure rise rate and is
often considered to be 0.05, while γ is the heat capacity ratio, and R the gas con-
stant. Note that (dp/dt)max is the time-based equivalent of the crank angle-based
MPRR mentioned above in (3.32). The ringing intensity was initially proposed
for homogeneous charge compression ignition. Similarly to knock in SI engines,
the resulting pressure waves might represent a source of potential damage for the
engine and must be limited and controlled [62]. The ringing intensity is a com-
monly adopted index for low temperature combustion concepts where a criterion of
5 MW/m2 is often considered to differentiate knocking (i.e., above this criterion)
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from non-knocking cycles [63, 64]. This method was found to be more robust but
sensitive to the calibration of β and, as pointed out by Dernotte et al. [41], this cor-
relation was originally designed to be implemented in zero- and one-dimensional
engine models which do not account for any information of the pressure waves.
The ringing intensity shares therefore similar limitations with the MPRR.

Lastly, the MAPO directly measures the maximum absolute value of the pressure
oscillations amplitude in the php signal and is expressed in bar:

MAPO = max (|php(θ)|) (3.34)

This index has been especially used in knock detection for spark ignition en-
gines [37], where a cycle is considered as knocking when the MAPO is detected
above a predefined threshold [65]. Although this index addresses explicitly the
measured pressure waves, it is implicitly sensitive to the pressure trace measure-
ment conditions, e.g., pressure transducer location (see section 3.3).

It must be noted that these three indexes share the common attributes of being
sensitive to the filter definition and requiring a threshold definition to separate
knocking from non-knocking cycles, which is function of the application and the
engine, and is traditionally empirically set.

New low temperature combustion (LTC) modes such as HCCI, or reactivity con-
trolled compression ignition (RCCI), are limited by their MPRR levels due to the
rapid auto-ignition of the mixture [66–68] and traditionally exhibit high resonance
excitation. Shahlari et al. [69], Wissink et al. [40] and Dernotte et al. [41] studied
the pressure oscillations in various combustion modes using the MPRR and the
RI, and characterized the combustion noise generated by the pressure waves using
power spectral density (PSD) analysis. It was highlighted that the magnitude of
the three indexes are not always correlated and that the levels of MPRR and RI are
highly dependent on the processing of the cylinder pressure signal. The raw data
is subject to noise amplification when calculating its gradient and this might bias
the detection of ringing event, while filtering may remove some information and
provide noticeably different values of MPRR and RI. Consequently, it is impor-
tant to clearly state the filter characteristics along with the results. In this thesis,
Chapter 4 compares and discusses the three aforementioned indexes in premixed
dual-fuel combustion with different stratification levels. A knock-like controller is
then proposed to ensure that these indexes do not exceed a predefined threshold
to ensure safe operation of the engine.
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SOI DOI

Figure 3.14: Illustration of the in-cylinder pressure (plp), apparent heat release rate
(dQapp), and injector signals (diesel injection, the gasoline is injected during the intake
stroke) in the three dual-fuel combustion modes evaluated in this work: fully premixed
(left), highly premixed (middle) and partially premixed (right). The start of injection
(SOI) and the duration of injection (DOI) are also represented.

3.6 Combustion modes

As it was mentioned in Chapter 2, dual-fuel combustion can be controlled by var-
ious injection strategies. Particularly in this work, these strategies are referred to
their corresponding premixing levels of the mixture, and are characterized within
three combustion modes: fully premixed, highly premixed and partially premixed.

Figure 3.14 shows the low-pass filtered in-cylinder pressure plp signal, the ap-
parent heat release rate dQapp, and the direct diesel injector signal of a typical
cycle at each combustion mode. For comparison and illustration purposes, these
three conditions were performed at the same load. Together with the injector sig-
nal, the start of injection (SOI) and the duration of injection (DOI) are indicated.
Here, the gasoline injection signal is not shown because its timing was the same
for the three combustion modes, i.e., during the intake stroke. Finally, note that
the diesel injector signals shown in this figure are here chosen for illustration pur-
poses only and do not represent the real shape of the signal applied to the injector.

These combustion modes are commonly associated to a specific area of the
engine operating map, as illustrated in Figure 3.15, and can be described as:

� At low/medium loads, fully or highly premixed conditions are used depend-
ing on the hardware setup. In engine A, while the air requirement was ful-
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filled with the screw compressor, fully premixed conditions were used at low
loads. However, with commercial hardware implementation such as in en-
gine B, the highly premixed mode was used instead, as shown in Figure 3.15,
and the fully premixed strategy was performed at higher loads when the
conditions allowed to advance the diesel injections and maintain an efficient
combustion. In these combustion modes, which fall into the RCCI com-
bustion concept, the combustion phasing is mainly driven by the mixture
reactivity, and the high mixing times ensure low NOx and soot emissions.
These strategies are characterized by single peak combustion corresponding
to the auto-ignition of the mixture in the cylinder, as illustrated by the heat
release rate dQapp in the left and middle plots of Figure 3.14.

� At high loads, the rapid auto-ignition of the mixture becomes critical and
only partially premixed combustion can be safely achieved. To this aim, a
single diesel injection, which triggers the combustion, is moved in the vicinity
of the top dead center to reduce the amount of premixed charge. In these
conditions, the combustion might show some diffusive-like behavior, as shown
in the right plot of Figure 3.14, where an abrupt peak due to the combustion
of the premixed mixture is followed by a long diesel-like combustion during
the power stroke. Such combustion mode penalizes the total NOx emissions
but allows to extend the operating range of the dual-fuel combustion.

These combustion modes were addressed and used in both engines throughout
the investigation described in this manuscript.

79



References

Partially premixed

Highly premixedFully premixed

TDC60340

DI

G

TDC10340
G

Highly premixed Fully premixed

G

TDC35340

G

TDC35340

DI

TDC60340
G

Engine BEngine A

Figure 3.15: Injection strategy in every combustion mode in the engine operating map.
The gasoline injection (G, blue) and the diesel injections (DI, green) are illustrated and
the numbers under the injections representation stand for the injection timings indicated
in ◦bTDC (note that these values are only given as examples to describe the common area
of injection timing). The difference in injection strategy between engine A and B at low
and medium loads is explained by hardware limitations (more details in the description of
the combustion modes).
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Chapter 4

Dual-fuel combustion control
using in-cylinder pressure
feedback

4.1 Introduction

Every combustion concept has its own control requirements to be addressed in the
controller-design process. In general, the combustion engine controller aims to pro-
vide the performance required by the user while ensuring to not exceed operational
constraints (e.g., maximum cylinder pressure, unstable operation, emissions).

Advanced combustion concepts such as highly premixed low temperature com-
bustion (LTC) represent a challenging environment when attempting to ensure safe
and stable operation. The more the air-fuel mixture gets premixed, the more the
combustion gets kinetically driven and consequently raises controllability issues
as it was experienced with the homogeneous charge compression ignition (HCCI)
concept [1,2]. Load limitation due to high pressure gradients, significant cycle-to-
cycle variation, or excessive unburned products are all examples of obstacles that
were encountered and that the developed controllers should tackle [3]. Although
the premixed dual-fuel combustion concept helped to improve the controllability
capabilities by adding a control over the mixture reactivity [4], this strategy is
nonetheless still subject to excessive pressure rise rates in highly premixed con-
ditions. Also, this combustion concept was found to be sensitive to variations in
the operating conditions and fuel properties where cylinder balancing is required
to achieve optimal efficiency [5,6]. These challenges should therefore be addressed
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in the design of the engine control implementation, especially when dealing with
transient operation where non-linear dynamics might lead to unstable operation.

In order to develop control strategies with the aforementioned features, a feed-
back of the various combustion metrics to be supervised is required. Although
actual sensors configuration might already be mature for air-path control, they
are nevertheless limited when trying to evaluate what is happening inside the
combustion chamber. Some studies aimed for instance to estimate the combustion
metrics in each cylinder (e.g., load, combustion phasing, knock) by measuring the
crankshaft position [7–9], or the engine block vibration with accelerometers [10–12].
While these solutions are indeed attractive as they take advantage of the sensors
currently available on an engine, they used to lack of precision and might require
extensive calibration effort.

The in-cylinder pressure sensor has traditionally been adopted for combustion
research purposes. Nonetheless, thanks to its direct feedback from the combustion
chamber, it was evidenced for its potential to enhance the development of advanced
control strategies [13, 14]. Furthermore, once developed, these strategies could be
adapted to engines with a competitive cylinder pressure measurement technique,
such as ion current sensors, or non-intrusive estimation approach [15–20].

This chapter explores the use of the in-cylinder pressure signal as a feedback
in different control scenarios applied to various dual-fuel combustion strategies in
order to cover the whole engine operation map, from fully to partially premixed
as presented in Chapter 3. First, a closed-loop controller based on proportional-
integral control actions is developed to reject external disturbances such as intake
pressure or EGR variations in steady operation. The controller effectiveness is also
validated in transient conditions where the controller is able to change the com-
bustion mode in order to fulfill the required load, as well as limiting the maximum
pressure rise rate to a predefined threshold. The results are provided in section 4.2.
Then, the results of an on-line combustion operation optimization using extremum
seeking techniques are shown in section 4.3. In this case, the monitoring of the
combustion phasing and the NOx sensor signal were used and, thanks to the con-
troller, the combustion was maintained to a fuel efficient operating area while
the nitrogen oxide levels were substantially decreased. Finally, section 4.4 stud-
ies the resonance content of the cylinder pressure signal and presents the results
of a strategy based on the conventional SI engine knock controller applied to a
dual-fuel combustion to limit the harmful potential of heavily excited combustion
conditions. Note that, although some control authority was available over the
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air-path (see Chapter 3), this work presents results from controllers based on the
control of the fuel injection settings only.

4.2 Proportional-Integral combustion control

Conventional combustion control relies mainly on open-loop control strategies
which are based on look-up tables storing the control variables values, traditionally
function of the load and the engine speed. The main drawback of such method is
that the control input is set regardless of the system output response and conse-
quently external disturbances might cause the output to deviate from its desired
setpoint. In the case of an engine, if the operating conditions (e.g., intake pressure
or exhaust gas recirculation) differ from the expected ones, undesired performance
and emissions might be obtained. In order to mitigate such unintended effect, a
closed-loop controller can be applied to correct the control inputs. One of the most
common and practical solutions is the proportional-integral (PI) controller [21,22].
This type of controller provides corrections to apply to the plant control inputs
according to the error measured between a reference setpoint and the actual plant
output with the aim to reduce the error to zero. Its discrete form approximation
is expressed as:

uk+1 = Kp ek +Ki

k∑
j=1

ej with ek = rk − yk (4.1)

where u is the controller output, k the cycle index, e the error between the setpoint
r and the system output y, and Kp and Ki are the controller gains for the pro-
portional and the integral actions, respectively. In the case where the considered
system embeds open-loop (OL) control inputs, these might be used as feedforward
values where the PI actions provide the corrections to apply (∆u) in order to reach
the desired plant output setpoint as it is illustrated in Figure 4.1. In this figure,
the area delimited by the grey rectangle shows the PI control introduced in (4.1),
and the complete closed-loop controller embeds the feedforward control input from
the open-loop process whose value is added to the PI control corrections. Such
control layout is broadly used in combustion engine control [23–25].

This section presents a real-time closed-loop combustion controller based on
the in-cylinder pressure signal applied to engine A, whose specifications can be
found in Chapter 3. A control concept is designed for controlling the load and the
combustion phasing at a desired value while keeping the pressure rise rate under
a defined and safe threshold in all the combustion modes used over the engine
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uk+1

Kp

Ki

+

+

Z-1

ek

Δuk+1 (PI)

rk

PI CONTROL

Plant

Disturbances

-+

Figure 4.1: Closed-loop control layout based on feedforward and proportional-integral
(PI) corrections. The reference r is compared with the output y to estimate the error
e. Based on this error, the proportional-integral controller, tuned by Kp and Ki gains,
provides the corrections to apply to the control input u.

map. Both steady state and transient conditions were evaluated and the results
are provided hereinafter.

4.2.1 Controller design

The controller-design objective was based on the following constraints:

� Regardless of the eventual external disturbances, the engine must provide
the load required by the user.

� The combustion phasing is commonly associated to the engine’s efficiency
and the controller should therefore be designed to track a reference setpoint.

� No matter the operating conditions, the engine must be kept away from
harmful conditions that might be responsible of engine damage.

Here, the load was evaluated using the indicated mean effective pressure (IMEP)
calculated from the cylinder pressure trace and the instantaneous volume compu-
tation (see Chapter 3). The maximum pressure rise rate (MPRR) was considered
as the mechanical constraint limitation to avoid engine damage where a value of
15 bar/CAD was considered as the limit to not overcome in this engine. Finally,
in this control application, instead of the common CA50, the combustion phas-
ing was estimated through the parameter known as the combustion centroid [26],
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hereinafter named the crank angle of the combustion center of gravity (CACG).
This choice was justified by CA50 cycle-to-cycle variations observed in this engine
under some conditions when using late diesel injection control (partially premixed
mode). More details are provided in Chapter 3.

In order to fulfill the aforementioned objectives, the controller must be de-
signed according to the system input-output pairing. The fuel injection provides
a cycle-to-cycle control over the combustion and was therefore chosen as the core
of the closed-loop control design. This responsiveness is essential to ensure a safe
operation of the engine if harmful conditions are detected in order to respond
from one cycle to the next one. The various fuel injection control variables were
explored and selected for each control objective, as detailed below.

IMEP control The load is directly a function of the quantity of fuel burned
during the combustion. Thus, the more the fuel injected and burned inside the
cylinder, the larger the expected engine load. For this reason, the total fuel quan-
tity mtot

f was chosen as the control variable to control and correct the load in the
closed-loop controller:

mtot
f = mpre

f +mpost
d (4.2)

where mpre
f corresponds to the fuel quantity injected in premixed conditions, and

mpost
d refers to the quantity of diesel injected in the top dead center vicinity in

the partially premixed combustion mode. The former is composed of the gasoline
amount injected during the intake stroke (mg) and the diesel injected in a premixed
timing window before the TDC (mpre

d ), which might be injected at once or split
into a pilot and main injections:

mpre
f = mg +mpre

d (4.3)

In this section, the name post is used to ease the interpretation of the area in
which the diesel is injected (near the TDC). If present, this injection corresponds
in reality to the main injection and does not represent a post injection as it is
traditionally named in multiple injection strategies.

CACG control Dual-fuel combustion offers an additional degree of freedom to
enhance the control of the combustion timing: the blending ratio of the low and
the high reactivity fuels. Such control variable allows to act on the reactivity of
the fuel mixture. In fully/highly premixed conditions, such as the RCCI concept,
increasing the low reactivity fuel proportion was found to delay the combustion.
Accordingly, the gasoline fraction was selected to act on the combustion timing.
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Nonetheless, the designed controller aims to be applied in the various dual-fuel
combustion modes, and the partially premixed conditions might exhibit lower sen-
sitivity to a change in the gasoline fraction. Indeed, when reaching the TDC
vicinity, the late diesel injection is used to ignite the premixed charge composed
mainly of gasoline and is consequently more prone to trigger the combustion and
have an effect on the resulting combustion timing (see Chapter 2 for more informa-
tion and references). As a result, in this concept, although the CACG is controlled
using a single PI controller, it is proposed to apply the corrections to two control
parameters: the gasoline fraction of the premixed charge (GFpre), described in
(4.4), and the post diesel injection timing (SOIpost).

GFpre =
mg

mpre
f

(4.4)

Figure 4.2 describes the logic behind the CACG controller. The correction applied
by the PI controller (∆uCACG) is distributed to both the gasoline fraction and the
injection timing. First, while the combustion phasing can be reached by using the
premixed charge blending ratio only, GFpre is controlled in order to modify the
reactivity of the fuel mixture. However, when GFpre approaches the unity, meaning
that the premixed fuel quantity is exclusively composed of gasoline, such control
parameter cannot be extended further and therefore SOIpost starts to control the
CACG (note that here the gasoline fraction is a normalized value). In this case,
the corrections were limited to GFpre = 1 for ∆GF (see upper part of Figure 4.2),
and 0 for the injection timing correction ∆SOI (see lower part of the figure). More
precisely, the controller starts acting on the injection timing correction only once
the gasoline fraction approaches the unity, represented by the value of 0.96 in
Figure 4.2 which is used for a better transition between both control actions. Note
that the injection timing is expressed in CAD before TDC (bTDC), which justifies
why its correction (∆SOI) is oriented to the negative values in order to delay
the combustion further. Here, it was decided to design the PI controller in such
a way that its correction value was directly applied to GFpre (∆GF ). For this
reason, the gain KSOI was used for the scaling correction due to the difference in
units between GFpre and SOIpost, and consequently provide a suitable value to
the injection timing correction (∆SOI). Note that the error used to calculate the
PI correction corresponds to the error between the desired CACG value (CACGr)
and the measured feedback expressed in CAD after TDC (aTDC).

MPRR control The harmful potential of premixed combustion modes comes
from the rapid auto-ignition of the air-fuel mixture, resulting from the early fuel
injection. According to this statement, it was decided to use the premixed fuel
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-
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Figure 4.2: CACG control concept. A single PI correction (∆uCACG) is used to estimate
the correction to apply to both GFpre and SOIpost. The correction is applied to the
gasoline fraction first, either to advance or delay the combustion. Once its value is getting
close to 1 (tuned by the constant here set at 0.96), and therefore cannot be increased
anymore, the correction is performed by the injection timing whose value is determined
by a calibration gain KSOI to adapt the correction to this control variable.

quantity mpre
f , as expressed in (4.3), to control the maximum pressure rise rate.

When the MPRR is detected above a limit (MPRRlim) the control starts to
correct the premixed charge to maintain the MPRR level to the desired threshold
according to:

∆mpre
f (k+1) = Kp eMPRR (k) +Ki

k∑
j=1

eMPRR (j) when eMPRR > 0 (4.5)

∆mpre
f (k+1) = C1 Kp eMPRR (k) + C2 Ki

k∑
j=1

eMPRR (j) when eMPRR ≤ 0 (4.6)

where Kp and Ki are the proportional and the integral gains respectively, and
C1 and C2 are calibration constants (higher than 1) in order to get a faster re-
sponse from the controller when the MPRR is reaching a value above the limit.
Such control embeds an hysteresis for avoiding control instabilities, that is: the
pressure rise rate has to be detected above an upper limit to activate the con-
trol, and must comply with a safe operation for various cycles before switching
back. This hysteresis is set around the desired MPRR limit which was here set
to 12 bar/CAD in order to keep a safety margin from the considered engine lim-
itation of 15 bar/CAD. According to this control design, as long as the load can
be achieved in highly premixed conditions, the total fuel quantity mtot

f equals the

93



Chapter 4. Dual-fuel combustion control using in-cylinder pressure feedback

premixed part mpre
f . However, the latter will be limited when operating at the

engine limit and, if a higher load has to be achieved, then the total fuel quantity
has to be increased. When such situation occurs, the required difference will be
injected in the post injection (mpost

d ) at a predefined injection timing near the TDC.

The aforementioned control parameters (mpre
f , mtot

f , GFpre, SOIpost) are stored
in look-up tables as a function of the engine speed (N) and the IMEP for con-
ventional open-loop control. These values are then closed-loop corrected in order
to reach the desired performance. The rest of the control variables such as the
gasoline and the premixed diesel injection timings are considered as calibration
parameters (also stored in look-up tables), and are not varied by the controller.
The closed-loop control system can be summarized by the following description
where r, y and u are the reference, output and input vectors respectively:

r =

 IMEPr

CACGr

MPRRlim

 , y =

 IMEP
CACG
MPRR

 , u =


mtot

f

GFpre

mpre
f

SOIpost

 (4.7)

Figure 4.3 presents the overall closed-loop control concept used in this work.
Note that a low-pass filter was applied to the feedback values to calculate the
error in order to avoid control instabilities that could be caused by normal cyclic
variability. Finally, all the fuel injection variables were rearranged and transcribed
into injection duration to be sent to the injectors thanks to injector models in the
form of look-up tables, which are a function of the required mass and a pressure
reference (intake manifold for PFI and rail for DI).

4.2.2 Results and discussion

Controller experiments were conducted to validate the proposed strategy in engine
A. First, steady-state conditions were used to evaluate the ability of the controller
to maintain the desired engine performance while rejecting external disturbances.
Then, a load transient test was performed to evaluate the controller behavior
against such conditions.

Steady-state validation

Table 4.1 lists the tests that were performed for the steady-state controller eval-
uation. These tests represent various conditions: tests 1, 2 and 3 were used to
evaluate the controller capability to maintain the required performance under a
variation, respectively, in EGR, intake pressure Pint and diesel rail pressure Prail.
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Figure 4.3: Closed-loop controller layout used for the control of the dual-fuel combustion
in engine A. Note that for the CACG control (detailed in Figure 4.2), GFpre is an input
and should therefore be connected to this box as well from the open-loop tables output.
However, for illustration purposes, this connection was not represented here.

Test 4 was used to observe the controller response under changes in the CACG
reference setpoint (CACGr). Each test was performed under a specific combustion
mode where the test 2 represents a transition between fully premixed and highly
premixed strategy due to its operating conditions (please refer to Chapter 3 for a
description of the combustion modes used in this engine).

The control variables mtot
f , mpre

f , GFpre and SOIpost were originally set by the
open-loop look-up tables and then closed-loop corrected (see Figure 4.3) to reach
the desired performance, i.e., ensure IMEP and CACG tracking and maintain the
MPRR to a safe threshold when necessary. In the following figures, the control
variables are shown in solid black lines, and the measured outputs in a solid grey
line. The target values for IMEP and CACG, as well as the limit threshold for
MPRR, are shown in a black dashed line. An additional graph shows the apparent
heat release rate traces dQapp of three selected cycles, shown in colored crosses, in
order to illustrate the resulting combustion evolution at different conditions over
the test. The injected fuel quantities are expressed in mg/str, where str refers to
stroke, hence per cycle per cylinder.
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Table 4.1: Operating conditions of the experimental tests used for the steady-state
controller validation.

Test
Premixed N IMEP Pint Prail EGR

combustion mode [rpm] [bar] [bar] [bar] [%]

1 Fully 1200 4 1.4 1200 0 to 58
2 Fully-Highly 1200 8 1.8 to 2.7 1200 24 to 38
3 Highly 1200 12 2.2 1000 to 1400 49
4 Partially 1200 16 2.4 1200 45

Figure 4.4 presents the EGR variation in test 1 where the EGR valve position
was varied to modify the CO2 concentration at the intake. The air dilution caused
by the exhaust gas recirculation is responsible of increasing the ignition delay and
delaying the combustion [27,28]. In fully premixed conditions, it is thus expected
that the longer ignition delay, resulting from the increase in EGR rate, should
be compensated by the gasoline fraction in order to keep the combustion phasing
constant [29,30]. It can be observed that once the EGR was increased, GFpre was
corrected (decreased in this case) by the controller to maintain the combustion
phasing at the desired target. No significant effect on the IMEP was observed
as the controller was able to maintain its level by modulating the total injected
fuel mass mtot

f . In this case, the MPRR was not controlled due to the low levels

obtained at this load. Consequently, the total fuel quantity mtot
f was equal to the

premixed amount mpre
f because the premixed charge alone was able to provide the

desired load. Over the complete experiment, the controller was able to control
the IMEP and the CACG within a mean absolute error (between the setpoint
and the actual value) of 0.09 bar and 0.28 CAD respectively. The respective er-
ror standard deviation for the IMEP and the CACG along the test were 0.11 bar
and 0.36 CAD. The combustion evolution can be appreciated in the top right plot
where the dQapp traces from three selected cycles at different conditions show a
very similar evolution, hence exhibiting an equivalent IMEP, CACG and MPRR.
These apparent heat release rate traces show the typical combustion evolution of
the RCCI combustion concept with a low temperature heat release (LTHR) pre-
ceding the main high temperature heat release (HTHR) [31].

The results from the intake manifold pressure variation along test 2 are shown
in Figure 4.5. Note that the EGR valve opening was kept constant, hence jus-
tifying the variation in the EGR rate as indicated in Table 4.1. Increasing the
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Cycle 100

Cycle 400

Cycle 850

Figure 4.4: Closed-loop controller inputs (u) and outputs (y) from (4.7) during an EGR
variation in test 1 (Table 4.1). Reference setpoints r are shown with a black dashed line.
In this test mpre

f and mtot
f are equal as the MPRR is below its limit. Top right plot shows

the heat release rate traces from three selected cycles shown in top left plot.
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intake pressure was expected to advance the auto-ignition of the mixture, due
to the rise of pressure and temperature during the compression stroke [32], and
explains why the gasoline fraction was increased by the controller in order to main-
tain the combustion phasing to its setpoint. The increase in Pint also induced a
faster combustion evolution which caused an increase of the MPRR level, followed
by a transition between the fully premixed and the highly premixed combustion
modes. Indeed, in this situation, the pressure rise rate level exceeds the limit and
thus activates the control of the MPRR (grey shaded area in these plots). The
premixed fuel mpre

f is limited by the controller to keep the MPRR level to the

limit threshold, while mtot
f is controlled to fulfill the load requirement using the

late diesel injection in the TDC area, i.e., the load is achieved through mpost
d . It

was observed that the load was correctly controlled to its reference by the total
fuel amount. Although a post diesel injection was used to maintain the required
load, here the gasoline fraction alone was able to control the combustion phasing
and the SOIpost control was therefore unnecessary. When the intake pressure de-
creased enough to come back into a safe engine operation, the MPRR control was
deactivated and the load was again controlled only by the premixed fuel quantity
mpre

f . The cycle-to-cycle CACG variation was observed to be, overall, higher in
fully premixed conditions (standard deviation of 0.46 CAD) than in highly pre-
mixed combustion (standard deviation of 0.30 CAD). This was attributed to the
combustion mode as the fully premixed combustion is purely driven by the reac-
tion rates of the in-cylinder species, while the highly premixed mode might have
exhibited a better control over the combustion phasing thanks to the late diesel
injection timing. However, the observed IMEP variation rise, when the pressure
rise rate control was activated (0.36 bar standard deviation against 0.18 bar oth-
erwise), was found to be caused by some bias in the injector models in this region,
resulting in a higher variability. Despite such situation, the errors at the IMEP
and the CACG control were found to be within a mean absolute error of 0.18 bar
and 0.33 CAD, and error standard deviation of 0.25 bar and 0.43 CAD, respec-
tively. Meanwhile, when the MPRR control was enabled (shaded area), around
30% of the cycles were observed above the 12 bar/CAD threshold with a maximum
peak measured at 13.8 bar/CAD, showing that the controller was able to keep the
engine in a safe operation area.

Figure 4.6 provides the results obtained in test 3 where the diesel rail pressure
was varied between 1000 and 1400 bar in order to evaluate the controller ability
to reject such variation while keeping IMEP, CACG and MPRR to their setpoint
and limitation. This test was performed in the highly premixed combustion mode.
In these load conditions, the MPRR level could be harmful for the engine and is
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Cycle 600
Cycle 1300
Cycle 2500

Figure 4.5: Closed-loop controller inputs (u) and outputs (y) from (4.7) during a Pint

variation in test 2 (Table 4.1). Reference setpoints r are shown with a black dashed line.
The shaded area from cycle 860 to cycle 1600 corresponds to the combustion switching-
mode and MPRR control activation. In this area mpre

f and mtot
f differ as the former is

limited (the load is fulfilled by mpost
d ). Top right plot shows the heat release rate traces

from three selected cycles shown in top left plot.
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hence controlled near the limit, resulting in a different mpre
f (limited) and mtot

f

(controlled to fulfill the load requirement). Similarly to the previous experiment,
GFpre alone was able to control the CACG to the desired value and the control of
SOIpost was consequently not activated. The controller shows a global capacity to
compensate Prail variations although some spikes in the load and the combustion
phasing control can be observed when changing suddenly the rail pressure from
1200 to 1400 bar, and opposite way. Such phenomena could be justified by some
inaccuracies in the injector model and controller response time to tackle these
spikes when they occur (about 30 to 40 cycles were necessary to recover the com-
bustion phasing). These rapid changes represent a challenge for the controller as
they induce a modification of the injection map operating area and might interfere
with the previous corrections applied by the PI controller. A finer injector look-up
table model and a more aggressive controller are believed to contribute to address
these spikes more efficiently. Despite the stated spikes, the mean absolute error of
the IMEP control was 0.13 bar, about 0.50 CAD for the CACG control, and the
MPRR was maintained within a mean absolute difference to the limitation value of
about 0.52 bar/CAD. In this experiment, the respective error/difference standard
deviations for the IMEP, the CACG, and the MPRR, between the setpoint and
the actual value, were 0.18 bar, 0.70 CAD and 0.60 bar/CAD. In this combustion
mode, the beginning of a tail combustion induced by the late diesel injection can
be noticed in the dQapp plot compared to the single peak combustion observed
previously in fully premixed conditions.

Finally, an experimental verification of the strategy presented in Figure 4.2, in
a partially premixed combustion, is shown in Figure 4.7 (test 4). Here, the CACG
setpoint value was varied throughout the test. In particular, the control strat-
egy including the activation of the use of the post diesel injection timing to delay
the combustion is evaluated. It can be observed that, as the combustion setpoint
gets delayed, the first phase is undertaken by an increase in the gasoline fraction.
Then, once this value approaches the unity saturation, the combustion needs to
be phased by the help of adjusting SOIpost in order to reach the desired value.
The resulting combustion evolution can be appreciated in the plot representing
the apparent heat release rate dQapp corresponding to the selected cycles (50, 240
and 380). However, it was found that the controller lasted several cycles to reach
the target value. A rise time1 of about 30 cycles for the gasoline fraction control
(first setpoint variation) and about 90 cycles for the SOI control (second setpoint
variation), with a settling time2 of about 70 and 120 cycles, respectively, were

1The time the system requires to go from 10% to 90% of the final value.
2The time required for the system to settle within a 5% range of the final value.
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Cycle 700

Cycle 1200

Cycle 1800

Figure 4.6: Closed-loop controller inputs (u) and outputs (y) from (4.7) during a Prail

variation in test 3 (Table 4.1). Reference setpoints r are shown with a black dashed line.
In this test mpre

f and mtot
f differ as the former is limited for MPRR control (the load is

fulfilled by mpost
d ). Top right plot shows the heat release rate traces from three selected

cycles shown in top left plot.
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Table 4.2: Mean absolute value (MAE) and standard deviation (σe) of the error between
the setpoint and the cycle-to-cycle value during the steady-state validation experiments.

IMEP CACG MPRR
[bar] [CAD] [bar/CAD]

Test Disturbance MAE σe MAE σe MAE σe
1 EGR (Fig. 4.4) 0.09 0.11 0.28 0.36 Not enabled
2 Pint (Fig. 4.5) 0.18 0.25 0.33 0.43 0.75∗ 0.38∗

3 Prail (Fig. 4.6) 0.13 0.18 0.50 0.70 0.52 0.60
4 CACGr (Fig. 4.7) 0.13 0.17 0.20† 0.22† 0.47 0.56

∗ When the MPRR controller is enabled (shaded area in Figure 4.5)
† Once CACG is stabilized (after settling time)

observed. This observation is justified by the PI gains used in this application.
Here, the priority was set to ensure a proper load and pressure rise rate control
at the expense of the combustion phasing. Indeed, while the load and the MPRR
represent the performance and the safe operation of the engine, the latter is tradi-
tionally associated to fuel consumption optimization, which was not considered as
the first priority in this case. Nonetheless, improved rise and settling times should
be obtained with a finer tuning of the controller PI gains. Regarding the IMEP
and the MPRR control, as in the previous test, mpre

f and mtot
f differed for the same

reason, and it was measured that both output values were correctly controlled to
their target value within a mean absolute error of 0.13 bar and 0.47 bar/CAD,
with an error standard deviation of 0.17 bar and 0.56 bar/CAD, respectively.

Table 4.2 summarizes the outcomes of the PI combustion controller developed
in this section in the various steady-state experiments. Furthermore, in order to
verify that the closed-loop controller was not leading into an additional source
of cycle-to-cycle variation, the standard deviation σ from four operating points
in steady-state conditions were compared between dual-fuel combustion (DFC)
operation in open-loop (OL) and closed-loop (CL) control. Figure 4.8 presents
the results obtained from 100 recorded cycles for IMEP, CACG and MPRR. The
results are compared to similar operating points, in the same engine, with con-
ventional diesel combustion (CDC) as reference. It can be observed that the
closed-loop control tends to increase the standard deviation, although not signif-
icantly, for the IMEP and the CACG compared to DFC-OL. It is also noticed
that the CACG cyclic variation tends to decrease as the load increases which is
believed to be justified by the mixing controlled combustion at these load levels

102



4.2. Proportional-Integral combustion control

Cycle 50

Cycle 240

Cycle 380

Figure 4.7: Closed-loop controller inputs (u) and outputs (y) from (4.7) during a CACG
setpoint variation in test 4 (Table 4.1). Reference setpoints r are shown with a black
dashed line. In this test mpre

f and mtot
f differ as the former is limited for MPRR control

(the load is fulfilled by mpost
d ). Top right plot shows the heat release rate traces from three

selected cycles shown in top left plot.
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Figure 4.8: Cycle-to-cycle standard deviation comparison of IMEP (left), CACG (mid-
dle) and MPRR (right) at different loads between conventional diesel combustion (CDC)
in open-loop control and dual-fuel combustion (DFC) in open-loop (OL) and closed-loop
(CL) control.

(i.e., partially premixed with the use of a diesel injection in the TDC vicinity
to trigger the combustion). Regarding the pressure derivative, at low load, the
MPRR is not controlled because of its low level. However, at 12 and 16 bar IMEP,
when the control is activated, DFC-CL shows a similar standard deviation value
to DFC-OL. Finally, overall, it is noticed that the premixed dual-fuel combustion
seems to exhibit more cycle-to-cycle variation than in CDC. This observation was
also made by Klos et al. [33] where premixed combustion modes such as RCCI
and HCCI were found to show more cyclic variation. This observation is mainly
justified by the combustion sensitivity to the operating conditions (e.g., pressure,
temperature, residual gases) for these types of combustion that feature a different
mixture stratification (i.e., significant premixed charge) compared to conventional
diesel combustion strategy [34].

Transient validation

The designed controller was evaluated in transient conditions and the results are
provided in Figure 4.9. Here, the combustion phasing control was not evaluated as
the priority was set to provide the required load at first while constantly ensuring
a safe engine operation. In this test, a significant change in load was performed
from 5 to 24 bar IMEP, resulting in a combustion switching-mode from fully to
partially premixed. In this case, the switch in the combustion mode was directly
applied by the controller using the feedforward open-loop settings, where an im-
portant fuel quantity is injected through a late diesel injection as it can be seen in
the left plots of Figure 4.9 (i.e., the difference between mpre

f and mtot
f ).
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Figure 4.9: Controller validation under transient conditions at 1200 rpm. A significant
change in the IMEP setpoint is performed and the resulting controller outputs are moni-
tored. The total fuel quantity mtot

f is controlled to provide the required load, while mpre
f

is limited to ensure a safe operation of the engine. Reference setpoints r are shown with
a black dashed line.

In an important setpoint variation, such as the one presented here, the closed-
loop corrections applied before the setpoint change might no longer be suitable for
the new control region. For this reason, it was decided to reset the PI corrections
and to rely on the open-loop settings only for a few cycles, right after the setpoint
transient, before getting back to the closed-loop control strategy. Furthermore,
in high and fast transient operation, if the operating conditions (e.g., intake pres-
sure, oxygen concentration) are not satisfied quickly enough, the applied injection
settings might result in non-desired operation (e.g., significant pressure rise rate)
due to the difference with the conditions used for the open-loop look-up tables
calibration. It was therefore decided to limit the premixed fuel quantity mpre

f to a
pre-calibrated value within a safe region for a few cycles at first before closed-loop
correcting the value provided by the open-loop look-up table. The effect of the
operating conditions can be observed in the last part of the high load transient re-
gion in the mpre

f plot (around cycle 65) where, after some time due to the air-path
dynamics, the conditions (EGR, pressure and temperature, etc.) led to a safer
operation with a decrease in the MPRR level and allowed therefore to increase the
premixed fuel quantity.
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The controller was able to reach the desired IMEP within a rise time of 1-2
cycles and without overshoot. The settling time at 5% was found to be of 1 cycle,
and about 20 cycles at 2%, which shows some margin for improvements. Also, it is
important to note that in this strategy the fuel transport dynamics from the port
fuel injection [35] at the intake were not considered because the main part of the
load was provided by the late diesel injection (difference between mpre

f and mtot
f ),

which does not exhibit any fuel transport dynamics since it is direct injected. How-
ever, in a case where the gasoline fraction would represent an important part of the
load charge, the port fuel injection transport dynamics effect might be included in
the controller in order to improve its performance [36]. Furthermore, in transient
conditions, the residual gases from the previous cycle can affect the combustion
of the next cycle [37]. In this work, the change of the residual gases fraction from
one cycle to the other was considered to be small enough to be directly corrected
by the PI actions. Finally, as previously highlighted with steady-state conditions,
the controller was able to maintain the MPRR at the desired limit value by mod-
ulating the premixed fuel quantity. The mean absolute error of the IMEP control
over the complete transient test was 0.3 bar with a peak at 1.5 bar error, when
decreasing the load around cycle 80, during 1 cycle.

Overall, the controller showed its ability to maintain the expected performance
under an acceptable cyclic variability against external disturbances, in both steady-
state and transient conditions, without significant overshoot and without getting
over the mechanical constraints limitations. It was observed that the controller
was able to switch from one combustion mode to another, to ensure the load
requirement using a post injection, and to balance the gasoline fraction and the
diesel injection timing control actions to track the CACG setpoint, although with
some margin for improvement to get a faster response. A gain-scheduling approach
[38] could contribute to improve the feedback controller ability to operate in a wider
range of operating conditions and might assist in transient operation.

4.3 On-line combustion operation optimization

While conventional feedback controllers such as the one presented in the previous
section are efficient to track and maintain the engine operation to the reference
setpoint against external disturbances, they cannot ensure its optimal operation.
Indeed, engine calibration prior to on-road application is traditionally performed in
a controlled environment (e.g., engine test bench). During this calibration phase,
a combustion phasing area might be chosen for the best efficiency and pollutant
emissions trade-off under certain operating conditions, and be therefore considered
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as the target to be achieved. However, in real-world operation, if these conditions
deviate from the expected ones, enforcing the tracking of the pre-calibrated com-
bustion phasing setpoint by closed-loop control might worsen the emissions because
the setpoint is no longer optimal.

An efficient way to optimize the engine operation on-line is by means of ex-
tremum seeking technique. One of the main advantages of the extremum seeking
(ES) strategy is that it is a powerful tool that does not require a model of the
system. Instead, this model-free strategy finds the input that minimizes (or max-
imizes, depending on the definition) a function by perturbing the system with a
known periodic input signal. By analyzing the output response, the corresponding
gradient can be obtained and be used to seek for the extreme region (i.e., opti-
mal). This approach was introduced in the 1920s [39] and has been since then
investigated in many areas, e.g., from heat pumps to powered prostheses [40–42].

The system’s output signal can be analyzed directly by the extremum seeking
controller, or previously reordered in the form of a cost function. This signal (or
function) is then, first, band-pass filtered to remove the low frequency content,
associated to the mean amplitude, and the high frequency content, associated to
noise, to capture the function response to the input perturbation. The gradient is
then estimated by multiplying the band-pass filtered signal by the perturbation.
The final correction is obtained by integrating the gradient multiplied by a cali-
brated gain. It is important to ensure that both the perturbation and the output of
the band-pass filter signals are in phase. Indeed, in the case of sensor measurement
delay, while the perturbation would be incremented at the instant t0, the sensor
might provide the resulting system response only at (t0 + δt), which can result in
an incorrect gradient estimation and lead to unstable operation [43]. If necessary,
the perturbation might be shifted accordingly to get both signals in phase. The
global extremum seeking principle architecture is shown in Figure 4.10 where the
ES controller is delimited by the grey area. In this figure, u0 corresponds to the
initial control input value. More information about extremum seeking algorithms
can be found in [44,45].

Extremum seeking controllers can be found in spark ignition engines with con-
trol over the spark advance timing in order to optimize the engine efficiency [46–48].
Lewander et al. [49] applied an extremum seeking controller to a diesel engine
where an optimal combustion phasing reference was evaluated and tracked to pro-
vide the best indicated efficiency. Van der Weijst et al. in [50] considered an ES
controller for on-line fuel efficiency optimization in a diesel engine by adjusting the
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Figure 4.10: Conventional extremum seeking controller architecture for a single variable.
A periodic perturbation of amplitude A and frequency f is applied to the original steady
state input u0. The plant output y is restructured into a cost function J which serves as
an input to the extremum seeking (ES) controller.

combustion phasing and pumping losses references. Both air and fuel-path were
considered and a NOx sensor placed at the engine exhaust was used to constrain
the control actions. Due to the traditional sensor delay observed in NOx sensors,
Tan et al. [43] proposed to include the nitrogen oxides emissions in the cost func-
tion by taking advantage of their correlation with the combustion temperature.
The ES controller aimed therefore to reduce the estimated in-cylinder tempera-
ture in order to reduce NOx emissions.

In this section, a controller is designed based on the extremum seeking tech-
nique and is applied to engine B. In particular, the extremum seeking method was
chosen to minimize a cost function consisting in the optimal combustion phasing
tracking and the reduction of NOx emissions.

4.3.1 Problem formulation

The overall objective of this investigation is to propose and verify an on-line opti-
mization algorithm for dual-fuel engine operation. To this end, it is necessary to
define the quantity to optimize and which control inputs can operate the system
to do so.

The combustion phasing, usually expressed as the CA50, is a commonly adopted
variable to track the highest engine brake efficiency. A reference setpoint CA50r
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might therefore be calibrated and tracked by the controller, similarly to the pre-
vious section. However, a trade-off exists between fuel consumption (i.e., brake
efficiency) optimization and pollutant emissions reduction. In this work, it was
therefore decided to also include the NOx sensor measurement into the function
to consider the pollutant emissions in the optimization problem. The performance
function design resulted in the following cost function J :

J = |CA50 − CA50r | + β NOx (4.8)

where the first part aims to operate the engine in an efficient area provided by a
previously calibrated value of CA50r, and the last part corresponds to the pollutant
emissions criteria. The weighting factor β was used to emphasize the importance
of the NOx emissions in the final cost evaluation. When β > 0 the optimizer
algorithm will attempt to reduce the NOx level at the expense of an ideally phased
combustion.

4.3.2 Controller design

In this work, the extremum seeking technique was designed to optimize the engine
operation according to (4.8). The proposed controller must therefore be based on
control variables able to drive both the combustion phasing (CA50), and the nitro-
gen oxides emissions (NOx). The NOx emissions are sensitive to the combustion
temperature. Hence, to some extent, their level depends on the combustion evo-
lution and phasing: conditions with high heat release peaks near the TDC might
favor their formation and increase their amount [51].

When developing control strategies, this work focuses on the use of the in-
jection settings actions only, i.e., the air-path control is not considered in the
control system. Therefore, considering a dual-fuel combustion engine at constant
load operation, two main control variables can be selected to handle the on-line
optimization, the gasoline fraction and the diesel injection timing:

� The gasoline fraction (GF) represents the mixture reactivity and in this
section is calculated as follows:

GF =
mg

mg +md
(4.9)

where mg and md are the injected gasoline and diesel masses, respectively.
The gasoline fraction was found to delay the combustion as its value increases
due to the difference in resistance to auto-ignition between gasoline and
diesel.
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� The injection timing, or start of injection (SOI), of the direct diesel injection
drives the mixture stratification. At early timings, the mixture is close to
homogeneous conditions, and when delayed, richer equivalence ratio distri-
bution in the cylinder results in some control authority over the combustion
evolution.

Combustion sensitivity

In order to design the controller, it is important to analyze the system’s output
response to the input perturbation. The perturbation frequency should be high
enough to ensure a fast convergence to the optimal operation, but slow enough to
properly observe the system response as well. Similarly, a high perturbation am-
plitude would reduce the optimization duration and ease the oscillation detection,
but would also result in a too excessive variation around the optimal point at the
end of the process. Methods to improve conventional extremum seeking operation,
where the perturbation amplitude is decreased as the system is getting closer to
the optimal region, were not evaluated here [52].

Each combustion mode introduced in Chapter 3 has a specific injection strat-
egy, traditionally function of the engine load. The combustion sensitivity to a
particular control variable might therefore depend on the operating conditions,
e.g., the fully premixed case is expected to be less sensitive to a slight variation in
the injection timing due to the mixture homogeneity with the long ignition delays
resulting from the early timings.

Previously, CA50 and NOx were selected to define the cost function, and GF
and SOI were considered as possible control variables. In the three investigated
combustion modes, the engine was exposed to a perturbation applied to the gaso-
line fraction and the injection timing in the form of a chirp signal, being up-chirp
for GF and down-chirp for SOI. The starting operating conditions and settings
that were exposed to the perturbation are listed in Table 4.3. Note that SOIp
refers to the pilot injection and SOIm to the main injection timing. The injection
timings are expressed in crank angle degree before top dead center (bTDC). In this
work, only the use of the main injection was evaluated in the extremum seeking
design, i.e., the pilot injection timing was kept constant because this injection is
not used to trigger the combustion.

Table 4.4 summarizes the chirp signal calibration applied to the control inputs
where the minimum and maximum frequencies f applied were 0.05 and 0.6 Hz,
and the chosen amplitudes A were 0.02 for GF and 1.5 CAD for SOIm. An illus-
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Table 4.3: Operating conditions of the experimental data used in the combustion sensi-
tivity analysis for each combustion mode.

Operating conditions
Fully Highly Partially

premixed premixed premixed

Engine speed [rpm] 1800 1800 1800
IMEP [bar] 11.3 11.9 11.8
EGR [%] 40 33 34
GF [-] 0.73 0.66 0.60
SOIp [◦bTDC] 60 35 None
SOIm [◦bTDC] 46 15 13

Table 4.4: Chirp signal specifications applied on GF and SOIm for the combustion
sensitivity analysis.

Chirp signal GF SOIm

Amplitude A [-]/[CAD] 0.02 1.5
Frequency f [Hz] From 0.05 to 0.6 From 0.6 to 0.05

tration of the resulting signals is shown in Figure 4.11.

The combustion phasing (estimated from the heat release computation) and
the NOx emissions (measured by the sensor placed at the exhaust) response to
the input perturbation were analyzed in the frequency domain. The results are
provided in Figure 4.12, where the brightest regions show the highest frequency re-
sponse amplitudes. Top and bottom plots show respectively the short-time Fourier
transform (STFT) of the CA50 and NOx signals. As expected, it is observed that
the gasoline fraction has the highest control authority over the combustion in the
fully premixed conditions because of the kinetically controlled combustion (GF is
perturbed by the chirp signal from 0.05 to 0.6 Hz, see Table 4.4). Meanwhile, the
injection timing has a larger controllability in the partially premixed combustion.
The highly premixed condition represents an in-between configuration where both
of the control variables had some authority over the combustion, especially from
the CA50 signal. In the case of the NOx emissions, it is observed that the NOx

sensor measurement signal tends to exhibit a higher response magnitude to lower
frequencies (below 0.3 Hz), likely to be due to the system’s dynamics (e.g., gas
transport and sensor delay). More importantly, this figure shows that both CA50
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Figure 4.11: Representation of the chirp perturbation in GF (top) and SOIm (bottom).
Details about the original settings and the chirp calibration can be found in Table 4.3 and
Table 4.4, respectively.

and NOx respond to a perturbation in GF and SOIm, verifying therefore that the
extremum seeking controller should be able to find the optimal cost function area
thanks to these two control variables, no matter the combustion mode operation.

It is important to highlight that such results can be obtained as long as the
sensitivity of the combustion follows the same tendency. Indeed, as described by
DelVescovo et al. [31], premixed dual-fuel combustion modes were observed to
exhibit a stratification region where the mixing conditions led to a combustion
phasing progression which was inversely correlated to the injection timing one.
The same observation was made by Li when analyzing the combustion phasing
sensitivity to the injection timing in the transition from HCCI to PPC combustion
(spoon shape) [53]. Consequently, if the CA50 is to be exactly in the regime
transition area, and that the perturbation amplitude of the controller covers this
region, some control instability or inefficiency are to be expected. In the present
case, the injection timings considered were found to either provide an almost null
CA50 sensitivity (fully premixed) or some sensitivity but always of the same sign
(highly and partially premixed).

Dual-fuel extremum seeking controller

The cost function J in (4.8) is composed of two distinct parts: the CA50 track-
ing error, and the NOx emissions reduction. Consequently, each part should be
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Figure 4.12: Short-time Fourier transform (STFT) of the CA50 (top) and the NOx

(bottom) response signals. The operating conditions are detailed in Table 4.3 and Ta-
ble 4.4. It is observed that the gasoline fraction has a higher control authority in fully
premixed conditions, while the injection timing has higher controllability in partially pre-
mixed mode.

individually processed by the extremum seeking controller to calculate their con-
tribution to the final correction. The single input ES controller, such as the one
shown in Figure 4.10, was therefore modified to integrate the multiple cost func-
tion inputs layout in the present application. Figure 4.13 shows the resulting
ES controller structure where J1 and J2 are the components of the cost function
in (4.8):

J1 = JCA50 = |CA50 − CA50r | (4.10)

J2 = JNOx = β NOx (4.11)

The NOx measurement is subject to sensor and gas transport delay. Conse-
quently, the sensor needs to be characterized in order to include its phase shift
in the extremum seeking controller. Otherwise, the corresponding gradient might
be incorrectly estimated and lead to unstable execution. One method consists
in performing an input step and deriving the dynamics with a linear first order
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Figure 4.13: Multi-input extremum seeking controller layout used in this investigation
that is repeated for each control input: GF and SOIm.

model [54]. Here, it was decided to identify the NOx dynamics by perturbing the
injection timing as in Figure 4.11 in order to evaluate the response to be expected
in the experiments. To ease the characterization, partially premixed conditions
were selected to increase the NOx emissions sensitivity to the injection timing.
First, a simple linear static model was obtained by approximating the NOx level
as a function of the injection timing around the considered operating point. Then,
the NOx signal was assumed to follow a first order filter with a dead time τ (sensor
delay) as follows:

NOsignal
x (t) = µNOsignal

x (t− δt) + (1 − µ)NOmodel
x (t− τ) (4.12)

where δt is the time step between two measurements, NOmodel
x is the output of the

aforementioned linear static model, and µ the filter calibration constant. The per-
turbation frequency at the injection timing was linearly increased (chirp signal),
and a least mean squares fitting between the measurement (NOsensor

x ) and the

resulting filtered signal (NOsignal
x ) provided the following calibration constants:

µ = 0.96 and τ = 1 s, where the response/dead time agreed with what can be
found in the literature [54]. The respective signals are provided in the bottom plot
of Figure 4.14, where the static model (NOmodel

x ) is directly phased with the in-
jection timing in the top plot. It can be observed that by increasing the frequency,
the sensor is not only characterized by its dead time, but the magnitude is de-
creased as well because not enough time is available to measure the real emissions.
This statement agrees with and confirms the conclusions from Figure 4.12 where
the highest magnitudes in the NOx measurement response were observed at low
frequencies.
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Figure 4.14: NOx sensor characterization with the injection timing as the control input
(top) and the resulting NOx emissions from different sources (bottom): NOsensor

x is the
value measured by the sensor placed at the exhaust, NOmodel

x is the linear static model
NOmodel

x = f(SOIm), and NOsignal
x is the modeled signal estimated by (4.12).

The final layout implementation of the extremum seeking controller is shown
in Figure 4.15 where each ES controller includes the architecture shown in Fig-
ure 4.13. According to the operating conditions, correction limitations such as on
the gasoline fraction might be considered in order to avoid unstable combustion
operation where very high concentration might lead to misfire conditions due to
low mixture reactivity and late combustion.

4.3.3 Results and discussion

The extremum seeking controller shown in Figure 4.15 was implemented in engine
B. Highly premixed conditions were selected for its validation as they represent
an in-between operation (compared to fully and partially premixed) where both
GF and SOIm should be driving the combustion to its optimal operation area.
Table 4.5 summarizes the operating conditions used for the experiment while the
perturbation settings are listed in Table 4.6. In this experiment, the perturbation
for JNOx was shifted by a constant τ = 1 s according to the previous observations,
while it remained unshifted for JCA50 due to the cycle-to-cycle response from the
combustion phasing to a change in the control input. Note that the eventual delay
generated by the port fuel injection dynamics (wall wetting effect) [35] was con-
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Figure 4.15: Dual-fuel extremum seeking controller layout using the gasoline fraction
(GF ) and the main diesel injection timing (SOIm) as control variables. The subscript
0 refers to the initial condition. Each ES controller includes the architecture shown in
Figure 4.13 where the CA50 and the NOx signals are used to calculate each component
of the cost function expressed in (4.8).

sidered insignificant according to the slow perturbation frequency chosen for the
gasoline fraction and is, therefore, not modeled here. The results are illustrated in
Figure 4.16 where each color corresponds to a cylinder, the grey line represents the
NOx sensor measurement, CA50r is shown with a black dashed line, and the solid
black line represents the moving average of the variables over a 20 seconds window.

Two evaluation sections are shown in this figure: a first one during 314 s
(white background), and from this time stamp till the end of the test (shaded
background). In the first part, the ES controller is evaluated with the following

Table 4.5: Operating conditions of the experimental data used for the extremum seeking
controller validation.

Engine speed [rpm] 1800
IMEP [bar] 10.3
EGR [%] 35
SOIp [◦bTDC] 60
GF [-] 0.735
SOIm [◦bTDC] 22

116



4.3. On-line combustion operation optimization

Table 4.6: Extremum seeking controller perturbation settings where f cutoffbandpass corre-
sponds to the calibration of the band-pass filter.

GF SOIm

A [-]/[CAD] 0.01 1.5
f [Hz] 0.05 0.2

f cutoffbandpass [Hz] [0.02 - 0.1] [0.1 - 0.4]

K [-] -0.05 -0.1

cost function calibration: β = 0.1 and CA50r = 4◦aTDC. The controller aims
therefore to minimize the NOx emissions while reducing the setpoint tracking er-
ror of the CA50 at the same time. Finally, the second part delimited by the
shaded grey area shows the system response when β was modified from 0.1 to
0. The objective of the overall validation is to evaluate the controller ability to
respond to the cost function definition and calibration using the gasoline fraction
and the injection timing as control inputs. By removing the NOx weight from the
cost function (β = 0), the controller is expected to track the combustion phasing
reference and leave the NOx emissions free of any control action.

In the first part of the test, according to the levels shown by the moving av-
erage over 20 seconds in the solid black line, the gasoline fraction was increased
from 0.735 to around 0.78, and the injection timing was advanced from 22 to
25◦bTDC. This resulted in a delayed combustion with the CA50 moving from
3.2 to 7◦aTDC. Such observation shows that the final GF and SOIm corrections
particularly aimed at optimizing the NOx emissions while maintaining a certain
control authority over the required CA50 level. Indeed, as previously mentioned,
when β > 0 the controller seeks to decrease the nitrogen oxides emissions at the
expense of the combustion phasing tracking error. The combustion was therefore
delayed, which resulted in less in-cylinder pressure and temperature and, conse-
quently, lower NOx emissions levels. Note that due to the actual definition of J
in (4.8), and the original levels of NOx in these conditions, even a small β value
represents a significant weight amount in the cost function evaluation.

At the beginning of the test it is observed that the CA50 and NOx signals
are composed of two distinct frequency components (corresponding to GF and
SOIm actions), whereas after 150 seconds, GF seems to become predominant.
Increasing the gasoline fraction not only delays the combustion and decreases the
NOx emissions, but it increases the homogeneous proportion of the mixture as
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Figure 4.16: Dual-fuel extremum seeking controller results in highly premixed conditions.
Each color represents a cylinder, the grey color is used for NOx, and the black dashed
line shows the CA50 reference setpoint. The moving average (MA) over 20 seconds is
represented in black and the notation y stands for the representation of the variable on
the y-axis in each plot. The shaded area on the right part shows the results when NOx

emissions are taken out of the optimization problem (β = 0).

well. Consequently, due to the simultaneous increase in the gasoline fraction and
advance in the direct injection, bringing the mixture into higher levels of premixed
conditions, the combustion is observed to exhibit a sensitivity predominantly to
the gasoline fraction (see Figure 4.12).

As previously mentioned, the combustion phasing is traditionally used to track
the maximum brake efficiency. In the first part of the experiment, since the com-
bustion phasing was not driven to the desired level, an increase in the brake specific
fuel consumption (BSFC) of 4% was observed (this quantity was chosen for eval-
uating the fuel conversion efficiency [55]) . Nonetheless, a 54% reduction in the
brake specific NOx (BSNOx) was measured thanks to the extremum seeking con-
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Table 4.7: Extremum seeking outcomes at the start and at the end of the execution with
CA50 and NOx optimization (first part of the validation test).

Start End (∼ 300s) Relative difference

σCA50 [CAD] 0.65 0.40 -38%
BSFC [g/kWh] 202 210 +4%
BSNOx [g/kWh] 2 0.92 -54%

trol actions (this value was selected to compare the evolution of the NOx emissions
according to the performance of the engine [55,56]). A trade-off between fuel effi-
ciency and pollutant emissions exists and the priority can be given to the desired
feature through the cost function calibration. Finally, it must be noticed that the
CA50 cylinder-to-cylinder dispersion was also reduced thanks to the use of the ES
controller where a standard deviation σ of 0.40 CAD was measured at the end,
compared to 0.65 at the beginning of the test (see Table 4.7).

In the last part of the test (grey area) the weighting factor β was set to 0 to
remove the pollutant emissions from the optimization algorithm, see (4.8). With
the current cost function definition, this results in a simple tracking strategy where
the CA50 is therefore driven to the combustion phasing reference (CA50r), at the
expense of a NOx emissions increase. Note that the gasoline fraction remains the
principal variable to exhibit a control over the combustion in this case. This is
believed to be justified by the highly premixed conditions reached at the end of
the first part where the injection timing was found to already have less control
authority.

The designed extremum seeking controller showed that this strategy was able
to reduce the NOx emissions by modifying the combustion operation, but at the
expense of a slight increase in the BSFC. The experimental results show the poten-
tial of this technique to achieve optimal operation in such systems. Furthermore,
the cost function might be designed to include more variables and consequently
participate in improving the combustion operation. Future investigation on on-line
optimization of the dual-fuel combustion operation could encompass an improved
definition of the cost function with further calibration effort in order to enhance
the trade-off between fuel consumption and pollutant emissions and therefore be
able to track the combustion phasing while maintaining the NOx emissions to the
lowest level.
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4.4 Safe engine operation by combustion resonance
measurement and control

Previous sections were dedicated to the design of controllers that ensured the re-
quired engine performance and tracking of optimal operation in the best extent
possible. However, engine safety should be brought to the foreground when devel-
oping control strategies as some operating conditions, even optimal, might repre-
sent a risk of damage for the engine. Section 4.2 addressed this matter proposing
a control of the pressure rise rate by limiting the premixed fuel quantity injected
in the cylinder. However, in premixed combustion, the combustion is initiated
at several kernels which create high pressure gradients inside the cylinder. Sim-
ilarly to knock in spark ignition engines, these gradients might be responsible of
important pressure oscillations with a harmful potential for the engine. These
oscillations might therefore be considered in the controller design in order to limit
their impact on the engine operation, as it can be extensively found in knock con-
trol [57–59].

In dual-fuel combustion strategies, Selim [60] considered the maximum pressure
rise rate (MPRR) as an index to study what was called knock in a dual-fuel engine
using pure methane (CH4), compressed natural gas (CNG) and liquefied petroleum
gas (LPG) as the main fuels, and diesel as the ignition source. It was found that
advancing the diesel injection resulted in higher ignition delays and thus increased
the maximum cylinder pressure and MPRR levels. Kirsten et al [61] considered
the pressure oscillations and proposed a knock event detection by separating the
ringing oscillations due to the premixed combustion and the knocking combustion
of the end-gas in a natural gas/diesel engine. A threshold was experimentally cal-
ibrated and was used to evaluate if the cycles were in knocking or non-knocking
conditions. Lounici et al. [62] analyzed knock in a natural gas/diesel engine with
the maximum amplitude of pressure oscillations (MAPO) and found that the brake
thermal efficiency and the emissions were worsened under knocking conditions. In
addition, as the knock intensity was increased, a higher cyclic variability of the
index was noticed. The MAPO was also considered by Chen et al. [63] to study
the cyclic knock variability in a methane/n-heptane CI combustion engine by vary-
ing the timing of the n-heptane injection. They optically observed the multipoint
auto-ignition process of the combustion and stated that the pressure oscillations
were induced by local fast burning rate.

While it is common to find studies about the definition of resonance, knock
and combustion noise indexes in premixed combustion engines, as well as how

120



4.4. Safe engine operation by combustion resonance measurement and control

the control variables would affect them (some examples can be found in [64–66]),
few of them were dedicated to real-time control implementation. Moreover, most
of the works used the pressure rise rate as the limitation factor for the harmful
potential of the combustion [67–69], but they did not address the pressure oscilla-
tions. Mashkournia et al. [70] implemented a controller in a HCCI engine where
the knock was detected by a discrete wavelet transform of the pressure oscillations.
A threshold was experimentally determined and the controller kept the knock in-
dex close to the desired value by regulating the fuel octane number of the mixture
(dual injectors of n-heptane and iso-octane).

This section studies the in-cylinder pressure oscillations from the dual-fuel
combustion concept and evaluates a control strategy for ensuring a safe operation of
the engine in the three investigated combustion modes: fully, highly and partially
premixed. After an analysis of the resonance excitation in each combustion mode,
a knock-like controller using the gasoline fraction and the diesel injection timing
to control the MAPO is proposed and validated in engine B. The results show the
controller ability to control the number of cycles exceeding the resonance index
limit in all the cylinders.

4.4.1 Problem illustration

Premixed combustion strategies are characterized by a rapid auto-ignition of the
air-fuel mixture and, as a result, usually exhibit high pressure gradients. This fast
combustion at multiple points in the combustion chamber is not only responsible
of significant pressure rise rate, but causes a substantial resonance excitation as
well, similarly to knock in SI engines.

To illustrate this phenomenon, a medium-low load point was selected where all
the investigated combustion modes can be tested by applying the appropriate con-
trol inputs (i.e., EGR, gasoline fraction, diesel injection timings, etc.). Table 4.8
collects the operating conditions. Figure 4.17 shows the respective in-cylinder pres-
sure (both low and high-pass filtered, plp and php) and heat release rate (dQapp)
traces from 500 consecutive cycles at steady-state operation in grey, and an in-
dividual selected cycle is highlighted in black (please refer to Chapter 3 for the
filter definition). The middle plots illustrate the in-cylinder pressure oscillations
in each condition. The rapid combustion of the premixed charge heavily excites
the in-cylinder pressure resonance leading to important pressure oscillations which
might persist till the end of the power stroke. It can be observed that the com-
bustion events and conditions influence the in-cylinder pressure oscillations. As
an example, in the partially premixed case (OP 3), the premixed mixture with
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Table 4.8: Operating conditions for each combustion mode. A medium-low load op-
erating point was selected to be performed in all the combustion modes for comparison
purposes.

Parameter Unit
Fully Highly Partially

premixed premixed premixed

Operating point (OP) 1 2 3
Engine speed [rpm] 1800 1800 1800
IMEP [bar] 12.5 12.4 11.2
CA50 [◦aTDC] 2.5 3 12
Pint [bar] 2.05 2.15 2.15
Tint [◦C] 63 67 60
EGR [%] 44 43 33
GF [%] 63 62 62
SOIp [◦bTDC] 60 34 none
SOIm [◦bTDC] 46 19 10

low reactivity is suddenly burned by the reactions of the diesel injection combus-
tion and significant inhomogeneities might lead to high pressure oscillations. It
is also noticed that in fully and highly premixed combustion conditions (OP 1
and OP 2), the pressure oscillations exhibit a lower magnitude compared to the
partially premixed case.

4.4.2 Definition of the limitation index

As mentioned and described in Chapter 3, various indexes can be found in the
literature when addressing the limitation of the engine operation. However, these
indexes might not address the same phenomena and not be correlated with each
other. Here, the maximum pressure rise rate (MPRR), the ringing intensity (RI)
and the maximum amplitude of pressure oscillations (MAPO) levels resulting from
the operating points shown in Figure 4.17 (whose settings can be found in Ta-
ble 4.8) are illustrated with box and whiskers plots in Figure 4.18. It is observed
that, when reducing the premixing time of the mixture (from OP 1 to OP 3), a
decrease in MPRR and RI levels is obtained. However, at the same time, it can
be noticed that the MAPO level increases. Note that in this case, the detection
of a decrease in the MPRR despite the increase in MAPO could occur because
the MPRR is obtained from a low-pass filtered signal that aims to remove high
frequency components, hence lacking of resonance content evaluation. The similar
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Figure 4.17: Low-pass filtered (top) and pressure oscillations from high-pass filtered
(middle) in-cylinder pressure signals, and heat release rate traces (bottom) at each dual-
fuel combustion strategy as detailed in Table 4.8 (grey: series of 500 consecutive cycles,
black: individual selected cycle).

RI magnitude noticed in OP 2 and 3, although the MPRR was reduced, is likely
to be justified by the maximum pressure and temperature compensation (please
refer to equation (3.33) in Chapter 3 for the relation between these two indexes).
Furthermore, it can be seen that the measured ringing intensity levels exceed the
traditional limit of 5 MW/m2, although the MPRR is below the considered safety
margin of 15 bar/CAD in this engine, showing the filter calibration and engine
dependency of these indexes. Also, it must be noticed that the variability of the
MPRR and RI decreases as it approaches partially premixed conditions, but the
expected oscillations have, on the contrary, an important cycle-to-cycle variability
(from 2.5 to more than 20 bar of MAPO), manifesting the stochastic nature of the
resonance excitation.

Overall, this figure shows that an opposite trend may be detected when ad-
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Figure 4.18: Comparison between MPRR, RI and MAPO levels in the three dual-fuel
combustion modes at the conditions listed in Table 4.8 (left), and cycle-to-cycle variability
relation between these three indexes (right).

dressing the harmful potential of the combustion with a direct measurement of
the resonance excitation, such as with MAPO, compared to other indexes that
characterize how rapid the combustion is, such as with MPRR. Accordingly, high
resonance excitation might be identified although safer operation would be sup-
posed by the pressure rise rate reading alone. Finally, as illustrated in the right
part of this figure, the cycles with high levels of MPRR and RI do not necessarily
correspond to the cycles with high pressure oscillations amplitude, verifying that
these indexes deal with different phenomena and that they should be addressed
independently.

Important combustion pressure oscillations might lead to thermal efficiency
loss and possible damage for the engine and, therefore, require to be tracked. In
the investigation described in this section, the resonance intensity level alone was
considered, and in this sense, the MAPO was therefore selected as the resonance
index and limitation factor when designing the controller. Nonetheless, a compari-
son with MPRR and RI is also provided in the controller results section to evaluate
the differences and outcomes of the controller when applied to these other indexes.
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Figure 4.19: Individual cylinder MAPO probability density function in all the conditions
listed in Table 4.8.

4.4.3 Controller design

Premixed conditions exhibit an important cyclic combustion variability due to the
inhomogeneities at the combustion ignition (i.e., kinetically controlled combus-
tion) [71]. Additionally, multi-cylinder engines might present uneven fuel distri-
bution from the PFI system, direct injectors ageing, or EGR dispersion between
cylinders under high pressure EGR operation [72, 73]. Henceforth, the resonance
intensity of a given operating condition in a premixed combustion can be under-
stood as a stochastic phenomena, in the same way that knock is understood in
spark ignited engines.

The probability density functions (PDF) of the MAPO resulting from the op-
erating conditions listed in Table 4.8 in each cylinder are illustrated in Figure 4.19.
The resonance intensity distributions observed in Figure 4.19 show that: first, each
cylinder should be controlled individually as they do not exhibit the same distribu-
tion (likely to be justified by the difference in in-cylinder conditions), and second,
the resonance intensity is random in nature so its control should be addressed from
this perspective. It was noticed that cylinder 1 used to exhibit a distinct amplitude
distribution compared to the general trend measured in the other cylinders. This
was attributed to the pressure sensor location in the cylinder where the pressure
oscillations may be sensed differently [74]. Indeed, as shown in Figure 4.20, engine
B was equipped with five pressure sensors positioned at the same location, for
cylinder 2 to 6 (location 2), while cylinder 1 had a pressure sensor in a different
location for engine geometry reasons (location 1), impacting consequently the way
the pressure oscillations were sensed.
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Figure 4.20: In-cylinder pressure sensors location layout. Location 1: cylinder 1, location
2: cylinder 2 to 6.

Combustion sensitivity

Ensuring a safe operation of the engine requires to determine which control vari-
ables drive the resonance intensity (MAPO in this case). Figure 4.17 showed that
the combustion conditions (e.g., rate of energy released, start of combustion, mix-
ture stratification) affect the pressure oscillations amplitude. Consequently, each
combustion mode is expected to exhibit a different sensitivity to the control inputs
depending on the considered strategy. This work focuses on the use of the injec-
tion settings only as control inputs. By doing so, the controller should provide a
fast and safe control of the engine operation as this approach allows to influence
the combustion within a cycle resolution compared to other methods with slower
dynamics (e.g., air path, EGR control).

Similarly to section 4.3, it was decided to investigate the combustion sensitiv-
ity to a change in the gasoline fraction and the start of the main diesel injection
for the three operating points discussed previously (see Table 4.8). The resulting
probability density functions are shown in Figure 4.21 (note that for the sake of
clarity this figure shows the results from only one cylinder). It was found that
the resonance was mainly influenced by the gasoline fraction in the fully premixed
mode (OP 1). This observation was expected as the combustion ignition is kineti-
cally controlled in these conditions (similar observation was made in section 4.3).
Higher gasoline rates reduced the average levels, while the injection timing effect
was less explicit: only the case with a SOIm of 49◦bTDC seemed to have had an
effect, though not following a clear tendency as with the gasoline fraction. Due to
the early injection timings and high mixing times in this combustion mode, a slight
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Figure 4.21: Probability density functions of MAPO in all the dual-fuel combustion
modes to evaluate its sensitivity to the control inputs: gasoline fraction (top) and diesel
injection timing (bottom). It is observed that the gasoline fraction has a higher control
authority over the combustion in fully premixed conditions while the MAPO distribution
is more sensitive to the injection timing in partially premixed combustion.

change in the injection timing is assumed to not affect drastically the combustion
evolution. As the gasoline fraction modifies the in-cylinder mixture reactivity, this
results in a modification of the combustion evolution where the resonance might be
excited in a larger extent. For instance, the combustion energy might be released
all at once closer to the top dead center by advancing the combustion. Once the
diesel injection timing is getting closer to the top dead center, the effect of this
control variable becomes more relevant in the resonance intensity distribution as
it is shown in the partially premixed case (OP 3). This is justified by the mixture
stratification modification resulting from the change in SOI. By approaching the
TDC vicinity, the mixture becomes less homogeneous and richer local equivalence
ratios appear, which enhance the combustion reactions. Unlike the fully premixed
case, here, the gasoline fraction was observed to have no apparent impact on the
MAPO distribution and the different blending ratios were found to excite the in-
cylinder pressure resonance in a similar way. For its part, the highly premixed
condition represents an in-between case where both gasoline fraction and injec-
tion timing have some control authority, and where a transition in the combustion
regime might be observed [31].
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Dual-fuel resonance controller

A control strategy is proposed to ensure a safe operation of the engine based on
the stochastic nature of the resonance intensity in the combustion chamber. The
probability distributions shown previously in Figure 4.21 can be used to set an
index threshold not to be exceeded with a predefined probability. The controller
should then always ensure that, independently of the combustion mode, the prob-
ability of having a cycle above the threshold will be maintained at a certain value.
This threshold is defined for engine safety and durability and can be shared at
each cylinder, considering that the pressure oscillations are equally measured and
processed in all the cylinders (e.g., pressure sensor location).

A commonly used technique for such purpose is the conventional knock control,
which continuously modifies a given input (u) at every engine cycle k by a certain
amount kadv until an event above the knock index (KI) threshold is detected [75].
Once such event appears, the input is modified in the opposite direction by a larger
amount kret:

uk =

{
uk−1 − kret, if KI > KIlim

uk−1 + kadv, otherwise
(4.13)

where the kadv and kret calibration determines how fast the controller approaches
the operation limit (KIlim) and how the input is modified when an event is de-
tected.

On average, under stable operation, it is assumed that both increments should
cancel each other. Considering that kret (i.e., knock event) occurs with a proba-
bility pkc, these two parameters are therefore linked by the following relation [76]:

kadv =
pkc

1 − pkc
kret (4.14)

Consequently, if the probability pkc is considered as a design parameter, the
definition of either kadv or kret will fully characterize the controller, as they are
linked by the knock probability pkc. By adjusting these parameters, a trade-off
can be found between a fast response to knocking events and a high control actions
dispersion [57]. The controller layout is illustrated in Figure 4.22 where uk corre-
sponds to either GF or SOIm, and KI is the resonance intensity level, MAPO in
this case.

Finally, it is important to highlight that this work investigates the use of
MAPO, evaluated from the in-cylinder pressure measurement, but the same strat-
egy might be investigated evaluating the pressure oscillations intensity through
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Figure 4.22: Knock-like controller layout applied to the dual-fuel combustion concept
where uk corresponds to either GF or SOIm, and KI is MAPO in the presented case
(another index might be used and the controller could still be similarly applied).

another index or technique, e.g., conventional knock sensor on the engine struc-
ture, to evaluate if similar results could be obtained [77,78]. The only requirement
being that the proper control variables have to be selected, i.e., a sensitivity of the
selected index to these inputs must exist.

4.4.4 Results and discussion

The previously described knock-like controller was evaluated at each combustion
mode (from OP 1 to OP 3) using the gasoline fraction (tests referenced as a) and
the injection timing (tests referenced as b) as the control variables according to
the parameters listed in Table 4.9. The goal of the controller was to maintain the
probability of the cycles with a MAPO above the limit (MAPOlim) to a specified
threshold (pkc). Here, the percentage of events pkc and kret were selected to char-
acterize the proposed controller, and kadv was therefore calculated on-line using
(4.14). In this evaluation, it was considered that the combustion sensitivity sign
was already known (e.g., the gasoline fraction should be increased in fully pre-
mixed conditions to decrease the resonance levels), and each control variable was
tested independently. Therefore, a control architecture where both control inputs
would be actuated at the same time, and where an automatic transition from one
mode to the other would be performed, was not evaluated here.

A summary of the results can be found in the lower part of Table 4.9, where
the resulting percentage of exceeding cycles in each cylinder is named pki. In this
table, pki,median represents the median value from all the pki obtained at each
cylinder, and pki,min and pki,max are the minimum and maximum measured values
to show the dispersion between cylinders. That way, if the controller was able
to control the high resonance intensity cycles probability, pki,median, pki,min, and
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Table 4.9: Operating conditions and results from the tests performed to evaluate the
knock-like controller at each combustion mode.

OP 1 OP 2 OP 3
Test 1a 1b 2a 2b 3a 3b

u GF SOIm GF SOIm GF SOIm
umin [-]/[◦bTDC] 0.30 35 0.30 6 0.30 8
umax [-]/[◦bTDC] 0.92 49 0.92 23 0.85 20
MAPOlim [bar] 5.5 5.5 7 7 18 18
pkc [-] 0.030 0.030 0.030 0.030 0.030 0.030
kret [-]/[CAD] -0.03 1 -0.03 1 -0.03 1

pki,median [-] 0.030 0.053 0.030 0.032 0.032 0.028
pki,min [-] 0.028 0.028 0.028 0.028 0.005 0.027
pki,max [-] 0.032 0.145 0.032 0.032 0.033 0.030

pki,max should all be in the same range than pkc. Due to the different levels ob-
tained in cylinder 1 (see Figure 4.19), it was decided to not include this cylinder
in the controller validation. Therefore, in this table are indicated the median,
minimum and maximum probability from cylinder 2 to 6. When a control variable
had no authority on the resonance intensity, the percentage of events could not
be controlled, leading to undesired values as discussed in the following conclusions.

It is important to note that the objective of the following validation is to eval-
uate the potential of the selected control variables (GF and SOIm) to maintain
the combustion operation to its limit by means of a knock-like controller in all
the combustion modes. For this reason, the resonance intensity limitation was
defined according to each combustion conditions, i.e., the limit was set empirically
and relatively close to the original levels, hence restricting the controller ampli-
tude range of actuation. The definition of a global index limitation threshold for
the whole engine map, similarly to some knock definition in SI engines, was not
evaluated in this work. Therefore, in some cases, a more restrictive resonance
intensity limitation might result in control restrictions and exhibit distinct out-
comes, e.g., if a control variable reaches its limitations (umin or umax), then the
resulting pki would inevitably be out of the desired range. Consequently, it must
be highlighted that the results hereinafter described correspond, in some extent,
to a narrow range of control actuation. Yet, this situation is to be expected if such
control strategy is activated only in circumstances where the operating conditions
are reaching the engine limitation and thus would ensure to not overcome it. The
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control implementation for activation and deactivation as a function of the com-
bustion operation, e.g., enabled only when harmful conditions are met until safer
ones are expected, was however not considered here either.

Each control variable was constrained, as stated by the values umin and umax in
Table 4.9, in order to avoid unstable engine operation. According to the previous
combustion sensitivity analysis, it was found that the resonance level should be
controlled by the gasoline fraction in fully and highly premixed conditions, where
a higher quantity results in lower resonance levels. Therefore, the controller will
first attempt to reduce the gasoline fraction until a cycle is detected to overcome
the limit. Even though the resonance intensity should be detected above the limit
before reaching really low GF levels, the lower limitation was set to avoid pure
diesel operation in any circumstance. Meanwhile, the upper limit was set to avoid
high gasoline concentration which could lead to misfire conditions and result in
unstable combustion operation. In fully and highly premixed combustion modes,
the injection timing upper limit was set to avoid injections merging with the pilot
injection (i.e., dwell time limitation). In the partially premixed case, this value
was chosen to leave some margin to the controller action and to avoid combustion
regime modification as well. The lower injection timing limitation was chosen to
avoid combustion mode transition in OP 1 and 2, and unstable operation and poor
combustion efficiency in OP 3.

The left part of Figure 4.23 to Figure 4.25 shows the overall controller behavior
in three selected cases from Table 4.9. In each of these plots, the white area
represents the section of the test where the controller is enabled, while when it is
not, the area is shaded in grey. The top plot shows the cycle-to-cycle resonance
intensity level at each cylinder (i.e., MAPO), the middle plot the control actions,
and the bottom plot the evolution of the probability of exceeding cycles in a moving
buffer of 100 cycles, for illustration purposes. The dashed black lines represent the
resonance intensity limit in the top plot, and the desired probability threshold in
the bottom plot. A zoomed section of the outcomes when the controller is enabled
is also shown in the right part of these figures. This zoom presents a 100 cycles
window of one cylinder to illustrate the cycle-to-cycle controller actions. When
a cycle is detected to exceed the index limitation threshold in the top plot, a
response of the controller is expected in the middle plot by varying the control
variable level.

Fully premixed case As suggested in Figure 4.21, and confirmed in the results
from Table 4.9, only the gasoline fraction was able to drive the resonance excitation

131



Chapter 4. Dual-fuel combustion control using in-cylinder pressure feedback

to the desired threshold in fully premixed operation (test 1a). On the other hand,
the injection timing control resulted in a percentage of cycles exceeding the limit
out of the target range (test 1b, pki,median = 0.053) with high cylinder-to-cylinder
probability dispersion, from a minimum of 0.028 in cylinder 3 to a maximum of
0.145 in cylinder 4. These results show that the injection timing is not able to con-
trol the resonance content in the cylinder under these conditions due to the early
injection timings in this combustion mode. Figure 4.23 illustrates the controller
response to the conditions in test 1a. It was observed that the controller was able
to maintain the cycles exceeding the MAPO limit down to the desired probability
threshold using the gasoline fraction as the control variable in all the cylinders.
Once a cycle was detected above the MAPO limit (specified in Table 4.9), the
gasoline fraction was reduced by an amount kret, as specified in (4.13), and slowly
drove back to the limit operation (i.e., the gasoline fraction was increased in this
case since its correction is negative, see Table 4.9). Note that in order to appreci-
ate the final magnitude in the probability evolution, the bottom plot was cropped
and some cylinders were therefore not fully represented. Moreover, this bottom
plot also shows that not all the cylinders exhibit a similar probability of cycles
exceeding the limit when the controller is not enabled (i.e., some cylinders have
a probability level already below the desired threshold). This indicates that the
control of each cylinder might be individually enabled or not according to their
original resonance levels.

Highly premixed case Similarly to the fully premixed case, the gasoline frac-
tion was able to maintain the combustion at its operation limit in the highly
premixed case (test 2a). From its part, the injection timing controllability in test
2b was less noticeable in these conditions. Figure 4.24 shows the results obtained
when the injection timing was used to control MAPO in OP 2. It was observed that
the injection timing at each cylinder was individually controlled within umin and
umax (represented by dash-dotted black lines) to drive the probability of the cycles
exceeding the limit value towards the desired probability threshold, as shown in
the bottom plot. Overall, the control actions in this case exhibited some authority
but less than the gasoline fraction, which agreed with Figure 4.21, and might be
explained by the in-between situation of the injection timing effect under these
conditions (i.e., transition between kinetically and mixing controlled combustion).

Partially premixed case Finally, test 3a and test 3b were respectively per-
formed to evaluate the gasoline fraction and the injection timing ability to control
the MAPO distribution in partially premixed conditions. In these conditions, the
gasoline fraction was unable to control the combustion to the desired operation
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Figure 4.23: Test 1a: MAPO control (top) using the gasoline fraction (middle) to
control the probability of cycles exceeding the desired threshold (bottom) in fully premixed
conditions. A zoom on a cycles area is provided on the right part to show a detailed view
of the controller actions. Dashed black line: MAPO limitation (top) and probability
threshold (bottom). Note that cylinder 1 is omitted from this experiment.

limit in all the cylinders as indicated in Table 4.9 (test 3a). This was expected
according to the very low sensitivity found previously (see Figure 4.21). Mean-
while, the injection timing was capable of moving and maintaining the MAPO
probability towards the specified threshold as shown in Figure 4.25. In this case,
the injection timing was advanced in almost all the cylinders because the starting
MAPO levels were below the defined limitation.

Altogether, the results showed that in fully premixed conditions the controller
was able to limit the pressure oscillations by regulating the mixture reactivity with
the gasoline fraction. Similarly, the highly premixed condition was found to be
efficiently controlled by the gasoline fraction, and the injection timing exhibited
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Figure 4.24: Test 2b: MAPO control (top) using the start of the main injection (middle)
to control the probability of cycles exceeding the desired threshold (bottom) in highly
premixed conditions. A zoom on a cycles area is provided on the right part to show
a detailed view of the controller actions. Dashed black line: MAPO limitation (top)
and probability threshold (bottom), dash-dotted black lines: control actions limitations
(middle). Note that cylinder 1 is omitted from this experiment.

some control authority over the resulting amount of cycles exceeding the operation
limit to some extent as well. At last, the probability of cycles exceeding the
predefined limit in the partially premixed strategy was properly regulated by the
injection timing. As a future improvement, a controller able to select the control
variable with the highest control authority over the combustion in real-time could
enable to cover a wider range of operation with a single controller.

Controller evaluation comparison with other indexes

Aiming at evaluating if the proposed controller could be implemented in a dual-
fuel engine relying on more traditional limitation indexes, the same analysis was
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Figure 4.25: Test 3b: MAPO control (top) using the start of the main injection (middle)
to control the probability of cycles exceeding the desired threshold (bottom) in partially
premixed conditions. A zoom on a cycles area is provided on the right part to show
a detailed view of the controller actions. Dashed black line: MAPO limitation (top)
and probability threshold (bottom), dash-dotted black lines: control actions limitations
(middle). Note that cylinder 1 is omitted from this experiment.

performed using the MPRR and the RI, and the results were compared with the
ones obtained using the MAPO limitation. The conditions and controller calibra-
tion were the same than the ones presented in Table 4.9 with the exception of
KIlim (see Figure 4.22) which was modified according to the considered index and
combustion mode as provided in Table 4.10.

Figure 4.26 shows the results for each index in all the tests in a similar way
than indicated in Table 4.9: the median probability pki,median for cylinders 2 to
6 is illustrated in a circle (GF actuation) or diamond shape (SOIm actuation),
and the boundaries (pki,min and pki,max) are shown with errorbars. Similar results
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Table 4.10: Operating conditions when using MPRR and RI as limitation factors in the
knock-like controller proposed originally with MAPO.

OP 1 OP 2 OP 3
Test 1a 1b 2a 2b 3a 3b

u GF SOIm GF SOIm GF SOIm

KIlim
MPRR [bar/CAD] 9 9 7 7 8 8
RI [MW/m2] 7.5 7.5 4.5 4.5 5.5 5.5

Figure 4.26: Probability results of cycles exceeding the specified limitation with various
indexes. The solid grey line shows the desired probability threshold (pkc = 0.03).

were observed in fully premixed conditions (test 1a and 1b): the gasoline fraction
was able to maintain the probability of exceeding cycles at the specified threshold
for every index, while the injection timing resulted in high cylinder-to-cylinder
dispersion with probabilities distant from the desired value. Same conclusions can
be drawn when using MPRR and RI in test 2a, 2b and 3b compared to the MAPO
results, while a greater responsiveness to the gasoline fraction was found in the
partially premixed mode in test 3a. In this combustion mode, both MPRR and
RI exhibited some sensitivity to GF as it is illustrated in Figure 4.27. Same ob-
servation was made for the SOIm sensitivity in OP 2.

Figure 4.27 compares the distribution of the three indexes in the same cylin-
der against the control variables variations in all the combustion modes. It can
be seen that, unlike the MAPO, an increase in the gasoline fraction resulted in a
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Figure 4.27: Combustion sensitivity of the MPRR, RI and MAPO to the gasoline fraction
(top) and the diesel injection timing (bottom) in all the dual-fuel combustion modes.

slight, but distinct, decrease in the MPRR and the RI levels in OP 3. In this case,
the mixture reactivity sweep was sufficient to cause a change in the combustion
evolution measured with the low-pass filtered pressure trace (which is then used
to obtain the pressure rise rate and the ringing intensity), but was not sufficient
to appreciate an important change in the resonance excitation in the combustion
chamber (i.e., pressure oscillations detection). Furthermore, it can be highlighted
that in partially premixed conditions, the MAPO distribution exhibits high levels
of cycle-to-cycle variability, representative of the stochastic nature of this index,
which might therefore result in a more challenging environment for the controller
to ensure complete control over the probability of exceeding cycles.

This analysis showed that although indexes based on the direct measurement
of the pressure oscillations might be of greater interest to limit their intensity by
means of stochastic control, more traditional indexes such as the MPRR or the
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RI might also be used in the same controller architecture to limit the combustion
operation, as long as a sensitivity to the control variables is demonstrated.

4.5 Conclusions

This chapter investigated the use of the in-cylinder pressure sensor signal for feed-
back control applied to dual-fuel combustion engines where various methods with
different objectives were explored. Particularly, in order to propose the widest
range of application possible, it was decided to expand the control investigation
and design to all the considered and available combustion modes in dual-fuel en-
gines: fully, highly and partially premixed.

First, a traditional proportional-integral closed-loop controller was proposed
to track the load (IMEP), the combustion phasing (CACG) and ensure that the
engine was not exceeding its mechanical constraints (MPRR). The control strat-
egy was applied on the single cylinder engine A and the input-output pairing was
analyzed to design the controller. As a result, the total fuel quantity, the pre-
mixed injected fuel, the gasoline fraction and the late diesel injection timing were
selected. The results showed that the controller was able to reject disturbances
in the operating conditions such as with EGR, intake and rail pressure variations,
but also to track a change in the combustion phasing setpoint, no matter the
operated combustion mode. The controller was designed to prioritize the load
and safe operation achievement, at the expense of the combustion phasing track-
ing response time where further calibration effort could improve the controller
response. A test at high load transient condition was also performed to evaluate
the proper combustion switching-mode execution induced by the open-loop control
and its correction by the closed-loop controller in order to track the desired load.
The controller robustness-responsiveness trade-off was found to achieve the load
within a few cycles while ensuring a safe control of the MPRR without overshoot
in the control actions. These results suggested that this strategy might be applied
individually to each cylinder in a multi-cylinder engine in order to compensate for
the cylinder-to-cylinder dispersion and provide a more balanced engine operation.

Because a simple closed-loop controller based on proportional-integral actions
could not ensure optimal operation of the combustion engine, it was decided to
investigate the use of the feedback from the sensors installed on the engine to
develop an on-line optimizer algorithm in engine B. It was decided to base the
controller on the extremum seeking technique using a cost function that relies on
combustion phasing tracking (CA50 in this case) and nitrogen oxides emissions
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reduction. That way, the controller aimed, in the best extent possible, to keep the
combustion phasing in a fuel efficient area while decreasing the exhaust emissions
measured by the NOx sensor placed at the exhaust. The gasoline fraction and the
main diesel injection timing were selected as the control variables. A frequency
analysis of the CA50 and the NOx signals response to a perturbation to these
inputs showed that each combustion mode exhibited a different sensitivity: the
gasoline fraction was more prone to influence the combustion in fully premixed
conditions, and the injection timing was more effective in partially premixed com-
bustion. Based on these results, the extremum seeking controller was calibrated
and applied on a highly premixed case. The results showed encouraging outcomes
as a substantial reduction in the NOx emissions was observed, at the expense of
a slight increase in the fuel consumption. Such strategy might be enhanced with
further calibration and by adding more variables into the cost function definition
which could then be expanded to the whole engine map operation by selecting the
proper control constraints.

Finally, it was decided to explore the use of a knock-like controller based on
the measurement of the pressure oscillations in engine B in order to ensure a safe
operation of the engine, which is of high importance when dealing with premixed
combustion strategies. Due to the potential engine damage that could result from
the pressure resonance excitation, the maximum amplitude of the pressure oscilla-
tions (MAPO) was considered as the limiting factor for the combustion operation.
The gasoline fraction and the injection timing were again selected as the con-
trol variables. Similar sensitivity behavior as in the optimization investigation
was found, where the gasoline fraction and the injection timing control authority
over the combustion were respectively prevailing in fully and partially premixed
conditions. The results showed that the designed strategy was able to keep the
percentage of cycles exceeding the limit around the desired threshold within the
control constraints in each combustion mode, exhibiting its potential to provide
a safer engine operation. Further investigation in the dual-fuel combustion pres-
sure oscillations formation and magnitude would be of high interest in order to
better characterize the resonance in this kind of combustion mode, and therefore
provide a global resonance intensity index definition. Furthermore, it is important
to highlight that another detection index using cost effective pressure sensors or
a conventional knock sensor placed on the engine structure could be used and the
same control strategy might be applied to improve the pressure oscillations limi-
tation.

The various control strategies explored in this chapter showed the potential
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given by the in-cylinder pressure signal to comply with a commercial multi-cylinder
application. From disturbances rejection to operation optimization, the feedback
provided by such sensor can be coupled with the already existing set of sensors to
enhance the control of dual-fuel engines in terms of performance, efficiency, safety
operation, as well as pollutant emissions.
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Chapter 5

Model-based approach for
dual-fuel combustion control

5.1 Introduction

Describing a system by physical equations has always been of high interest in con-
trol theory. The model might be used to develop simulations for control strategies
thanks to the system mathematical representation, to facilitate the estimation of
internal parameters through state observers, or to develop more advanced control
methods such as model predictive control (MPC).

Internal combustion engines are nonlinear systems where control strategies such
as the ones described in Chapter 4 are widely used because they do not require
to develop a complete model of the engine. Furthermore, the engine nonlinear-
ities might be insignificant enough to be tackled by a simple controller such as
proportional-integral control. Nonetheless, these strategies might require a sub-
stantial experimental calibration effort, particularly when applied to a wide range
of operating conditions. The physics-based control-oriented model (COM) ap-
proach presents several advantages [1]. First, the model could be used to calibrate
conventional control strategies off-line instead of undertaking a considerable ex-
perimental calibration campaign for each condition. By doing so, experimental
data could be used for system identification and validate a model, and once it is
sufficiently representative of the engine operation, no more experiments are theo-
retically required. A new controller could therefore be designed and evaluated prior
to its real implementation [2–5]. Finally, these models might also be integrated di-
rectly into enhanced model-based control strategies where the mathematical model
allows to get a better insight about the expected behavior of the engine [6–9].
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Some models might require some information from a specific variable in order
to provide a proper estimate. In the case where this variable is hard to measure,
some errors might be observed in the model output and this could result in a less
efficient control of the system. In internal combustion engines, this is especially
true due to the system dynamics and cylinder-to-cylinder dispersion which might
come from various sources (e.g., fueling variations, ageing, hardware design). In
single fuel applications, state-of-the-art closed-loop control strategies used to be
effective for the compensation of the cylinder-to-cylinder dispersion due to fueling
variations [10]. However, dual-fuel engines represent a more complex environ-
ment [11,12], especially under diluted operation, where similar individual combus-
tion phasing is not necessarily representative of the same fuel mixture reactivity in
all the cylinders due to uneven fuel and air dilution distribution. There is there-
fore a need to provide tools that give a better insight of the individual cylinder
conditions in order to enhance the feedback information for dual-fuel combustion
controllers dealing with the fuel dispersion reduction between cylinders. A state
observer is a powerful tool to address this kind of task by leveraging the model
representation of the system combined with the available information from the
sensors [13,14].

This chapter investigates the potential of using models describing the dual-
fuel combustion operation to provide tools that could enhance the development of
control strategies for such combustion concept. The first section presents a control-
oriented model developed to provide an estimation of the combustion phasing in
RCCI operation and the second section explores the use of a state observer to
estimate the individual cylinder fuel blending ratio. The results are respectively
discussed in sections 5.2 and 5.3.

5.2 Combustion phasing control-oriented model for
RCCI engines

The combustion phasing is traditionally assumed to be a relevant indicator and
target for ensuring an efficient combustion operation. Whether to use it as a feed-
back for developing control strategies, or to implement it directly in the controller,
its estimation through modeling is therefore particularly valuable. Several studies
in the literature aimed to develop combustion modeling for control applications
in advanced combustion concepts such as HCCI [15–17], and some of them were
dedicated to dual-fuel combustion as discussed in Chapter 2.
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In this section, a control-oriented model with the objective of predicting the
CA50 from the operating conditions in RCCI combustion mode (fully and highly
premixed conditions, Chapter 3) is proposed. A modified knock integral model,
which makes use of the mixture reactivity and the in-cylinder oxygen concentra-
tion, was used to estimate the ignition delay. Then, the CA50 was approximated
using a linear equation which characterizes the duration between the start of com-
bustion (SOC) and the CA50.

The model was first calibrated using a set of experimental data from engine
B in RCCI conditions, and was finally validated in a load transient test which
resulted in a change in the CA50 as well. The model description and the results
are provided hereinafter.

5.2.1 Model description

The control-oriented model developed for the premixed dual-fuel combustion is de-
scribed below. This model aims to propose a simple approach to predict the start
of combustion and the CA50 using physical equations based on measurable oper-
ating conditions variables. The COM is divided into three parts: the estimation of
the in-cylinder conditions at the intake valve closing (IVC), the compression from
IVC to SOC, and the combustion process from SOC to CA50.

IVC conditions

The in-cylinder charge conditions at the intake valve closing contribute to the
combustion timing of RCCI engines and must therefore be determined [18]. In
the proposed model, some simplifications were made, that is, the residual gases
from the previous cycle were not considered and the in-cylinder pressure at IVC
was approximated from the intake manifold pressure Pint by a linear function as
suggested by Rausen et al. [19]:

pivc = β0 + β1Pint (5.1)

The in-cylinder temperature at IVC was then approximated using the ideal gas
law:

Tivc =
pivc · Vivc
mcyl ·R

(5.2)

with R the ideal gas constant equal to 287 J/kg.K and Vivc the volume at IVC ob-
tained from geometrical equations (see Chapter 3). The in-cylinder trapped mass
mcyl was estimated using a volumetric efficiency map calibrated from experimental
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data and was calculated by:

mcyl =
ηv Pint Vdis
RTint

(5.3)

where ηv is the volumetric efficiency (i.e., the pumping performance of the inlet
port which is normally between 0.8 and values above 0.9 [20]), Vdis the cylinder
displacement, and Tint the intake manifold temperature. More detailed approaches
to estimate the conditions at IVC, which take into account the effect of the residual
gases, can be found in [4, 19]. These models, however, represent a more complex
approach with a higher calibration effort, and were therefore not evaluated in this
work.

Compression (from IVC to SOC)

Premixed combustion concepts are characterized by their long ignition delays
which promote NOx and soot reduction. The ignition delay τid, the time be-
tween the fuel injection and its auto-ignition, has been usually correlated with
Arrhenius-like equations of the form [20]:

τid = Ap−nexp

(
Ea

RT

)
(5.4)

where A and n are calibration constants, Ea is the activation energy, R is the
specific gas constant, and p and T are respectively the mixture pressure and tem-
perature.

Nonetheless, in an engine, the conditions inside the cylinder vary over time as
the piston moves from the bottom to the top dead center during the compression
stroke. To take into account the effect of these changing conditions, the so called
knock integral model is traditionally used. In this approach, the start of combustion
is considered at the index where this expression reaches the unity as proposed by
Livengood and Wu [21]: ∫ tsoi+τid

tsoi

1

τ
dt = 1 (5.5)

with tsoi being the injection timing and τ the instantaneous ignition delay calcu-
lation at time t. Various applications of such model, with as many definitions of
τ , can be found in the literature [22–25]. In this work, the considered model, in
the crank angle domain, was of the following form [26]:∫ θsoc

θivc

1

AN exp
(

b
T (θ)p(θ)

n
) dθ = 1 (5.6)
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where A, b and n are calibration constants, N is the engine speed, and T and p
are respectively the instantaneous in-cylinder temperature and pressure, which are
function of the crank angle degree θ. Here, it was decided to start the integral at
the IVC because the gasoline is injected during the intake stroke and it was as-
sumed that the reaction rate until the diesel injection should not bias the integral
computation under highly premixed conditions.

Dual-fuel combustion ignition delay was found to be sensitive to the mixture
reactivity and the in-cylinder oxygen concentration [27, 28]. In highly premixed
conditions, these parameters are directly associated to the gasoline fraction in the
mixture and the air dilution by the exhaust gas recirculation. The model should
therefore encompass these effects. The constant b in (5.6) can be correlated to the
activation energy Ea in (5.4) through:

b =
Ea

R
(5.7)

As suggested by Khodadadi Sadabadi et al. [26], the activation energy was con-
sidered to be related with the fuel cetane number CN :

Ea =
c1

CN + c2
(5.8)

Being composed of two fuels, a global cetane number, CNmix, was estimated for
the mixture from the proportion of each of the fuels and their respective CN :

CNmix = GF · CNg + (1 −GF ) · CNd (5.9)

where CNg was considered to be 15, CNd is 51, and GF is the gasoline fraction
defined by the ratio of the gasoline mass mg to the total injected fuel including
the diesel quantity md:

GF =
mg

mg +md
(5.10)

As aforementioned, the available oxygen concentration in the cylinder also plays
a significant role in the combustion timing. This parameter is related to the EGR
rate, therefore the oxygen concentration at the exhaust [O2]exh, and was accounted
here by considering the oxygen concentration at the intake [O2]int as follows:

[O2]int = [O2]atm · (1 − EGR) + [O2]exh · EGR (5.11)

where the atmospheric concentration is [O2]atm = 21%, and EGR is defined as in
(3.1).
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The effect of a change in the oxygen concentration at the intake was implemented
in place of the calibration constant A in (5.6) through a simple linear equation
which was found to work properly for the EGR rate levels here considered. The
final modified knock integral model (MKIM) used in this work to estimate the
ignition delay resulted therefore in the following equation:∫ θsoc

θivc

1

(c3 + c4([O2]atm − [O2]int)) N exp
(

c1
(CNmix+c2)RT (θ)p(θ)

n
) dθ = 1 (5.12)

where the instantaneous pressure and temperature, p and T , were estimated as-
suming that the compression was following a polytropic process (pV κ = constant):

p(θ) = pivc ·
(
Vivc
V (θ)

)κ

(5.13)

T (θ) = Tivc ·
(
Vivc
V (θ)

)κ−1

(5.14)

with κ a constant polytropic coefficient and V the instantaneous volume. Note
that, here, the modeling approach aims to estimate the combustion phasing as
a mean to either provide an off-line calibration tool or to be used in a model-
based strategy as a prediction of this metric. Consequently, although the in-
cylinder pressure was indeed measured and used to validate the model, here its
measurement is not considered inside of the model and explains why an estimation
is required.

Combustion (from SOC to CA50)

The combustion phasing, expressed as the CA50, is computed from the heat release
rate calculation. Nonetheless, without a measurement of the pressure traces, or in a
prediction application, such signal cannot be measured. For that matter, control-
oriented models traditionally use Wiebe functions [29], where an estimation of
the burn duration has to be expressed [26, 30], to predict the CA50. In this
work, it was decided to consider the combustion duration modeling only from
the SOC to the CA50 itself and to investigate a simple approach in order to
reduce the calibration process. Consequently, by developing and calibrating this
model only, the CA50 could then be directly estimated using the SOC estimation
provided by (5.12). By computing a multiple variables regression model, taking
into account various control variables (e.g., gasoline fraction, equivalence ratio,
intake pressure), it was found that the temperature at the start of combustion
Tsoc and the global equivalence ratio ϕ were able to represent the majority of the
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training data considered in this work with a coefficient of determination R2 of
0.71. It is important to note that such value of R2 is affected by the cycle-to-cycle
dispersion of such combustion mode, and consequently this value was considered
acceptable. The statistical analysis led therefore to the following expression of the
burn duration θd:

θd = CA50 − SOC = b0 + b1Tsoc + b2ϕ (5.15)

where b0, b1 and b2 are calibration constants, Tsoc is calculated using the instan-
taneous polytropic temperature T in (5.14) at θsoc, and ϕ is obtained from:

ϕ =
1

ma
(mgψs,g +mdψs,d) ≃ 1

ma
(mg +md)ψs (5.16)

where ma is the fresh air mass entering the cylinder and ψs refers to the air-to-fuel
ratio in stoichiometric conditions for each fuel, which might be considered as a
single and same value for both of the fuels considered in this work as they exhibit
a similar value (ψs,g = 14.7 and ψs,d = 14.5).

5.2.2 Results and discussion

The model previously described was firstly calibrated using a training data set in
steady-sate operation in order to evaluate the impact of the modeling assumptions
on the SOC and CA50 estimation. Finally, the calibration was validated with a test
which consisted in a transient operation with a CA50 variation. The experimental
SOC and CA50 were evaluated through the apparent heat release rate model as
described in Chapter 3.

Steady-state calibration

Various experiments were carried out in order to calibrate the combustion model.
These experiments consisted in operating conditions sweeps at a constant engine
speed, whose details can be found in Table 5.1. A simple linear regression with
the pressure levels measured at IVC, and the intake manifold pressure, allowed to
obtain the constants β0 and β1 in (5.1). The calibration of the constant n in (5.12)
was achieved using a data set where the intake pressure was varied with no EGR
and a constant gasoline fraction, and where the activation energy Ea was first
considered as a single parameter definition through the constant b in (5.6). An
optimization calibration was executed in order to reduce the root mean squared
error between the integration value at the experimental θsoc and the desired value
at this same θ, being the unity. The same principle was then applied to a test
at constant intake pressure and no EGR with a change in the mixture reactivity
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Table 5.1: Steady-state operating conditions used for the RCCI control-oriented model
calibration (training data set).

Engine speed 1200 rpm
Intake pressure From 1.1 to 1.7 bar
Intake temperature From 295 to 310 K
GF From 25 to 65 %
EGR From 0 to 20 %

through the gasoline fraction in order to calibrate the constants c1 and c2 in (5.8).
Similarly, the EGR effect was calibrated at a constant intake pressure and gasoline
fraction varying the EGR rate. Finally, the combustion duration model calibration
was completed with a linear regression with the duration measured between the
experimental SOC and CA50.

Table 5.2 lists the calibration constants obtained after the model calibration
with the steady-state data set, and Figure 5.1 shows the resulting SOC and CA50
estimation against the corresponding experimental values. In this figure, the
dashed black lines show a ±1 crank angle degree deviation. The results showed a
good agreement with the experimental data, resulting in a mean absolute error of
0.6 CAD and 0.4 CAD for the SOC and the CA50 estimation, respectively. The
observed deviation could be explained by:

� the calibration constants which cannot perfectly fit all the operating condi-
tions

� the ability of the model to tackle the cycle-to-cycle variation, as previously
highlighted, where the overall cyclic variations of the training data were
respectively 0.36 CAD for SOC and 0.27 CAD for CA50

� the modeling assumptions

� the cylinder-to-cylinder species concentration dispersion, because here the
data from a single cylinder was used to calibrate the model although the
operating conditions were measured for the whole engine

� the injector model, where the required fuel quantity might not be injected
due to some bias at the injector or in the injector look-up table which converts
the desired fuel mass into injector energizing time.
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Table 5.2: Resulting calibration constants values from the steady-state calibration pro-
cedure.

IVC conditions (5.1) Ignition delay (5.12) Burn duration (5.15)

β0 2.62e+03 n -0.0702 b0 28.92
β1 1.18 c1 2.74e+09 b1 -0.028

c2 778.69 b2 -2.59
c3 8.63e-05
c4 -2.36e-06

Figure 5.1: SOC (left) and CA50 (right) estimation (est) from the control-oriented
model against experimental values (exp) from the training data set using the calibration
constants listed in Table 5.2. The dashed black lines represent a ±1 CAD interval.

Also, it is important to note that the proposed calibration presents some im-
provement margin by considering a wider range of operating conditions in the
calibration of the model. As an example, increasing the EGR rate range should be
beneficial. In some conditions, premixed dual-fuel combustion can be performed
under significant exhaust gas recirculation rates [31, 32], and the ones considered
in this model might not be sufficient for the model calibration to cover higher
rates. Nonetheless, the achieved results with this simple approach were considered
representative enough to consider this model for the transient validation.
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Figure 5.2: Control-oriented model validation in a load transient (top right) data set
resulting from a variation in the total fuel quantity (top left) and which includes a gasoline
fraction variation as well (bottom left). It is observed that the model exhibits an overall
good estimation of the CA50 (bottom right) throughout the test with the calibration listed
in Table 5.2.

Transient validation

The model was applied to experimental data from a step in the engine load (IMEP)
at a constant engine speed (1200 rpm, equal to the one in the calibration process).
The goal was to verify the ability of the model to predict the CA50 under transient
operation using the available inputs, and the model calibration constants detailed
in the previous section. In this test, a step in the total injected fuel quantity
(mf = mg +md) and gasoline fraction (GF ) was performed, while the EGR valve
and the variable geometry turbocharger positions were kept constant. Figure 5.2
provides the results.

The control-oriented model showed a good prediction of the CA50 at low load,
while some error was noticed at the highest IMEP (highest mf ) value during the
first 100 cycles. This observation might be explained by the engine dynamics
and/or by the aforementioned potential sources of estimation errors in this region
of operation (e.g., injector model, calibration constants). Moreover, the lack of
real-time measurement of the oxygen concentration at the intake and the sim-
ple model used for the EGR effect on the SOC prediction are extremely likely to
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contribute to this estimation inaccuracy. Higher calibration effort and in-cylinder
species concentration observers such as investigated in [14,33], as well as modeling
the port fuel injection dynamics [8, 34], could contribute to enhance the model
outcomes. Despite the difference obtained during the first cycles after the load
transient step, the estimated CA50 exhibited a level similar to the experimental
CA50 value even when the latter was slowly decreasing due to the varying operat-
ing conditions dynamics (e.g., air-path). The mean absolute error for the complete
transient operation was 0.43 CAD, with an error standard deviation of 0.59 CAD
and a peak error of around 2 CAD.

This model might be used for off-line control strategies investigation, or to
enhance a closed-loop controller by predicting the CA50 from the operating con-
ditions. Nonetheless, it is important to note that a deeper analysis of the RCCI
combustion modeling covering a wider range of operating conditions must be per-
formed in order to improve the model estimation capabilities.

5.3 Individual cylinder fuel blend estimation using a
state observer

Dual-fuel combustion was found to be sensitive to the operating conditions (e.g.,
intake pressure and temperature, EGR rate), as well as to the injection strategies
such as the blending ratio of the two fuels in the mixture [35–37]. Desantes et
al. [28] reported an improvement of 4% in the gross indicated efficiency, maintain-
ing the NOx and soot emissions under EURO VI limits, in a single cylinder RCCI
engine by setting the correct EGR and gasoline fraction. It appears therefore that
a proper knowledge about the in-cylinder species concentration is of great interest
in order to provide efficient combustion.

In a research environment, the cylinder charge composition used to be es-
timated thanks to dedicated devices such as the fuel balance for the fuel con-
sumption, or the CO2 balance technique for the EGR rate using an external gas
analyzer. However, in on-board applications only a few sensors are available for
estimating the in-cylinder mixture. Moreover, multi-cylinder configurations are
prone to cylinder-to-cylinder dispersion which might be explained by an uneven
fuel and species concentration distribution. As an example, the injected fuel quan-
tity is usually estimated based on an injector look-up table, function of the injector
energizing time and a pressure of reference (e.g., rail pressure for direct injectors).
Nonetheless, in direct injection engines, small manufacturing variations, ageing,
or nozzle coking, might favour the cylinder-to-cylinder air-fuel ratio (AFR) dis-
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persion [38–40]. Meanwhile, in port fuel injection, in addition to the injectors
bias, AFR dispersion due to the cylinder-to-cylinder air distribution is also ex-
pected [20]. These variations can represent a source of performance drop and an
increase in pollutant emissions, and should therefore be tackled.

Over the years, different methods were investigated for individual cylinder air-
fuel ratio estimation. Using an Universal Exhaust Gas Oxygen (UEGO) sensor
placed at the exhaust, also known as lambda sensor, is one of them. Although usu-
ally limited to an average engine AFR every cycle [41, 42], some studies aimed to
quantify the contribution of each cylinder to the AFR measured by a single UEGO
sensor by modeling the exhaust dynamics [43–46]. In-cylinder pressure can also
be used to estimate the composition of the mixture in the cylinder: in [47–49],
the authors determined the AFR by an inverse combustion model and in-cylinder
pressure measurement.

The majority of the available works were developed for single fuel applications.
However, both direct injection dispersion and port fuel variability are observed
when dealing with dual-fuel engines [50, 51]. Different studies and techniques can
be found for blending ratio (BR) estimation in dual-fuel applications. Most of them
are applied to diesel-biodiesel combustion and use either the significant difference
in the low heating value (LHV) of both fuels through combustion diagnosis [52,53],
or their different oxygen content with oxygen concentration measurement at the
exhaust [54, 55]. Wang et al. [56] studied a blending of diesel and gasoline and
based their estimation on a multi-factors fusion relying on the energy released
during the combustion, and the ignition delay, obtained from in-cylinder pressure
measurements. The factors were used to create mean value experimental maps
which were then used to estimate the blending ratio. The cylinder-to-cylinder dis-
persion was however not evaluated.

In-cylinder pressure sensors offer the potential to individually measure the
energy released by the injected fuel quantity in each cylinder by computing the
heat released during the combustion [57,58]. Enhanced by such measurement, the
current engine set of sensors might be combined with models in this data-rich en-
vironment to provide a better estimate of the in-cylinder conditions by designing
adequate sensor data fusion algorithms [14, 59, 60]. This section investigates the
use of such approach for estimating the individual cylinder fuel quantity and blend-
ing ratio in a dual-fuel engine. By combining conventional sensors, cycle-to-cycle
measurement of the energy released by the fuel mixture through the in-cylinder
pressure measurement, and pre-calibrated injection look-up tables, the proposed
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Figure 5.3: Illustration of the concept proposed in this work to estimate the individual
cylinder fuel concentration.

method addresses the cylinder-to-cylinder dispersion, estimates the ratio of both
fuels and updates the injection maps in order to improve later control of the engine
following the idea illustrated in Figure 5.3. The duration of injection (DOI) and a
pressure of reference (Pref , e.g., rail in direct injection) provide the expected fuel
quantity injected in the cylinder (mf ). The combustion resulting from the injected
fuel is measured through the in-cylinder pressure (p) which is used to compute the
heat release model and obtain the total energy released by the fuel (Qf ). The

energy estimate from the fuel model (Q̂f ) is compared to the measurement to up-
date the state observer, while the resulting fuel quantity estimate (m̂f ) is used to
update the injector look-up table. In the present case, a Kalman filter was chosen
in the state observer to benefit from the available sensors information and to cope
with the dynamics of the studied system, such as port fuel injection wall wetting
effect and uneven distribution between cylinders.

The following subsections investigate the cylinder-to-cylinder fuel dispersion
in a dual-fuel engine using data from engine B and describe the models used to
provide a better estimate of the fuel blending ratio. The proposed estimation
method is then evaluated under various conditions and the results are discussed.

5.3.1 Fuel quantity estimation from heat release computation

As it was described in Chapter 3, the heat supplied to the system dQ is described
by the difference between a chemical energy source dQc (the fuel), and an energy
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loss dQht (the heat transferred to the walls):

dQ = dQc − dQht (5.17)

where the energy balance in the cylinder is obtained from the first law of thermo-
dynamics by the following equation:

dQ =
γ

γ − 1
pdV +

1

γ − 1
V dp (5.18)

with p the in-cylinder pressure, V the instantaneous volume obtained by geometric
crankshaft-piston position, and γ the heat capacity ratio.

The evolution of the chemical energy released dQc is directly proportional to
the fuel quantity burnt in the cylinder. Considering the combustion efficiency ηc
and the low heating value (LHV ) as known variables, here for a single fuel, the
fuel quantity injected inside the cylinder mf can be estimated through:

mf =
Qc

ηcLHV
=

1

ηcLHV

∫ θevo

θivc

dQc

dθ
dθ (5.19)

where θivc and θevo are the crank angle of the intake valve closing and the exhaust
valve opening, respectively.

In order to improve the fuel amount estimation, the heat release model which
takes into account the heat transferred to the cylinder walls dQht and the crank
based γ estimation, as described in Chapter 3, was considered here. This whole cal-
culation procedure can then be used individually at each cylinder, hence providing
the system with six measurements of injected fuel mass every cycle. Furthermore,
aiming at taking advantage of the full potential of the in-cylinder pressure sensor,
the trapped mass estimation, required in this model, was performed from the in-
cylinder pressure resonance analysis (see Chapter 3). Note that this approach is
made possible thanks to the sufficient resonance intensity in the studied combus-
tion mode. Otherwise, methods such as the one proposed by Guardiola et al. [61]
might be implemented instead.

Sensitivity analysis Although the fuel burned during the combustion can be
estimated with one cycle resolution per cylinder thanks to the heat released com-
putation, this estimation might suffer from some bias due to unknown parameters
that vary with the operating conditions. As seen in (5.19), the fuel quantity esti-
mation is directly impacted by the value of the combustion efficiency and the low
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heating value. While the low heating value can be considered the same in all the
cylinders, it is difficult to evaluate precisely the individual combustion efficiency.
For this reason, in this work, it was decided to assume a single ηc for the whole
engine.

Nonetheless, it can be assumed that some differences between the cylinders
might exist in the compression ratio rc, because of machining disparity between
pistons, in the distribution of the trapped mass and/or masses concentration be-
tween cylinders, due to the hardware design, and in the heat transferred to the
walls, due to differences in the wall temperature Tw caused by unequal refrigera-
tion in all the cylinders (inner cylinders might be at a higher temperature). These
representative factors were therefore selected and numerically biased to evaluate
the model deviation to such bias compared to the levels obtained with the initial
conditions. Their impact on the calculation of the heat released was evaluated at
a 1200 rpm-25% load diesel operating point. The respective biases and results are
listed in Table 5.3. The relative bias εQc was calculated in percentage by compar-
ing the results of the biased calculation with the original ones.

It was observed that a bias of 0.2 points in the compression ratio will be trans-
lated into a variation in the injected fuel quantity estimation below 1% with the
considered heat release computation model. Similarly, a difference in the wall
temperature of 30◦C and a 20% reduction in fresh air (ma) would cause an esti-
mation deviation below 1%. Finally, a 10% fluctuation in the bulk temperature
(in other words, the trapped mass mcyl) would imply a variation of 3% in the final
measurement. The model robustness against these parameters was considered rep-
resentative of the model accuracy and henceforth, it was assumed to be sufficiently
precise for the application presented in this work, that is, the cylinder-to-cylinder
dispersion evaluation. The temperature of the walls, the compression ratio, but
also the combustion efficiency, were therefore considered the same for all the six
cylinders.

It must be noted that high pressure EGR was found to be responsible of an
unequal distribution of the air charge, resulting in a different cylinder species con-
centration between cylinders [62]. However, if all the fuel is burned, the same
amount of energy should be measured regardless of the air dilution level in the
cylinder. Therefore, this effect is expected to not impact the fuel quantity estima-
tion considerably.
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Table 5.3: Sensitivity analysis results on the heat release computation model where εQc

is the measured relative error between initial and biased fuel estimation.

Variable Bias applied Calculated εQc

rc 0.2 points <1%
Tw 30◦C <1%
ma 20% <1%
mcyl 10% ∼3%

5.3.2 Characterization of the fuel mass dispersion in
multi-cylinder dual-fuel engines

Conventional engine control units (ECU) rely on built-in look-up tables using the
energizing time of the injector and a pressure difference at the injector nozzle
to estimate the injected fuel quantity. This pressure of reference used to be the
rail pressure for direct injection (negligible cylinder counter-pressure), and the in-
take manifold pressure for port fuel injection (with a constant injection pressure).
However, even when using the same control settings, each injector could inject
a different fuel quantity (e.g., due to manufacturing variations). Several works
dealing with injector bias can be found in the literature [38, 39, 63]. Hereafter, an
analysis of the injectors dispersion in engine B is provided to characterize the bias
at the direct injection (DI) and the port fuel injection (PFI) systems. Note that in
this section the definition of the variables was intentionally written with PFI and
DI subscripts, and not by the corresponding fuel, in order to highlight and ease
the interpretation of how both systems were addressed. Furthermore, the present
method might be applied to other fuels than the ones considered in this work (i.e.,
gasoline and diesel).

The fuel burned at each cylinder is calculated from the total energy released, as
previously described, and a bias is then calculated and analyzed at each cylinder
(Θcyl [%]) by comparing the individual cylinder energy level to the average energy
released by the six cylinders:

Θcyl =
Qc,cyl −Qc

Qc

with Qc =
1

6

6∑
cyl=1

Qc,cyl (5.20)
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Direct injection characterization

An analysis of the direct injection of the six cylinders was performed by analyzing
data sets of 100 consecutive cycles at various diesel injection settings, in conven-
tional diesel combustion (CDC), in order to isolate the diesel contribution in the
energy released computation. In these tests, the rail pressure, the duration of
injection (DOI), and the dwell time, were varied to evaluate their effect on the
cylinder-to-cylinder dispersion. The injection duration and the rail pressure levels
were chosen according to dual-fuel operation over the whole engine map, and the
injection timings were adapted to CDC conditions to avoid high pressure rise rates.

Figure 5.4 shows the bias Θcyl obtained for all the six cylinders at various rail
pressure levels, ranging from 600 to 2000 bar, and for four values of DOI of the
main injection, namely 700, 900, 1100 and 1300 µs. Note that here, a double
injection strategy was used but only the main injection duration was varied. The
duration of the pilot injection (400 µs) and the start of both diesel injections (SOI)
at 15◦bTDC and 5◦bTDC respectively, were kept constant. It was observed that
for a given cylinder and injection duration, as Prail increases, the bias tends to
decrease. It was also noticed that increasing the duration of injection tends to
decrease the bias for all the cylinders (in percentage).

In multiple injection strategies, the dwell time, which corresponds to the time
between the end of one injection and the start of the following one, might affect
the fuel quantity delivered by the rail due to internal fluid dynamics [64,65]. Fig-
ure 5.5 shows the bias found at each cylinder for various dwell times (from 0.7
to 1.8 ms) at three levels of rail pressure and constant engine speed of 1200 rpm.
Here, the start of the pilot injection (15◦bTDC) and the duration of both the pilot
injection (400 µs) and the main injection (1100 µs) were kept constant, while only
the SOI of the main injection was varied. The variations appreciated in Figure 5.5
were considered small enough to assume that the dwell time should not affect ex-
tensively the injection dispersion between cylinders, and therefore the resulting
cylinder-to-cylinder fuel distribution estimation.

As the injection dispersion is supposed to depend only on the injection duration
and the rail pressure, but not on the operating conditions, one way to take into
account the cylinder-to-cylinder dispersion in the control unit is to measure the
injection rate at each injector under different injection settings and to obtain which
correction should be applied to each injector. Such method is usually performed
by car/truck manufacturers when installing the injectors in a new engine. Each
injector is firstly tested and then a specific coefficient is applied in the ECU to
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Figure 5.4: Energy bias at each cylinder for different injection durations (DOIDI) and
rail pressures (Prail) compared to the average energy released by all the cylinders evaluated
over 100 cycles. The longer the injection duration, and the higher the injection pressure,
the lower is the cylinder-to-cylinder dispersion.

Figure 5.5: Energy release bias at each cylinder at different dwell time and rail pressure
levels compared to the mean energy released by all the cylinders over 100 cycles (the reader
is referred to Figure 5.4 for the cylinder color legend description).
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Figure 5.6: Energy release bias at each cylinder at a reference diesel operating point over
time (top), and estimated fuel quantity from the energy released computation in grey and
the fuel balance measurement in black (bottom).

compensate such dispersion. However, some phenomena, such as ageing or coking
due to particulate matter produced by the combustion over time, can interfere
with such calibration. As an example, Figure 5.6 shows an analysis of several
tests with engine B during 17 months at the same operating point (1200 rpm and
25% load with the same injection settings). The evolution of the injectors bias
in the top plot shows that over time, the bias at each injector is not necessarily
constant and might vary depending on factors such as the injector’s clogging. The
bottom plot of this figure shows the fuel mass estimation from the average energy
released from all the six cylinders (with a combustion efficiency assumed to be
constant and equal to 0.98), together with the value given by the fuel balance
in mg/str. Overall, in this figure, it was observed that although both the fuel
balance and the fuel estimation are providing a relatively constant and similar
injected fuel quantity measurement, each injector’s contribution was found to vary
over time as shown in the top plot. Such variation might be explained by ageing
or deposits accumulation that affect each cylinder differently, and illustrates the
need to consider each injector individually.
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Figure 5.7: Illustration of the port fuel injection duration variation (black line) in a
single cylinder for measuring the impact on the other cylinders using the energy released
computation (the reader is referred to Figure 5.6 for the cylinder color legend description).

Port fuel injection characterization

Similarly to the direct fuel injection, the port fuel injection variability was also
studied. In the case of such injection system, due to intake manifold design, air
flow dynamics, or port fuel injectors location, some fuel coming from one injector
may actually not end up inside of the corresponding cylinder. An experiment that
aims to investigate if such phenomena could be an additional source of cylinder-to-
cylinder dispersion is illustrated in Figure 5.7. In this test, the pilot and the main
diesel injections were maintained both in duration (800 and 920 µs respectively)
and timing (15◦bTDC and 5◦bTDC respectively) at a constant injection pressure
of 600 bar. The port fuel injection timing was fixed at 340◦bTDC. Then, the dura-
tion of the gasoline injection of only one injector was varied, from 0 up to 3500 µs,
and the energy released Qc was calculated in all the cylinders. The amount of
energy for each gasoline duration level was then averaged at each cylinder. The
procedure was repeated for each cylinder and the results are listed in Table 5.4.

Each row of Table 5.4 corresponds to the cylinder where a variation in the injec-
tion duration was performed, and each column summarizes the variation measured
in the energy released at each cylinder. As expected, the diagonal matrix (in bold)
shows that the highest variation in the energy released Qc is measured at the cylin-
der where the injection duration was increased. However, it can also be noticed
that other cylinders exhibit some variation. For instance, in the case where the
change in DOI is applied to cylinder 4, both cylinders 5 and 6 reveal a signifi-
cant Qc variation, reaching around 10% of the variation of cylinder 4 in cylinder
5. This observation demonstrates that dual-fuel engines equipped with port fuel
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Table 5.4: Results of the cylinder-to-cylinder dispersion characterization from the port
fuel injection system in engine B with gasoline injection duration variations as illustrated
in Figure 5.7.

∆DOI Variation ∆Qc [J]
Cylinder 1 2 3 4 5 6 Total

1 1034 18 7 25 -3 5 1086
2 25 902 16 2 -1 11 955
3 24 33 887 26 16 0 986
4 24 8 6 774 80 62 954
5 10 -2 7 -34 900 26 907
6 1 0 5 -23 -7 952 928

injectors are prone to multiple cylinder-to-cylinder dispersion sources which must
be considered when evaluating this combustion concept. In this case, it is shown
that part of the fuel injected from one injector might be transferred and burned in
another cylinder. Finally, note that the total energy variation calculated in the last
column of Table 5.4 is not the same in all the cylinders. Aside from the eventual
heat release computation errors, this observation might indicate that each injector
could be providing a different amount of fuel for the same injection settings, e.g.,
due to different conditions at the nozzle such as intake pressure.

According to the previous results, it was decided to vary the conditions at the
port fuel injector nozzle and to evaluate if any effect on the fuel distribution could
also be observed. Figure 5.8 shows the cylinder-to-cylinder dispersion when keep-
ing constant the diesel injection settings (i.e., rail pressure, duration and timing)
and varying only the gasoline injection duration, starting with no gasoline and
ending up to 4000 µs in all the cylinders, with simultaneous variation of the intake
pressure conditions. It was found that the cylinder-to-cylinder port fuel injection
distribution exhibits a significant sensitivity to the intake conditions as illustrated
by the bias Θcyl. This figure shows that throughout the varying conditions, each
cylinder might be affected differently, consolidating the previous conclusions about
the necessity to include such dispersion source in the modeling of the individual
cylinder fuel distribution.

5.3.3 Individual cylinder fuel distribution estimation method

In order to determine the final individual cylinder fuel distribution, it was decided
to use a double feature strategy: a fuel observer is combined with an on-board
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Figure 5.8: Energy release bias at each cylinder in dual-fuel combustion varying the port
fuel injection duration and the intake pressure. The intake pressure is indicated in bar for
each condition.

update of the injection look-up tables as previously suggested in Figure 5.3. First,
the observer is used to evaluate the cylinder-to-cylinder dispersion bias caused
by the operating conditions and the hardware setup. Its aim is twofold: it uses
additional sensors, namely lambda or fuel balance (in test bench applications) to
update the combustion efficiency, and it combines the estimation of the overall
energy delivered by the fuel with the direct injection to determine the port fuel
quantity injected in the cylinder. Finally, the look-up tables are slowly updated
with the injector bias encountered with the observer to improve their feedforward
action.

Observer design

As previously observed, both of the injection systems are prone to cylinder-to-
cylinder injection dispersion. In the direct diesel injection system, the bias at
each direct injector can be caused by slow dynamics (e.g., ageing, deposits accu-
mulation) and could therefore be smoothly covered by individual look-up tables
update over time when the engine is run in pure diesel conditions, e.g., in low load
operation [66]. That is, each direct injector has its own injection look-up table
that provides an estimation of the fuel quantity injected according to the injection
settings, i.e., rail pressure and injection duration. These individual look-up tables
get then updated with the evolving cylinder-to-cylinder dispersion measured by
the energy released at each cylinder to compensate for any deviation. In dual-fuel
operation, however, when a difference between the expected energy released (i.e.,
from the fuel quantities estimated by the look-up tables) and the one measured
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during the combustion (i.e., from the heat release computation) is observed, it is
not certain from which injection system, and to what extent, this difference comes
from. Consequently, dual-fuel operation requires one of the two injection systems
to be previously characterized. Being less prone to external disturbances, the di-
rect diesel injection was therefore selected as an input to the observer in dual-fuel
operation by considering the fuel quantity value provided by the look-up tables
correct. As a result, when using both injection systems, any fuel quantity differ-
ence between the estimation and the measurement was assigned to an error in the
port fuel injection estimation. Also, note that in this work the diesel injection bias
and correction was considered as a single value for each injector. This means that
the fuel distribution between the pilot and the main injection was not addressed
here and the look-up table provides a single fuel quantity estimation for the total
diesel injection duration (pilot + main) instead of addressing each injection sep-
arately. Although this decision neglects the eventual effects of the split ratio on
the injected quantity [67–69], this choice was made because only the total diesel
quantity matters in the fuel distribution method presented here. Furthermore,
an additional assumption in the method would have been necessary to choose to
which diesel injection, and to what extent, assign the correction of the look-up
table to compensate for the difference measured at the energy released in diesel
operation. Consequently, it was decided to simplify the approach by addressing
the diesel injections as a whole.

Due to the port fuel injection sensitivity to the local conditions around the
nozzle, and because of the air distribution and the injector location which might
favor cross injection between cylinders, it was decided to simplify the system by
using a single look-up table for all the cylinders. At every engine cycle k, from the
injection duration and the intake manifold pressure, this look-up table provides a
single fuel quantity estimation considered to be injected individually by each of
the port fuel injectors. The final gasoline quantity really reaching each cylinder,
however, might be higher or lower than the fuel coming from the injector due to
the cross injection as observed in section 5.3.2. This phenomena was considered
in the method by using six states which aim to cope with the gasoline quantity
distribution between cylinders. These states, here named ϑk

PFI , are factors that
are applied to the value provided by the single open-loop (OL) look-up table for
the port fuel injection quantity (mPFI,OL). Note that in the equations describing
the observer design, the bold type is used for multiple cylinder vector notation
(ϑPFI = [ϑPFI,1 ... ϑPFI,6]

T ). The product of the fuel quantity provided by the
PFI look-up table, considered the same for all the cylinders, with this factor for
each individual cylinder corresponds therefore to the final quantity of gasoline
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reaching every cylinder intake port. As an example, if 20% of the fuel injected by
the port fuel injector from cylinder 4 ends in the intake port of cylinder 5, and no
fuel from the cylinder 5 injector is distributed to another cylinder, ϑPFI,4 would be
equal to 0.8 and ϑPFI,5 to 1.2. Inherently, in steady state conditions,

∑
ϑPFI = 6

due to mass conservation. This state was assumed to be a constant bias from one
cycle to the other such as:

ϑk
PFI = ϑk−1

PFI (5.21)

Additionally, six states were used for the port fuel injection dynamics resulting
from the fuel film at the intake walls (also known as wall wetting, where mff stands
for fuel film mass) [34,70]:

mk
ff = (1 − β) mk−1

ff + (1 − α)mk−1
PFI,OL ϑk−1

PFI (5.22)

where α and β are calibration constants which, in the case at hand, were assumed
to be the same for the six cylinders. These constants characterize the evolution
of the fuel film mass at the intake port. In this equation, the product of mk−1

PFI,OL

with ϑk−1
PFI represents the quantity of fuel reaching each cylinder intake port when

addressing the cross injection distribution in port fuel injection, as previously
explained. As a result, in (5.22), the fuel film mass in the intake port at cycle
k is made of the fuel film mass from the previous cycle that has not entered the
cylinder (left part of the sum), and the fuel from the port fuel injection quantity
that does not directly enter the cylinder and is kept instead on the intake port
walls (right part of the sum). The fuel quantity entering the cylinder coming from
the port fuel injection is therefore expressed as:

mk
PFI = αmk

PFI,OL ϑk
PFI + βmk

ff (5.23)

The measured energy released is associated to the injected fuel quantity through
the combustion efficiency. The cylinder-to-cylinder dispersion being addressed by
the aforementioned states, the combustion efficiency was assumed to have a similar
impact in all the cylinders and a single state, constant from one cycle to the other,
was therefore considered:

ηkc = ηk−1
c (5.24)

In addition, the lambda sensor can provide an overall fuel quantity estimation
when combined with the air flow measurement. It was therefore decided to include
this feature in the observer design considering a first order system for the time
response of the lambda sensor (e.g., gas transport delay) with the following state:

λk = µ λk−1 + (1 − µ)
1

ψs

mk−1
a

mk−1
f

(5.25)
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Figure 5.9: Modeling of the dynamics at the port fuel injection for considering the
wall wetting effect (left), and at the λ measurement for gas transport delay (right). λm
represents the value of lambda computed from the air and fuel masses measured at every
cycle, right part of (5.25), and λs is the value measured by the lambda sensor.

with µ the constant characterizing the time response of the sensor and ψs the sto-
ichiometric air-to-fuel ratio assumed to be the same for both the fuels used in this
study and equal to 14.6. A graphical representation of the respective dynamics
from mff and λ, and their modeling after calibration of the constants α, β and µ,
is illustrated in Figure 5.9.

The total injected fuel mass mf is obtained using the energy released and
the diesel quantity provided by the injection look-up tables, assuming that the
respective low heating values are known:

mk−1
f =

1

6

∑mk−1
DI +

 Qk−1
c

ηk−1
c

−mk−1
DI LHVDI

LHVPFI


 (5.26)

The measurements of the system consist in the heat released at each cylinder,
which is defined by:

Qk
c =

[
Qk

DI + Qk
PFI

]
ηkc

=
[
mk

DI LHVDI + mk
PFI LHVPFI

]
ηkc

=
[
mk

DI LHVDI +
(
αmk

PFI,OL ϑk
PFI + βmk

ff

)
LHVPFI

]
ηkc

(5.27)

and the measurement provided by the lambda sensor λs at the exhaust:

λks = λk (5.28)
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The state space representation of the system in its discrete form of one cycle
step is:

xk = f(xk−1, uk) + gk (5.29)

yk = h(xk, uk) + sk (5.30)

where x are the states, y the outputs, u the inputs, and g and s are the process
and observation noises modeled as a Gaussian distribution with zero mean and
covariance matrices G and S, respectively.

The present system is therefore described by the following states x, measure-
ments y, and inputs u:

x =



ϑPFI,1
...

ϑPFI,6

mff,1
...

mff,6

ηc
λ


, y =


Qc,1

...
Qc,6

λs

 , u =


ma

mDI,1
...

mDI,6

mPFI,OL

 (5.31)

Note that in test bench applications, in addition to lambda, the measurement
provided by the fuel balances, gasoline and diesel, can be considered by including
them in the measurements vector. Here, mDI is considered as an input in order
to attribute the difference between the expected energy released and the measured
one to the gasoline bias as previously explained. In this case, each cylinder has
its own diesel fuel quantity input because, as opposed to the port fuel injection,
every cylinder is provided with a dedicated look-up table.

A Kalman filter (KF) was chosen to estimate the states of the system described
in (5.31), where the state vector is defined by:

x̂k|k−1 = f(x̂k−1, uk) (5.32)

ek = yk − h(x̂k|k−1, uk) (5.33)

x̂k = x̂k|k−1 +Kkek (5.34)

The Kalman filter is characterized for minimizing the expected estimation error by
solving an iterative Riccati matrix equation and updating the value of the Kalman
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gain (K), following:

Pk|k−1 = FkPk−1F
T
k +Gk (5.35)

Kk = Pk|k−1H
T
k

(
HkPk|k−1H

T
k + Sk

)−1
(5.36)

Pk = (I −KkHk)Pk|k−1 (5.37)

where the covariance matrices Gk and Sk are constant and diagonal, and Fk and
Hk are the state transition and observation matrices of the system representing
(5.29) and (5.30), respectively. In the considered system, these equations are non-
linear and an extended Kalman filter (EKF) was therefore used by linearizing them
around the current estimate such as:

Fk =
∂f

∂x

∣∣∣∣
x̂k−1,uk

(5.38)

Hk =
∂h

∂x

∣∣∣∣
x̂k|k−1

(5.39)

The Kalman filter outcome is function of its noises calibration in the covariance
matrices. A trade-off between observer stability and convergence for the inves-
tigated application needs to be taken when applying the state observer to the
considered system [71].

Adaptive look-up tables

In parallel to the state observer, the investigated fuel distribution strategy pro-
poses to update the look-up tables dedicated to the injection systems in order to
cover eventual bias over time due to manufacturing discrepancies or ageing. Both
direct and port fuel injection look-up tables are updated. However, here the diesel
injection is considered as an input of the observer, therefore, the individual diesel
look-up tables can only be updated when the engine is running in pure diesel op-
eration. The updating method is based on a principle which was used in timing
control applications for spark ignition engines [72,73]. Particularly, it was decided
to learn from the value provided by the model and update the look-up table with
a Gaussian filter in order to adapt the complete grid of the table. Compared to
a nearest grid nodes update strategy, this method ensures improved smoothness
of the complete map and could provide better results when operating in a region
which has not been run previously. Each grid node value Zij is considered part of
a map whose axes are (Xi,Yj) with i = 1, 2, ...n and j = 1, 2, ...,m and is calculated
as follows:

Zk
ij = Zk−1

ij + (zk − ẑk)
Ω(Xi, Yj)

Ω(xk, yk)
δ (5.40)
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where (zk − ẑk) represents the error between the output of the model and the
estimate based on the actual look-up table, and xk and yk are in this case the
map coordinates of the operating point at cycle k. Here, Ω(Xi, Yj) is the weight
factor applied to each grid node of the map, which is determined by a Gaussian
function resulting from the distance between the operating point (xk,yk) and each
grid node:

Ω =
1√

2πσx
exp

(
−(xk −Xi)

2

2σ2x

)
· 1√

2πσy
exp

(
−(yk − Yj)

2

2σ2y

)
(5.41)

where σx and σy are the standard deviations for each coordinates and act as
smoothing factors for the learned-map. Finally, in (5.40), Ω(xk, yk) is used to nor-
malize the weight factor, and δ corresponds to the learning rate that will be later
named as δDI for the direct injection, or δPFI for the port fuel injection update.

Figure 5.10 illustrates the implementation of the complete fuel distribution
estimation algorithm. The final estimation is composed of two blocks: a first one,
including the look-up tables which are slowly updated, and another one, with the
Kalman filter, that is able to update the combustion efficiency and the port fuel
dispersion in a cycle-by-cycle basis.

5.3.4 Results and discussion

Experimental data sets were recorded with engine B for the validation of the pro-
posed estimation strategy (a graphical representation of the operating conditions
can be found in Figure 5.11):

� Test A: this test aims to evaluate the update capability of the adaptive
look-up tables algorithm. For this purpose, a conventional diesel combustion
case was selected. The test consists in rail pressure sweeps from 600 to
2000 bar at a constant engine speed of 1200 rpm, constant total injection
duration of 1500 µs, and SOI of 15◦bTDC and 5◦bTDC for pilot and main
injections, respectively. The low-pressure EGR and VGT valves positions
were maintained constant throughout the test.

� Test B: this experiment simulates an injector fault or leakage. To this end,
the port fuel injection duration was increased in only one cylinder (see black
dashed line in the middle top plot of Figure 5.11). Although the duration in
cylinder 1 was changed in practice, the algorithm was still fed with the same
duration in all the cylinders, hence simulating that the injector provides more
fuel than the expected, and allowing therefore to appreciate the observer
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Figure 5.10: On-board fuel distribution estimation layout: update of the injection look-
up tables and fuel observer for estimating the respective fuel quantities in every cylinder
using the energy released during the combustion.
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response to this scenario. The overall objective is to force a cylinder-to-
cylinder dispersion in order to compare the behavior of the proposed strategy
with conventional methods response, such as relying only on the original
look-up table estimation. No EGR was performed in this test and the VGT
position was kept constant, as well as were the engine speed (1200 rpm),
the injection pressure (600 bar) and both the injection duration (1600 µs)
and the timing of the diesel injections (55◦bTDC and 40◦bTDC for pilot and
main injection, respectively).

� Test C: here the data is composed of injection duration sweeps in both the
diesel and the gasoline injections. The goal of this test is to show the full
ability of the proposed observer strategy, associated to the adaptive look-up
tables algorithm, to estimate the fuel distribution between cylinders. The
data were collected at a constant engine speed of 1200 rpm, and the pilot and
the main diesel injections were maintained at a constant SOI of 30◦bTDC
and 15◦bTDC, respectively. The rail pressure was also kept constant at 600
bar. The VGT and the EGR valve positions were maintained unchanged
during the test and only low pressure EGR was used in order to ensure a
proper mixing and distribution of the charge between the cylinders.

The results obtained in each test are hereafter detailed and discussed.

Test A - Adaptive look-up tables algorithm validation

In this test, the learning capability of the adaptive look-up tables algorithm was
evaluated. The update of the injector map aims to cope with an eventual injector
deviation over time. This process is considered slow and the algorithm must then
be applied a long time to converge to its final state if the starting error is impor-
tant. To simulate this, the proposed method was applied to the same data several
times, referred to as iterations in the following discussions. Figure 5.12 shows the
response of the fuel estimation method when applied to test A (diesel combustion
case). The top plot presents the fuel quantity estimation from various sources: the
original look-up table which was intentionally biased, the average value from the
individual updated look-up tables after the 1st and the 2nd iteration of the test
(each diesel injector has its own look-up table), and the mean energy released by
all the cylinders measured with the heat release model described in section 5.3.1.
The purpose of this test is only to give an insight into the adaptive behavior of the
method which works in parallel with the fuel observer. Consequently, the combus-
tion efficiency was here set to a constant of 0.98, and the lambda measurement
(therefore the observer) was not used in this context. Such assumption might
provide an error in the final fuel mass estimation, but it is still representative of
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Figure 5.11: Operating conditions (DOIDI , DOIPFI , Prail and Pint) of the experimental
data sets used for the fuel distribution estimation method validation in test A (left), test
B (middle) and test C (right). In test B, the port fuel injection duration from cylinder 1
was intentionally varied to a different value compared to the other cylinders.

the cylinder-to-cylinder dispersion and the ability of the algorithm to update the
look-up tables. Note that for illustration purposes it was decided to show the av-
erage estimate only in the top plot instead of the six cylinder signals. Nonetheless,
the cylinder-to-cylinder dispersion is addressed with the standard deviation in the
bottom plot.

The adaptive look-up tables update rate is controlled by tuning the constant
δDI , see (5.40), which was here equal to 0.02. In the first iteration, it can be ob-
served that due to an important error in the original look-up tables, the estimated
fuel mass in the top plot exhibited a significant bias, especially for the high fuel
quantity levels. It is then appreciated that this error got slowly corrected every
cycle to reach the levels given by the measured energy, which are considered as
the correct estimate, with a mean absolute error of 1.18 mg in the 2nd iteration.
It is important to note that a trade-off exists between converging the look-up ta-
ble to the measured levels, and updating it too frequently. The learning rate δDI

needs to be adjusted accordingly to, for instance, avoid the map update to respond
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Figure 5.12: Evaluation of the adaptive look-up tables update algorithm applied to test
A. Mean injected fuel quantity estimation from various sources (top) and corresponding
standard deviation for cylinder-to-cylinder dispersion evaluation (bottom). It is appreci-
ated that after the 2nd iteration the estimation provided by the injectors look-up tables
converged to the value measured by the heat release computation in every cylinder.

quickly to a single cycle energy level measurement which may cause the map to
never really converge. As previously mentioned, the bias at the direct injection is
believed to be evolving slowly over time [39] and to be therefore compensated by
such approach. Here, the learning rate value was chosen mainly for illustration
purposes but the concept remains.

Bottom plot of Figure 5.12 shows the cylinder-to-cylinder dispersion evaluation
through the standard deviation σ of all the cylinders estimations from the afore-
mentioned sources. In the original look-up table case, such value is constant and
equals zero because the same look-up table, which was not updated, was used for
all the cylinders. In the case of the 1st and the 2nd iteration, it can be appreciated
that thanks to the individual look-up tables update, the final standard deviation
tends to converge to the standard deviation measured from Qc (represented with
grey dots). Such observation shows that each injector table was properly updated
according to the energy levels obtained at the corresponding cylinder.

As previously mentioned, in the proposed strategy, the diesel injection look-up
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tables update is performed only under pure diesel combustion, while in dual-fuel
combustion, only the single port fuel injection map is updated. The update of the
latter uses the same principle than illustrated in Figure 5.12, at the exception that
in this case the individual diesel injection maps provide an estimate of the diesel
quantity for each cylinder which is considered as correct. As a result, the difference
between the measured energy released from the in-cylinder pressure acquisition and
the estimated one from the look-up tables is used to update the PFI look-up table.

Test B - Cylinder-to-cylinder port fuel dispersion evaluation

The main objective of the proposed observer is to be able to estimate the blend-
ing ratio of the fuels in every cylinder. Detecting and addressing the cylinder-to-
cylinder fuel mass dispersion is therefore at the core of the method. In Figure 5.13,
the energy levels estimated through various methods are compared in test B. Being
a dual-fuel combustion case, the diesel quantity, which was kept constant through-
out the test, was previously calibrated using the fuel balance measurement and
considered to be the same in all the cylinders. Although this might result in a slight
starting error in the energy content estimation because the cylinder-to-cylinder dis-
persion highlighted in section 5.3.2 was not addressed, it was considered irrelevant
for the goal of this test. Indeed, here, the experiment aims to show the ability of
the different methods to detect a cylinder-to-cylinder dispersion in the port fuel
injection quantity. For this purpose, a significant increase of the injection duration
in cylinder 1 was intentionally performed, while all the other cylinders were kept
at the same injection duration. However, in order to fully evaluate the diagnosis
ability of each method, it was necessary to simulate that the DOIPFI in cylinder
1 was equal to the other cylinders. Otherwise, the estimate in cylinder 1 would
obviously be higher from the look-up table. The system was consequently fed with
a fake duration for this specific cylinder, hence providing the look-up table with
the same duration for all the cylinders, although more fuel was injected and higher
energy levels were released in cylinder 1, as this would happen in the case of an
injector leakage. The studied estimation methods were: relying on the original
look-up table only (in blue), using the look-up table update algorithm for the port
fuel injection table (in orange), and finally combining the state observer (Kalman
filter) to the former method (in black). The top plot shows the energy level esti-
mated by the different methods in cylinder 1 (the dark grey line is the measured
value from the heat release computation), while the bottom plot presents the re-
sults obtained in cylinder 2 for comparison purposes.

As expected, it was observed that when the port fuel injection duration in
cylinder 1 was increased, the fuel estimation in blue provided by the original look-
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Figure 5.13: Cylinder-to-cylinder port fuel dispersion detection in test B, in cylinder
1 (top) and cylinder 2 (bottom), from various estimation sources: look-up table alone
without update, with update, and combined with the Kalman filter. The estimated values
are compared to the estimation provided by the heat release calculation, referred here as
measurement.

up table (in other words, the energy content) remained constant. This resulted in
an error of approximately 500 J (∼25%) at the end of the fuel step compared to
the measured level (remember that for the look-up table estimation, the duration
at cylinder 1 is considered constant and equal to the rest of the cylinders although
it is increased in practice, see Figure 5.11 and description of test B). Cylinder 2
exhibited an error of only 30 J which was justified by the fact that in this cylin-
der the estimate provided by the look-up table was closer to the real value. This
case highlights the inability of a conventional look-up table estimation strategy to
detect any cylinder-to-cylinder dispersion due to the lack of feedback information
from the system.

In order to improve the estimate, it was decided to also use the feedback from
the heat release computation and apply the look-up table update algorithm on the
port fuel injection table, similarly to what was performed in test A with the diesel
case. Here, the table update rate δPFI was tuned at 0.05. When the update of the
port fuel injection look-up table was enabled, due to the feedback principle (see
Figure 5.10), it was noticed that, as the PFI quantity was increased in cylinder 1,
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the look-up table provided a higher estimate of the injected fuel quantity. This
resulted therefore in a higher energy released estimate, as illustrated in orange in
the figure. However, by considering a single look-up table for all the port fuel
injectors, the final table update can only represent the mean energy released by
all the cylinders and the individual cylinder quantity cannot be estimated, which
was expected. This is observed with the remaining 480 J error at the end of the
fuel step in cylinder 1, although an error reduction of 20 J was obtained compared
to the previous case without the look-up table update. Moreover, as shown in
the bottom plot, in this specific case, note that this method would even result
in a higher error for cylinder 2. Likewise the previous method, each cylinder re-
ceives the same fuel mass estimation even after the update, consequently, due to
the increase in the energy measurement from cylinder 1, and the single port fuel
injection table strategy, cylinder 2 was believed to receive more fuel as well.

Finally, in addition to the look-up table update, the observer described in sec-
tion 5.3.3 was applied. By doing so, the states participated to the final estimation
of the fuel distribution through the energy level measurement in each cylinder. As
seen in both plots, this method allows to detect and compensate the energy devi-
ation in cylinder 1 and cylinder 2 with an almost zero mean error after 250 cycles.
Using the energy released in each cylinder as a measurement, the fuel distribution
between cylinders can be tracked thanks to ϑPFI , while the update algorithm is
constantly correcting mPFI,OL (see Figure 5.10). Hence, thanks to the use of the
Kalman filter, both individual cylinder fuel content estimation and cylinder-to-
cylinder dispersion can be addressed compared to the traditional methods relying
on look-up tables only.

Test C - Fuel distribution observer validation

Finally, the proposed individual fuel distribution estimation method was evaluated
in the conditions of test C. This test consists in diesel and gasoline injection du-
ration sweeps, including diesel and dual-fuel combustion operation. In this case,
both the observer and the look-up tables update algorithms were used, and the
results are provided in Figure 5.14. For the sake of clarity, this figure only shows a
section of the complete test, which was previously defined in the right part of Fig-
ure 5.11. The outcomes of this test were analyzed through the following quantities:
the standard deviation of the energy released by all the cylinders as an indicator
of the cylinder-to-cylinder dispersion evaluation, the energy level at cylinder 1 as
an illustration example of the estimation evolution, and the combustion efficiency
and the lambda values for showing the states estimation provided by the Kalman
filter. The suggested noises and calibration constants values that were applied for
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Table 5.5: Noises and constants used in the estimation method. The values given for the
states and the outputs correspond respectively to the standard deviation of the process
and the observation from the Kalman filter (

√
G and

√
S).

Variable Type Equation Value Unit

ϑPFI,cyl State (5.21) 2e-3 -
mff,cyl State (5.22) 0 mg
ηc State (5.24) 3e-4 -
λ State (5.25) 0.04 -

Qc,cyl Output (5.27) 120 J
λs Output (5.28) 0.05 -

α Constant (5.22) 0.50 -
β Constant (5.22) 0.25 -
µ Constant (5.25) 0.50 -
δDI Constant (5.40) 0.02 -
δPFI Constant (5.40) 0.05 -

obtaining the results in Figure 5.14 are listed in Table 5.5.

Similarly to the diesel case in test A, the method was applied several times
on the data for appreciating the injection tables update. In the first iteration,
errors in the respective diesel and gasoline look-up tables were observed, providing
a biased estimate of the energy released in the engine. This is illustrated by the
difference in the standard deviation in the top left plot and the error at cylinder 1
in the bottom left plot (the levels obtained from the estimation method are shown
in solid lines, while the measurements are indicated with dark grey dots). More-
over, not only the error at the look-up table could be a reason for explaining the
measured energy difference, but also the port fuel distribution between cylinders as
concluded in section 5.3.2. Therefore, by updating ϑPFI , the cylinder-to-cylinder
fuel dispersion was addressed, which allowed to reduce the error as shown in the
standard deviation plot. After the second iteration, the individual cylinder fuel
concentration appeared to match the measurement levels. Note that the proposed
algorithm updates the diesel look-up tables only under pure diesel conditions.
Consequently, if the diesel injection settings are changed during a dual-fuel com-
bustion operation, the eventual error coming from the diesel injection estimate will
be compensated by the gasoline in the Kalman filter and lead to a misleading es-
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Figure 5.14: Fuel distribution estimation strategy (observer and look-up tables update)
applied to test C. In this figure only a section of the total test is illustrated showing the
standard deviation of the energy released by all the cylinders (top left), the energy content
estimated at cylinder 1 (bottom left), the combustion efficiency (top right) and the lambda
estimation (bottom right).

timation of the fuel blend. Nonetheless, the cylinder-to-cylinder dispersion should
still be representative of the system.

As observed in the top right plot of Figure 5.14, the combustion efficiency level
was decreased to a value of around 0.91, at the second iteration, to obtain similar
lambda levels in this section of test C. This value is low compared to a conven-
tional range observed in CDC (between 0.97 and 0.99). Excluding the effect of
the Kalman filter’s noises calibration on the estimation, various reasons might be
considered to explain such observation: in this study, the combustion efficiency is
not evaluated using the exhaust gas emissions concentration (e.g., HC and CO),
but represents the energy conversion from the injected fuel. Consequently, the
considered fuel low heating values play an important role in the update of such
variable as the estimation of the energy released is directly proportional to the
LHV, see (5.19). Furthermore, premixed dual-fuel combustion was also found to
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provide lower combustion efficiency levels in general [74,75]. Finally, the combus-
tion model errors in the energy released estimation might contribute to the levels
obtained in the present work.

Together with the output from the proposed strategy (1st and 2nd iteration
in Figure 5.14, which include both observer and adaptive look-up tables actions),
the results from a simplified method are shown in a blue line. This estimation
corresponds to the results of updating only the combustion efficiency to match the
lambda level, meaning that the port fuel distribution and the dynamics at the fuel
film and lambda were not considered. This simplified method aims to show the
importance of the different states considered in this study, as illustrated in the
zoom section in the bottom plots of Figure 5.14. Each zoom corresponds to the
colored area in their respective plot. It can be observed that thanks to the fuel
film mass mff in (5.22), the energy released dynamics when changing the fuel
quantities are better captured compared to a straightforward estimation from the
look-up tables. Furthermore, the gas transport delay in the lambda measurement
in (5.25) allows to improve its estimation which results in a smoother update of
the combustion efficiency. Similarly to the conclusions from test B, it is observed
that not considering the fuel distribution by means of ϑPFI results in a higher
inaccuracy in the fuel concentration and distribution estimation, showing the sig-
nificance of addressing the port fuel injection dispersion in such hardware setup.

Figure 5.15 illustrates the final estimation of the total injected fuel quantity mf

and blending ratio (gasoline fraction GF in this case) from the proposed strategy
in the complete test C:

mf = mPFI +mDI = mg +md (5.42)

GF =
mPFI

mf
=
mg

mf
(5.43)

Each color represents the individual cylinder fuel estimation after the second it-
eration, while the black line represents the levels obtained from the fuel balances
measurements. It can be noticed that depending on the combustion mode and the
operating conditions, the cylinder-to-cylinder dispersion is different in both terms
of magnitude and order, where the same cylinder does not always provide the same
dispersion, which agrees with the observations made in section 5.3.2. Moreover,
the trend and the levels achieved by the estimation method showed a good agree-
ment with the amounts measured by the fuel balances (note that the fuel balance
only provides a single value representative of the average fuel quantity injected in
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Figure 5.15: Individual cylinder fuel concentration (top) and blending ratio (bottom)
estimation from the proposed method at the end of the 2nd iteration in test C with the
levels measured by the fuel balances.

the whole engine).

Figure 5.16 aims to analyze the cylinder-to-cylinder dispersion evaluation ob-
tained in test C. To this end, a section of the results in Figure 5.15 was selected
and the results of cylinder 2 and 4 are compared. Together with mf and GF , the
CA50 is shown as an indicator for the combustion phasing evaluation. In this part
of the test, the duration of the diesel injection was held constant and only the
duration of the gasoline injection was increased. An increase in the total fuel mass
and in the gasoline fraction was therefore expected. Such statement was confirmed
in both m̂f and ĜF plots on the left side of this figure. Around cycle 100, accord-
ing to the estimation given by the method, the total fuel amount was similar in
both cylinders, but cylinder 2 exhibited a slightly higher gasoline fraction. This
observation may be verified by the CA50 level where cylinder 2 had a later com-
bustion compared to cylinder 4. Indeed, it was observed that an increase in the low
reactivity fuel fraction tends to delay the combustion as a result of the decrease
in the fuel mixture reactivity [35, 76]. This is further observed around cycle 150
where both cylinders were still exhibiting a very similar total fuel amount, with a

185



Chapter 5. Model-based approach for dual-fuel combustion control

Figure 5.16: Zoom on a section of the test presented in Figure 5.15 for studying the
dispersion between cylinder 2 (red) and cylinder 4 (purple): total fuel amount estimation
(top left), gasoline fraction estimation (middle left), CA50 measurement (bottom left).
The heat release computation from two selected cycle areas is shown in the right part
where 10 consecutive cycles are shown in semi-transparent lines, and an average cycle is
illustrated in a full line.

higher gasoline concentration and a more delayed combustion in cylinder 2. These
observations are further investigated in the right side of Figure 5.16 where the heat
release rate of these two specific cycles are shown. In particular, 10 consecutive
cycles centered on cycles 100 and 150 from both cylinders are illustrated to show
the cycle-to-cycle variation in these sections, and an average trace for both cylin-
ders is also shown. Although the effect is less noticeable around cycle 100 as the
cycle-to-cycle variation from both cylinders overlap each other, a lower combus-
tion rate in cylinder 2 is globally observed in both cycles conditions. Considering
that only low-pressure EGR was used in this test to ensure a proper mixing and
distribution of the intake charge, such observation is encouraging to state that the
proposed strategy was able to provide an insight into the individual cylinder fuel
distribution.
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5.4. Conclusions

Dual-fuel engines are complex systems and the results obtained through these
various experiments have shown the importance of considering an injection correc-
tion at each cylinder through feedback control for improving performance, engine
stability, and presumably pollutant emissions in advanced combustion concepts
such as premixed dual-fuel. The proposed method was oriented to on-road appli-
cations but could be improved by sensor data fusion together with fuel balance
measurement and individual UEGO sensor at each cylinder exhaust in a research
environment, which would result in a better estimate of the fuel concentration
under both steady and transient operation. The outcomes of this strategy have
shown encouraging results to be used as a tool to enhance the cylinder-to-cylinder
dispersion tackling in dual-fuel combustion controllers.

5.4 Conclusions

This chapter explored the use of physical models to provide tools that could be
used to enhance control strategies investigation in dual-fuel engines.

A control-oriented model was first developed and introduced for RCCI com-
bustion. By means of a modified knock integral model and combustion modeling,
the start of combustion and the combustion phasing (expressed as the CA50) were
estimated, showing a good agreement with experimental data. The validation data
consisted in a transient operation where the CA50 estimate was observed to re-
produce the experimental levels with a mean absolute error of about 0.43 CAD,
with an error standard deviation of 0.59 CAD and a peak error of around 2 CAD.
This model might be applied for off-line control strategies investigation and cali-
bration, or on-line for improving combustion control using the model output as a
feedforward information or as the core of a model-based controller.

Finally, due to the significance of the cylinder species concentration knowledge
to improve engine performance and emissions, an algorithm to enhance the in-
dividual cylinder fuel distribution estimation in a multi-cylinder dual-fuel engine
was investigated. First, the cylinder-to-cylinder fuel dispersion was analyzed and
characterized in both direct and port fuel injection. It was found that, although
receiving the same injection settings, each cylinder exhibited a different amount
of energy released during the combustion, which highlighted the variations in the
injected fuel quantity from one cylinder to the other. In order to address such phe-
nomena, and therefore improve the estimation of the fuel entering each cylinder, a
strategy based on individual injection look-up tables and a state observer was pro-
posed. The state observer, based on a Kalman filter, was used to tackle the system
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dynamics (e.g., fuel film in the port fuel injection system) and the fuel distribution
dispersion. By combining the measurement of the fuel quantity estimated from the
computation of the energy released, the injection look-up tables, and the sensors
embedded in the engine, this method was able to provide an estimate of the total
fuel quantity and the blending ratio of the two fuels in every cylinder. Compared
to the conventional value provided by traditional single look-up table applications
or fuel balance measurement, this strategy showed encouraging results to be im-
plemented in a combustion controller and enhance therefore the engine operation.
In parallel to the state observation, an on-line learning algorithm was developed
for the individual injection look-up tables in order to correct injector drift over
time to improve later control of the engine, which could ease the implementation
of such dual-fuel concept in commercial applications.

The outcomes of this chapter highlighted the possibilities allowed by model-
based methods in combustion engines. Either for off-line or on-line applications,
models are powerful tools with predictive capabilities that can enable a more ac-
curate control of the engine and, therefore, significantly contribute to the engine
stability and emissions reduction.
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Chapter 6

Conclusions and future work

With the urgent need to reduce anthropogenic greenhouse gases emissions and
to limit their impact on human health, researchers and manufacturers have com-
mitted to investigate and develop cleaner technologies. Transportation relies to a
large extent on the combustion of fossil fuels with the use of internal combustion
engines. In this sense, over the years, new concepts have emerged such as the low
temperature combustion which provides ultra-low emissions of NOx and soot while
maintaining high thermal efficiency. This dissertation presented the investigations
carried out to address the challenges encountered in the control of the premixed
dual-fuel combustion concept. This work was based on processing and leverag-
ing the feedback from the in-cylinder pressure sensor signal in order to develop
real-time controllers and models for a more efficient operation of such combustion
mode. The conclusions from the results reported in this thesis are summarized
below along with suggestions for future work.

Feedback controllers

Based on the measurement of the in-cylinder pressure signal, various feedback
control strategies were investigated and implemented in real-time to satisfy the
following purposes:

� Combustion control: using proportional-integral actions, the in-cylinder
pressure signal feedback was used to control the engine load and combustion
phasing at a target value while maintaining the pressure rise rate level to
a safe threshold by adjusting the fuel quantities (i.e., both diesel and gaso-
line) and the diesel injection timing. External disturbances were found to
be effectively rejected by the controller to maintain the desired operation.
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Chapter 6. Conclusions and future work

Furthermore, encouraging results were observed in a significant load tran-
sient where the load reference tracking was fulfilled within few cycles and
the mechanical constraints limitation was not exceeded.

While this solution represents a quick approach to provide an accurate con-
trol of the combustion, it is usually limited to specific engine operating re-
gions, especially with a single calibration. A more detailed characterization
of the input-output pairing, especially under transient conditions due to the
air dynamics, with a fine tuning of the proportional-integral calibration gains
and eventual gain-scheduling approach, might provide a wider application
range of such control strategy.

� Combustion optimization: the extremum seeking technique was explored
to optimize the dual-fuel combustion operation. A cost function was designed
to track the best engine efficiency-NOx emissions reduction trade-off. The
developed controller successfully actuated over the gasoline fraction and the
diesel injection timing to comply with the objectives set by the definition of
the considered cost function.

The combustion phasing and the NOx emissions were found to be sensitive
to the selected control variables in all the mixture stratification strategies.
Considering such statement, it is believed that the proposed controller could
be enhanced by additional constraints and a combustion switching-mode fea-
ture that would seek for the best engine operation with a smooth transition
between combustion modes.

� Combustion operation limitation: due to the high combustion rates ob-
served in premixed dual-fuel combustion, and their harmful potential for the
engine, it was decided to analyze the cylinder pressure oscillations in various
injection strategies. The pressure oscillations were observed to vary with
the mixture stratification level where some conditions could result in signifi-
cant amplitudes. For this reason, it was decided to develop a controller that
would keep the pressure oscillations amplitude below a defined threshold.
Due to the stochastic behavior of cycles with high amplitudes, a knock-like
controller was implemented with the gasoline fraction and the diesel injec-
tion timing as the control variables. The controller was found to be able to
control the probability of high amplitude events to the desired threshold in
all the combustion modes, thus ensuring a safer operation of the engine.

The definition of operational limits such as MPRR or MAPO is traditionally
set empirically. In the present case, the MAPO was used as the limitation
index and its level was chosen according to observations made at each mix-
ture stratification level. A deeper characterization of the pressure resonance
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in various premixed dual-fuel combustion engines design could enhance the
development of appropriate controllers to adapt the limitation to the combus-
tion mode. Furthermore, in this work the gasoline fraction and the injection
timing control were evaluated separately. Consequently, the controller might
be upgraded by including both control variables and providing the priority
to the one with the highest sensitivity over the combustion in real-time.

Modeling

A control-oriented model was explored as a way of improving the development of
control strategies in premixed dual-fuel combustion. Modeling is especially inter-
esting to cost-effectively design and investigate new controllers by substituting the
real engine by its mathematical representation, or to be integrated directly into
the controller definition. In the present case, the model aimed to estimate the
start of combustion and the combustion phasing of RCCI combustion using the
available operating conditions. A modified knock integral model was designed to
estimate the start of combustion (SOC), while a simplified burn duration model
was used to estimate the combustion phasing (CA50 in this case). Encouraging re-
sults were observed in the SOC and CA50 estimation even under load and mixture
reactivity transient operation, showing the potential of such approach to enhance
combustion control research activities.

This model was limited to RCCI combustion with an early injection strategy. A
wider range of operating conditions should be evaluated to develop this kind of
models, taking into account the various injection strategies considered in such
combustion concept: fully, highly and partially premixed. The internal cylinder
reactions are complex and the mixture reactivity sensitivity to the start of injec-
tion (from early to late injection) could be implemented in the model to improve
and expand the estimation capability. Furthermore, such model might be experi-
mented in a model-based controller to verify its ability to enhance the control of
the dual-fuel combustion. Indeed, such control implementation has been proven
to be effective in various combustion strategies, as well as in dual-fuel operation
as reported in Chapter 2.

State estimation

The cylinder-to-cylinder dispersion observed in multi-cylinder engines might be re-
sponsible of performance drop and pollutant emissions increase. These variations
can be explained by uneven cylinder conditions (e.g., pressure and temperature)
and species concentration (e.g., EGR and fuel due to ageing or discrepancies). In
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Chapter 6. Conclusions and future work

dual-fuel engines, the ratio of both of the fuels in the cylinder plays a significant
role in combustion efficiency and control. Nevertheless, a hardware configuration
with port fuel injectors might exhibit additional fuel distribution dispersion be-
tween cylinders. Conventional injection control based on look-up tables does not
have a direct feedback from the real fuel concentration and consequently fails to
ensure the desired fuel blending ratio in each cylinder. A detailed analysis and
characterization of the respective injection systems (direct and port fuel injec-
tion) was performed. It was observed that the cylinder-to-cylinder dispersion in
each system was sensitive to different factors and should therefore be approached
accordingly. In an attempt to address this issue, a pressure-based observer was
developed. The in-cylinder pressure signal was used to compute the heat released
by the combustion in each cylinder, and by combining these results with the set of
sensors installed on the engine, the fuel quantity and blending ratio were evaluated.
Additionally, a learning algorithm aiming to update the injection look-up tables
was implemented to deal with injector drift over time. The method was evaluated
off-line with various sets of data. Both the adaptive look-up table algorithm and
the fuel observer showed their capability to address the assumed injector bias and
the fuel distribution between cylinders where an estimation of the individual fuel
blending ratio was obtained.

The proposed technique showed the significance of using feedback from the avail-
able set of sensors for ensuring the highest efficiency operation in such complex
combustion concepts and engine hardware configurations. Nevertheless, in this
work, this method was exclusively evaluated off-line. Its implementation in an on-
line real-time controller could help to validate its potential for improving cylinder
balancing and verify if a gain in performance and emissions reduction could be
obtained thanks to it.

Final remarks

The work provided in this thesis has highlighted and confirmed the potential of the
in-cylinder pressure signal for a more accurate and efficient control of new combus-
tion concepts such as premixed dual-fuel. Either by considering its feedback alone,
or by leveraging its information into models, the various sources of controllability
and variability issues were found to be addressed by such techniques.

Although the future of internal combustion engines for the transportation sector
is under debate, solutions and methods to improve ongoing research concepts that
might end in on-road applications are necessary. Marginally used in series appli-
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cations, the in-cylinder pressure sensor is a source of high value information and
could ease the transition to more efficient engines. This thesis attempted to pro-
vide tools that could be applied on premixed dual-fuel platforms where a special
emphasis on the various injection strategies and mixture stratification was made.
From fulfilling the desired performance and ensuring a safe operation, to opti-
mizing the combustion with emissions reduction, the methods are manifold and
the development of accurate and cost-effective combustion diagnostic and control
concepts could participate into reaching these goals sooner.
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Benajes Jesús, Molina Santiago, Garćıa Antonio and Monsalve-Serrano Javier.
Effects of low reactivity fuel characteristics and blending ratio on low load RCCI (reactivity
controlled compression ignition) performance and emissions in a heavy-duty diesel engine.
Energy, Vol. 90, pp. 1261–1271, 2015. (cited in p. 31)
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