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Niente nella vita va temuto,
dev’essere solamente compreso.
Ora é tempo di comprendere di piu,
cosi potremo temere di meno.

(Marie Curie)
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Abstract

Zero-carbon powertrains development has become one of the main challenges for automotive industries around
the world. Following this guideline, several approaches such as powertrain electrification, advanced
combustions, and hydrogen internal combustion engines (Hy-ICE) have been aimed to achieve the goal.
Among these, the so-called Low Temperature Combustions (LTC), characterized by a simultaneous reduction
of fuel consumption and engine-out emissions, represent one of the most studied solutions moving towards a
sustainable mobility.

Previous research demonstrates that Gasoline partially premixed Compression Ignition combustion (GCI) is
one of the most promising LTC techniques. Mainly characterized by the high-pressure direct-injection of
gasoline and the spontaneous ignition of the premixed air-fuel mixture through compression, GCI combustion
has shown a good potential to achieve the high thermal efficiency and low pollutants in compression ignited
(CI) engines required by future emission regulations. Despite its potential, GCI combustion might suffer from
low combustion controllability and stability, because gasoline spontaneous ignition is significantly affected by
slight variations of the local in-cylinder thermal conditions. Therefore, to properly control gasoline PPC
assuring the maximum performance, a deep knowledge of the combustion process, i.e., gasoline auto-ignition
mechanism and the effect of the engine control parameters on the combustion and pollutants, is mandatory.

This PhD dissertation focuses on the study of GCI combustion in a light-duty compression ignited engine.
Starting from a standard 1.3L diesel engine, this work describes all the activities made moving toward the full
conversion of the engine. A preliminary study of the GCI combustion was conducted in a “Single-Cylinder”
engine configuration highlighting the combustion characteristics and the dependencies on the control
parameters. Then, the full engine conversion was performed, and a wide experimental campaign allowed to
confirm the benefits of this advanced combustion methodologies in terms of pollutants and thermal efficiency.
The analysis of the in-cylinder pressure signal allowed to study in depth the GCI combustion and develop
control-oriented model aimed to improve the combustion stability.






0. Introduction and Aim

0.1 Future Trends for Sustainable Mobility

Nowadays, the increase in global temperature together with the rise of transported people and goods has forced
governments and institutions around the world to establish strict regulation on pollutants and CO2 emissions.
On December 12, 2015, in Paris, 195 governments agreed to the text of the most significant global climate
agreement in history. Known as the Paris Agreement, the international deal commits nearly every country in
the world to lowering greenhouse gas emissions to curb the dangerous effects of climate change. The Paris
Agreement strives to limit global temperature increases to 1.5°C (and 2.0 °C as upper limit) [1], as scientists
caution that the effects of temperatures rising any higher would be catastrophic and potentially irreversible,
while ensuring sustainable food production and economic development, Figure 1.

Global Temperature Increase by 2100
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1°C (warming in 2019)
o’c 0°C (pre-industrial average)
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Figure 1. Paris Agreement Targets in temperature increase [1]

While previous climate agreements, most famous before Paris Agreement is the Kyoto Protocol, mandated
that countries to reduce their emissions by fixed standards, with Paris Agreement all countries set their goals
based on their economic abilities. This radical change of perspective has inducted responsibility of each
country following a common goal: to preserve our Earth.

To effectively reduce Greenhouse gases (GHG) emissions it is crucial to know where they are coming from,
and which sectors contribute the most. Figure 2 shows the breakdown of emissions by sector. The overall
picture that can be seen from the reported diagram is that almost three-quarters of emissions come from energy
use, while the remaining 25% come from agriculture, industry, and waste. This means there is no single or
simple solution to tackle climate change. Focusing on electricity, or transport, or food, or deforestation alone
is insufficient reaching net-zero emissions [2].
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Figure 2. Global GHG sources [2]

In 2017, the top ten emitters of greenhouse gases accounted for more than two-thirds of global emissions,
Figure 3. Among the world’s largest economies, the India’s case is very singular from the GHG emissions
point of view [3]. According to Climate Action Tracker, which monitors the Paris Agreement, India is the only
top ten emitter whose current policies are on track to help keep global temperature increases below 2°C.
Despite India is considered one of the newly emerging economies (with high request of energy), the attention
in climate change stands it as an example of sustainable and rational economy. India’s actions are totally
focused on overcoming fossil fuel for power generation, transport, and industrial productions. The use of
renewable energy sources, such as solar, and the creation of additional forests, which generates a reduction in
total greenhouse gas emissions, represent the key points of the Indian green deal.

Brazil Indonesia Mexico Iran
3% 3% 2% 2%

Japan
4% China
Russia 35%
7%
India
10%
European
Nation United States
14% 20%

Figure 3. Top ten GHG emitters [3]



Unfortunately, the bigger part of the countries does not comply with the minimum requirements to achieve the
Paris Agreement goals. As reported in Figure 4, in 2018 the planned measures of nine of the top ten GHG
emitters are highly or critically insufficient to reach the target of maximum global temperature rise of 2°C.
However, the COVID-19 pandemic period strongly highlighted the need of cleaner and more sustainable
economy able to avoid future global health and economics shocks. In this scenario, all the governments around
the world are developing new green deals with huge investment aimed to improve and develop energy saving,
renewable energies and new energy technologies.

October 2018
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Figure 4. Projections on Paris Agreement goals achievement until 2018 around the world [4]

Since the global economies are still based on fossil fuels, such as carbon, petrol, or natural gas, the bigger part
of the GHG production comes from the energy use in buildings and industries, as shown in Figure 2. With the
aim of complying the Paris Agreement target, the fossil fuels replacement with renewables sources of energy
(solar, geothermal, wind power) or cleaner energy production technologies such as nuclear fusion is strictly
mandatory. Unfortunately, this change of perspective cannot be considered shortly drivable mainly because it
will require huge investments, big technological empowerments, and relevant infrastructural modifications.
However, in the meantime, the actual available technologies give a short-term solution to reduce the impact of
transport in terms of global GHG.



As mentioned before, transports account a remarkable contribution in GHG emissions thus, this sector will be
strongly modified realizing cleaner and more sustainable vehicles. It is crucial to point out that to adequately
consider the impact of the vehicle in GHG production, it is mandatory to consider the carbon dioxide produced
among its life cycle. Vehicle life-cycle GHG emissions refers to those emissions produced in the manufacture,
maintenance, and disposal of a vehicle, and in the production and combustion on the fuel that powers it. It is
obvious that this approach, called cradle-to-grave, strongly modifies the consideration regarding the total
amount of pollutants generated by a vehicle fleet and, therefore, it requires a disruptive change of policies,
both in terms of industrial processes and technical solutions on engine development. Following this guideline,
several technologies and solutions have been studied and others are under development aimed to decarbonize
road transport by 2050 (Paris Agreement’s challenge), and they can be summarized as follow:

Battery Electric Vehicles (BEVs)

Fuel-Cell Electric Vehicles (FCEVs)

Hybrid Electric Vehicles (HEVs - ICE based)
Hydrogen ICE (Hy-ICE)

Advanced Combustions (LTC)

Biofuels

AU N e

Battery Electric Vehicles (BEVs)

Battery Electric Vehicles (BEVs) are fully electric vehicles with rechargeable batteries and no internal
combustion engine. As shown in Figure 5, all energy to run the vehicle comes from the battery pack which is
recharged from the grid. BEVs are zero emissions vehicles, as they do not generate any harmful tailpipe
emissions or air pollution hazards caused by traditional petrol-powered vehicles.

Figure 5. Battery Electric Vehicles (BEVs) power generation layout [5]

Fuel-Cell Electric Vehicles (FCEVs)

Fuel cell electric vehicles (FCEVs) are powered by hydrogen. They are more efficient than conventional
internal combustion engine vehicles and produce no tailpipe emissions and they only emit water vapor and
warm air. As reported in Figure 6, FCEVs use a propulsion system like that of electric vehicles, where energy
stored as pure hydrogen in a tank on the vehicle is converted to electricity by the fuel cell. Furthermore, they
are equipped with other advanced technologies to increase efficiency, such as regenerative braking systems
that capture the energy lost during braking and store it in a battery.
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Figure 6. Fuel-Cell Electric Vehicles (FCEVs) power generation layout [6]

Hybrid Electric Vehicles (HEVs - ICE based)

Hybrid Electric Vehicles (HEVs), have both ICE engine and an electric motor to drive the car. All energy for
the battery is gained through regenerative braking, which recoups otherwise lost energy in braking to assist the
engine, typically a gasoline engine, during acceleration. In a traditional ICE based vehicle, this braking energy
is normally lost as heat in the brake pads and rotors. Since regular hybrids cannot plug into the grid to recharge,
alternative approaches, such as Plug-in Hybrid Electric Vehicles (PHEVs), have been developed to increase
the efficiency of HEVs.

As clearly visible in Figure 7, PHEVs have both an engine and electric motor to drive the car. Like regular
hybrids, they can recharge their battery through regenerative braking. They differ from standard HEVs by
having a much larger battery and being able to plug into the grid to recharge. While typical HEVs can (at low
speed) travel 1-2 kilometers before the gasoline engine turns on, PHEVs can go anywhere from 10-40
kilometers before their ICE provide assistance. Once the all-electric range is depleted, PHEVs act as regular
hybrids, and can travel several hundred kilometers on a tank of gasoline. As a result, despite a weight increment
generated by bigger battery pack, the extended range run in full-electric mode increase the overall efficiency
of PHEVs in urban cycles (extremely critical for emissions).

Ny B

Figure 7. Plug-in Hybrid Electric Vehicle (PHEV’s) (left) and Hybrid Electric Vehicles (HEVs) (right) power generation layouts [5]
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Hydrogen ICE (Hy-ICE)

Because hydrogen is one of the numerous elements found in the atmosphere, it is readily available and one of
the most useful alternatives to fossil fuels today. As a result, most of research have been focused on fuel
standard ICE with hydrogen (Hy-ICE) replacing standard fuels, Figure 8, and they proved to be a very
promising technology with high efficiency and low pollutants for both for light and heavy-duty engine and
off-road applications (even coupled with electric powertrain). Despite the hydrogen production needs huge
amount of energy which comes from fossil fuels (called grey hydrogen), the Hy-ICE are still not competitive
from the cradle-to-grave standpoint with respect to HEVs or PHEVs. However, since the future trends on
energy production are oriented to increase hydrogen production using renewable energy sources (called green
hydrogen), Hy-ICE might represent a concrete solution moving toward a sustainable mobility.

Figure 8. Hy-ICE typical power generation layouts: standard Hy-ICE (right) and Hybrid Hy-ICE (left) [7]

Advanced Combustions (LTC)

Over the past years, the more and more stringent emissions regulations, especially for nitrogen oxides (NOx),
soot production and GHG emission, promoted a great amount of research in the field of advanced combustion
approaches. Such solutions, called Low Temperature Combustions (LTC), have shown a good potential to
replace conventional combustions mainly because of their high efficiency and low emissions with respect to
conventional combustions, Figure 9.
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Figure 9. Better than efficiency and emission of LTC combustion [8]

LTC identifies not just one but a group of combustion technologies which differ mainly in charge preparation
procedure and ignition strategy. Several methods have been developed to obtain proper level of charge
homogenization such as, variable compression ratio, multiple injection strategies, in-cylinder charge motion
systems (tumble flaps, ducts, and piston shape optimization). Typically characterized by the very lean
combustion of an air-fuel mixture, LTC have been studied to explore their potential in the field of developing
cleaner and more efficient internal combustion engines.

Since LTC proved to be an effective solution to limit emission and pollutants in IC engines, the main challenge
which limited their diffusion is the controllability of the combustion process and, therefore, they are
continuously under development (especially their integration in hybrid powertrains).

Biofuels

Biofuels are any kind of fuel made from plant or animal material, such as corn ethanol and palm biodiesel.
Biofuels can reduce life cycle GHG emissions compared to petroleum because the carbon emitted from their
combustion was previously sequestered from the atmosphere in the plants from which the biofuel was made.
There are, however, other sources of GHG emissions along the life cycle of biofuels and typically come from
cultivating, harvesting, and transporting the feedstock and producing and transporting the biofuel. As a result,
since biofuels are typically blended into gasoline and diesel (at a rate of 10% or less) and manly due to regional
differences in crop and biofuel production, that could strongly modify their GHG emissions, it is not clear that
food-based biofuels are any better for the climate than petroleum.

Figure 10 reports an overview of the life cycle GHG emission for the actual solutions and technologies in
transport industry and it can be notice that today, also BEVs and FCEVs have too high GHG emissions mainly
related to the energy production process (that involves fossil fuels) to fuel these vehicles. Furthermore, despite
only BEVs and FCEVs have the potential to achieve the magnitude of life cycle greenhouse gases (GHG)
emissions reductions needed to meet Paris Agreement goals, the battery-pack related challenges (energy
storage, aging and weight), the lack of charging/filling infrastructure and the cost have hindered a wide
diffusion of these technologies.



300

150

100

Life-cycle GHG emissions (g CO, !q_/km)

50

Gasoline + Diesel + Natural gas
biofuels biofuels + biogas

Plug-in
hybrid EV

¥ 20-year GWP for methane
Fuel/electricity production
M Fuel consumption
M Maintenance
Battery manufacture
M Hydrogen tank manufacture
M Vehicle manufacture

%

Battery EV, Fuel cell EV,
2021-2038 2021-2038

grid mix

hydrogen mix

Figure 10. Life-cycle GHG emissions for global typical medium-size passenger cars registered in 2021 [9]

However, considering the evolution of the materials and industrial processes (especially in the energy
production from renewable sources) it is expected that these solutions will replace in the long-term the internal
combustion engines (ICE) both in high and light-duty vehicles. Figure 11 shows the life cycle GHG emission
projections until 2050 for the above-mentioned solutions with the renewable energy. By looking at Figure 11,
it clearly arises that to fully decarbonize transports is mandatory the integration of zero-carbon solutions, such

as HEVs and FCEVs, with renewable energy sources.
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Figure 11. Life-cycle GHG emissions for global typical medium-size passenger cars registered in 2030 [9]
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0.2PhD dissertation structure

Among the solution under studied to decarbonize transport, the PhD research activity described in this
dissertation is focused on the development of advanced combustion methodologies (LTC).

After an introduction on LTC, facilities and instruments used during the whole activity, the PhD research tried
to give its contribution to the improvement on the knowledge about one of the most studied LTC called
Gasoline partially premixed Compression Ignition combustion (GCI) by observing the combustion process
using the in-cylinder pressure sensor.

The first part of the activity has been focused on the experimental investigation of GCI combustion in one of
the four cylinders of an extremely diffused light-duty diesel engine, while the other three cylinders kept the
engine in a stable operating condition, called “Cylinder Laboratory mode”. By the analysis of the collected
data, it has been possible to study the impact of the main control parameters on combustion stability and
controllability. A huge part of activity has also been conducted to improve the knowledge regarding gasoline
autoignition and to define its dependencies on the control parameters.

Once defined a set of control parameter which guarantee GCI combustion stability in “Cylinder Laboratory
mode”, the second part of the activity has been focused on the full engine conversion from diesel to GCI
engine. In this way, all the additional systems needed to stabilize GCI combustion from the cranking stage has
been developed and mounted in the test cell. Furthermore, to overcome the limitations given by the standard
engine electronic control unit (ECU) performing tests very far from the manufacturer calibration conditions, a
fully programable engine ECU has been used to control the engine. By using a custom ECU and its integration
with the test bench control system it has been possible to explore this advanced combustion in very different
operating conditions. The experimental campaign conducted in the fully converted GCI engine confirmed the
potential of this combustion both in terms of pollutants reduction and increase in efficiency.

The third part of the PhD activity concerned the development of model-based control-oriented strategies aimed
to improve GCI combustion stability and controllability. For this purpose, since the gasoline autoignition plays
a crucial role assuring the combustion stability, a dedicated experimental activity has been carried out to
develop a thermodynamic ignition delay model able to predict the start of ignition position as a function of the
boost temperature and pressure.

Moreover, since GCI uses multiple injections to improve the combustion stability, a proper control of the
injected mass, especially with very small injection pulses with small relative distance, is mandatory. For this
reason, the last part of this dissertation shows the experimental activity and modeling carried out to compensate
the pressure waves propagation effects in a standard common-rail high-pressure injection system fueled with
gasoline.

11



1. Advanced Combustion Methodologies

Nowadays, road transportation is still mainly based on the use of internal combustion engines (ICE), therefore
the increase of engine efficiency and the reduction of pollutant and greenhouse emissions are of fundamental
importance to minimize its environmental and health impact. High levels of efficiency can be achieved through
compression-ignited (CI) engines, which are currently the most efficient and reliable engine technology used
in automotive applications. However, CI engines are usually powered by the high-pressure direct injection of
Diesel, which leads to a combustion process that is heterogeneous by nature. Such combustion process is
characterized by the simultaneous production of a significant amount of particulate matter and NOx, both
severely limited by current emission regulations, Figure 12. To overcome the mentioned problems, over the
past years a large amount of research has been carried out to investigate innovative combustion techniques,
called Low Temperature Combustions, characterized by high efficiency and low emissions.
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Figure 12. Different kinds of combustion concept in term of flame temperature referred to its chemistry (equivalence ratio) [10]

1.1Low Temperature Combustions

Low Temperature Combustions (LTC) is a general term used to refer to all the advanced combustion concepts
where the overall goal is to achieve lower peak combustion temperature which advantageously alter the
chemistry of NOx and soot formation.

Basically, both NOx and soot emissions are derived from the mixing characteristics of air -fuel and combustion
temperature. As well reported in literature, NOx generally forms when peak combustion temperatures are
above 2000 K and soot in fuel rich conditions and temperatures above 1700 K. Hence, by limiting the peak
combustion temperatures with certain level of premixing of fuel with in-cylinder charge prior to ignition we
can achieve reduction in both NOx and soot emissions, and it is possible either by extensive premixing to lean
equivalence ratio (~0.5) or by use of EGR.

The main LTC concept is to make a very lean mixture, as homogeneous as possible, potentially able to self-
ignite almost instantaneously and volumetrically (generating very short combustion). However, to maximize
benefits of such combustion methodologies, it is crucial to overcome limitations related to these self-ignited
processes. Several works in literature reported main challenges performing LTC, such as high combustion
noise, high cyclic and cylinder-to-cylinder variation, limited power density (related to guarantee the engine
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reliability). Furthermore, since these advanced combustions are typically chemically driven, mixture
preparation (assuring a proper level of stratification) represent the critical aspect which could compromise the
combustion stability. Thus, very complex combustion model coupled with engine control strategies, using
closed loop contribution based on combustion feedbacks by in-cylinder pressure sensors, are needed to
stabilize the combustion over the whole engine operating range. As a result, despite such methodologies are
considered a very promising solutions able to limit GHG emission until total dropout of petrol-based ICE, the
above-described challenges have hindered their wide diffusion for commercial uses.

Generally, for LTC, it is important to highlight that leaner and more homogeneous mixture led to lower NOx
and PM emissions, but also reduce ignition controllability. To achieve these goals, several techniques moving
toward the LTC concept and trying at the same time to solve LTC challenges have been proposed. Such
solutions mainly differ in charge preparation procedure and ignition strategy. The most relevant LTC
technologies are:

e Homogeneous Charge Compression Ignition (HCCI)

e Premixed Charge Compression Ignition (PCCI)

e Stratified Charge Compression Ignition (SCCI)

e Reactivity Controlled Compression Ignition (RCCI)

e Spark Assisted Compression Ignition (SACI)

e Turbulent Jet Ignition (TJI) and Torch Ignition (TI)

Homogeneous Charge Compression Ignition (HCCI)

The HCCI mode consists in the compression ignition (auto-ignition) of homogeneous (premixed) air-fuel
mixture in the engine cylinder coupling the benefits from both conventional combustions (CI and SI)
methodologies, Figure 13. In HCCI combustion, a nearly homogeneous charge (fuel—air mixture) enters in the
engine cylinder during intake stroke and, due to the rise of pressure and temperature during compression stroke,
the whole charge releases energy simultaneously. Hence, combustion duration is very short and occurs close
to top dead center (TDC) mainly because whole charge releases energy at the same time in the combustion
chamber. These combustion characteristics represent the main limitation for HCCI especially at high loads.
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Figure 13. HCCI characteristics compared to conventional combustions (SI - CI) [11]

13



Since HCCI is governed by chemical kinetics (charge preparation, type of fuel, charge pressure and
temperature), the main challenges are related to the control of the combustion phase and rate assuring
combustion stability and engine reliability [11].

In this operation mode, power output is controlled by varying the fuel flow rate, and engine is operated
unthrottled like CI engines with high compression ratio. The HCCI engine is operated on globally leaner
mixture to control the combustion rate, which leads to lower combustion temperature. Premixed charge and
lower combustion temperature in HCCI combustion process leads to ultralow NOx and soot emissions.
However, since the air-fuel mixture is typically realized using port fuel injection (PFI) systems which does not
guarantee a total charge homogenization, also HCCI engines might be characterized by fuel concentration
inhomogeneities generating high values of HC and CO.

Premixed Charge Compression Ignition (PCCI)

Conventional diesel engine combustion has a soot—-NOx trade-off, and generally, methods of reducing soot
lead to increases in NOx emissions and vice-versa. Using diesel, to obtain simultaneous reduction in soot and
NOx emissions, charge must be well mixed (premixed charge) to avoid regions with unfavorable carbon—
oxygen ratios, charge must also be rich enough to prevent misfire, and combustion results into lower
combustion temperatures, Figure 14.

To achieve PCCI combustion, which is typically realized with diesel mainly because its high reactivity reduces
the ignition delay, proper manage of injection strategies (injection timing and position) is mandatory to
generate a high degree of air-fuel mixing before ignition. Since diesel is a non-volatile fuel, to create a
premixed mixture, PCCI engines are equipped with high-pressure direct injection systems which perform early
injections (during compression stroke, far from TDC) improving air-fuel mixing. Fuel rich pockets, which
form due to imperfect homogenization, are useful for triggering auto-ignition and controlling the combustion
phasing. As a result, due to good air-fuel mixing realized with early injections, low NOx and soot emission is
achieved with PCCI combustion.
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Figure 14. PCCI concept with respect to CDC combustion [10]

On the other hand, as described for HCCI combustion, high level of homogenization leads fast and dangerous
combustion at high loads. Hence, to limit the combustion knocking at high loads, PCCI combustion is
performed using high dilution typically with external EGR. However, the use of high charge dilution, wrong
injection strategy and not optimized geometrical arrangement of engine components (i.e., combustion chamber
shape, injector geometry, ducts shape) may affect combustion stability and increase pollutants, especially at
low loads. For these reasons, proper control of the combustion process (phase and intensity) represents the
main challenges for PCCI combustion without decreasing the thermal efficiency.
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Stratified Charge Compression Ignition (SCCI)

As explained before, inhomogeneities (thermal and fuel stratifications) play a key role controlling premixed
combustion in compression ignited engines. Since it is very difficult to create or control thermal stratification
(typically created by heat transfer and convection in the combustion chamber), to increase PCCI controllability,
combustions with different levels of fuel stratification have been studied demonstrating their potential in
pollutant reduction without penalizing the thermal efficiency. Fuel stratification is typically achieved by
varying the fuel injection timings or by using multiple injection strategies. This strategy creates zones of
different fuel concentrations in the combustion chamber, which leads to sequential auto-ignition. The zones
with higher fuel concentration auto-ignite first and comparatively lower concentration zone next. Sequential
auto-ignition leads to reduce the combustion knocking and increases the combustion duration.

The advantage of fuel stratification mainly depends on the autoignition reactivity of fuel (which typically
increases using supercharging, i.e., high boost pressure): the more autoignition reactivity the more fuel has
potential to start burning with proper fuel stratification. As widely reported in literature, the high volatility of
gasoline and its high autoignition reactivity at high boost pressure allow to overcome the knocking limitation
of diesel PCCI combustion at high loads. These strategies generally called Stratified Charge Compression
Ignition combustion (SCCI), which has various names by different group of researchers such as Gasoline
Compression Ignition (GCI), gasoline Partially Premixed Combustion (gasoline PPC) or Low Temperature
Gasoline Combustion (LTGC), always uses gasoline-like fuel directly injected in the combustion chamber
with high-pressure injection systems. The gasoline SCCI strategies can be divided into three main categories:
partial fuel stratification (PFS), moderate fuel stratification (MFS) and heavy fuel stratification (HFS) based
on degree of fuel stratification in the combustion chamber, Figure 15.
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Figure 15. SCCI main concepts at different level of fuel stratification [10]

In PFS strategy, homogeneous part of charge is prepared by either PFI or very early DI fuel injection, and
stratification is created using subsequent direct injection of fuel (small quantity). The ratio between the PFI (or
very early DI injection) and DI injection defines the charge stratification. In the MFS strategy, stratification
level is higher in comparison to PFS, and it is increased by reducing the amount of premixed fuel. Generally,
in MFS strategy, all the fuels are injected directly in the cylinder during compression stroke and a fuel injection
event near TDC is used to start the combustion. The HFS strategy has highest level of fuel stratification, and
it typically has very less premixed fuel. Multiple high-pressure (higher in comparison to PFS and MFS) direct
injection events relatively close to TDC is used for charge preparation in HFS strategy. It is important to
underline that in SCCI combustion, to promote charge stratification, internal charge motions (typically
generated by piston bowl shape, injection spray and ducts shape) are minimized.
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As explained before, in gasoline SCCI mode, fuel injection strategy is crucial to manage gasoline compression
ignition. The fuel injection strategy can have one, two or three injections per cycle in cylinder during
compression stroke which rapidly vaporizes (thanks to high injection pressure) and mixes with air creating the
desired level of charge stratification to obtain controlled heat release and stable ignition. Figure 16 reports
different injection strategies for PFS, MFS and HFS respectively.
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Figure 16. PFS, MFS and HFS injection strategies [10, 11]

As it occurs in CDC, the ignition phase for HFS strategy is governed by injection timings. As a result,
combustion phasing can be easily controlled on a cycle-to-cycle basis through injection management. Since
the lower stratification of MFS and PFS, the ignition phase management (which defines the combustion
controllability) becomes harder mainly because the higher ignition delay of the mixture. Furthermore, moving
toward PFS the air-fuel chemistry becomes predominant and therefore, slight variations of charge pressure and
temperature may affect the combustion stability, generating knocking or misfiring even at mid loads.

As explained in literature [10, 11], the pollutant emissions (NOx and soot) of SCCI are strongly related with
the level of fuel stratification and decrease as mixture becomes more homogeneous. Therefore, high dilution
with EGR is required in HFS strategy for LTC operation and decrease NOx emissions (EGR level is still below
than the quantity involved in PCCI). As a result, despite high stratification generates benefits both in terms of
pollutants production and thermal efficiency, the combustion management problems (i.e., ignition and
combustion phase management), related to an even more chemically driven combustion process, represent the
main obstacles on the SCCI diffusion in production engines. As mentioned in the introduction paragraph, this
PhD dissertation is focused on the study of the GCI combustion, one of the above-described SCCI
combustions, in a standard light-duty compression ignited engine.
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Reactivity Controlled Compression Ignition (RCCI)

Reactivity-controlled compression ignition (RCCI) strategy is also in the category of partially premixed
compression ignition, and it uses two fuels of different reactivities. In this strategy, two fuels with different
auto-ignition reactivities (high and low reactivity) are used for charge preparation by in-cylinder fuel blending.
By using multiple injections strategy coupled with appropriate external EGR level, RCCI combustion duration
and phase can be controlled assuring high thermal efficiency along with simultaneous reduction of NOx and
soot emissions to ultralow level. Figure 17 schematically illustrates RCCI combustion concept.

The low reactivity fuels (gasoline-like fuels) are injected in intake manifold using port fuel injection (PFI)
system, which premixes with air during intake stroke, due to their volatile nature. The high reactivity fuel
(diesel-like fuels) is directly injected in the cylinder using direct injection (DI) system with a single, or multiple
injections strategy during compression stroke. Once the high reactivity fuel is injected near TDC and releases
its energy (with very low ignition delay), the “near homogeneous” air-fuel mixture starts burning. As a result,
the ratio of low and high reactivity fuel (typically represented by diesel fraction, DF) and injection timings of
high reactivity fuel can be used to control the RCCI combustion process.
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Figure 17. RCCI main characteristics [12]

It is important to underline that using high DF, the combustion controllability improves but the stratification
increases producing high NOx and soot. To maximize benefits of RCCI combustion, it is preferable to run the
engine with low DF. The combustion process will be even more chemically driven with a very small operating
range: low loads are unstable due to high cycle-to-cycle variability, and high loads are dangerous due knocking.

Spark Assisted Compression Ignition (SACI)

Spark-assisted compression ignition (SACI) is a technique to trigger the HCCI combustion improving the
controllability of the whole combustion process [13, 14]. By using an external ignition source, SACI
combustion can switch from conventional SI combustion to “externally triggered HCCI” over the whole engine
operating range overcoming the well-known HCCI limitations both at high (knocking) and low (misfires)
loads. During the “externally triggered HCCI” it is possible to obtain the benefit of a standard HCCI both in
terms of pollutants and efficiency.

As made for HCCI, a dilute (by using external EGR) homogeneous mixture is prepared in the manifold or very
early in the intake stroke. However, a small amount of fuel is injected late in compression stroke to achieve a
fuel-rich mixture near the spark plug for promoting SI. The propagating flame, called first combustion phase,
near spark plug (small kernel is created) increases pressure and temperature in the cylinder, leading to auto-
ignition in the surrounding homogeneous diluted charge which releases energy simultaneously (second
combustion phase) in a short time, Figure 18.
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Figure 18. SACI main characteristics [9]

It is important to underline that to correctly perform SACI combustion there are two main requirements on the
charge preparation: the relative air-fuel ratio and temperature must be adequately high to sustain flame
propagation (first combustion phase), which is fast enough to consume fraction of charge, and the compressed
gas pressure and temperature must be sufficiently low such that the charge does not auto-ignite until the end
of the first combustion phase.

Typically, SACI engine is started in SI mode to tackle the cold start problem of HCCI and then shift to
“externally triggered HCCI” mode for lower engine load operations. At higher engine loads, engine can be
shifted back to SI operation mode avoiding knock. As a result, the use of spark plugs to trigger the combustion
is considered a key enabler on the development of high efficiency SI-HCCI hybrid systems. Despite frequent
SI-HCCI transition is required due to load variations during real engine operation (to avoid combustion
instability and to guarantee engine reliability), the SACI management represent one of the main challenges for
SACI combustion. Furthermore, many works are focused on increasing the HCCI operating range in SACI
engine, to maximize benefits of the homogeneous charge combustion.

Turbulent Jet Ignition (TJI) and Torch Ignition (TI)

As widely explained in the previous sections, the leaner is the mixture the more efficient is the combustion
providing the same torque. However, despite spark ignited engines are characterized by high controllability
too high value of relative air-fuel ratio generates flame quenching and, consequently, generating misfire. As a
result, several technologies, called pre-chamber combustion systems have been proposed able to perform ultra-
lean combustion overcoming the ignitability limitation of the mixture.

Turbulent Jet Injection (TJI) and Torch Ignition (TI) systems are both based on the use of a prechamber, located
on the top of the cylinder head, in which overlooks the spark plug. The spark plug ignites an almost
stoichiometric mixture inside the prechamber. Then, when the flame front reaches prechamber orifices it
accelerates itself with or without quenching. If the flame front quenches passing through orifices, ignition
process is called TJI, otherwise if the flame front survives passing through orifices, ignition process is called
TI. Both systems reduce the ignition delay and highly accelerate the combustion process making possible the
ignition of an ultra-lean premixed in cylinder mixture. Ultra-lean operation (with relative air-fuel ratio greater
than 2), performed with pre-chamber technologies in spark ignited engines, has demonstrated the ability to
increase thermal efficiency and significantly reduce emissions of nitrogen oxides (NOx) due primarily to lower
mean gas temperatures.

As mentioned before, the key point of pre-chamber technologies is to create an almost stoichiometric mixture
inside the prechamber. Two different technical solutions have been proposed depending on the prechamber
fueling system, Figure 19. Active prechamber generates the stoichiometric mixture inside the prechamber by
using a supplementary injector, typically integrated in the prechamber housing, which creates proper relative
air-fuel ratio with high level of stratification for each operating conditions. Passive prechamber is simply
composed by an additional housing covering the top of the spark plug. It is obvious that since passive
prechamber is cheaper with respect to active prechamber (only the spark plug replacement is needed compared
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to additional injector and redesign of the cylinder head), reaching stoichiometric conditions inside the
prechamber at each load and speed is a very hard task. As a result, proper management of prechamber over the
whole engine operating range represent the main challenge of this advanced combustion.
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Figure 19. TJI main components architectures [13, 14]

1.2Combustion Analysis

Combustion analysis is performed through the so-called indicating analysis that involve determination of
indexes relative to the combustion process [15]. Starting from the knowledge of the geometrical data of the
engine under study, to perform the combustion indexes calculation two main sensors are strictly required: the
in-cylinder pressure sensor, which provides the pressure trace during the engine cycle through a specific hole
in the cylinder head, and the speed sensor, which allows to calculate the instantaneous position of the
crankshaft, Figure 20. By coupling these two signals, all the information about the combustion process can be
easily derived by specifically developed acquisition systems, called indicating systems (mainly because it
refers to the indicated diagram, p-V diagram during engine cycle).
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Figure 20. In-cylinder pressure and Crankshaft speed sensors positioning
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Modern indicating systems can calculate in real-time, i.e., by the end of the current engine cycle, synthetic
indexes of the last combustion and can send them to the ECU as synthetic information. Such solutions are
called in-cylinder sensing technologies, Figure 21, and they are typically used as feedback for control strategies
aimed to improve the engine efficiency and the reliability. Mainly because of cost and durability of the in-
cylinder pressure sensors, these systems are used in the test bench, when the engine is under development or
for racing applications but their use in common automotive applications is still limited.
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Figure 21. In-cylinder Sensing Technology [16]
As mentioned before, to obtain the indicator diagram, the link between the volume swept during the engine
cycle and the crankshaft position can be derived by geometrical consideration based on the crank mechanism
- oy d . . .
reported in Figure 22. Variation of volume % for different crankshaft angles 6 can be calculated using Equation
I:

d =A ds =A 0 (1
do P do p7/ ()
with f(0), called crank funcion is:
A 5
f(6) ~ sin(0) + > sin(26) )

and the geometrical parameter of the engine are:

e A, piston bore
e 1, radius of crank
e s, piston stroke
o [.,4,10d lenght

° A:T

lrod
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Figure 22. Schematic of Crank mechanism [15]

Based on the indicator diagram reported in Figure 23 (right), which are directly derived from the in-cylinder

pressure signal showed in Figure 23(left) and the volume swept by piston during the engine cycle, the main
combustion indexes related to combustion characteristics and performances which are immediately obtainable

arc:

Indicated Work (L;), which represents area in indicator p-V diagram such on in Figure 23 on the
right. Indicated work takes in account work done by operating fluid on piston in a complete engine
cycle.

720 720 (3)
L= pSgd0=Ausr [ pr(@)d0
0 0

Indicated Mean Effective Pressure (IMEP), which refers, by definition, to indicated work per cycle
per engine capacity unity. IMEP is a very important index used to compare different type of engines.
Indicated work is strictly related to IMEP through engine displacement, that is volume swept by piston
between bottom dead center BDC and top dead center TDC.

IMEP = f, " p(@)av @
B Ve

Indicated Torque (T;), which is strictly related to indicated work and represent the torque only
provided by the combustion without mechanical losses.

720 dLl (5)
Ti= | S = At FO)R(®)
0
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Pressure [bar]

Indicated Power (P;), where n is the engine speed in cycle per second and express the power
generated by the combustion. Indicated power does not consider power losses for friction and losses

(©)

Indicated Specific Fuel Consumption (ISFC), where my is the fuel mass flow rate and it is used to

quantity the raw effiency of the combustion process without consider any kind of auxiliary or

(7)

(8

during engine cycle and due to auxiliary devices driven by crankshatft.
P, =V, IMEPn
mechanical frictions and losses
m
ISFC =L
P;
Peak Pressure Rise Rate (PPRR or R,,,,), which represents the roughness of the combustion.
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Figure 23. In-cylinder pressure Trace (left) and its respective Indicator Diagram (right)
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In addition, detailed information about combustion process can be derived looking at the way the heat is
released during combustion. The energy balance during combustion is showed in Figure 24 and expressed by
Equation 9, where:

5Q,, = dU, + 8Qp; + dL — hdm 9

e §Q.p, is heat released during combustion

®  §Qp;, is heat exchanged through walls

e dUs, is internal energy variation of open system considered
e dL, is work done by gases on piston

e hdm, is enthalpy lost due to gas leak through elastic tights

00

Figure 24. Energy Balance during combustion [15]

By considering the internal energy variation definition as reported in Equation 10:
dUg = d(mu(T)) = mc,dT + u(T)dm (10)
and the work done on the piston, Equation 11:
dL = pdV (11)
the energy balance can be rewritten as:

dQ, = dQ., — dQp: — (u — h)dm = mc,dT + pdV (12)

Remembering the gas equation and deriving with respect to the temperature as showed in Equation 13:

1 (13)

Where, R = ¢, — ¢, is the universal gas constant and ¢, and ¢, represent the constant pressure specific heat
and constant volume specific heat respectively.
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The Rate of Heat Release (ROHR) during the combustion process can be easily obtained substituting Eq. 13

C
into Equation 12 and defining the specific heat ratio as y = C—p :
v

14 1 (14)
RoHR = —— —_—
0 y_lpdV+y_1Vdp

Furthermore, the Cumulated Heat Release (CHR) can be directly calculated by the integration of RoHR
over an engine cycle

720 1 (15)
CHR = ——pdV + ——=Vdp
o rv-—1 y—1
ROHR is an index of combustion velocity: its peak value refers to maximum combustion velocity with its
relative angular position. Moreover, useful parameters related to combustion phase and propagation can be
derived directly from ROHR and CHR curves, such as:

e SOC, angular position representing the start of combustion. It can be defined in different ways both
considering RoHR, such as crank angle at which a specific combustion velocity is overcame, and CHR
crank angle where 5% of the injected fuel released its energy

o (CA50, represents the centre of combustion and indicates the crank angle where 50% of injected fuel
have burnt, named also MFBS50. It contains information about ignition and the flame propagation
velocity

o (CA90, crank angle where 90% of the injected fuel have burnt, named also MFB90, meaning the end
of the combustion process

o Combustion duration, is the angular distance between end and start of combustion (C490-SOC) and
gives information about the overall combustion process velocity

During the PhD activity, the previously defined combustion parameters allowed to deeply analyze the LTC
methodology subject of this dissertation obtaining crucial information regarding the combustion stability and
controllability. Moreover, by comparing the combustion indexes calculated in different engine conditions, it
has been possible to define the limits and the possibilities in terms of efficiency and performance of the GCI
combustion in the light-duty compression ignited engine used during the activity.
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1.3Cylinder Pressure Sensor

In-cylinder pressure signal is the most important sensor to quantify and analyze the performance of internal
combustion engines. Such signal is strongly correlated to the way combustion takes place in the cylinder and
it is typically obtained through piezoelectric transducers, Figure 25.

Figure 25. Different kinds of In-cylinder pressure sensors [17]

Piezoelectricity is the property of a crystalline material to polarize and generate a difference of potential after
a deformation. These kinds of transducers are made up by an elastic membrane with one side in touch with the
fluid whose pressure must be calculated, and the other one with a piezoelectric material, as quartz, to which
membrane transmits a force given by the product of unknown pressure and effective area. Piezoelectric plate
changes its shape according to pressure variation and free at surfaces electric charges in quantity directly
proportional to deformation and so to unknown pressure. When piezoelectric plate is deformed, it hands out
electrical charges on its surfaces, directly proportional to the pressure which caused the deformation; this
electrical charge cumulation causes a difference of potential between surfaces of the plate, called piezoelectric
effect, Figure 26.
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Figure 26. Piezoelectric effect in quartz [18]

Charge cumulation is in the order of pC/bar, and the relative voltage signal is consequently small; therefore,
to be commuted into a readable pressure signal, voltage signal must be amplified with a charge amplifier:
transducers plus charge amplifier system electrical scheme are shown in Figure 27.
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Figure 27. Electric representation of a pressure transducer and charge amplifier [19]
As mentioned before, the amount of charge accumulated (Q) on the surface of the plates is proportional to
deformation (x) with k4, and therefore to pressure (p) with k,,, following Equation 16:
Q =kgx =kyp (16)
As a result, the difference of potential e in accordance with the capacitor scheme can be evaluated as:

Q kgx (17)
e = — = —

G G
As reported in literature, piezoelectric transducers can be designed as a current generator, in which a current
i, 1s generated following a pressure variation, Equation 18:

; _dQ(t)_k dp(t) (18)
@ 4t P 4t

By the analysis of the electrical scheme reported in Figure 27, in which i,, R and C,are respectively current,
resistance and capacity of the pressure transducer, R,and C,,represent resistance and capacity of the wire
which links piezoelectric sensor to charge amplifier, Ry and Cf are the resistance and capacity of the

operational amplifier feedback it is possible to calculate the charge amplifier transfer function which shows
the conversion from electrical unit (voltage) to physical unit (pressure).

Based on Figure 27, feedback generates a "virtual short-circuit" such that it is possible to consider e~ =
e = 0. "Virtual short-circuit" is a condition that allow to solve high gain operational amplifiers problem
with negative feedback, and it consist in set equal to zero difference of potential between inputs (short-circuit)
and set equal to zero current entering the operational amplifier itself (virtual). This condition allows to suppose
that current through R, C,, R, and C,, is zero and, therefore, the circuit can be simplified as schematized in
Figure 28.
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Figure 28. Pressure transducer and charge amplified simplified scheme [19]

Under such hypothesis, it is possible to apply the first Kirchhoff law to the node at the top of the charge
amplifier (minus symbol), considering i and iy the current through capacitor and resistor respectively:

dp(t) . . dQc e (19

la =kp=g Sletin=""+3

Expanding the Eq. 19 and integrating it can be obtained the charge amplifier electric function, Equation 20:

C 1 (¢t (20)
P(t) = —ey(t) +ﬁf eo(t)dt + P(0)
rJo

kp
It is important to point out that P (t) is a periodic signal and, hence, it could be expressed as sum of simple
periodic sine/cosine function with Fourier series and, obviously P (0) represents the null frequency, i.e., the
mean of pressure signal. By applying the Fourier expansion, Eq.20 can be rewritten as:

RCjiw + 1 21
O S By (w) (20

C C
P(jw) = = E)(jw) + r——Ey(jjo) = — (—F———
ky Rkyjw ky,~ RCjw
Finally, starting from Eq.21 it can be obtain the charge amplifier transfer function, related to a high pass
filter with time constant, T = RC, and cut-off frequency, f. = ﬁ , Equation 22:

EoGw) . .k, RCjw 22)
PGw) - U9 = T RGw 1

By observing Eq. 22, it can be noticed that due to saturation phenomena, the cut-off frequency can not be too
small. Since the integral contribution of the charge amplifier and de-amplification of low frequency
components can not be neglected, the mean component of the pressure signal will be lost and a distortion of
the pressure signal occurs, called drift.

The above-described problems related to the pressure acquisition toolchain can affect the calculation of the
combustion indexes. As a result, solutions have been developed to overcome the signal distortion and to
compensate the mean value of the pressure signal. In modern charge amplifier, the drift compensation is
already implemented by the amplifier manufacturers with hardware solutions, typically adding an additional
resistor in the middle between the charge amplifier and the sensor, fixing the problem.
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Regarding the pressure signal mean value recovering, the compensation is typically performed in two ways:

a) Pressure referencing with external sensor
b) Pressure referencing with polytropic reconstruction.

Considering the first method, by using an external absolute pressure sensor, typically mounted on the intake
manifold (MAP sensor), the indicating system, which perform signal processing, allows to estimate the mean
value of the in-cylinder pressure signal from the simultaneous acquisition of the MAP sensor when the intake
valves are open. In this way, the signal coming from the piezoelectric sensor will be correctly referred to the
actual intake conditions, cylinder-by-cylinder. However, not always the MAP sensor is available in the
indicating system, hence the pressure referencing can be obtained by the reconstruction of the pressure trace
following a polytropic thermodynamic transformation, Equation 23.

pV? = costant (23)

Considering two measured pressure values during compression stroke, (when the intake valves are closed), the
polytropic transformation shown in Eq. 23 can be written as follow:

P1_true Y = P2_true 234 (24)
As explained before, pressure needs a reference value, therefore:

P1_true = Piraw T+ Offset (25)

Placing Eq. 25 into Eq. 24 the offset can be calculated as function of considered raw pressure and volume in
conditions 1 and 2 and the heat specific ratio, Equation 26. It is important to highlight that the polytropic
pressure referencing method might be affected by a wrong y selection, which depends on the kind of fluids
that are involved during compression stroke, i.e., only air or air-fuel mixture. For this reason, if possible, it
would be preferable to use MAP pressure referencing method to avoid errors and uncertainties when
combustion indexes are calculated.

pZ_raWVZY - pl_rawvly (26)
A

of fset =
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2. Gasoline Compression Ignition Combustion Development

In this chapter, GCI combustion investigation in a standard light-duty compression ignited engine is described.
First, the engine characteristics and the test bed layout adopted for the whole experimental activity are
discussed out. Since the aim of the PhD course was the study of the GCI combustion in a conventional engine,
layout modifications, which have been one of the main tasks of the PhD course, are described reporting the
obtained experimental results. By the analysis of the collected data during each step, it has been possible to
plan and realize the following one moving toward a fully converted GCI engine.

2.1 Engine and Test Bed Control Systems

The whole PhD activity was based on a common light-duty 1.3-liter compression-ignited turbocharged engine
installed in a test cell. In its standard configuration, the engine under investigation is a Common-Rail Multi-
Jet Diesel engine, Figure 29, equipped with an injection system designed to operate at a maximum pressure
approximately equal to 1600 bar. The technical characteristics of this engine are summarized in Table 1.

Air Filter

Figure 29. Engine Layout [20]

Since one of the aims of the activity is the pollutants evaluation running the engine in GCI mode, the exhaust
line was modified removing catalyst and Diesel Particulate Filter (DPF). Furthermore, to improve air cooling
during the experimental activity, the standard intercooler (air-air heat exchanger, which decreases the air
temperature after the centrifugal compressor) was replaced with a more efficient water intercooler (externally
managed). The technical characteristics of this engine are summarized in Table 1. Despite its small dimension,
the air path of this engine is equipped with a variable geometry turbine (VGT) and a high-pressure water cooled
EGR system. These systems allow to improve engine efficiency, performance, and reduce pollutants: VGT
improves the turbocharger response both at low and high loads, and the EGR system significantly reduces the
nitrogen oxides production (the thermal inertia of the recirculated gases limits the flame temperature during
combustion). Despite its high efficiency and reliability fueled with diesel, such engines will be strongly
penalized by the future emission regulations mainly because the more and more complex pollutant reduction
systems and their management (required to respect new limitations) will dramatically impact on costs and fuel
consumption. As a result, thanks to their technical characteristics such kind of engines are good candidates to
evaluate the potential of GCI combustion in terms of pollutant reduction and thermal efficiency using a close-
to-production engine.
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Displaced volume 1248 cc
Maximum Torque 200 Nm @ 1500 rpm
Maximum Power 70 kW @ 3800 rpm
Injection System Common Rail, Multi-Jet
Bore 69.6 mm
Stroke 82 mm
Compression ratio 16.8:1
Number of Valves 4 per cylinder
Architecture L4
Intake System Turbocharged w%th yariable geometry
turbine, HP-liquid cooled EGR
Firing Order 1-3-4-2

Table 1. Engine technical characteristics

The global management of an engine test cell is typically demanded to a single or multiple process units which
perform a real-time acquisition and control of each element of the test bench. Figure 30 shows the test bench
systems layout in our application.
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Figure 30. Test bench systems layout [21]

As can it be noted, since the PhD activity was focused on studying an advanced combustion methodology, the
layout was a bit unusual with respect to a standard test cell for engine calibration. Several additional hardware
and respective host interfaces each other were integrated in the reported layout. The test bench layout is
composed by four main systems:
1) Test bench controller: this system, typically made by a real-time PC, performs external sensors
acquisitions, external driver management, manages alarms and recovery procedures
2) Indicating system: this system acquires the in-cylinder pressure sensors and calculates combustion
indexes in real-time
3) RCP system: this system allows to manage external hardware or to implement custom engine control
strategies interfacing with the engine ECU

4) ECU: standard hardware for the engine control using INCA software, provided by ETAS

30



In our application, the main tasks of the test bench system are listed below:

@)
b)
Y
d)
e
/)

g
h)

i)
J)
k)

Test cell environmental conditions acquisition: pressure, temperature, and humidity
Pollutants-emission systems management

Fuel consumption measurement systems management

Engine ECU management assuring proper engine operating conditions

Intake air temperature and engine water temperature management using heat exchangers

Remote control of eddy-current brake to guarantee a stable engine operating point

Dyno signals acquisition such as torque, speed, and engine power output calculation

Additional engine-mounted sensors acquisition (pressure, temperature, air-flow rate, turbo speed, ...)
for monitoring purpose

External systems management through analog/digital signals generation

Recovery strategy management improving the safety of the test activities when anomalies are detected

Test automation and logging utilities integration

All listed functionalities were developed by using NI-VERISTAND, a reliable software platform provided by
National Instruments specifically designed for testing application. Through VERISTAND and its basic
functionalities it was possible to integrate and manage external instrumentations improving the whole testing
facility. Furthermore, VERISTAND allowed to easily communicate with external systems by using the most
diffuse communication protocol, such as CAN interface, RS-232 interface and ASAM/ASAP communication
protocol. In this way, it was possible to connect the above-described systems each other aimed at having an
exhaustive and immediate understanding of the acquired data.

By using the above-described layout, to perform combustion analysis and real-time monitoring all the
quantities which could affect the combustion stability, in addition to the standard sensors, the engine was also
equipped with:

Four piezoelectric AVL GH14P pressure sensors, one for each cylinder

Additional pressure sensors to monitor engine oil, fresh air, and exhaust path

K-type thermocouples to measure temperature of each fluid on the engine such as, fresh air, engine
oil, water and exhaust gases

Optical encoder for accurate crankshaft angular measurement

Accelerometers for non-intrusive combustion indexes estimation

Linear lambda sensor (UEGO) for oxygen estimation in exhaust gases

NOx sensor for nitrogen oxides measurement

AVL Balance 733s for fuel consumption measurement

AVL Smoke Meter 415s for soot measurement

Technical specifications about most important sensors and measurement systems are available in Appendix A.

31



During whole PhD, starting from the discussed test bed system layout, modifications both on hardware and
software were made to correctly test GCI combustion without the limitations of the standard testing layout. By
the analysis of the signals coming from each sensor, during the whole activity it was possible to highlight the
effect of the engine control parameters on GCI combustion both in terms of combustion stability and
performance (pollutants/emission and efficiency) and to develop control strategies improving the management
of GCI in a compression ignited engine.

2.2 Experimental investieation of GCI Combustion with “Cylinder Laboratory”

mode

As reported in literature [22, 23], since GCI combustion is a kind of SCCI, to obtain the compression ignition
of a low reactivity fuel (RON 95 gasoline in our case) the mixture preparation plays a crucial role. Therefore,
to generate a stable GCI combustion there are some crucial aspects to consider. Mixture preparation process,
air thermodynamics conditions which promote the charge autoignition and combustion management (load,
phase, and knock) represent the main challenges regarding GCI combustion. As a result, the full engine
conversion from standard CDC to GCI engine was carried out step by step, each one focused on the
empowerment of the knowledge of the gasoline autoignition and how can it be managed with the hardware
mounted on the engine (in a near production configuration).

The first activity of the PhD was focused on a preliminary experimental GCI combustion investigation, named
“Cylinder Laboratory” mode, fueling only one of the four cylinders with gasoline while the others three
cylinders keep the engine in stable operating conditions. The experimental results highlighted that to perform
stable and controllable GCI combustion, respecting reliability limits in the considered engine, multiple
injections (typical pilot-pre-main injection pattern) and proper boost pressure and temperature are required.

As reported in literature [24-26] and confirmed by experimental results [27-30], performing GCI combustion
with multiple injections, wrong positioning of pre-injections might compromise the combustion stability,
generating misfire or knock. With poor combustion of pre-injections, pressure and temperature in the
combustion chamber does not increase sufficiently to reduce the ignition delay of the following main injection,
responsible to manage combustion phase and torque. As a result, assuring a complete and efficient combustion
of the pre-injections plays a crucial role in the GCI combustion management. Once defined the number of
injections needed to correctly manage GCI combustion, to increase the engine operating range without
compromise the combustion stability, an experimental activity on the gasoline autoignition was carried out
defining proper pre-injections timing which maximize their efficiency.

The last step of the activity carried out using the “Cylinder Laboratory” mode was to test the advanced
combustion methodologies covering its typical operating loads (mid-high load) collecting information about
its fuel consumption reduction potential with respect to CDC. Furthermore, it was possible to obtain a raw
calibration able to stabilize the GCI combustion in the engine under study. The obtained calibration set was
used in the following part of the study, where the engine was fully converted in GCI engine.

2.2.1  “Cylinder Laboratory” mode Experimental Layout

As explained before, the first part of the activity was focused on the experimental investigation of gasoline
spontaneous ignition in a compression ignited engine to evaluate how injection pattern design, injection
pressure variation and intake conditions (air temperature and boost pressure) affect efficiency, stability, and
impulsiveness of the combustion process. To do so, engine was modified to perform the “Cylinder Laboratory”
mode [29, 30], in which one cylinder (fueled with gasoline) tested the LTC while the 3 cylinders fueled with
diesel provided the load needed to keep the engine in stable conditions (mainly rpm and boost pressure).
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An additional common-rail fuel system (high pressure pump, rail, and ducts) was added fueling one of the 4
solenoid injectors with commercial 95 RON gasoline, while the others were kept in a standard configuration

(diesel-fueled), Figure 31.
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Figure 31. High pressure fuel systems in " Cylinder Laboratory" mode

To control the additional fuel system, a specifically designed control strategy was implemented in a Rapid
Control Prototyping (RCP) system based on a National Instrument hardware (cRio 9082). Gasoline pressure
management was simply performed changing the duty cycle of the flow control solenoid valve, which manages
the gasoline flow upstream the high-pressure pump. Through a PID controller, the RCP system acquired the
gasoline pressure signal (coming from the rail-mounted pressure sensor) and changed the PWM command
according to the difference between target and feedback gasoline pressure. Furthermore, the RCP system also
managed the gasoline injector both in terms of number of injection pulses per cycle, injections positioning and
durations (injected mass in each injection). To do so, the RCP system acquired the signal coming from the
encoder installed in the flywheel and calculated in real-time the angular position of the crankshaft. Once the
injection strategy was chosen (for each injection: Start of Injection angle, SOI, and duration, Energizing Time,
ET) the RCP communicated with the standard ECU via CAN bus the calculated values overwriting the default
ones (thus the electrical command for the gasoline injector has been generated by the ECU).

In the “Cylinder Laboratory” mode, no intake/exhaust systems modifications were made. Therefore, the
management of the intake conditions (boost pressure and temperature) was obtained using the standard engine-
mounted devices (air cooler and turbocharger with VGT actuator). Through the test bench layout described in
the previous section and reported in Figure 32, with the modifications needed to perform the “Cylinder
Laboratory” mode, was possible to study GCI combustion in several engine conditions. By the study of the
collected data, it was possible to define a preliminary engine calibration (assuring stable and safe combustion
process in the laboratory cylinder), to highlight the main dependencies of the engine control parameters and to
clarify the limits of the GCI combustion in the engine under study.
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Figure 32. Scheme of the experimental layout used in the “Cylinder Laboratory” mode

2.2.2  Preliminary experimental investigation of GCI combustion

As reported in literature, GCI combustion stability mainly depends on injection strategy, mixture preparation
and thermodynamic conditions of the charge. As a result, to preliminary investigate the GCI combustion, the
experimental activity was focused on highlighting these aspects. The test was divided into 3 main parts:

a) GCI with single injection strategy

b) GCI with double injection strategy

¢) GOl stability evaluation

The results of the activity allowed to define the characteristics and the critical issues of the combustion process
in the engine under study.

GCI with single injection strategy

The first experience was focused on finding the ignition point of the air-fuel mixture. To do that, a fixed amount
of gasoline, equal to 10 mg/stroke, was injected at different start of injection (SOI) angles. The SOI sweep was
performed retarding the SOI of 2 degrees every 10 seconds at constant gasoline rail pressure.

The use of the “Cylinder Laboratory” mode allowed to keep the engine in stable operating points (by the torque
delivered by the others three cylinders fueled with diesel), assuring proper intake pressure and temperature and
constant engine speed, even when the gasoline cylinder did not generate torque. Since many works in literature
tested GCI combustion, engine parameters such as boost pressure, engine speed and fuel pressure were selected
in accordance with the values reported in literature. The engine conditions during the SOI sweep performing
GCI combustion with single injection are summarized in Table 2.
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Table 2.Engine operating point during GCI single injection strategy test

The most critical aspect to be managed was the injection of gasoline, performed using the same solenoid
injectors used in the standard operating mode for diesel injection. Consequently, the standard injector map
(stored in the ECU) could not be used to accurately control the injected mass (the ET stored in the standard
map is not correct when gasoline is injected). Therefore, fuel consumption was checked (and corrected, if
necessary, by managing the ET) comparing its volume with the one provided by the AVL Balance during each
test, therefore ensuring the proper injected mass.

Test results in terms of IMEP, MFB50 and R, during the SOI sweep are reported in Figure 33. By looking
at Figure 33it is possible to see that misfires occurred from SOI = 40° bTDC till approximately SOI = 34°
bTDC, where maximum pressure peak rise rate R,,,, starts to rapidly increase. After that value of SOI, the
IMEP keeps almost constant at 5.8 bar and MFB50 at 2 deg aTDC with very low cycle-to-cycle variation.

Since the R,,,, reached during the SOI sweep overcame the reliability limit of the engine (fixed by the
manufacturer at 10 bar/deg), the test was interrupted approximately at 50 sec to avoid mechanical damage.
This behavior can be easily explained through the combustion analysis based on the in-cylinder pressure signal.
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Figure 33. Combustion indexes during GCI single injection strategy SOI sweep

In-cylinder pressure acquired at the most critical point (SOI 30 deg bTDC) compared to a misfire (SOI 40 deg
bTDC) is reported in Figure 34 (left). By the comparison of these two engine-cycles clearly arises that the
bigger amount of energy introduced by the fuel is released in a very short timing generating very high
maximum cylinder pressure, close to the reliability limit (140 bar). At right of Figure 34, ROHR and CHR
confirms the very small combustion duration leading an almost-constant volume combustion.
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Figure 34. In-cylinder pressure (left) and RoHR-CHR (right) at SOI 30 deg bTDC performing GCI with single injection strategy

Explanation behind this behavior, taken from the literature and confirmed by the reported data, is a distinctive
feature of the premixed combustions. Since GCI combustion is chemically driven, the ignition delay of the
created air-fuel mixture depends on thermodynamic (pressure and temperature) condition of the charge. As a
result, with early SOL, air pressure and temperature inside the cylinder (which will be mixed with fuel) are low
and this leads to high ignition delay (ID) and consequently misfires. At the opposite, when the fuel is injected
in proper thermodynamic condition, the ignition delay decreases, and the mixture can release its energy near
the TDC and producing torque. However, since with the GCI single injection strategy the amount of injected
fuel is introduced through a single pulse injection, the mixture is almost homogeneous and, therefore all the
charge releases energy simultaneously. To confirm this, it is interesting to observe Figure 33 in which retarding
SOI, the IMEP rises while MFBS50 gets closer to TDC with very high values of Ry, 4.

Despite the reported results showed very dangerous conditions in terms of engine reliability, it was proved that
is possible to perform GCI combustion in the engine under study without internal hardware modification
(combustion chamber, ducts shape and injection systems). For this reason, the following step was focused on
knock limitation by using a different injection management aimed at increasing the GCI operating range.

GCI with double injection strategy

Due to the unpredictability and the excessive mechanical stresses following a single injection, literature
suggests splitting injection pattern into two or more single injections going through a “multi-jet” pattern. At
first, a double injection strategy was tested splitting the injected mass in two injection pulses: the earlier called
Pre, and the last called Main. By using a standard “multi-jet” injection system, each injection can be managed
in duration (Energizing Time, ET) and position (Start of Injection, SOI). Therefore, the distance between two
injections, called Dwell Time (DT), will be a consequence of the other parameters.

However, how well documented by the literature, due to the hydraulic dynamic effects on the injection system,
the use of very close multiple injections might modify the total injected mass (this aspect will be widely
discussed further in the PhD dissertation). Thus, to correctly perform GCI combustion with two injection
pulses, the injection controller changes the SOI pre to keep DT constant. In this way, the effect of DT during
tests can be neglected. Figure 35 reports the scheme of the injection pattern used testing GCI with double
injection strategy. Thanks to the RCP system, by changing the injection parameters and overwriting these
values on standard ECU, the percentage of split can be imposed, allowing to test different repartitions on each
injection and check the effect on GCI combustion.

36



PEE MAIN

| |

DT PRE

F
L 4

/

SOIPRE SOIMAIN

Figure 35. Double injection strategy management

To verify the effect of fuel splitting on GCI combustion, 10 mg/cycle of fuel were divided in two consecutive
injections in the same engine operating point, reported in Table 2, tested with single injection. Different values
of fuel percentage split were tested, starting from 80% up to 20% of fuel injected in the first injection.
Regarding the injections positioning, by looking at the obtained results testing GCI with single injection
strategy, it arises that, in this engine, gasoline autoignition can be obtained placing the fuel injection near 32
deg bTDC. Hence, the first injection was placed near 32 deg bTDC while the last injection was placed close
to TDC based on similar works found in literature about GCI combustion with double injection (in which the
main injection is placed very close to TDC). Furthermore, to avoid interaction between injections DT was kept
constant, therefore during the split percentage sweep small differences of SOI pre occurred. Finally, SOI of
main injection was set at 7 deg to verify the impact of the percentage split on combustion phase. Table 3
summarized the injection parameters used testing the effect of fuel percentage split on GCI combustion.

1 80 20 324 7
2 70 30 32 7
3 60 40 31.7 7
4 50 50 313 7
5 40 60 30.9 7
6 30 70 30.6 7

Table 3.GCI with double injection strategy: injection split

Figure 36 shows the in-cylinder pressures while running GCI combustion with double injection strategy
varying the fuel split between injections. By looking at Figure 36 it can be noticed that decreasing the fuel
injected in the first injection, the combustion process will become longer and smoother also limiting the
maximum in-cylinder pressure. As occurred testing GCI with single injection strategy, the presence of the
bigger amount of fuel in the first injection (with injection timing that guarantee the gasoline autoignition),
generates a near homogeneous air-fuel mixture which, once ended the ignition delay, burns simultaneously.
Since the first combustion increases temperature and pressure in the combustion chamber, the remaining
injected fuel release energy instantaneously because the ignition delay of the newer air-fuel mixture is near
zero. Confirmation about this can be found in Figure 37 which shows RoHR and CHR. As it can be seen,
moving from 80% to 60% of fuel quantity in the Pre, the combustion will be a bit slower (RoHR maximum
lower) but the shape of the RoHR remain the same. This could be explained by the amount of energy released
by the first injection that still produces a very small ignition delay for the following injection. Moving to even
lower injected quantity, the combustion shape changes, which means that two different combustion dynamics
occur: one (slower) referred to the combustion of the first injection and the following faster.
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Figure 36. Effect of different fuel percentage split on GCI combustion

The air-fuel mixture created with even smaller Pre injection will be more and more lean and, consequently, its
combustion less efficient generating lower temperature and pressure in the combustion chamber. As a result,
the ignition delay of the mixture generated with the second injection will be longer and, hence it will burn
slower at bigger volume. Decreasing more that 40% the fuel injected in the first injection, the air-fuel mixture
will be too lean exceeding the ignitability range and, therefore, misfire will occur.
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Figure 37. Effect of different fuel injection split on ROHR and CHR with double injection strategy

All the above-mentioned considerations can be obtained also by the analysis of the combustion indexes
reported in Figure 38: IMEP and MFB50. The values of PPRR are reported below each point as a number. As
it can be noticed in Figure 37, 40% Pre is the most convenient fuel split strategy running GCI with double
injection in the analysed engine condition both in terms of torque (IMEP) and reliability (PPRR below than
the manufacture reliability limit). Moreover, by looking at the coefficient of variation of IMEP, calculated for
each condition and reported in Figure 37, it clearly arises that the cycle-to-cycle variability is very low even
dividing the injection, which underlines the robustness of the combustion process.
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It is important to highlight that even in the most unreliable and inefficient tested conditions (80% Pre), the
injection split improves IMEP and decreases PPRR with respect to single injection strategy: the combustion
knocking moves from 23 to 13.4 bar/deg and the IMEP increases from 5.8 to 6.8 bar.
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Figure 38. Effect of different fuel injection split on IMEP, MFB50 and PPRR and combustion stability (covIMEP) with double
injection strategy

Despite splitting the injection improved GCI combustion controllability assuring stable and reliable operating
point, the obtained combustion shape does not allow to increase the engine load without generating reliability
problems. By looking at Figure 39 where GCI with single (called “Unijet”’) and double injection (called “Bijet”)
are compared, it clearly arises that with the injection split the in-cylinder pressure trace becomes smoother and
the maximum value significantly decrease. However, the shape remains very close to the ones generated with
a single injection. As a result, it is impossible to further increase the engine load performing single or double
injections.
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Figure 39. Comparison between in-cylinder pressure trace performing GCI combustion with single and double (50% Pre - 50%
Main) injection strategy
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Once verified the benefit on combustion controllability splitting the injection, the second activity carried out
running the GCI cylinder with double injection strategy was to study how could be managed the combustion
phase through the injection. To do this, dedicated tests were carried out performing a rigid movement of the
injection pattern. Figure 40 reports the normalized electrical signals of each injection during sweeps.

Pre INJ Main INJ
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Figure 40. Injection pattern management strategy testing combustion phase controllability in GCI with double injection

To maximize combustions stability during the tests, by looking at the results obtained by the experimental
activity on injection split, two different percentage of fuel split were selected, 50% Pre and 60% Pre. The test
consisted in a rigid movement of the injection pattern, DT were kept constant for each percentage of split
tested, starting from a knocking condition (R,,,, over than 10 bar/deg) until combustion instability occurs.
During each test, the engine load was set at IMEP = 8 bar and manually adjusted compensating the efficiency
loss due to retarded combustion. Additional information about the engine operating conditions during the

injection movement tests are summarized in Table 4. Figure 41 reports the experimental results obtained

moving the injection pattern both with gasoline pressure of 500 bar.

31 to 25 Tto1l

31 to 24 \ 7t00

Table 4. Engine operating condition during injection pattern movement tests in GCI with double injection strategy

By looking at the combustion indexes reported in Figure 41, it clearly arises that changing the position of the
injections in the engine cycle, the combustion phase moves following the same direction. Moreover, by
retarding the combustion phase, knocking decreases producing smoother and more reliable combustion. As a
result, if a robust combustion of the first fuel jet is guaranteed, GCI combustion can be effectively managed
by changing the injection position.

It is important to underline that increasing the fuel quantity in the first injection, due to higher temperature and
pressure generated by the combustion of the first air-fuel mixture, the ignition delay of the second injection
decreases anticipating the center of combustion with higher R, ,,. Moreover, since the energy released by first
combustion with 60% Pre rises, it was possible to slightly increase (with respect to 50% Pre) the operating
range (bigger MFB50) avoiding misfires. Despite smaller MFB50 and higher R, the injections management
proved to be effective to control the combustion phase even changing the injection split.
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Figure 41. Effects of injection rigid movement on combustion indexes in GCI with double injection strategy

However, the benefit on R,,,, reduction of combustion phase is insufficient to test higher loads (because is
always close to the reliability limit of the engine) performing the double injection strategy. By splitting the
injection in two different fuel jets with a percentage of the total injected fuel, the more load is increased bigger
become the amount of fuel in the first injection. As demonstrated, increasing the fuel injected in the Pre
injection the combustion will become more impulsive producing knock. As a result, to properly manage GCI
combustion at high load more complex injection strategy is needed.

Since the double injection strategy proved to be effective running stable and controllable GCI combustion,
further activities were carried out to highlight the effect of the main control parameters on combustion stability
such as, intake temperature and boost pressure. The following section describes the obtained results aimed at
improving the knowledge of GCI combustion.

GCI combustion stability evaluation

As reported in literature, to obtain consistent and reliable gasoline autoignition, thermodynamics conditions of
the charge play a crucial role. Therefore, wrong boost pressure and air temperature selection could compromise
the combustion stability and generate misfire.

To verify how the thermodynamic conditions of the charge impact on the GCI combustion in our engine, two
different kinds of test were carried out: boost pressure scan and air temperature scan. Each test was conducted
starting from a stable and safe (in term of mechanical stress) GCI operating conditions up to the occurrence of
misfires. Table 5 summarizes the GCI operating conditions of each test both with gasoline pressure of 500 bar.

Sweep from 75

Table 5. Engine operating conditions during GCI stability evaluation changing boost pressure and intake temperature
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Figure 42 shows the effect of boost pressure variation (real-time controlled adjusting the position of the VGT
actuator) on GCI combustion. As it can be seen during the sweep, as long as boost pressure is high enough to
assure favorable thermodynamic conditions for the gasoline autoignition (with the selected SOI Pre), the
combustion generate torque with low cycle-to-cycle variability, from 0 sec to 17 sec. Due to further decrement
of the boost pressure, from 17 sec to 20 sec, the center of combustion starts retarding mainly because the
ignition delay of the mixture increases. In this zone, since the autoignition of the mixture is always guaranteed,
no significant modification on IMEP production is recorded. Starting from that point, further reduction in boost
pressure generates unstable combustions and misfires. In this condition, the thermodynamics of the mixture
are far from the condition which guarantee a stable gasoline autoignition with the selected position of the Pre
injection.

Combustion Instability
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Figure 42. Effect of boost pressure on GCI combustion stability

Almost the same effect on combustion process is generated by the reduction of the intake temperature. Figure
43 reports an intake temperature transient from 75 °C to 45 °C (controlled using the air cooler installed in the
middle between the compressor and the intake manifold). By looking at Figure 43, once the air temperature
starts decreasing (at 8.5 sec), combustion retards and then becomes unstable (after 1.5 seconds). Since it is
known that both pressure and temperature affect the ignition delay of the mixture, this behavior can be
explained in the same way as done for the boost pressure effects [29, 30]. By the comparison of the above-
described transient tests, it seems that the gasoline ignition delay (and consequently the whole GCI
combustion) is affected more by the temperature than pressure because the instability occurs faster than in
pressure sweep. However, since the position of the first injection contributes to define the gasoline
autoignition, these tests can not clarify the contribution of pressure and temperature to the ignition delay and,
then more investigation aimed at clarifying this aspect is needed.
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Figure 43. Effect of intake temperature on GCI combustion stability

2.2.3  Experimental Investigation on gasoline auto-ignition

The above-described experimental findings showed that to control GCI combustion [30], it is crucial to
guarantee a robust combustion of the fuel injected in the first injection. By the analysis of the reported results,
it was demonstrated that both boost pressure and intake temperature strongly affect GCI combustion stability
and, therefore the calibration of these parameters represent one of the key points managing GCI. Furthermore,
once boost pressure and air temperature were correctly selected, by using a proper timing of the first injection
running GCI with double injection strategy, it was possible to control the position of the center of combustion
reducing PPRR without compromising combustion stability.

The experience made testing GCI with double injection strategy suggests that to properly manage this advanced
combustion methodology, a more complex injection strategy is needed. As a result, to develop effective and
reliable complex injection strategy, a deeper knowledge of the ignition mechanism of the first injection is
mandatory. For this reason, this part of the PhD dissertation describes the experimental activity carried out to
investigate the gasoline auto-ignition process through the analysis of combustion of with small quantity of fuel
and how the main control parameters modify the gasoline auto-ignition.

During this activity, two different amounts of gasoline (used in previous activities) were investigated: 2 and 4
mg/stroke. For each fuel mass, three different fuel pressures were selected, i.e., 300, 500 and 700 bar. Each
combination of gasoline mass and injection pressure was tested with different combinations of intake pressure
and temperature: two levels of intake pressure (1450 and 1550 mbar) and two levels of intake temperature (20
and 75 °C), were investigated. During all the mentioned tests, several steady-state tests were run changing the
SOI from 50 to 10 deg BTDC. The whole set of experimental tests was analyzed, the goal being to highlight
the effect of each control parameter on heat release and ignition delay. Table 6 reports the engine conditions
used during the experimental activity.
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2000 1450 300 2 Sweep 50 to 10
2000 1450 500 2 Sweep 50 to 10
2000 1450 700 2 Sweep 50 to 10
2000 1450 300 2 Sweep 50 to 10
2000 1450 500 20 Sweep 50 to 10
2000 1450 700 20 Sweep 50 to 10
2000 1550 300 2 75 Sweep 50 to 10
2000 1550 500 2 75 Sweep 50 to 10
2000 1550 700 75 Sweep 50 to 10
2000 1550 300 2 20 Sweep 50 to 10
2000 1550 500 2 20 Sweep 50 to 10
2000 1550 700 20 Sweep 50 to 10
2000 1450 300 4 75 Sweep 50 to 10
2000 1450 500 4 75 Sweep 50 to 10
2000 1450 700 4 75 Sweep 50 to 10
2000 1450 300 4 20 Sweep 50 to 10
2000 1450 500 4 20 Sweep 50 to 10
2000 1450 700 4 20 Sweep 50 to 10
2000 1550 300 4 75 Sweep 50 to 10
2000 1550 500 4 75 Sweep 50 to 10
2000 1550 700 4 75 Sweep 50 to 10
2000 1550 300 4 20 Sweep 50 to 10
2000 1550 500 4 20 Sweep 50 to 10
2000 1550 700 4 20 Sweep 50 to 10

Table 6. Engine operating conditions during the experimental investigation on gasoline autoignition with small amount of fuel

Since the standard fuel consumption measurement system (AVL Balance 733s) was not enough accurate to
precisely measure the gasoline mass flow during autoignition investigation, a high accuracy flow meter
(FlowSonic LF), characterized by a measurement range compatible with the small mass flow rates introduced
inside GCI cylinder, was installed in the gasoline line before the high-pressure pump.

As made for the previous analyzed GCI operating conditions, the combustion analysis was performed through
the calculation of the RoHR and CHR during the combustion process. However, RoHR calculation performed
through Eq.15 does not consider the losses due to heat transfers through the walls and blow-by. This aspect
was not negligible in this study, because when small amounts of fuel are injected, the heat exchanged through
the crevices or the cylinder walls can be comparable to the one which produces a pressure increase captured
by the in-cylinder pressure sensor. If the amount of (positive) energy released during the combustion process
is comparable with the negative contribution (blow-by and heat transfer through the walls), it might be difficult
to perform detailed studies of the ignition process, because some of the phenomena of interest might be hidden
by the losses.
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To automatically compensate the mentioned negative contributions, each RoHR trace, calculated from the
pressure measurements, was corrected removing the heat release trace calculated during a motored test (no
fuel injected) run in the same condition of engine speed, intake pressure and temperature.

This procedure was applicable because it was possible to keep the boost pressure at its target value also when
the injection was deactivated in GCI cylinder (this is done using the three cylinders fueled with diesel, main
features of “Cylinder Laboratory” mode). Figure 44 demonstrates that the discussed procedure is suitable to
compensate the effects of the losses, returning the gross RoHR released during the combustion process. In
addition, it is interesting to notice that the gross RoHR in Figure 44 shows a negative and a positive region.
The negative part corresponds to the vaporization stage (negative because the fuel receives heat), while the
positive part is the combustion stage (positive because the fuel releases heat).
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Figure 44. Gross RoHR calculation for a test run at 2000 rpm, boost pressure 1550 mbar, intake temperature 75°C and gasoline
pressure 300 bar (4 mg/stroke)

The use of the calculated gross RoHR was fundamental to properly analyze the effects of intake conditions,
injection pressure and SOI variation on the vaporization and combustion stage in the tested operating
conditions. Given an investigated steady-state condition, the first aspect to be noticed is that SOI variation has
a remarkable impact on both vaporization and combustion phase. To clarify this consideration, Figure 45
reports the result of the SOI sweep performed injecting 4 mg/stroke, keeping boost pressure at 1550 mbar,
intake temperature at 75°C and gasoline pressure at 300 bar. As it can be observed, to obtain a good efficiency
of the combustion stage, i.e., a high CHR, it is necessary to select the optimal SOI (approximately 26 deg
BTDC in this case). It is easy to notice that SOI also influenced the vaporization phase, since the vaporization
speed (represented by the minimum values of the negative ROHR portion) is slow for very advanced injections
(high SOI), reaches its maximum at intermediate SOI values and decreases again when a retarded SOI (near
the TDC) is applied. This result is obviously due to the different average temperatures experienced by the fuel
mass during its vaporization (given the injected mass, faster vaporizations correspond to higher temperatures).
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Figure 45. Gross RoHR and CHR variations during a SOI sweep (2000 rpm, 4 mg/stroke, boost pressure 1550 mbar, intake
temperature 75°C and gasoline pressure 300 bar)

The results reported in Figure 45 clarify the importance of the optimal SOI selection to guarantee a reasonable
combustion efficiency for the small amounts of gasoline injected (with the prospect of using it as first injection
of a multi-injection pattern), but the effect of this quantity has to be combined with the effects due to the
variation of the other control parameters.

As an example, Figure 46 at left shows that even if SOI was kept at a constant value (26 deg BTDC) the
measured gross ROHR varied with the variation of the intake conditions. When high boost pressure and intake
temperature is used, the combustion process is characterized by 2 steps: a premixed combustion portion
followed by a diffusive combustion. This means that the combustion process started with gasoline auto-ignition
further propagates and generates the second ROHR peak. When pressure or temperature are reduced, the
second ROHR peak disappears, probably because of the slower propagation of the combustion process, which
stops when it reaches too lean regions of the combustion chamber (the injected fuel has more time to propagate
inside the combustion chamber and therefore to reduce the local relative air-fuel ratio before being reached by
the flame). This result suggests that, with the perspective of a multiple injection pattern, the first injection
should be performed in operating conditions that guarantee good combustion stability and efficiency, i.e., the
ones in which the first pre-mixed combustion is able to further propagate within the combustion chamber. To
do so, a minimum level of intake pressure and temperature needs to be guaranteed, together with the proper
choice of the injection phase.

To clarify this aspect, Figure 46 at right summarizes the effect of different intake condition on the combustion
efficiency (calculated as maximum of CHR) in terms of ignition delay of the mixture (ID, crucial when
chemically driven combustions are considered), calculated using Equation 27.
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The very low energy released could affect all standard definitions of the start of combustion such as, CA05 or
CA10. As aresult, since for the investigation of the combustion of small fuel quantity injected the gross RoHR
was calculated, an unconventional definition of start of combustion, SOC defined as angular position where

was reached 0.2 J/deg of combustion speed (Brory 0.15), Was used.
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Figure 46. At left RoHR and CHR for 3 tests run at 2000 rpm, SOI 26 deg BTDC injecting 4 mg/stroke at 300 bar and changing
the intake conditions: at right comparison between ignition delay during SOI sweep at different intake conditions

As expected, the minimum ignition delay is obtained in the “hottest” condition, i.e., the one in which both
intake pressure and temperature are kept at the maximum value. It is interesting to notice that the measured
ignition delay usually decreases when SOI is retarded (moving to TDC), except for very retarded injections
(SOI lower than 15 deg BTDC), where the ignition delay tends to increase again. As a matter of fact, the
ignition delay is not only influenced by the charge temperature in correspondence of the SOI, but by the
average charge temperature in the time interval between SOI and SOC. For very retarded values of SOI, the
ignition delay increases because the combustion process starts in the expansion stroke, where motored cylinder
pressure and temperature are already decreasing. The above-described effect of ignition delay on combustion
efficiency changing intake conditions with gasoline pressure of 300 bar are summarized in in Figure 47.
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Figure 47. Effect of ignition delay on combustion efficiency at different intake conditions

The comparison of similar tests performed at different injection pressures also highlights the effect of this
parameter on the combustion process. Figure 48 reports a comparison between three tests in which SOI (26
deg bTDC) and intake conditions were kept approximately constant (boost pressure 1550 mbar and intake
temperature 75 °C) while varying only the injection pressure. As it can be observed, the pressure increases
significantly accelerated the vaporization process, which resulted in more negative peaks of the calculated
gross RoHR (higher fuel pressures guarantee a better air-fuel mixing and smaller fuel drops).

Another aspect to be noticed is that faster vaporization and better jet penetration also affected combustion
efficiency (by varying the quality of the local air-fuel mixture). In this case, when the fuel pressure was
increased, the diffusive combustion portion disappeared because the better air-fuel mixing accelerated the
formation of ultra-lean regions in which the combustion process did not propagate. On the contrary, all the
gross RoHR traces showed similar premixed portions, located in different angular position according to
injection pressure.
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Figure 48. Gross RoHR for 3 tests run at 2000 rpm, SOI 26 deg BTDC injecting 4 mg/stroke at 300 bar and changing the
gasoline pressure
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The effects of different fuel pressure on combustion process during the whole SOI sweep are reported in Figure
49. For each injection pressure tested, the ignition delay variation (Figure 49 left) follows the same trend
meaning that the impact of SOI on combustion phasing can be considered constant by varying gasoline
pressure. Since higher fuel pressure improves the vaporization and the mixing of the mixture, given a fixed
SOI, the ignition delay decreases by rising the injection pressure.

Moreover, despite improved mixing, with high fuel pressure the presence of ultra-lean zones avoids the flame
propagation in the combustion chamber and, therefore the combustion efficiency will be lower. Figure 49 at
right reports a comparison between combustion efficiencies during SOI sweep at different gasoline pressure.
By looking at Figure 49, it clearly arises that the efficiency of the combustion (with approximately constant
intake conditions and fuel quantity) decreases by increasing fuel pressure.

As shown in Figure 48 and Figure 49, the ignition delay deviations measured when the injection pressure is
varied seems to be correlated with the variations of the vaporization process, i.e., to the different duration of
this stage and the different air-fuel mixing obtained. As a matter of fact, a strong correlation between ignition
delay and the minimum value of gross RoHR can be observed in Figure 50.
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Figure 49.At left comparison between ignition delay during SOI sweep at different gasoline pressure; at right, effect of ignition
delay on combustion efficiency at gasoline pressure

As expected, the above-described results confirm the existence of a strong correlations between the ignition
delay of the combustion and fuel pressure and charge thermodynamic conditions (boost pressure and intake
temperature). With the aim of developing complex injection strategy (which guarantee combustion stability
and controllability over whole GCI operating range) based on pre-injections, all the collected data was crucial
to improve the knowledge of the ignition mechanisms of small amounts of gasoline in our engine.
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2.2.4  Experimental Investigation of the main engine control parameters on GCI combustion stability and
efficiency

The experimental results obtained testing GCI combustion with double injection strategy proved that to
guarantee stable and reliable combustion process over its typical operating range (higher than IMEP = § bar),
more complex injection strategy (multi-jet) is needed.

With the perspective of designing a multi-jet process, it was demonstrated that the first crucial aspect to be
guaranteed is the robust ignition of the first injection (Pilot injection). As widely described before, even though
this injection usually introduces small amounts of fuel (1-2 mm3/stroke), its combustion is fundamental to
increase pressure and temperature inside the cylinder and reduce the ignition delay of the following injections
and properly design the heat release trace. However, this injection behaves nearly as an HCCI combustion
(chemically driven process), therefore it is very sensitive to slight variations of the cylinder thermal conditions.
Because of relevance of the combustion of Pilot injection, to study in deep gasoline auto-ignition mechanisms
in our engine, a wide experimental activity was performed and described in the previous section of the PhD
dissertation.

Once the stability of the ignition process was guaranteed, the injection pattern can be designed using many
degrees of freedom. According to literature and experience (confirmed by the experimental tests) a reasonable
way to limit the degrees of freedom is the choice of a multi-injection pattern (Pilot, Pre, and Main injection),
where the amount of fuel injected in Pilot and Pre is equal to 1 mm3/stroke. Schematic of the multi-injection
pattern used, and its parameters are reported in Figure 51.
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Figure 51. Multi-injection strategy management

With regard to the Dwell Time between Pilot and Pre injections (DTPil), it was kept nearly equal to the one
used in the standard diesel calibration (compatible with the dynamic of the injector’s needle and pressure waves
in the fuel system). Since for each analyzed operating point the injection parameters of Pilot (SOIPil and ETPil)
and Pre (SOIPre and ETPre) were fixed, the control of the center of combustion was performed varying the
start of the Main injection (SOImain) through RCP system. The load of GCI cylinder was managed by
changing ETmain to guarantee selected IMEP.

First, by using the above-described “Cylinder Laboratory” mode performing GCI combustion, the attention
was initially focused on the effect of rail pressure variation on the combustion process. In the previous section
of this dissertation, the effect of gasoline pressure on the auto-ignition process was highlighted. As a matter of
fact, higher pressures increase jet penetration and reduce the size of the injected fuel drops, consequently
accelerating fuel vaporization and therefore reducing the ignition delay, improving combustion stability.
Bearing in mind the above consideration, to guarantee combustion stability it is crucial to design the proper
injection pattern in different load conditions (more fuel might modify the local air-fuel mixing). To perform a
robust GCI combustion and design a progressive heat release, a proper stratification must be guaranteed. When
the combustion is run at low load (long ignition delay), excessive rail pressures increase the homogeneity of
the charge (the fuel has time to propagate throughout the combustion chamber), which results in unacceptable
combustion impulsiveness (high PPRR). On the contrary, when the load is increased (reduction of the ignition
delay) the injection pressure must be increased to guarantee the desired stratification in a shorter time. Table
7 summarizes the operating points characteristic and the injection pattern parameters used during these tests.

The above consideration is confirmed by experimental observations (Figure 52) obtained performing GCI
combustion with multi-injection pattern at low load (IMEP = § bar).

Table 7. Engine operating condition running GCI combustion at low load with multi-injection pattern at different gasoline
pressure
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Figure 52. RoHR and in-cylinder pressure measured testing GCI combustion at 2000 rpm, IMEP=8 bar (multi-injection pattern)
and varying the rail pressure (500/700 bar)

As it can be observed in Figure 52, the combustion process can be easily designed using an injection pressure
equal to 500 bar and choosing a proper set of injection parameters for the 3-injection pattern. If the injection
pressure is increased at 700 bar, the impulsiveness of the combustion process increases. This results in higher
pressure derivatives (high PPRR) and lower controllability, because the combustion process is acceptable only
over a limited range of MFB50 and it is easy to reach knocking or misfiring conditions [28].

The opposite occurs when the engine is run at higher loads. To test this operating condition, the cylinder fueled
with gasoline was run at 2750 rpm and IMEP = 14 bar. The injection patterns used during the test reported at
higher engine speed are summarized in Table 8. From the observation of Figure 53 clearly arises the potential
related to the use of higher injection pressures. As a matter of fact, at high loads, increasing the rail pressure
seems to be an effective way to reduce combustion impulsiveness and keep the maximum PPRR below the
reliability limit.

Table 8.Engine operating condition running GCI combustion at high load with multi-injection pattern at different gasoline
pressure
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Figure 53. ROHR and in-cylinder pressure measured during tests run in PPC mode at 2750 rpm, IMEP=14 bar (3-injection
pattern) and varying the rail pressure (500/700 bar)

Based on the above-discussed experimental observations, the effect of rail pressure variation was further
investigated to quantify the impact of rail pressure variation on PPRR reduction, Indicated Specific Fuel
Consumption (ISFC) and combustion stability. To highlight the impact of rail pressure variation on efficiency
and stability, the center of combustion was varied performing CA50 sweeps ranging from the misfire limit
(retarded combustion) to advanced combustion phasing, mainly limited by the maximum PPRR achieved. To
run the sweeps, the same approach shown in Figure 54 has been used: the start of Pilot and Pre was kept
constant (for each pressure, the SOI that optimizes the combustion efficiency of the 2 pre-injections was
selected) while the center of combustion was changed varying the applied SOImain.
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Figure 54. Multi-injection strategy management during CA50 sweep
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The tests were performed activating a closed loop controller, implemented in the RCP system, that
automatically varied SOImain and ETmain to keep CA50 and IMEP at a constant target value. The structure
of this controller, which uses as inputs the combustion indexes calculated by the indicating system, is shown
in Figure 55. As it can be observed in Figure 55, the center of combustions was kept at a proper target value
changing the Start of Main Injection, while load (IMEP) was kept constant varying the Main Energizing Time,
i.e. (at constant rail pressure) the amount of fuel injected. During the CA50 sweep, the variation of ETmain is
obviously necessary to compensate the variation of the torque efficiency, which is maximum in correspondence
of an optimal CA50 value. The variation of the amount of fuel injected compensates the torque efficiency
variation and guarantees a constant indicated torque delivery during the whole CAS50 sweep. As made for the
previous experimental activity (testing GCI combustion with small quantity of gasoline), fuel consumption
was accurately measured through the Flowsonic flow meter.

CA50 Target CA50 SOImain
CA50 Actual PID controller

IMEP Actual

IMEP Target IMEP

Qpilot/Qpre PID coptroller ETmain

Qpilot/Qpre previous with
ETmain Feed Forward
. Correction
Injector map

Figure 55. Scheme of the IMEP and CAS50 closed-loop controller implemented in the RCP system.

Figure 56 reports a comparison between 3 CAS50 sweeps performed at 2750 rpm, IMEP = 14 bar and setting
the rail pressure equal to 500, 700 and 900 bar. From the observation of Figure 56 arises that increasing the
rail pressure has a slight impact on the ISFC, which shows its minimum in correspondence of a CA50 nearly
equal to 8 deg. In this case (relatively high load), the rail pressure increase seems to have a beneficial impact
on combustion efficiency, since the minimum ISFC reported in Figure 56 is achieved during the sweep at 900
bar. It is also interesting to notice that the optimal ISFC, measured at this load in GCI mode, is low also
compared to the corresponding fuel consumption measured in standard CDC operation, which is nearly equal
to 198 g/kWh.

Since increasing injection pressure up to 900 bar seems to be slightly beneficial (at least in terms of ISFC), it
is interesting to focus the attention on 3 tests run nearly with the same center of combustion. To do so, Figure
57 shows a comparison between the average pressure and heat release traces measured during 3 tests run with
CAS0 nearly equal to 12 deg. Although the increase of rail pressure seems to be beneficial to improve the
ISFC, Figure 57 shows that there is another crucial aspect to be considered, i.e., the impulsiveness of the
combustion process. In the discussed operating point, the test run at 500 bar results in unacceptable values of
PPRR.
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pattern) at 2750 rpm, IMEP=14 bar, gasoline pressure of 500, 700 and 900 bar
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While anticipating the combustion process (i.e., moving the CA50 to the Top Dead Center), the measured
PPRR tends to increase at all the investigated rail pressures. However, the use of high rail pressures provides
a significant PPRR reduction potential. As clearly visible in Figure 58, in the investigated operating point
(2750 rpm, IMEP = 14 bar), the PPRR measured during the sweep carried out at 500 bar exceeds the maximum
acceptable PPRR (10 bar/deg) when the CAS50 is nearly 12 deg, which is significantly less efficient than the
optimal operating condition. The sweep run at 700 bar is also critical in terms of PPRR, because the optimal
efficiency CAS50 is hardly reachable (its PPRR is nearly equal to the maximum acceptable PPRR, therefore a
slightly advanced CA50 would immediately lead to unacceptable PPRR values).

On the contrary, the entire CAS50 sweep run at 900 bar is characterized by an acceptable impulsiveness, since
the maximum measured PPRR always remains below the reliability limit. This occurs also when an extremely
advanced center of combustion is reached, such as 8 deg aTDC. The results discussed above could be (at least
partially) explained by the variation of the combustion duration (defined as CA90-CAO05) reported in Figure
58. This quantity clearly shows that increasing the injection pressure fastens the combustion process, probably
reducing the losses in cylinder walls and exhaust.
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The above considerations for the test run at IMEP = 14 bar are obviously valid also for operating points run at
higher loads. If the load of the GCI process is further increased, the use of an injection pressure nearly equal
to 900-1000 bar becomes even more crucial. It is worth mentioning that higher loads of the cylinder run in
GCI mode were tested, reaching the maximum of IMEP = 18 bar. In all the tested conditions, the use of a rail
pressure up to 1000 bar allowed achieving the maximum efficiency CA50 without exceeding the established
reliability limitations (maximum acceptable PPRR).

The obtained results proved the importance of injection pressure as an effective lever to properly design the
combustion process of an engine operated with GCI combustion. The tests also quantified the maximum range
of injection pressure necessary to operate in GCI mode over its whole operating load range.

Even though the obtained combustion process (using multi-injection strategy) is stable and reliable in all the
tested load conditions, it is worth bearing in mind that gasoline compression ignition is extremely sensitive to
the intake thermal conditions. As already mentioned, all the investigated CAS50 sweeps were performed
modifying intake temperature boost pressure to guarantee a stable and efficient combustion of the gasoline
masses injected in Pilot and Pre.

Since in real driving applications the intake conditions are not always under control, some of the sweeps run
in reference conditions were also tested reducing the intake temperature (kept nearly equal to 26 °C). To
quantify the impact of cold intake conditions on the combustion process, some reference injection patterns
were tested keeping constant the optimal injection pattern identified in hot conditions (only ETmain has been
varied by the closed-loop controller to maintain the IMEP constant during the 2 tests). As it can be observed
in Figure 59, which reports 2 engine cycles performed using the same injection pattern (identified as optimal
during the sweep at fuel pressure = 500 bar), the intake temperature reduction completely modifies the
combustion process also using multiple injections.
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Figure 59. In-cylinder pressure and RoHR for tests run at gasoline pressure = 500 bar, 2000 rpm and IMEP=14 bar (same
injection pattern). Comparison between hot and cold conditions
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As noticed testing GCI with double injection strategy, the intake temperature reduction significantly increases
the ignition delay of the pre-injections (Pilot and Pre). As a result, the fuel injected in Pilot and Pre ignites later
and auto-ignites together with the fuel introduced during the Main injection. This is clearly visible from the
observation of the heat release trace reported in Figure 59, which shows an impulsive premixed combustion
(with high PPRR) for the test run in cold intake conditions (blue trace). On the contrary, the heat release
identified as optimal in reference conditions (black trace) shows a premixed combustion followed by a
diffusive combustion portion.

Similar considerations apply to the tests run using higher injection pressures, as visible in the comparison
reported in Figure 60 (optimal calibration identified in reference conditions at 1000 bar). In this case, the cold
test still shows a low premixed peak (in which part of the fuel injected during pre-injections auto-ignites),
however this peak is much lower and significantly retarded with respect to the corresponding peak in the test
run in reference intake conditions (hotter air temperature). Also in this case, during the cold test the
impulsiveness of the combustion process is significantly higher, although the higher injection pressure
mitigates the differences with respect to the ones identified in the comparison at 500 bar.
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Figure 60. In-cylinder pressure and RoHR for tests run at gasoline pressure = 1000 bar, 2000 rpm and IMEP=14 bar (same
injection pattern). Comparison between hot and cold conditions

The results reported in Figures 59 and 60 demonstrate that the intake temperature variation has a remarkable
impact on the effectiveness of the combustion process also using multiple injection pattern. This result is
mainly motivated by the increase of the ignition delay of the air-fuel mixture, already analyzed in literature
and confirmed by the results reported in previous sections of the PhD dissertation.

Despite multiple injection strategy proved to be effective controlling GCI combustion over its typical operating
range (mid-high loads), the effectiveness of the combustion process (assured by a robust autoignition of the
first fuel jets) will be influenced by other load-dependent parameters, such as local air-to-fuel ratio, charge
temperature and amount of residuals. As a results, to improve the stability of the GCI operation (running far
from the calibration conditions) an ignition delay model become necessary.
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Unfortunately, measuring the mentioned quantities, with the discussed experimental layout, is critical. As a
matter of fact, due to the geometry of the standard exhaust line, it is very difficult to obtain a reliable
measurement for the relative air-fuel ratio for the single cylinder run with gasoline. In addition, gasoline auto-
ignition mechanisms are significantly affected by the hot residuals trapped in the cylinder, here determined (in
terms of amount and composition) also by the operating conditions of the three cylinders fueled with diesel.
Finally, this experimental layout is critical in terms of measurement of the pollutants produced by the engine,
mainly because the exhaust manifold collects the exhaust gases coming from all the 4 cylinders, which are
mixed upstream the turbine (configuration necessary to control boost and backpressure via VGT, but critical
to measure the emissions). Due to the above discussed limitations, a large amount of work was performed to
improve both hardware and control software, the goal being to develop a 4-cylinder compression-ignited
engine operated with gasoline over its whole load range.

2.3Experimental Investigation of GCI Combustion in a fully converted 4-

cylinder light-duty compression ignited engine

The first stage of this work, performed running only one cylinder with GCI combustion, allowed investigating
the combustion of gasoline in the compression-ignited engine under study and determining a baseline
calibration (injection pattern and air system) suitable to achieve combustion stability over the whole engine
load range. The second part of the experimental activity was focused on verifying the benefits of this LTC
methodology both in terms of pollutants and efficiency. To do so, hardware and software were improved to
obtain a 4-cylinder compression-ignited engine fully converted to run GCI combustion. Figure 61 shows the
test bench layout for 4-cylinder GCI engine testing: both hardware and software improvements will be
discussed above in the next section.

Figure 61. Test bench layout for 4-cylinder GCI engine testing
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2.3.1 Experimental Layout Improvements

In terms of hardware improvements, the main modification to run the 4-cylinder gasoline engine was the use
of a volumetric compressor (before the centrifugal compressor) necessary to provide, from the cranking stage,
enough boost pressure to auto-ignite gasoline (and consequently start the engine). To achieve this, the above-
described experimental layout was modified adding a roots volumetric compressor (Eaton Compressor M24)
upstream the standard dynamic compressor. To keep in motion the volumetric compressor, a mechanical
connection through a tooth belt with an electric motor (5.5 kW and maximum rotational speed equal to 3000
rpm) was realized. Then, the external supercharger was controlled (together with the turbocharger) to guarantee
a specific target boost pressure from the cranking stage. To correctly integrate the supercharger in the air path
of the engine, stand and pipes were designed. Figure 62 reports the 3D representation of the roots stand for
placing the external supercharger system and the real component mounted on the test bed.

It is important to underline that the volumetric compressor is used only to start the engine: when a load which
allows controlling the boost pressure directly with the VGT actuator is reached, the compressor is switched off
and by-passed. All the operating points run with the 4-cylinder PPC configuration were performed with the
volumetric compressor switched off and by-passed. Therefore, no negative work (spent on the compressor)
needed to be taken into account in the calculation of the engine efficiency.

Figure 62. Volumetric compressor

Furthermore, an air heater with diathermic oil (kept at a controllable target temperature using the TEMPCO
T-REG HCE 609/15 0 heater) was installed in the middle between the dynamic compressor and the intake
manifold. The additional heater enabled the accurate control of the intake temperature in any operating
condition, which was also beneficial to stabilize the combustion process in cold-start conditions. It is important
to underline that to correctly manage the air temperature using hot diathermic oil flow to fuel the intercooler,
the standard plastic water-air heat exchanger was replaced by a more reliable aluminum oil-air heat exchanger.
Figure 63 shows the TEMPCO unit, and the custom metallic intercooler used to improve the intake air
temperature controllability. As described in the test bench layout section, to quantify the engine-out emissions
obtained with the 4-cylinder GCI configuration, a Continental SNS14 NOx probe and an AVL 415S Smoke
Meter were installed in the exhaust line.
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Figure 63. TEMPCO unit (left) and heat-exchanger (right)

Together with the before described hardware improvements, the engine control system was also modified to
manage the fully converted 4-cylinder GCI engine. The standard ECU was removed, and the whole control
strategy was implemented in an open ECU (Spark by Alma Automotive, programmable using LabView
software). The control strategy, implemented in the open ECU, manages the fuel system (only gasoline was
used in this second stage of the activity), the actuation of the injection patterns (defined with the activity
performed on the single cylinder and further optimized in the 4-cylinder configuration) and the actuators of
the air system (standard and additional components).

The programmable ECU (Spark) reported in Figure 64, also implements the closed-loop combustion controller
schematized in Figure 55: the ECU receives the combustion indexes calculated by the indicating system via
CAN bus and real-time adjusts the injection pattern to maintain indicated torque and center of combustion at
a calibrated target value. As a result, the RCP system was only used to communicate with TEMCO system
through the already integrated RS485 protocol, without any task controlling the engine. Figure 65 and Figure
66 show the upgraded test bed control systems and their integration with the improved hardware respectively.

Figure 64. Spark ECU (left) and its integration as engine control unit (right)
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2.3.2  Experimental Investigation of the main control parameters on GCI combustion emissions and
efficiency

The 4-cylinder GCI engine was tested and optimized in different speed and load conditions. This stage of the
activity started from the base calibration obtained with the “Cylinder Laboratory” activity, slightly modified
because of the different boost pressure management performed in the fully converted configuration. As a
matter of fact, when all the 4 cylinders are operated with GCI combustion (and deliver nearly the same amount
of torque), exhaust temperature and pressure can vary significantly with respect to the “Cylinder Laboratory”
mode (where the values of these quantities are affected by the operating conditions of the 3 cylinders fueled
with diesel). Different exhaust conditions vary mass and temperature of the hot residuals which strongly impact
gasoline auto-ignition mechanisms. Although the mentioned differences might generate small discrepancies
between the absolute performance measured in single-cylinder and 4-cylinder configuration, the same trends
highlighted during single-cylinder operation were confirmed. In addition, the experimental tests run in 4-
cylinder GCI mode highlight the impact of the injection parameters (especially injection pressure) on the
engine-out emissions. It is important to highlight that the engine was kept in its standard configuration
(injection systems, piston, turbocharger). The use of a low-lubricating fuel, such as gasoline, affects the
reliability of the standard high-pressure diesel pump, also increasing energy losses and brake specific fuel
consumption (BSFC). As a results, the thermal efficiency of GCI combustion was evaluated by considering
ISFC (instead BSFC).

Since combustion stability was guaranteed by a multiple injection pattern, as already mentioned, the CI engine
under study was tested in GCI mode over a wide range of loads and speeds. The main limitation to the use of
GCI combustion in the layout under study is that the boost pressure needs to be maintained high enough to
guarantee a robust gasoline auto-ignition. For the engine under study, this results in a minimum boost pressure
around 1.5-1.6 bar (the lower limitation varies with the intake temperature), which limits the minimum load at
which combustion can be operated in stable conditions nearly at IMEP = 5 bar (if the load is further reduced,
the relative air-fuel ratio becomes too lean). Due to the above limitation, the engine was tested in the load
range between 6 and 18 bar IMEP and in the speed range between 1750 and 3000 rpm. The performance
obtained with the 4-cylinder strategy was compared with the performance obtained running the same engine
with standard diesel combustion. It is important to underline that, to verify the results obtained with the 4-
cylinder configuration with the single cylinder, at first the comparison between GCI and CDC was performed
deactivating the EGR system (for both GCI and CDC), which obviously results in relatively high NOx
emissions. Then, to define how GCI combustion are far from the engine-out emission of a standard calibrated
CI engine, similar tests were carried out highlighting the need of EGR also running the LTC. Finally, the effect
of EGR on GCI combustion and pollutants production was tested [30].

GCI combustion vs CDC combustion: comparison without EGR

The analysis of acquired data clarifies the potential of the tested LTC, when performed in the CI engine under
study. Figure 67 shows the results obtained operating the engine at 2000 rpm and IMEP = 8 bar. As it can be
observed, the variation of the injection pressure has a remarkable impact on all the reported performance
indexes and on the measured emissions. In correspondence of the optimal center of combustion (8 degCA),
the minimum ISFC reaches nearly 178 g/kWh, significantly lower than the optimal value obtained using Diesel
(EGR deactivated in both cases). In terms of pollutant emissions, GCI shows a slight reduction of soot and a
remarkable reduction of NOx compared to CDC.
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Figure 67. Comparison between ISFC, NOx and soot emissions for tests run, in GCI and CDC mode, at 2000 rpm and IMEP=8
bar (EGR deactivated)

It is interesting to notice that the CDC reference was obtained injecting the fuel at 870 bar, while the optimal
test run in GCI mode was operated at a significantly lower pressure (between 500 and 700 bar) [28]. This
means that the work spent to increase the fuel pressure, with gasoline, will be lower, therefore an extra benefit
in terms of BSFC will be obtained because of the injection pressure reduction. Since, in this work, the
experimental activities were performed using the standard common-rail injection system (not optimal to
manage gasoline direct injection in terms of efficiency and reliability over time), the measured BSFC is not
compared (with CDC).

Similar results can be obtained running the engine at higher engine speed, where the selection of the proper
injection pressure is even more crucial to achieve the optimal performance in terms of combustion efficiency
and engine-out emissions reduction. As an example, Figure 68 reports the performance of a test run at 2750
rpm and IMEP = 14 bar. From the observation of these results, clearly arises the potential of GCI operation in
the compression-ignited engine under study (maximized in correspondence of the optimal MFB50, i.e., 8 deg
aTDC).
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Figure 68.Comparison between ISFC, NOx and soot emissions for tests run, in gasoline PPC and CDC mode, at 2750 rpm and
IMEP=14 bar (EGR deactivated)

Moreover, it is important to notice that GCI combustion does not require the use of extremely high injection
pressures. ISFC and engine-out emissions running the engine in GCI mode (both at 700 and 900 bar) are lower
than the ones of the reference CDC, operated with a rail pressure nearly equal to 1150 bar. Due to the lower
injection pressure, it is reasonable to expect that the LTC methodology will lead to a further BSFC gain mainly
because the high-pressure fuel system will require less energy (compared to CDC operation) to keep the fuel
at the target pressure.

GCI combustion vs CDC combustion: distance from standard CDC engine

As already discussed, this work was carried out keeping the EGR deactivated both in CDC and GCI mode
[30]. The comparison between coherent tests performed running the engine in standard CDC, clearly highlights
the potential of GCI combustion, i.e., the improvement of combustion efficiency and engine-out emissions.
However, as already mentioned, the emission regulations strongly limit the pollutants productions of the
internal combustion engines (especially NOx) and, therefore, the use of EGR is mandatory to respect the rules.
Since the engine under study was kept in standard layout and calibration, to verify how far GCI combustion
without EGR is (in terms of the engine-out emissions) from a calibrated CDC engine three different engine
conditions were tested. The experimental investigation was focused on three main operating points,
characterized by different loads and speeds: two tests were run at 2000 rpm, one at high load (14 bar IMEP)
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and the other at low load (8 bar IMEP); the third operating condition was run at higher rotational speed (3000
rpm) and intermediate load (10 bar IMEP). Table 9 reports the tested engine operating conditions during this
activity. The selected engine conditions span a significant portion of the load-speed range of the engine under
study and can therefore provide useful information about the potential related to the use of GCI combustion in
a modern homologation cycle (with respect to standard CDC). The conclusions drawn analyzing the operating
points will be useful to estimate the performance of the engine in the intermediate (in terms of load and speed)
operating conditions.

Low-load From 6 to 14 5/1. 500/700/900
High-load 2000 14 From 8 to 14 1.9/2.0 500/700 50
High-revs 3000 10 From 8 to 18 1.9 500/700 50

Table 9. Engine operating conditions testing GCI in 4-cylinder mode

Figure 69 reports pollutants and thermal efficiency measured during the CA50 sweep performed at 2000 rpm
and 14 bar IMEP (High-load). By looking at Figure 69, the trend of NOx and FSN with respect to CA50
variation clearly emerges. As a matter of fact, for all the tested gasoline injection pressures, retarding the center
of combustion results in a NOx reduction and an increase in FSN. Since it is well known that retarded
combustions generate lower pressure and temperature peaks during the combustion process, the trends visible
on the measured pollutants were expected and can be easily explained. On the other hand, it is interesting to
highlight that the ISFC measured in GCI mode is always lower or equal to the one measured with standard
CDC. The optimal thermal efficiency is achieved in correspondence of the most advanced values of CA50 (8
and 10 deg) at all the tested injections pressures.

As regards rail gasoline pressure effects, as widely described in the previous sections of this work, due to the
impact exerted on the mixing process, specific values of gasoline pressure must be chosen to generate a stable
and efficient combustion and avoid high levels of pollutants in each operating condition. Considering the tests
reported in Figure 69, the lowest value of gasoline pressure (500 bar) generates high levels of FSN if compared
with the higher gasoline pressure values analyzed.
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Figure 69. Comparison of ISFC, NOx and soot emissions between Diesel Reference and GCI combustion (without EGR) during
CAS50 sweep for mid-load operating condition at 2000 rpm, IMEP=14 bar
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In Figure 69 are also shown the Diesel reference values set for each parameter (ISFC, NOx and FSN) to provide
information about the need to improve PPC management making this combustion methodology convenient
both in terms of emissions and efficiency with respect to standard calibrated CDC engine. It is important to
underline that the reported CDC conditions (Diesel) were obtained testing the above-described 1.3L engine in
standard conditions, both in terms of engine layout and calibration, defined by the engine manufacturer. It is
worth mentioning that the base (standard) calibration for CDC operation (rail pressure, CA50, boost pressure,
EGR rate) is mainly determined by the need to comply with the pollutant emission regulations (tailpipe
emissions), and not necessarily aimed at achieving the maximum possible thermal efficiency. As a result, the
refence CDC conditions (Diesel) do not represent the most efficient (minimum ISFC) CDC calibration
reachable with this engine but can be considered a reference for GCI mode. To guarantee the coherence
between efficiency and emissions measured both in CDC and GCI combustion, all the experimental tests were
run using the same engine and test bench layout (in-cylinder pressure sensors, fuel consumption sensor, NOx
probe and FSN measurement sensor were not changed).

From such comparison it is possible to observe that, despite efficiency and FSN show a promising potential,
gasoline PPC (operated without EGR) always produces higher amounts of NOx with respect to the Diesel
combustion. This result suggests that the use of EGR might be crucial, in gasoline PPC, to mitigate NOx
emissions. It is interesting to notice that the CDC reference was obtained injecting the fuel at approximately
1150 bar, while the optimal tests run in PPC mode were operated at significantly lower pressures.

Figure 70 shows that similar considerations also apply to the test run at 3000 rpm and IMEP = 10 bar (high
revs). In this case, the investigated CA50 range was extended (from 8 to 18 deg aTDC) to better highlight the
effect of combustion retard on the efficiency. The observed trend confirms that the optimal ISFC is obtained
in correspondence of the most advanced CAS50 values. In particular, the ISFC obtained at 8-10 deg is
significantly lower that the ISFC for the optimized standard CDC condition. GCI combustion seems to be very
promising also to reduce particulate matter, especially using an injection pressure approximately equal to 700
bar. On the contrary, without external EGR, the NOx emissions are always too high, also for retarded
combustion phases.

Similar conclusions can be drawn also analyzing the tests carried out at 2000 rpm and IMEP = § bar (low-
load), but in this case the impact of gasoline pressure on pollutants is less evident, as shown in Figure 71. Low-
load conditions are characterized by the combustion of small quantities of fuel in large amounts of air (in this
test the relative air-fuel ratio was close to 2.4, mainly due to the need to maintain the boost pressure higher
than 1.5 bar to guarantee a robust gasoline auto-ignition). Consequently, increasing the injection pressure at
very high levels is less crucial to obtain a good air-fuel mixing.

From the analysis of the 3 investigated points, it appears clear that improving Diesel performance reducing
simultaneously ISFC, NOx and FSN, would not be possible running GCI mode without EGR and, as a result,
the impact of external recirculated gases on GCI combustion must be investigated. This aspect will be
thoroughly discussed in the following section.
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200
[___1PRail 500 bar
1951 [C——IPRail 700 bar
=
190
%
; 1851 11 183 183
- 181 480 180
= - 179
»z 150 77 477
175+
1?0 I il I I
12
0+
= Bp 7.5 LT
E 53 64
ERLy 51 52
= 48
2 ne 4 a7

(]

"

wa

1i5f
1.3
z 1}
=
= 0.68 0.7
0.5 0.41 =2
Ar 0.4 0.4 0.
0.34
B (E [IH |
, | A 1 |
Dhiesel 06 08 10 12 14

CAS0 [degaTDC]

Figure 71. Comparison of ISFC, NOx and soot emissions between Diesel Reference and GCI combustion (without EGR) during
CA50 sweep for low-load operating condition at 2000 rpm, IMEP=8 bar

68



GCI combustion vs CDC combustion: the use of EGR in GCI combustion

As previously explained, EGR investigation is necessary, to improve GCI engine-out emissions (i.e., the trade-
off between NOx and particulate matter) trying to increase the performance with respect to standard CDC,
used in this work as a reference condition. Starting from the information collected during tests without EGR,
for each engine operating condition, an optimal set of injection parameters was selected: optimal injection
pattern, gasoline, and boost pressure.

To properly investigate the effect of EGR under different rpm and load conditions, it was necessary to quantify
the EGR mass and calculate the so called EGR rate defined in Equation 28, in which m.,; and mggp are the
total mass trapped inside the cylinder and the mass of recirculated gases, respectively.

EGR

m 28
EORgore = 29
y

To determine the defined EGR rate, it is first necessary to quantify the total mass trapped in the cylinder (mc,,; ).
For this purpose, a filling model able to predict the total amount of air and external EGR trapped in the cylinder
was developed. The model is based on the measurements of in-cylinder pressure and air flow (from the
additional ultrasonic flow meter, reported in Figure 66, at the beginning of the intake line). In general, the in-
cylinder trapped mass is composed by the sum of fresh air my;,., internal residual gases mpg; and external EGR
Mger, as shown in Equation 29.

Mey = My + Mpg + Megr (29)

First, the model was developed keeping the EGR valve closed. Applying the well-known ideal gas equation,
the contributions of fresh air and internal residuals were estimated. As shown in Equations 30, these masses
can be determined referring to specific pressures and temperatures measured in different stages of the engine
cycle. Residual gases were calculated as the mass trapped inside the combustion chamber at the end of the
exhaust stroke (V;c) when the piston reaches the top dead center (TDC). In this condition, it is possible to
consider in-cylinder pressure and temperature approximately constant and equal to the values acquired by the
pressure and temperature sensors mounted on the exhaust line, Pg,;, and Tg,, respectively.

S PexnVec (30)
K& RTgan

Once the internal residuals were quantified, the estimation of the total charge can be based on the information
provided by the in-cylinder pressure sensors. During the intake stroke there are different contributions which
impact the cylinder filling process. Previous research shows that residuals and valve timing have a strong
impact on cylinder filling, mainly by reducing the effective volume compared to the geometrical volume (V,,;)
[31, 32]. For these reasons, two volume reduction contributions (with respect to V,.,,;) were introduced, which

represent the volume loss because of the expansion of the hot residuals from exhaust to intake pressure (4V;)
and the volume loss due to late intake valve closure (AV,, difference between the cylinder volume in
correspondence of the bottom dead center and volume in correspondence of the intake valve closure). Equation
31 and Equation 32 define these two volume reductions.
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Pgyn 1 (31)
AVy = Vee( Px ) /V—Vcc
Int

AV, = Vepe — Vive (32)

In the discussed model, Py, was considered constant and equal to the mean value of the measured in-cylinder
pressure trace during the intake stroke (intake valve open), while the charge temperature was set equal to the
measurement provided by the sensor installed in the intake manifold (77,;). Finally, the gas constant R was set
at 287.05 J/(kgK). Equation 33 summarizes the cylinder filling model used to estimate the mass of fluid
introduced in the cylinder at IVC (from the intake manifold), i.e., the sum of fresh air and external EGR.

Prnt(Veyr — AV, — AV —Vec) (33)
RTpne

My + Megr =

Figure 72 shows a comparison between the total mass trapped in the cylinder (mc,, , estimated using the model
reported in Eq. 33) and the measurement performed by the air flow meter as a function of the EGR valve
position. It is important to notice that, while performing the EGR valve scan reported in the top subplot of
Figure 72, the position of the VGT actuator was continuously adjusted to maintain the boost pressure
approximately constant. As it can be observed, when the EGR valve position is lower than 5%, both VGT
position and measured amount of fresh air are almost constant. Consequently, the mass of external EGR does
not change with respect to the condition at EGR equal to zero.

The discussed cylinder filling model [30] was validated comparing the estimated fresh charge (fresh air only)
with the measurement provided by the ultrasonic air flow meter during tests operated without EGR. The
analysis of the bottom subplot of Figure 72 shows the different contributions of mc,, during the EGR valve
sweep. By comparing the estimated fresh air (blue bar) and the air flow measurement without external EGR
(EGR valve position below than 5%) the model shows an accuracy approximately of 2%. It is important to
underline that EGR also changes charge composition and temperature, which vary the gas constant and,
consequently, introduce a small error in the in-cylinder mass evaluation. Due to the absence of a gas analyzer,
the chemical composition of the charge cannot be evaluated using the discussed experimental layout.
Furthermore, another small error in the estimation of the masses is due to the use of a constant specific heat
ratio v (it should be varied with the temperature of the charge). However, it is reasonable to consider the model
acceptable during the whole EGR valve sweep, since the mentioned errors are small (compatible with
requirements for control-oriented models) and do not affect the relative comparison between operating tests
run in different opening positions of the EGR valve.
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Figure 72. Cylinder Filling model behavior and validation, top subplot, during EGR valve sweeps and charge composition for
cylinder 2, bottom subplot (Fresh air, residuals and external EGR). The VGT actuator movement allows to keep boost pressure at
its target value.

To highlight the impact of EGR on combustion process and pollutant emissions production, several EGR valve
sweeps were carried out for each one of the three engine operating conditions previously described. In
addition, to correctly identify the best operating condition in terms of both pollutants and efficiency, GCI
combustion was tested considering different CAS0 values. As explained above, during these experimental
tests, both IMEP and CA50 were kept at their target values activating the combustion controllers schematized
in Figure 55, while the boost pressure controller kept intake pressure at a constant value compensating the
turbine power reduction generated by the (partial) exhaust flow recirculation. Table 10 summarizes the best
operating conditions obtained for each engine operating point analyzed, hereafter referred to as optimal
conditions.

Best MFB50

[deg bTDC]

Low-load From 6 to 14 14
High-load 2000 14 From 8 to 14 12 2.0 700 50
High-revs 3000 10 From 8 to 18 12 1.9 700 50

Table 10. Optimal engine operating conditions considered for EGR rate sweeps
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Figure 73 shows the effect of EGR on ISFC in the tested engine operating points (reported in Table 10). As
expected, increasing the CAS50 at constant EGR valve position, the IFSC will rise (lower thermal efficiency).
As explained before, since the EGR makes the combustion process slower, increasing the EGR valve position
at a constant CAS50 (keeping constant the intake/exhaust pressures) the combustion process will be
characterized by higher fuel consumption. The operating conditions run at low (2000 rpm / IMEP 8 bar) and
high (2000 rpm / IMEP 14 bar) load, reported in Figure 73 a) and b) respectively, clearly highlight the impact
of the EGR and CAS50 on ISFC. Furthermore, since higher engine speeds promote charge mixing, the operating
condition reported in Figure 73 c) (3000 rpm / IMEP 10 bar) shows less pronounced dependency on the EGR
because better air-fuel mixing is always achieved.
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Figure 73. Impact of EGR on ISFC performing a CA50 sweep in different engine operating points: a) 2000 rpm — IMEP 8 bar,
b) 2000 rpm — IMEP 14 bar and c) 3000 rpm — IMEP 10 bar.

Figure 74 and Figure 75 show the pollutants (NOx and FSN) measured during the experimental activity. As
for the standard CI combustion process, NOx concentration decreases while increasing the EGR rate, mainly
because of the lower oxygen content of the mixture, slowing down the combustion process. The main drawback
using EGR is the FSN increment. As a matter of fact, due to lower oxygen concentration and poor air-fuel
mixing (not enough to fully oxidize the injected fuel until the end of combustion), particulate matter will rise.
Those trends can be observed both at high and low load and for different engine speeds. It is important to
underline that combustion instability limits the GCI operating range (especially at low load) and therefore
reduces the applicability of this combustion approach. The reported maps also show the best pollutants-
efficiency trade-off for each analyzed conditions (red dots). Such optimized conditions identified through this
experimental activity confirm that, to limit NOx production, GCI combustion needs high values of EGR.
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Figure 74. Impact of EGR on NOx production performing a CA50 sweep in different engine operating points: a) 2000 rpm —
IMEP 8 bar, b) 2000 rpm — IMEP 14 bar and c) 3000 rpm — IMEP 10 bar.
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Figure 75. Impact of EGR on FSN production performing a CA50 sweep in different engine operating points: a) 2000 rpm —
IMEP 8 bar, b) 2000 rpm — IMEP 14 bar and c) 3000 rpm — IMEP 10 bar.
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Since the aim of this activity was to study the effect of EGR on GCI combustion, a deeper analysis of the
impact of the exhaust gases on combustion process and performances using the in-cylinder pressure sensors
was performed [30]. Focusing the attention of the best MFB50 for each engine operating conditions (identified
through the previous activity), further considerations about the effect of EGR on gasoline autoignition and
combustion propagation were made. By using the developed cylinder filling model and the measured air flow,
it was possible to calculate the EGR rate for each test and, consequentially, to identify the best condition (fresh
air-EGR) for minimizing both thermal efficiency and pollutants production.

The effect of EGR on efficiency and pollutants for the high-load operating point run at 2000 rpm — 14 bar
IMEP is reported in Figure 76. As a matter of fact, increasing EGR rate until 14%, NOx concentration strongly
decreases, while efficiency appears to remain almost constant and FSN slowly increases from 0.6 to 2.13. A
comparative analysis of ISFC and pollutants with respect to the Diesel reference condition (Figure 76) clearly
shows that 9% might be selected as the EGR rate assuring the efficiency/pollutants trade-off for this condition.
In this case, ISFC, NOx and PM are all significantly improved with respect to the calibrated CDC, while higher
EGR rates would produce a quick rise in FSN and ISFC, also exceeding the Diesel reference thresholds.
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Figure 76. Comparison of ISFC, NOx and soot emissions between GCI combustion with external EGR for the high-load
operating condition at 2000 rpm, IMEP=14 bar, CA50 12 deg and Diesel Reference

As for the standard CI combustion process, charge dilution with external EGR decreases the amount of oxygen
available for fuel oxidation and the peak combustion temperature, consequently the quantity of NOx produced
decreases. Furthermore, particulate matter increases, mainly because oxygen and air-fuel mixing are not
enough to fully oxidize the injected fuel until the end of combustion. This is clearly shown in Figure 77, which
reports the relative air-fuel ratio measured during the EGR rate sweep.
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Furthermore, it is interesting to focus on intake and exhaust temperatures during EGR sweeps. Figure 77
clearly shows the rise in both temperatures as the EGR rate increases. In fact, the temperature of the recirculated
gases is usually higher than the temperature of the fresh air, as a result, when EGR is recirculated, the intake
manifold temperature increases. Due to the engine layout, the EGR comes from the exhaust to the intake
manifold directly through the cylinder head. Therefore, since the air temperature before intake manifold was
kept constant thought TEMCO unit, the rise of intake manifold (and then exhaust) temperature showed in
Figure 77 during EGR rate sweeps is mainly a consequence of the thermal mixing of fresh air (constant 50°C)
and exhaust gases. Thus, if hotter fresh air is used at the end of the combustion process, exhaust gases will
become even hotter resulting in an increase in exhaust gas temperature (bottom subplot of Figure 77).

It is important to clarify that also the lambda decrease might explain the rise of the intake temperature.
However, by observing the tests with EGR rate below 14% reported in Figure 77, since both engine load and
the center of combustion were kept constant during the EGR rate sweeps (fuel consumption and combustion
duration can be considered constants), the lambda is decreasing due to the lower oxygen content of the mixture.
Therefore, the rise of intake temperature for such conditions is generated only by the presence of hot exhaust
gases in the intake manifold. When the EGR rate becomes greater that 14 %, the big amount of exhaust gases
recirculated significantly slows down the combustion process decreasing the combustion efficiency (lower
lambda values) and generating even higher exhaust temperature, and consequently higher intake temperature.
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Figure 77. Lambda, Intake Air Temperature and Exhaust Gas Temperature during EGR rate sweep for high-load operating
condition at 2000 rpm, IMEP=14 bar, CA50 12 deg

Figure 78 shows the effect of EGR on combustion duration (defined as CA10-90) and PPRR. It is important
to notice that an increase in the EGR rate causes longer combustions for the same reasons above explained,
however it seems to be ineffective on PPRR. This aspect will be better discussed later, where the impact of
EGR on PPRR will be verified, comparing two different CA50 conditions.

75



b b L] Cab
= (=) - =
T 1

CA10 - CA90 [deg]
(5] [ 53
(= =]

22

20

EGR Rate [%)]

Peak Pressure Rise Rate| bar/deg |
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at 2000 rpm, IMEP=14 bar, CA50 12 deg

To further explain how EGR affects the behavior of gasoline PPC, the acquired cylinder pressure traces were
compared. As an example, Figure 79 shows 100 consecutive pressure traces (grey traces) and its average (red
trace) for the high-load operating point (2000 rpm — 14 bar IMEP — CAS50 12 deg aTDC) operated without (top
subplot) and with external EGR (bottom subplot).
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effect on combustion process. EGR rate 0% (top subplot) and 9% (bottom subplot)
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As it can be observed, cycle-to-cycle variability is very low in both cases (with and without EGR). Despite the
average pressure traces look reasonably similar, the major impact of external EGR is visible on the start of the
combustion process, i.e., on the ignition mechanism of the Pilot injections. Focusing the attention on the
pressure traces in Figure 79, especially on the angular region between 0 and 5 deg, it is easy to notice that the
first stage of the combustion process is strongly affected by the recirculated gases. In fact, the pressure trace
obtained without EGR is characterized by a rapid pressure rise until 5 deg, then the combustion process
becomes slower until the maximum pressure peak is reached (approximately at 10 deg). When the external
EGR is used (EGR rate approximately 9% in this case), the above-described rapid pressure rise disappears,
highlighting that EGR slows down the ignition process of gasoline.

To further highlight the effect of EGR on the start of the combustion process (especially on the ignition of the
Pilot injections), the analysis of the RoHR (average value of 100 consecutive cycles) calculated from the in-
cylinder pressure traces measured during the EGR sweep reported in Figure 76 was performed. It is interesting
to notice that the combustion process clearly shows two main stages: a pre-mixed portion (impulsive, long
ignition delay) mainly related to the combustion of the amount of fuel introduced during the Pilot injections,
and a diffusive portion mainly related to the combustion of the fuel introduced with the Main injection (ignition
delay reduced by the energy released by the combustion of the Pilot injections).
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Figure 80. RoHR traces during EGR rate sweep for high-load operating condition at 2000 rpm, IMEP=14 bar, CA50 12 deg [32]

With the aim of highlighting the effects of EGR on GCI combustion, Figure 80 shows the RoHR of the “high-
load” operating condition with different EGR rates. From the analysis of Figure 80 clearly arises that the
presence of exhaust gases strongly affects the combustion of Pilot injections (and consequently the whole
combustion process). Charge composition and stratification strongly impact the ignition mechanisms of pilot
injections (chemically driven) in compression-ignited engines [24, 28, 33].
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Regarding the ignition phase, the analysis of the heat released confirms that, when charge dilution with the
exhaust gases is increased, the first combustion stage becomes more and more impulsive (while all the other
control parameters, i.e., injection pattern, rail pressure and boost pressure are kept constant). Despite the intake
temperature rise would suggest a decrease of the ignition delay for the pilot injections [35-37], Figure 80 shows
that the ignition delay reduction due to the temperature rise is lower than the effects related to the chemical
inertia of EGR (which retards the auto-ignition). As a result, the ignition delay of the pre-injections increases
with the EGR rate. Furthermore, focusing the attention around the TDC, it is possible to observe that longer
ignition delays contribute to the impulsiveness of the pre-mixed (first stage) combustion portion, since the tests
run with higher EGR rates show higher RoHR peaks. Longer ignition delays mean that air and fuel have more
time to mix, therefore the amount of charge that auto-ignites becomes higher.

The above-described behaviour can be also observed in Figure 81, which reports the PPRR measured with
CAS50 equal to 5 deg ATDC (same speed and load of the tests shown in Figure 80). In this case, EGR rate
equal to 5% slightly fastens the combustion process with respect to the reference test without EGR (the
temperature increase due to the hot residuals is dominant and reduces the ignition delay). Then, further EGR
rate increases lead to longer ignition delays and more impulsive combustions.
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Figure 81. Combustion duration and Peak Pressure Rise Rate (PPRR) during EGR rate sweep for high-load operating condition
at 2000 rpm, IMEP=14 bar, CA50 5 deg [32]

In addition, the effect of EGR can be observed also on the diffusive stage of the combustion process,
approximately from 10 to 60 deg aTDC in Figure 80. The exhaust gases recirculated in the combustion
chamber slow down the mixing process between air and the fuel introduced with the Main injection. As a
result, the diffusive combustion portion becomes slower (lower values of RoHR peak) and longer compared
to the reference condition without EGR. Figure 78 and Figure 81 summarize the effect of EGR on combustion
duration. All the comments about the combustion process confirm the GCI combustion pollutant emissions
(NOx and soot) trends reported in Figure 76 for the high-load operating point.

The above considerations, based on the analysed experimental tests, confirm that a proper EGR rate calibration
is crucial to operate the engine at the best compromise between efficiency and pollutants (both can be improved
with respect to standard CDC) while guaranteeing engine reliability (PPRR lower than 10 bar/deg) [34]. As a
matter of fact, the use of recirculated gases affects RoHR shape and combustion location within the cycle, as
clearly highlighted by the steady-state tests run varying the EGR rate and keeping constant start and duration
of the injections.

All the above-described evidence can be applied also to the “high-revs” operating point (3000 rpm — 10 bar
IMEP). Figure 82 shows pollutants and ISFC for the “high-revs” condition. In this operating point, the impact
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of EGR (EGR rate from 5 % to 20 %) on combustion efficiency seems to be marginal (ISFC quite constant).
A comparative analysis of ISFC and pollutants with respect to the Diesel reference condition (Figure 82) shows
that an EGR rate approximately equal to 18% might be selected as the EGR rate reaching the
efficiency/pollutants trade-off for this condition (both fuel consumption and emissions are improved with
respect to the calibrated CDC). Regarding the emissions of NOx and FSN (Figure 82), the “high-revs” engine
condition shows trends similar to the ones already discussed for the for the “high-load” operating point.
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Figure 82. Comparison of ISFC, NOx and soot emissions between GCI combustion with external EGR for high-revs operating
condition at 3000 rpm, IMEP=10 bar, CA50 12 deg and Diesel Reference

The comparison between the average pressure traces with and without EGR (Figure 83) still highlights the
impact of EGR on the ignition delay. By the analysis of the pressure traces between 0 and 10 deg aTDC, it
arises that the first stage of the combustion process is slightly retarded when an EGR rate equal to 18% is used
(selected as optimal compromise between pollutants and efficiency).
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Figure 83. In-cylinder pressure measured for high-revs operating condition at 3000 rpm, IMEP=10 bar, CA50 12 deg. EGR rate
effect on combustion process

To analyze more in depth the effect of EGR in the “high-revs” condition, the average RoHR traces, measured
during the EGR sweep, were reported in Figure 84. As discussed for the “high-load” condition, exhaust gas
recirculation affects both gasoline PPC combustion stages (premixed and diffusive). From the observation of
Figure 84, it is possible to notice that, at higher engine speed (3000 rpm), the impact of EGR on the ignition
delay varies with the amount of EGR rate. In particular, the charge temperature increase due to the hot
recirculated gases fastens the spontaneous ignition of the air-fuel mixture when the EGR rate is lower than
12%, which means that (when the mass of recirculated gases is low) the temperature increase is dominant with
respect to the higher chemical inertia due to the exhaust gases. This effect, not clearly visible in the tests
operated at 2000 rpm and IMEP = 14 bar, might be (at least partially) explained by the higher turbulence in
the cylinder at higher engine speed. When the EGR rate overcomes 12%, the effect of the recirculated gases
becomes similar to the one discussed for the “high-load” condition, i.e., the ignition delay soars together with
the impulsiveness of the first pre-mixed combustion stage (visible observing the maximum RoHR peak).

As highlighted in the analysis of the “high-load” tests, the presence of the recirculated gases in the combustion
chamber also affects the diffusive stage of the combustion. As clearly visible in Figure 84, approximately in
the angular range between 15 and 20 deg aTDC, increasing the EGR rate makes the diffusive portion (of the
heat release) slower and longer (the presence of exhaust gases slows down the mixing process between air and
fuel).
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Figure 84. RoHR races for high-revs operating condition at 3000 rpm, IMEP=10 bar, CA50 12 deg. EGR rate effect on
combustion process

The last engine operating point analyzed in this part is the “low-load” condition (2000 rpm — 8 bar IMEP),
where the engine is operated at the same rotational speed of the high-load point, but with less injected fuel. As
already discussed, these sweeps were operated at a leaner relative air-fuel ratio (approximately 2.4) compared
to the “high-load” condition (approximately 1.5). When the engine is operated in GCI mode, the relative air-
fuel ratio needs to be increased to maintain the boost pressure high enough to guarantee a robust gasoline auto-
ignition. For the engine under study, this results in a minimum boost pressure around 1.5-1.6 bar (the lower
limitation varies with the intake temperature [35, 36]), which limits the minimum load at which combustion
can be operated in stable conditions nearly at IMEP = 5 bar (if the load is further reduced, the relative air-fuel
ratio becomes too lean to guarantee a stable combustion process).

As for the previously analyzed operating conditions, Figure 85 shows ISFC and pollutants for the “low-load”
engine operating point. In this case, the use of recirculated gases has a remarkable impact also on the measured
fuel consumption, probably because adding EGR to a barely stable auto-ignition (operated at very lean relative
air-fuel ratio) immediately reduces combustion effectiveness. Regarding the pollutant emissions, trends similar
to the ones discussed for the previous operating conditions can be observed: particulate matter increases with
the EGR rate, while NOx emissions are reduced. Unfortunately, in this operating point, it is no longer possible
to identify an EGR rate clearly beneficial both in terms of combustion efficiency and emissions. As a matter
of fact, the use of an EGR rate approximately equal to 14% returns a slight improvement in ISFC and
particulate matter but measured NOx emissions exceed the level of the calibrated CDC.
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Figure 85. Comparison of ISFC, NOx and soot emissions between GCI combustion with external EGR for low-load operating
condition at 2000 rpm, IMEP=8 bar, CA50 14 deg and Diesel Reference

The observation of the pressure traces obtained without and with EGR (Figure 86) confirms that EGR increases
the ignition delay of the Pilot injections. Focusing the attention on the angular interval between 0 and 10 deg,
it is easy to notice that the first stage of the combustion process is retarded when the EGR rate is equal to 14%
(compared to EGR rate = 0%). This is even more visible in Figure 87, where the RoHR calculated from the
average pressure traces of the whole EGR rate sweep are compared.

All the previously described effects of the EGR on the GCI combustion are visible also in the average RoHR
traces of the “low-load” tests. As it can be observed in Figure 87, moving toward higher EGR rates, the ignition
delay of the first premixed stage increases (chemical inertia effect due to the additional exhaust gases).
Furthermore, increasing the EGR rate, the diffusive combustion, reported in Figure 87 approximately in the
range between 10 and 20 deg aTDC, becomes slower and longer compared to the reference condition without
EGR.
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The above-described experimental results proved that it is possible to perform stable and reliable GCI
combustion in a very common light-duty compression ignited engine without any hardware modification
(external supercharger was used only during cranking) using multiple injections strategy [30]. Several tests
were carried out to quantify engine-out emissions and efficiency of the LTC under study. By the analysis of
the obtained results, it was possible to verify benefits both in terms of pollutants and efficiency of GCI
combustion with respect to CDC in the same engine. It is important to mention that to improve GCI
performances (and give benefit compared to CDC), the use of high percentage of EGR rate was needed.

Even though GCI combustion proved to be effective reducing pollutants and efficiency, the management of
the combustion process (especially the ignition phase, chemically driven) represents the main challenge on
GCI development. Based on the experimental evidence collected during the previous activity, the following
sections of the PhD dissertations focuses on control-oriented modelling development aimed at improving
combustion controllability and to extend the GCI operating range.

2.4Model-based Fuel Quantity Correction Strategy for Common-Rail High-
Pressure Injection Systems

In the previous sections of this works it was demonstrated the benefit in terms of engine-out emissions and
efficiency running GCI combustion in a standard light-duty compression ignited engine. Despite the potential
of the considered LTC was proved by the activities described above, to properly control GCI combustion, a
high-pressure multiple direct injection strategy is needed. As a matter of fact, previous works clearly show the
enormous benefit given by pilot injections both in terms of pollutants reduction, such as NOx, and combustion
stability improvements. As for Conventional Diesel Combustion (CDC), the rise of in-cylinder pressure and
temperature generated by pilot injections combustion allows minimizing the ignition delay of the following
injections, making the whole combustion process more stable and smoother. As a result, a proper management
of pilot injections in terms of injected fuel quantity, number of injections and angular positions plays a key
role to ensure GCI combustion controllability, especially center of combustion and delivered torque.

To meet such requirements, the high-pressure Common Rail system (CR) represents the most common
injection system testing GCI combustion. Thanks to the use of solenoid hydraulic assisted injectors, modern
Common Rail systems guarantee fast and accurate injection management also with the high pressures required
by gasoline PPC (up to 1000 bar). Despite the high flexibility performing multiple injections with CR systems,
hydrodynamic effects, which are generated by the water hammer consequent to the injector nozzle closing
after each injection, affect the actual quantity of fuel injected during the following injections, especially when
the amount of fuel injected is very low (in the range of 1 mg/stroke) and the relative distance between injections
is small (lower than 2000 psec). As widely discussed in literature, due to the propagation of pressure waves,
the mass of fuel injected during the second of two consecutive injection pulses may vary significantly (up to
50%) around the nominal value, producing negative effects on the GCI stability. Thus, a fuel quantity
correction strategy is required to achieve accurate fuel injection management.

With the aim of investigating pressure waves and their effects on the injection quantity, several approaches
were used. Coppo et al. [37] presented a numerical model for a CR system finding that the hydraulic layout
(feed duct length and diameter) and injector nozzle had a relevant impact on pressure wave propagation. Boudy
et al. [38] investigated the influence of fuel properties on the pressure wave in the injector feed duct. They
found that fuel density is the main property that influences the amount of mass injected, because it changes
fuel viscosity and bulk modulus. Based on the above-mentioned findings, many works were focused on
clearing pressure waves effects. Su et al. [39] experimentally obtained an ideal filter for the elimination of the
water hammer. Gupta et al. [40], Bianchi et al [41, 42] and Ferrari et al. [43-45] showed that water hammer
effects can be reduced changing the system layout but increasing the cost of designing and manufacturing of
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the whole injection system. Bai et al. [46] presented a correction strategy based on the reconstruction of
injected quantity oscillations, for a typical pilot-main injection strategy, without considering the source of this
phenomenon, i.e., pressure waves.

In this section of the PhD dissertation, a physical model of pressure waves propagating in a standard high-
pressure CR system fueled with gasoline based on the equivalent mass-spring-damper system is presented
[47]. Through a specifically designed flushing bench equipped with a high-frequency acquisition system, a
wide experimental activity was conducted highlighting pressure waves behavior on the feed duct using
different injection strategies. To properly reconstruct pressure waves propagation on the feed duct, a frequency
analysis, aimed at finding the main carriers of the pressure waves (both with single and multiple injections)
was carried out varying fuel injection pressure and dwell time (DT) between injections. To verify the model
applicability and robustness, different fuel, injectors, and placement on the rail were tested. Finally, the
obtained results were used to develop a fuel quantity fluctuation correction strategy based on the pressure wave
reconstruction during multiple injections of gasoline, which could be directly implemented in the custom ECU
improving the GCI combustion management.

2.4.1 Experimental Layout

The experimental activity was carried out on a specifically designed high-pressure CR test bench, based on a
light-duty 1.3L diesel engine injection system with 4 solenoid injectors fueled with RON 95 commercial
gasoline (same injection system and fuel used during GCI combustion investigation). To study pressure waves
under actual operating conditions, the high-pressure line was not changed with respect to the engine-mounted
configuration, i.e., pipeline diameter and length were maintained as in the original layout. The main technical
characteristics of the CR system under study are summarized in Table 11.

Number of Injectors 4
CR pump Bosch CP1
Injector type CRI2-16 M2
Feed duct length 93 mm
Feed duct diameter 20 mm
External Rail length 250 mm
External Rail diameter 200 mm

Table 11. High-pressure Common Rail system technical characteristics.

To simulate the fuel thermal inertia on CR low-pressure side (which is typically composed by long pipes
connecting the tank with the high-pressure pump) a diathermic oil thermoregulation unit (TEMPCO T-REG
HCE 609/15-O) was installed between the low-pressure pump and the high-pressure pump. The
thermoregulation unit allowed to accurately manage the fuel temperature during all tested conditions excluding
external thermal effects on the pressure wave propagation, such as frequency or amplitude modifications [26,
48]. Furthermore, to consider the fuel tank thermal inertia, a water-fuel heat exchanger was placed before the
low-pressure pump. Finally, the low-pressure line was kept at constant pressure of 4.5 barA (standard condition
for the CR system under study) using a mechanical pressure regulator.

To accurately investigate pressure waves and their consequences on the effectively injected fuel, several
sensors were mounted on the test bench. In addition to standard CR system sensors, i.e., rail-mounted high-
pressure fuel sensor (PRail), low-pressure and temperature fuel sensors, to highlight pressure wave behavior
during the injection process, the high-pressure pipe between the rail and the injector was equipped with two
piezoresistive pressure sensors Kistler 4067A, one close to the injector (PKist Inj Side) and the other close to
the rail (PKist Rail Side). Furthermore, to monitor the oscillations in injected fuel generated by water hammer
propagation, two different gasoline consumption measurement systems (AVL BALANCE 733S and high-
precision ultrasonic flowmeter FlowSonic FFM LF DP-010-02) were installed on the test bench low-pressure
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line. Both measurement systems are fully closed (AVL Balance closed vessel and FFM closed pipe) to avoid
fuel evaporation and, consequentially, excluding measurement errors when high volatile fuels are used. Fuel
consumption measurement redundancy allowed the definition of proper acquisition strategies for each tested
injection pattern, obtaining consistent consumption measurements also with different instruments and small
injected quantities. These strategies provided a reliable fuel consumption measurement also when a different
fuel was used (the high-precision ultrasonic fuel consumption measurement was not available for both tested
fuels). Finally, with the purpose of monitoring the heat exchange between fuel and diathermic oil (on the fuel
side), two K-type thermocouples between inlet and outlet of the TEMPCO heat exchanger were mounted.
Figure 88 shows the hydraulic layout of the high-pressure test bench.
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Figure 88. Flushing bench hydraulic layout.

Test bench control and data acquisition were managed by a specifically developed Rapid Control Prototyping
(RCP) system based on National Instrument cRIO 9082 using LabView. Selecting proper acquisition
frequencies for each signal (100 kHz for high-pressure sensors, to keep all the main carriers of the injection
system significantly lower than the Nyquist frequency), the RCP system allowed to collect all the data needed
for pressure waves analysis and modeling.

Regarding the fuel pressure management, it was performed keeping in motion the volumetric high-pressure
pump with an electric motor (5.5 kW and maximum rotational speed of 3000 rpm) at constant rpm. The
mechanical connection between the high-pressure pump and the electric motor, obtained with a toothed belt,
was designed with the same gear ratio, used in the on-board application, for the connection between crankshaft
and pump (the electric motor rotates twice as fast as the pump). Using the information coming from the encoder
mounted on the pump shaft, the RCP system evaluated the pump speed, sending an analog command to a
dedicated inverter managing the electric motor. Furthermore, acquiring the rail-mounted pressure sensor, the
RCP system was able to manage the PWM command of the pump-mounted solenoid metering valve (MPROP)
to keep the fuel pressure at the target value during each test. A picture of the high-pressure CR test bench is
shown in Figure 89.

The injection strategy was managed using a fully programmable ECU (SPARK ECU, the same used to manage
the fully converted GCI engine), based on National Instruments hardware and LabView software, overcoming
the limitations that usually occur when a production ECU with standard control software is used with custom
injection patterns. Despite the MPROP valve can be easily managed by SPARK ECU, with the aim of
improving the test bench safety during the experimental activity, both MPROP duty and pump speed were
managed by the RCP system. Furthermore, to improve testing operations, the injection parameters were
controlled and logged using INCA software, provided by ETAS. Figure 90 reports the test bench control layout
and the integration between the RCP system and SPARK ECU.
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2.4.2  Pressure Waves Physical Model

The above-described testing layout, specifically realized for this work, was used to investigate pressure waves
under different injection strategies, the goal being to develop a model-based pressure waves reconstruction
(and compensation) strategy.

Hydraulic System Behavior Analysis

In literature, several works can be found [45, 48-51] describing the CR system behavior from different points
of view: equivalent electrical, rotational, thermal, chemical, and mechanical systems were proposed.
Furthermore, they also report that it is possible to obtain transfer functions linking the physical CR system
properties with the equivalent system characteristics parameters [40-42, 52-53]. Therefore, with the aim of
identifying the best approach to model pressure waves in the CR system, the authors focused the first part of
the experimental activity on the study of the system behavior performing gasoline single injections. To do so,
the whole experimental activity was carried out keeping 3 injectors closed (but connected to the rail) and
activating only one injector.

Figure 91 shows the pressure signals coming from rail-mounted and high-pressure tubing-mounted sensors for
a single injection pulse test and injection pressure of 700 bar. By the analysis of the piezoresistive pressure
sensors signals, it is possible to notice that, when the injection occurs, a high frequency pressure wave is
generated. This wave, produced by the mass discharged from the injector, propagates inside the feed duct from
the injection event up to 20 ms after, when its energy is totally dissipated [52-53]. Because of the larger amount
of fuel contained in the rail compared to that in the feed duct, and due the pressure drop generated by the duct-
to-rail connection, the rail capacity can be considered as infinite, and therefore the rail-mounted pressure signal
(PRail) does not contain the information of pressure oscillations. This evidence, confirmed by the literature,
suggests that the pressure wave, triggered by the injection, propagates only inside each feed duct without
generating cumulative effects in the near ducts.

760 T T T T T T T T T T T
PRail
PKist Inj Side
740 + PKist Rail Side
Injection C

Pressure [bar|

620 1 | 1 1 1 1 1 1 1 1

Time [ms]

Figure 91. Experimental fuel pressure signals (acquired ad 100 kHz) generated by a single injection (per cycle, only one injector
active) pulse strategy at gasoline pressure 700 bar, 1000 pump rpm and ET of 310 us.
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In addition, it is clear from the comparison of the piezoresistive sensors pressure traces that the effects of
pressure waves are more visible, in terms of oscillations amplitude, closer to the injector. For this reason, to
model the pressure oscillations generated by single and multiple injections, it has been considered the pressure
traces coming from the piezoresistive pressure sensor closer to the injector because they represent the
instantaneous fuel pressure, which directly determines the injected mass.

Furthermore, it is important to notice that both duct and rail mounted sensors show a low frequency oscillation
representing the leakage flow rate compensation due to the closed-loop rail pressure controller behavior. As
clearly highlighted by Figure 92 (top subplot), the instantaneous pressure traces acquired by the sensor closer
to the injector during different injection cycles show the same high frequency oscillations generated by the
injection, but different low frequency oscillations. The position of the leakage flow rate contribution moves on
the injection cycle because the pressure controller actuation, which manages the MPROP valve duty cycle
keeping constant rail pressure, is not phased with the injection event shifting the leakage compensation with
respect to injection pulse.

To highlight the portion of the pressure oscillations related to the injection process, the average of 500
consecutive injection cycles has been considered. As Figure 92 (bottom subplot) clearly shows, averaging the
pressure traces mitigated the acquisition noise and the leakage flow rate, highlighting only the pressure wave
on interest (which occurs cycle-by-cycle) and its propagation time (from the injection event to 20 ms).
Moreover, it is possible to see that the leakage contribution does not affect the bulk of the pressure oscillation
(from 0 to 10 ms), but it becomes predominant when the oscillation amplitude decreases (10 ms after the
injection event). For these reasons, the hydraulic system modeling was based on the average pressure trace
reconstruction. As a result, the fuel system external conditions such as pump speed (even during transient) or
the MPROP duty cycle which change only the leakage contribution, do not affect the modeling.
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Figure 92. Piezoresistive injector-side pressure signals for (a) different injection cycles (acquired ad 100 kHz) and (b) average of
500 consecutive injection cycles at gasoline pressure 700 bar, 1000 pump rpm and ET of 310 us.
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From the observation of Figure 92 (bottom subplot) clearly arises that the average pressure trace during the
injection cycle follows the typical behavior of an underdamped mass-spring-damper (MSD) vibration system.
For this reason, to accurately predict the pressure wave in the feed duct triggered by the injection, a mechanical
approach was followed. Finally, it is important to underline before the prominent pressure oscillations, the
effect of the injector opening dynamics in terms of pressure drop. The upcoming section describes the pressure
wave modeling approach based on MSD system.

Hydraulic System Modeling

In agreement with the similarity principle between mechanical and hydraulic system [45, 53], a sum of free
responses of one-degree of freedom MSD systems, one for each main carrier contained in the experimental
signal, was assumed to model the pressure wave during the injection process.

The free-response calculation for the well-known one-degree of freedom MSD system can be based on the
analysis of the system reported in Figure 93 [54].
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Figure 93. Schematic of Mass-Spring-Damper (MSD) one-degree of freedom system [54].

Equation 34 describes the motion of the system, in which x is pressure on the feed duct. The system parameters
m, k and c represent the fuel inertia of the feed duct and injector, the fuel stiffness, and the damping,
respectively.

mi+cx+kx=0 (34)

Considering as solution of Equation 34 the typical exponential form shown in Equation 35 [54], the
characteristic equation of the vibration system can be obtained. As reported in Equation 36, it is a linear,
ordinary homogeneous differential equation with constant coefficients.

x(t) = Ce# (35)

mzé4+cz+k=0 (36)
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Thus, the natural frequency of the vibrational system w,,, and the damping ratio & can be defined as reported
in Equation 37 and 38, respectively.

I (37)
wy = |—
m

£ = ¢ (38)
2Vkm

For the analysis of the damped system, it is useful to define the damped frequency of the vibrational system
wq as a function of w,, and & (Equation 39) which represents the actual frequency of the oscillation.

Wg = Wp+1—¢2 (39)

Solving the differential equation showed in Equation 35 and applying the well-known Euler’s formula, the free
response of the MSD system can be written as reported in Equation 40, where in addition to the above-
mentioned parameters x, and v, were considered as initial conditions (time equal to zero) of the system.

Vg + SwpX 40
x(t) = e $9nt(x, cos(wgt) + %sin(wdt) (40)
d

The following section describes the methodology developed by the authors to reconstruct the pressure
oscillations during the injection cycle, based on a sum of one-degree of freedom MSD systems free responses,
described by Equation 40.

Hydraulic System Characterization

To identify the number of free responses needed to reconstruct the pressure oscillations and highlight the main
injection parameters effects on the hydraulic system behavior, such as injection duration (ET) and injection
pressure, a frequency analysis for a single pulse injection strategy was performed.

The frequency content of the pressure oscillations can be summarized in Figure 94, which reports the pressure
signal power spectrum from 0 to 4 kHz (higher frequencies do not have relevant energy content) for a single
pulse injection strategy with gasoline pressure of 500 bar using different ET. It is important to notice that
changing the injection duration, i.e., increasing ET, the power spectrum changes in amplitude but not in
frequency. It means that the injection duration affects only the amplitude of the response without any
modification in terms of frequency content.

The power spectrum, Figure 94, also shows 5 main carriers: the 1st around 16.6 Hz related to the injection
frequency, the 2nd at 600 Hz, the 3rd at 830 Hz, the 4th at 1.05 kHz and the 5th at 2.2 kHz related to the system
behavior (rail, duct and injector). Considering the identified main carriers, it is possible to notice that the 1st
frequency can be neglected because it is not related to the pressure oscillation but only to the injection cycle
(the frequency of 16.6 Hz corresponds to 1000 pump rpm, or 2000 engine rpm). The 3rd frequency can be
considered the fundamental frequency of the hydraulic system because it shows the biggest amplitude for all
the tested conditions. Due to the small distance in frequency and the huge difference in amplitude of the 2nd
and the 4th main carriers with respect to the fundamental frequency, their contributions to the pressure
fluctuation are not clearly visible in the instantaneous pressure trace. This observation suggests that the 2nd
and the 4th frequencies could be neglected while modeling the pressure wave. On the contrary, despite the
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smaller amplitude of the 5th frequency (compared to the fundamental frequency), the higher frequency makes
it clearly visible in the pressure oscillation.
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Figure 94. Frequency analysis (power spectrum) of the injector-side pressure signal generated by single injection pulse strategy at
different ET with gasoline pressure 700 bar and 1000 pump rpm.

Based on the above-described considerations, to quantify the relevance of each main carrier with respect to the
fundamental frequency on the pressure oscillation, the Relevance Carrier Index (RCI) was defined as reported
in Equation 41. This index is composed by the product between the relative power ratio (P, ), which represent
the energy contribution of the specific x-th carrier compared to the total energy of the identified main carriers,
and the relative frequency distance (4F,) from the 3rd frequency. Equation 42 and Equation 43 define the
relative power ratio and the frequency distance, respectively.

RCI = P, ,AF, (41)
p = (42)
r_Xx —

- ZPx
E, — F.
ar, = Bl (43
3

Table 12 reports the RCI calculation for the power spectrum showed in Figure 94 at ET = 400 usec. As it can
be seen, despite the amplitude of the 4th and the 5th carriers is similar, the huge differences in the calculated
RCI suggests that the Sth frequency cannot be neglected to properly reconstruct the pressure oscillation. On
the contrary, it is reasonable to expect that the 2nd and the 4th frequency might be neglected without losses of
information in the reconstruction of the pressure fluctuation. This assumption will be further discussed and
confirmed, through the analysis of the experimental acquisitions, in the following section.
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2nd 616 0.247 35.8 1.94
3rd 960 2.596 - -

4th 1083 0.858 12.8 241
5t 2330 0.853 142.7 26.73

Table 12. Table 2. RCI estimation at ET=400 usec with gasoline pressure 700 bar and 1000 pump rpm.

According to the considerations based on the power spectrum, the pressure wave during the injection process
can be modeled as a sum of 2 one-degree of freedom MSD systems free responses, representing the 3rd and
the 5th main carriers (which are the larger part of raw signal energy content).

As widely reported in the literature [37, 49, 55], the injection pressure does not modify the hydraulic system
characteristics but only the fuel stiffness. Figure 95 clearly shows that changing the fuel pressure (keeping the
injected mass constant at 1 mg/str) the power spectrum will maintain its typical shape, but with different
frequencies. Increasing the fuel pressure indeed, all carriers move to higher frequencies keeping constant their
relative position. Furthermore, it can also be seen that for all the tested injection pressures, the larger part of
the energy content of the signal is represented by the 3rd and the 5th main carriers. Once again, the
considerations based on the power spectrum confirm that the pressure wave during a single pulse injection
strategy can be modeled as sum of the responses of 2 one-degree of freedom MSD vibration systems.
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Figure 95. Frequency analysis (power spectrum) of the injector-side pressure signal generated by single injection pulse strategy at
different gasoline pressure with same injected mass (1 mg/str) and 1000 pump rpm.
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As shown in Equation 40, the one-degree of freedom MSD vibration system free response is a function of the
system parameters, i.e., wq, &, Xo and vy. With the aim of obtaining the above-mentioned parameters for both
the main carriers (the 3rd and the 5th) a numerical optimization for the single pulse injection strategy was
performed. Starting from the general formulation of the free response showed in Equation 40, the optimization
process, based on MATLAB fininsearch function, calculates the four fundamental parameters (wg, &, xo and
Vo) minimizing the distance between the mathematical model and a bandpass filtered pressure signal centered
on the analyzed frequency. The optimization process was applied for both the main carriers at all tested
conditions in terms of ET and gasoline pressure. Figure 96 and Figure 97 summarize the output of the
optimization process (8 fundamental parameters) as a function of ET and gasoline pressure.

Analyzing the obtained maps, Figure 96 and Figure 97, it is important to highlight that all the parameters show
clear dependencies with respect to gasoline pressure and ET except £;, w,; and w,,. As mentioned previously,
the injection duration does not modify the hydraulic system behavior, hence the frequencies (w,; and wy»)
can be considered constant for different ET and linearly variable with respect to the injection pressure
(increasing the rail pressure both frequencies will rise).

Regarding &, the optimization provides as output very close values for each tested condition and a defined
trend cannot be determined. This means that &; is unsensitive with respect to the injection parameters
Consequently, an average (constant) value of &; can be reasonably chosen replacing the reported map. As
clearly visible in Figure 97(b), the situation is slightly different for the 5th main carrier because the damping
ratio &, tends to increase with the rail pressure (for a fixed ET) and decrease for higher values of ET (for a
given rail pressure).
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Figure 96. MSD system parameters after the optimization process for the first main carrier as function of injection parameters
(injection pressure and ET): (a) frequency wg, (b) damping & and initial conditions (c) and (d) for xy and v respectively.
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Figure 97.MSD system parameters after the optimization process for the second main carrier as function of injection parameters
(injection pressure and ET): (a) frequency wg, (b) damping & and initial conditions (c) and (d) for xo and v respectively.

Figure 94 shows that the complete power spectrum contains many frequencies with lower energy content with
respect to the identified main carriers. Since the total energy content of the other frequency is not negligible,
considering only the sum of the modelled main carriers would lead to an inaccurate reconstruction of the
instantaneous pressure trace. To take into consideration the total energy contribution from frequencies different
from the 2 main carriers, the estimated pressure fluctuation was corrected using a set of specifically identified
offsets and gains, mapped as functions of rail pressure and energizing time. The last step of the system
characterization was to obtain the maps of gain and offset applied to the reconstructed pressure oscillation,
which allow compensating the energy content lost by considering a simplified power spectrum (with only two
main carriers). The offsets have been determined as the difference between the mean values of the modeled
and experimental pressure oscillation, while the gains were calculated as the ratio between the first absolute
peaks of the modeled and experimental pressure oscillation. Figure 98 reports the obtained maps. It is
interesting to notice that the offset map shows a clear dependence on both ET and rail pressure, while the gain
map shows a slight correlation with respect to ET and no evident dependence on the rail pressure.
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Figure 98. Gain (a) and offset (b) maps for the reconstructed pressure trace.

2.4.3  Pressure Waves Reconstruction Strategies for Single and Multiple injections

After obtaining the hydraulic system characteristics as described in the previous section, the pressure waves
reconstructions were derived applying the model-based approach under different injection strategies (single
and multiple injections) and conditions, such as injection pressure, ET and relative position between
consecutive injections. Since the aim of the modeling approach is to develop a control strategy suitable to
mitigate the fuel quantity oscillation during multiple injections of gasoline, typical values of the injection
parameters used for the management of GCI combustion were selected. As a result, the single injection strategy
was tested varying the rail pressure from 300 to 1000 bar and the injected mass from 1 to 45 mg/stroke (for
the highest pressure). Once the pressure waves reconstruction was validated for the single injection strategy,
with the aim of verifying the model-based approach applicability also with multiple injections, an experimental

activity was carried out performing two consecutive injections with same ET and different DT (defined in
Equation 44).

_ (EOL, — S0L,) * RPM (44)

DT
106

Table 13 summarizes all tested conditions using gasoline, the goal being to validate the pressure wave
reconstruction by comparing them with the experimental pressure trace. It is important to underline that the
whole experimental activity was carried out keeping the injector nozzle at the atmospheric pressure (without
back pressure). As well known, the back pressure on the nozzle changes the total injected mass (i.e., the injector
map which is calibrated with the typical in-cylinder pressure on the nozzle) but does not affect the hydraulic
system behavior (especially its characteristic frequencies). As a result, the pressure waves estimation
methodology can be considered valid also when the back pressure is varied.

Single 300 to 1000 300 to 800 - -
Double 300 400 400 20 to 3800
Double 500 350 350 20 to 3800
Double 700 310 310 20 to 3800
Double 1000 300 300 20 to 3800

Table 13. Test plan of the experimental activity.
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Pressure Waves Reconstruction for Single Injection Strategy

First, the goal was to verify the model-based approach robustness reproducing the pressure wave generated by
single injection pulse (SI-PWR) using the hydraulic system parameters obtained by the optimization process.
Following the control scheme reported in Figure 99, the pressure waves were simulated as the sum of two
MSD free responses, one for each identified main carrier (3rd and 5th frequencies). The MSD system
parameters were obtained using the above-described maps considering the ET and injection pressure (PRail)
as input variables. Finally, by using the offset and gain maps (ET and PRail as inputs) the SI-PWR retrieves
the energy content of the neglected frequencies (mainly the 2nd and 4th frequencies).
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Figure 99. SI-PWR strategy using the MSD model-based approach.

Figure 100 shows the comparison between simulated and experimental pressure wave considering only the
oscillation contribution for different ET at gasoline pressure of 700 bar. It is important to underline that the
developed model-based approach does not consider the injector dynamics [42], therefore the pressure drop
generated by the injector opening was neglected. The pressure waves simulations start from the first pressure
drop generated by the mass discharged from the injector. To estimate the simulations accuracy during the
propagation phase of the waves, the percentage error was defined as reported in Equation 45. The percentage
error definition allows comparing the pressure wave reconstruction accuracy for different injection pressure
settings.

Error % = Psimulati;n_ Pacquired +100 (45)
Rail
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Figure 100. Comparison of experimental and reconstructed pressure waves and instantaneous error evaluation using the SI-PWR
strategy with gasoline pressure of 700 bar, 1000 pump rpm and ET of (a) 300 us, (b) 400 us, (c) 600 us and (d) 700 us.

It is clear by looking at Figure 100, that the model-based approach can predict pressure waves with high
accuracy (error +/- 3%), also when the pressure oscillation varies significantly (ET 700 ps) from its typical
behavior (ET 300/400/600 ps). Starting from the error definition (Equation 45) during the pressure wave
propagation phase, to evaluate the pressure waves reconstruction accuracy for all tested conditions the Root
Mean Squared Errors (RMSE) were calculated. Figure 101 summarizes the pressure wave reconstruction in
terms of RMSE as respect to ET and injection pressure. The maximum RMSE of 1 % reported in Figure 101
allows considering the model-based approach as valid for the SI-PWR.

To verify the information provided by the RCI index in terms of relevance of each carrier for pressure wave
reconstruction, the SI-PWR was tested in two different ways: only considering the fundamental frequency
(simplified SI-PWR, with only the 3rd main carrier) and adding the 5th carrier (SI-PWR). The results provided
by the simplified SI-PWR were not sufficiently accurate (RMSE higher than 4%) especially for the tests
operated at high ET (Fig. 100(d)), where the contribution of the 5th frequency is clearly visible. As a result,
the RMS error between the measured and the estimated instantaneous pressure drops to 1% considering, in the
SI-PWR, also the 5th carrier. To further validate the information provided by the RCI index, the model was
tested also adding the 2nd, the 4th and both carriers, but this resulted in negligible improvements in the
instantaneous pressure estimation. For this reason, the final SI-PWR approach was designed considering only
the 3rd and the 5th main carriers, as previously suggested by the RCI index.
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Figure 101. Accuracy evaluation of the SI-PWR strategy (RMSE) using gasoline for all tested condition of injection pressures
and ET.

To check the model-based strategy robustness, the SI-PWR was tested by changing fuel type and injectors. As
widely reported in literature [48, 56], the Bulk modulus, defined in Equation 46, determines the hydraulic
system natural frequencies. Hence, changing fuel from gasoline to diesel, thicker than gasoline, at same
injection pressure and temperature the hydraulic system natural frequencies will increase. Keeping constant
the hydraulic system layout, the fuel density variation effects on the system behavior was considered as an
offset, proportional to the square of the fuels density ratio [48], on the main frequencies values maps (w,; and
Wn2), as stated in Equation 47. Moreover, all the previously obtained hydraulic system parameters (&, x, and
Vo) were kept constant. Figure 102 shows the accuracy of the pressure waves reconstructions in terms of RMSE
considering diesel fuel and placing the controlled injector in a different rail position, from position 3 to 1 in
Figure 89 (Figure 102(a)) or changing the activated injector (different hardware component but same injector
type) with gasoline (Figure 102(b)). Also, for these tested conditions, the low RMSE values underlines the
approach validity and robustness in case of single injection strategy.

apP (46)
K=p—
pdp
(47)
Pg
Ay =1— |—= =27%
® Pd

It is important to notice that the model-based approach only considers the injection pressure effect on the
hydraulic system parameters. By the Bulk modulus (K) definition (Eq. 46) results that also the fuel temperature
can modify the system behavior (because it changes the fuel density). Despite the impact of the fuel
temperature on density and Bulk modulus cannot be neglected [56], the model-based strategy implicitly
considers this effect thanks to the hydraulic system parameters (w,, & x, and vy) optimization for each
injection pressure. With the purpose of characterizing the fuel temperature effect on density and Bulk modulus,
a hydraulic layout modification is needed adding rail temperature sensors to those already installed before the
HP pump. As mentioned before, the presented model was characterized keeping constant the geometry of the

injection system i.e., rail (diameter and length) and feed ducts (diameter and length). The variation of such
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parameters modifies the hydraulic system characteristics and, consequently, the response of the system, whose
information are summarized in the power spectrum, might change considerably. Therefore, to apply the
presented model with different hydraulic system geometry, it is mandatory to perform a preliminary frequency
analysis defining the minimum number of carriers needed to properly reconstruct the pressure wave. Once
established the main carriers, the model parameters can be characterized following the same steps reported in
this work and the pressure wave reconstruction can be performed by using the obtained parameters.

) 800
600

400 400 400 200
Pressure [bar] 200 ET [15] Pressure [bar] 0 ET [ps]
a) b)

600

Figure 102. Accuracy evaluation of the SI-PWR strategy (RMSE) using the same injector fueled with diesel and different injector
position (a), and different injector (injector placement used for hydraulic system parameters calibration) fueled gasoline (b) for
all tested condition of injection pressures and ET.

Pressure Waves Reconstruction for Multiple Injection Strategy

As mentioned before, to properly manage GCI combustion a multiple injections pattern, typically composed
by several pilot injections followed by main injection, is needed [57-60]. The pressure oscillation triggered by
the first injection pulse strongly modifies the injected quantity of the following injections [42, 51, 55, 61],
mainly because the second injection pulse occurs when the pressure wave cannot be neglected yet.

To define the impact of the pressure wave on the total amount of fuel injected with multiple injections, a wide
experimental activity testing double injections strategy, summarized in Table 13, was carried out. Figure 103
shows the injected mass (measured), normalized with respect to the theorical total injected mass (calculated
using the injector map), at different injection pressures changing the dwell time (DT), from 0 to 3500 ps,
between two consecutive injection pulses (ET1=ET2 for each injection pressure) using gasoline. As previously
described, the higher the injection pressure, the higher the pressure wave frequency, thus the injected fuel mass
oscillation will occur at smaller DT. Figure 103 also reports the hydraulic fusion region (DT < 600 us): due to
the slow injector dynamics, when the injected mass gets high, consecutive injections get very close [40, 52].
Considering the key role of the pilot injections on GCI management, the need of a compensation strategy for
the injected fuel is mandatory to ensure the requested fuel mass on pilot injections (typical DT values for
multiple injection pattern are from 800 to 2500 ps).

To understand the behavior of the hydraulic system with a multiple injections strategy, the analysis of the
pressure waves coming from the piezoresistive pressure sensors near the injector was performed. Figure 104
shows the comparison of experimental pressure wave, triggered by single injection strategy, and the wave
triggered by double injection strategy with same ET. The reported pressure traces clearly highlight how the
pressure wave generated by two consecutive injections can be considered as sum of two single injection
triggered pressure waves, shifted by DT. As a matter of fact, considering two consecutive injections with same
ET, the pressure wave generated by the first injection pulse does not modify either the amplitude or the
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frequency of the wave triggered by the following injection but only the fuel instantaneous pressure during the
active phase of the injector (when the injector nozzle is open).
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Figure 103. Effects of injection pressure and DT on the effective injected fuel, normalized with respect to the total injected mass,
generated by a double injection strategy (ETI=ET2 ~ 1mg/str) using gasoline.
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Figure 104. Comparison of experimental pressure wave triggered by double and single injection strategies at gasoline pressure of
700 bar with same ET=310 us, aligned with (a) first injection pulse and (b) second injection pulse.
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Based on the high accuracy on the SI-PWR applying the model-based approach, a pressure wave reconstruction
for double injection strategy (DI-PWR) was developed. Bearing in mind the previous considerations, the DI-
PWR was built as the sum of two SI-PWR. To simulate the pressure wave triggered by a double injection
strategy, the scheme shown in Figure 105 was used, in which the ET for both injections (ET1 and ET2), PRail
and DT were chosen as input variables. As it can be seen, the calculation structure replies twice (using the
same hydraulic system parameters) the reconstruction strategy described in Figure 99.

PRail

ET1

DT

ET2

1st Injection

2nd Injection

BRI

Figure 105. DI-PWR strategy based on the sum of 2 SI-PWR, using the MSD model-based approach.
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Figure 106 shows the comparison of simulated and experimental double injection strategy pressure waves
(considering only the oscillation contribution) for different DT at gasoline pressure of 700 bar and ET = 310
us. It can be inferred from Figure 106 that both before and after the second injection pulse, the pressure wave
was simulated correctly. Moreover, it is possible to see that the reconstructions are consistent also during the
active phase of the injector, providing reliable instantaneous pressure traces also with multiple injections
strategies.
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Figure 106. Comparison of experimental and reconstructed pressure wave and instantaneous error evaluation using the DI-PWR
strategy with gasoline pressure of 700 bar, 1000 pump rpm, ET of 310 usec and DT of (a) 1800 us, (b) 2800 us, (c) 3200 us and

(d) 3900 us.
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It is worth pointing out that as for the SI-PWR the injector dynamics are neglected (especially during the
injector closing), thus the reconstruction accuracy decreases in proximity of the injector closing. As mentioned
before, this region (DT from 0 to 600 ps) should be avoided due to the hydraulic fusion, hence this inaccuracy
can be neglected. As made for SI-PWR, to summarize the simulations accuracy, RMSE for all tested DT and
injection pressures were calculated: results are reported in Figure 107. The maximum RMSE of 2 % allows to
consider the model-based approach as valid also for the DI-PWR. Based on the above-described results
referring to the modeling phase, the following section describes the developed fuel quantity fluctuation
correction strategy (FQC).

RMSE [%]

200

2000 600

DT [es] 0 1000 Pressure |bar]|

Figure 107. Accuracy evaluation of the DI-PWR strategy (RMSE) using gasoline (ETI=ET2) for all tested condition of injection
pressures and DT.

2.4.4  Fuel Quantity Fluctuation Correction Strategy

As explained in the previous section, the occurrence of pressure waves represents one of the most critical issues
in CR systems for a proper fuel injection management. The standard fuel dosing control strategies, both for
single and multiple injections, are based on the rail-mounted pressure sensor, which does not contain the
information of pressure oscillations. Especially for pilot injections, when the requested fuel mass is very low
(Minj~1 mg/str) and DT <2500 ps, the presence of the pressure oscillations modifies the second pulse injected
mass, generating remarkable differences between requested and effective total injected fuel [ 15, 43, 44]. Thus,
a fuel quantity fluctuation correction strategy (FQC) becomes crucial to manage GCI combustion using CR
system, whereby the energy released by pilot injections play a key role ensuring the whole combustion process
stability [27, 57-60, 62-63].

As a result of the high accuracy given by the DI-PWR, considering the effective pressure coming from the DI-
PWR, a fuel injected estimation was performed as the sum of the two injected mass (with ET1=ET2) based on
the injector map (without back pressure on the nozzle). Since the pressure wave does not affect the first
injection, the injector map provides an accurate estimation of the amount of fuel introduced with the first
injection using PRail (coming from the rail mounted pressure sensor) and ET as inputs. With regard to the
second injection, to compensate the effects due to the pressure wave propagation triggered by the first injection
(injector closure), the estimation of the mass was carried replacing PRail with the average instantaneous
pressure trace coming from the DI-PWR in the time interval corresponding to the activation of the second
injection.
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Figure 108 shows the comparison of measured and estimated (based on the DI-PWR) fuel consumption,
normalized with respect to the total injected mass, for different DT at gasoline pressure of 1000 bar using
gasoline. Despite the hydraulic fusion phase cannot be replied by the DI-PWR, the estimated fuel consumption
oscillations show a good accordance with respect to the experimental both in terms of frequency and amplitude
for each DT.
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Figure 108. Comparison of fuel quantity injected measured and estimated (with the DI-PWR considering the mean of the
instantaneous pressure trace during the second injection active phase) during double injection strategy (ETI=ET2) using
gasoline at different DT.

Based on the results obtained comparing the measured and estimated fuel consumption reported in Figure 108,
with the aim of reducing the consumption oscillation during multiple injections, an FQC strategy was designed,
according to the block diagram reported in Figure 109. Relying on the instantaneous pressure wave
reconstruction (applying the DI-PWR) during the second injection active phase, the FQC strategy can
reasonably mitigate the fuel injected quantity oscillations due to the effects of the pressure waves. As above
described, the standard fuel dosing strategies are based on the rail-mounted pressure sensor which does not
contain the pressure oscillations, thus with the aim of considering the pressure oscillations effects on the second
injection pulse the rail-mounted pressure signal was replaced by the DI-PWR. Since the pressure wave does
not modify the first injected mass, the developed control strategy only modifies ET2, assuring the injected
target mass My ,. It is important to notice that the FQC strategy is based only on previously defined 3D maps.
Hence, after determining the hydraulic system parameter maps using the model-based approach, the FQC
strategy can be easily implemented on a standard ECU.
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Figure 109. QFC strategy based on DI-PWR strategy using the MSD model-based approach.

2.5Control oriented Ignition Delay Model for GCI Combustion

The above-described experimental activities carried out running the engine in GCI mode, highlighted the key
role of the pilot injections in the combustion management. As widely reported in literature and confirmed by
the experimental evidence collected during the PhD activities, to properly manage GCI combustion process,
the use of complex injection strategies (composed at least 3 injections: 2 pilot + 1 main) is needed. As explained
in the previous sections, the rise of pressure and temperature generated by the combustion of the fuel injected
through pilot injections shortens the ignition delay of the following main injection which burns instantaneously
when injected. Whereby, the combustion of the pre-injections assumes a key role in the GCI combustion
management.

As mentioned before, since the combustion of the first fuel jets in GCI mode is chemically driven (no external
source of ignition, such as spark plug, is used) the gasoline ignition mechanisms are significantly affected by
chemical kinetics and slight variations of the cylinder thermal conditions. This means that small local
variations of air-fuel mixing, and temperature might cause significant variations of the ignition delay, which
could compromise the whole combustion stability (consequently generating misfire or knock). Therefore, a
detailed knowledge of gasoline auto-ignition mechanisms plays a fundamental role. As a matter of fact, once
defined a set of injection parameters, an accurate prediction of the angular position at which the fuel introduced
with the first injection starts burning (start of combustion angle, SOC) is necessary to guarantee the combustion
of all the following injections and, consequently, assuring a proper GCI combustion management.

This part of the PhD dissertation describes a 0-D control-oriented ignition delay model developed to improve
the stability of GCI combustion. To do this, a wide experimental activity was carried out aimed at studying the
ignition delay of the first fuel jets running the 1.3L light-duty compression ignited engine fully-converted to
perform GCI combustion. By the analysis of the obtained results, a 0-D ignition delay model was developed
able to accurately predict the SOC position even changing engine operating conditions. Since the aim of this
work was to obtain a control-oriented strategy which improve the GCI combustion controllability, the
developed model can be easily implemented in the ECU and used for real-time estimation of the ignition delay
(ID). By knowing ID, the ECU might manage the injection pattern parameters to guarantee proper SOC
positioning before combustion occurs, avoiding knock or misfire.
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2.5.1 Ignition Delay sensitivity analysis

Previous experimental activities on GCI combustion proved that, to manage this kind of SCCI methodology
avoiding anomalous phenomena (such as knocking or misfiring), a multiple injection strategy is needed. As
widely described, by using multiple injections, the typical shape of the GCI combustion is composed by two
typical stages: premixed and diffusive. Figure 110 shows a typical RoHR running GCI combustion.
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Figure 110. Rate of heat release curve testing GCI combustion at 12 bar of IMEP and 2000 rpm

Due to their high ignition delay, the pilot injections burn together (the unfavorable thermodynamics conditions
generate high ID and, therefore, the pilot injections IDs are almost equal), releasing high amount of energy in
a short time (premixed stage). After that, the rise of in-cylinder temperature and pressure reduces the ignition
delay of the following main injection. Consequently, as shown by Figure 110, the second stage of the GCI
combustion is characterized by a smoother energy release (diffusive stage).

Previous results reported in this PhD dissertation proved that GCI combustion can be effectively managed
(performing this dual-stage combustion) in different operating conditions without compromising engine
reliability. However, to guarantee stable GCI combustion, a robust and efficient premixed stage is needed.
Bearing in mind the results coming from the experimental investigation of gasoline auto-ignition with small
amount of injected fuel using the “Cylinder Laboratory” mode, the main effects of the control parameters on
the ignition delay were highlighted. However, due to the presence of the 3 cylinders fueled with diesel, which
modify the chemical composition of the residuals and produce different back pressure (assuring proper boost
pressure only with 3 cylinder), the results described in the previous section must be further confirmed running
the fully converted engine. Since the premixed stage is mainly driven by the chemical composition of the air-
fuel mixture and the thermodynamics of the combustion chamber, a sensitivity analysis on the gasoline ignition
delay was performed in the fully converted GCI engine.
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As defined in Equation 27, ID represents the distance between two angles: the Start of Injection (SOI) and the
Start of Combustion (SOC) respectively. Although its simple definition, several approaches were proposed
with the aim of calculating ID mainly because of different (and still correct) SOC definition. Despite the SOC
detection methodology proposed during the experimental investigation of gasoline auto-ignition using the
gross RoHR (because the small amount of energy released was comparable with the energy losses through the
cylinder walls) proved to be reliable estimating SOC, the amount of fuel injected with pilot injections (using
typical GCI multiple injection patter) was high enough to consider a more common SOC definition. For this
reason, Equation 48 defines the ID considering SOC as the crankshaft angle which it is reached 5 J/deg of
RoHR. Figure 111 clarifies the SOC positioning for a typical GCI combustion. If the first stage of the
combustion reaches (and overcomes) the defined combustion velocity threshold, the rise of pressure and
temperature will reduce the ignition delay of the following injection, making GCI stable and controllable.

ID = SOC — SOI = Ogopy 5 — SOI (48)
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Figure 111. ROHR curve and corresponding ROHR threshold for determining the SOC

Once the ID was identified with good accuracy, with the aim of developing a control-oriented ignition delay,
model the activity was focused on verifying the main dependencies of ID on the engine control parameters. To
do so, a wide experimental activity was carried out performing a specifically designed testing methodology
called “Switching Pattern” [64]. During these tests, the GCI engine (4 cylinders fueled with gasoline) was run
in a stable operating point, using the calibration obtained by the previous activities, and every 100 engine
cycles the main injection was turned off keeping active the previous ones (pilot and pre injections) for only 1
cycle called “Switched cycle”. During these tests, other engine control parameters were kept constant at the
calibration values. Figure 112 shows an example of switching strategy test in which: cycles n-1 and n+1
represent the complete injection pattern (Pilot+Pre+Main), and cycle n is the switched cycle (Pilot+Pre only).
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Figure 112. Switching pattern methodology: comparison between the injection commands of both complete (cycle n-1 and n+1)
and switched pattern (cycle n)

In this way, the realized combustion occurs with same amount of residual gases and thermodynamic conditions
of a GCI running with complete injection pattern (Pilot-Pre-Main) but without chemical-physical interactions
generated by the main injection. As a result, the ID of the switched cycle represent the ID of the fuel injected
with the pre injections, which combustion is responsible of the whole GCI stability. After performing the
switching strategy (only 1 engine cycle was switched), the main injection was turned on again avoiding engine
reliability problems (running only 3 cylinders might damage the engine crankshaft). Combustion stability was
assured mainly because the dynamic of the combustion controllers (used to keep the engine at a constant IMEP
and MFB50) and boost controller were set very slow, and therefore, switching only one cycle, it was possible
to neglect the impact of the closed loop controllers on the control parameters. As an example, Figure 113
shows a comparison between RoHR of engine cycles recorded during a switching test. As can it be observed,
the red trace represents the RoHR of the switched cycle while the black and grey ones are the instantaneous
and averaged RoHR respectively (2000 rpm IMEP 14 bar, MFB50 14 deg bTDC and gasoline pressure 500
bar). By the analysis of this condition, since the chemical-physical interactions produced by the main injection
on the first stage of combustion are negligible in a reference GCI combustion (dual stage combustion), SOC
can be successfully identified through the analysis of the switched cycle. In that way, it was possible to study
in depth the ignition phase of the GCI combustion (mainly determined by the combustion of the pre injections)
even changing engine control parameters which could strongly modify the combustion shape (with closer
combustion stages the mutual interaction between premixed and diffusive combustions might compromise the
SOC detection).
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Figure 113. Comparison between average ROHR running the engine with the complete injection pattern (black) and ROHR of
the switching cycle (red)

By looking at the literature and by the analysis of the results of previous experimental activities, running GCI
combustion with typical engine layout (using high-pressure injection system, multiple injection pattern and
EGR) the ID mainly depends on:

a) Gasoline pressure

b) Injection Phasing

¢) Intake temperature

d) Intake pressure

e) Mass and temperature of residual gases trapped in the combustion chamber
) Air humidity

g) EGR rate

Gasoline pressure

As pointed out by the literature [26, 28, 29] and confirmed by the experimental activity carried out in “Cylinder
Laboratory” mode, the variation of gasoline pressure modifies the fuel vaporization and penetration and
therefore, the local relative air-fuel ratio (which determines the ignition points in the combustion chamber)
will be different. As a result, the gasoline pressure must be properly chosen to assure favorable local relative
air-fuel ratio able to generate pre injections combustion with high efficiency and stability. Since the hardware
of the engine was kept constant during whole PhD activities (pistons, fuel system, intake and exhaust manifolds
and turbocharger), the effect of gasoline pressure widely discussed running the “Cylinder Laboratory” mode,
could be reasonably considered valid even testing the fully converted engine.

Injection Phasing

Previous sections of this PhD dissertation highlight that to correctly control GCI combustion, a proper
management of the injections is needed. In particular, the stable and reliable GCI combustion was reached
using complex injection strategies typically composed by three injections: two anticipated injections with a
small fuel jets (Pilot and Pre injections) and one bigger near the TDC (Main injection). By using that injection
strategy with proper selection of the pre injections phasing, it was demonstrated that the GCI combustion can
be easily and safely managed covering the typical engine operating range of this LTC methodology. A wrong
pre-injection positioning might compromise the combustion stability and engine reliability. Since the first
injections burns as HCCI combustions, their phasing and quantity play a crucial role in the GCI combustion
management mainly because determines the thermodynamic conditions (temperature and pressure) of the
charge when the fuel is injected and therefore, the ID. As a result, with the aim of developing an ID model, the
pre injections phasing must be considered.
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Intake Temperature

As reported by literature [24, 25, 36], performing combustion techniques characterized by spontaneous
ignition, the intake temperature (T;yy) plays a crucial role on the ignition delay timing because of its
contribution in the chemistry of the mixture. Once the air-fuel mixture was created through injection, the
thermodynamic conditions affect the autoignition process modifying the required energy to start the
combustion. As a result, the higher intake air temperature and pressure the lower ignition delay will be. This
phenomenon, well documented by the literature, was highlighted during the experimental activity on the
autoignition investigation performed through “Cylinder Laboratory” configuration of the engine. Despite the
discussed effect could be considered valid also running the fully converted engine, since the air path of the
engine was modified introducing the thermoregulation unit (TEMPCO), the dependency of ID on intake
temperature was verified though specifically designed tests.

The same engine operating point (IMEP 12 bar at 2000 rpm) was tested at two different intake temperatures:
Thigh and Tlow. Table 14 reports the comparison of the control parameters used to evaluate the effect of intake
temperature variations on ID. It is possible to note that among the listed variables, the only difference is related
to the intake temperature which was increased of roughly 25 °C going from the low temperature test to the
high temperature one.

Engine speed [rpm] 2000 2000
IMEP [bar] 12 12
Boost pressure [bar] 2.2 2.2
Exhaust pressure [bar] 3 3
Intake temperature [°C]
MFB50 [ca. deg aTDC] 12 12
Injection pattern: SOI Pil, SOI Pre, SOI Main [ deg bTDC] [35,21,4] [35,21,3]
Injection pressure [bar] 500 500
ETmain [ps] 686 683

Table 14. Engine operating conditions testing the effect of two different levels of intake temperature on ID

By the analysis of the RoHR reported in Figure 114, it was confirmed the effect of intake temperature on ID.
Moreover, by looking at Figure 114, it clearly arises that the intake temperature significantly modifies the way
in which heat is released during the combustion process. The rise of intake temperature makes the first
combustion stage (chemically driven) faster with shorter ID. Having a higher intake temperature means that
the fuel injected during pilot and pre injections will vaporize and mix with the air faster due to the higher
charge temperature and therefore it will start burning earlier (low ID) and faster (high RoHR). Furthermore,
since the energy released during the first combustion stage is enough to significantly reduce the ID of the main
injection, the diffusive stages are similar in both conditions.
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Figure 114. RoHR curves at different intake temperature

Figure 115 shows the cycle-by-cycle evaluation of ID for both analyzed conditions. By looking at Figure 115
it can be noticed that the reduction of the ignition delay when increasing the intake temperature is remarkable.
Considering the reported conditions, an increase of intake temperature of 54% (typical variation when the
engine is used on the public roads) results into a reduction of ID equal to 7% and, therefore, with the aim of
developing a control-oriented ID model the effect of intake temperature variation must not be neglected.
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Figure 115. Effect of different intake temperature on ID
Intake Pressure

The other intake variable having a major impact on the ignition delay is the intake pressure. Since the energy
required to overcome the autoignition conditions is mainly related to the thermodynamic of the air-fuel
mixture, the rise of pressure and temperature will produce the same effect on ID. With the aim of verifying the
impact of boost pressure on the ID of the GCI combustion (i.e., the gasoline autoignition dynamic) in the
engine under study, specifically designed tests were conducted. Therefore, a boost pressure scan was
performed while the others control parameter were kept approximately constant.
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Table 15 reports the operating conditions during the boost pressure sweep test. It is important to mention that
during the boost pressure sweep, the control parameters of the main injection were changed by the closed loop
controllers (CL) to maintain the engine at constant IMEP and MFBS50. Reducing the boost pressure, the
combustion efficiency will be lower mainly because the lower amount of fresh air (M,;z) hinders the mixing
process between air and injected fuel, getting richer mixtures (i.e., low oxygen content) which reduces the
thermal efficiency of the combustion.

Engine speed [rpm] 2000

IMEP [bar]

12

Boost pressure [bar] Sweep from 2.2 to 1.8

Exhaust pressure [bar] 3
Intake temperature [°C] 74
MFBS0 [ca. deg aTDC] 12
Injection pattern: SOI Pil, SOI Pre, SOI Main [ deg bTDC] [35,21,CL]
Injection pressure [bar] 500

Table 15. Engine operating conditions during boost pressure sweep

Figure 116 shows RoHR traces running the GCI engine at a different boost pressures. By looking at the first
combustion stage, similarly to the intake temperature, an increase of boost pressure results into a reduction of
ignition delay. As a result, the first combustion stage will be even more anticipated. It is important to notice
that despite the premixed stage of the combustion anticipates progressively, the peak of the first combustion
stage of the RoHR reaches approximately the same value during the boost pressure sweep. This aspect could
be partially explained through the local air-fuel mixing dynamic.

During the tests, the pilot injections (made by very small fuel quantities) were kept constant. It can be seen
from Figure 116 that lowering the boost pressure does not hinder the formation of proper number of local zone
in the combustion chamber with proper relative air-fuel ratio able to start burning, but retards only its ignition.
As previously observed, the first combustion stage releases enough amount of energy to significantly reduce
the ID of the main injection, the diffusive stages take place almost the same angular range during the boost
pressure sweep.
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Figure 116. RoHR curves at different intake pressure
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To quantify the effect of boost pressure variation on ID, Figure 117 reports the cycle-by-cycle ID evaluation.
By observing Figure 117, it clearly arises that for every 0,1 bar of boost pressure increase, the ignition delay
is subjected to a reduction of about 0,5 ms. The reported results confirm that also boost pressure have to be
considered as fundamental parameter of the control-oriented ID model.
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Figure 117. Effect of different intake pressure on ID

Mass and temperature of residual gases trapped in the combustion chamber

Since the premixed stage of the GCI combustion is chemically driven, the charge composition might modify
the gasoline autoignition dynamic. In the combustion chamber, fresh air and gasoline are the most present
components of the charge. Beyond these, residual gases are always present in the combustion chamber and
therefore, their impact on ID must not be neglected. As well known, since residuals are typically composed by
carbon dioxide coming from the exhaust stroke of the previous engine cycle, their temperature and quantity
(with respect to the fresh air) impact on the autoignition process (of a chemically driven combustion) [31, 32].
As a result, to verify the effects of both temperature and amount of residuals on ID, two different kind of tests
running the fully converted GCI engine were carried out.

First, the effect of different residual gases temperature (Tg;) was tested. Typically determined by engine load
and position of the center of combustion, the temperature of the residuals depends on the temperature reached
at the end of the combustion process. As a result, by using the above-described switching strategy, it was
possible to highlight the impact of different temperatures of the residuals on ID. Keeping the GCI engine a
stable operating point, the switching strategy was enabled in one of the four cylinder while the others engine
parameters were kept at a fixed values. Figure 118 shows the RoHR of the recorded engine cycles before and
after the switched cycle.
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Figure 118. Effect of different residual gases temperature: RoHR for cycles before (blue) and after (green) the switching cycle
(red)
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As it can be seen, the premixed stage of the engine cycles with hot residuals, made by an efficient combustion
process with remarkable engine load, (blue and red traces) are very similar both in terms of ID and magnitude
of RoHR. Instead, by looking at the combustion after the switched cycle, the first combustion stage is delayed
and slower (lower maximum RoHR is reached) compared to the previous cycles. Despite the switched cycle
burns with high efficiency, the exhaust gases temperature will be very low (compared to the previous ones)
mainly because of the lack of the main injection, responsible of the engine load production. Once these
residuals are mixed with the fresh air (switching cycle+1) a colder charge will be generated charge with
consequently longer ID. Moreover, the presence of the lower of temperature due to the colder residuals hinders
the formation of proper local air-fuel ratios zones which can release energy (too low local temperature makes
it impossible the combustion) and, therefore the maximum RoHR reached in the premixed stage is lower.
However, despite the lower and delayed premixed combustion performed with cold residuals, the energy
released is high enough to make stable the following diffuse stage (almost equal to blue trace with hot
residuals). Very slight differences can be noticed only near 365 c.a. deg where the diffusive stage is a bit faster
probably because of the heat released by the premixed stage is not high enough to completely minimize the
ignition delay of the fuel injected through the main injection. As a result, the reported results demonstrate the
impact of residual gases temperature on ID and therefore, it must be considered on ID modeling.

Previous results demonstrated that the residuals temperature impacts on ID of the first combustion stage
because of their mixing with the fresh air. Thus, the higher is the amount of residual gases present in the
combustion chamber, the hotter is the charge, with a consequent ID reduction.

As widely described when the cylinder filling model was described, the amount of residuals mainly depends
on the cylinder pressure ratio (exhaust and intake pressure, PEXH /pasp)- Thus, to verify the dependency of the

ID on the mass of residuals, a specifically designed test was carried out changing the exhaust pressure. To do
so, the GCI engine was run in stable operating conditions and the amount of residual was varied only changing
the exhaust pressure. Table 16 summarizes the operating conditions during the test on investigation of different
amount of residuals. It is important to mention that to guarantee the same boost with different exhaust pressure,
the boost controller (which manages the VGT actuator) was turned off. Intake and exhaust pressure were
manually managed by using VGT coupled with the standard throttle valve (placed before the intake manifold
but never used running GCI mode) which reduces the intake pressure at a target value.

Engine speed [rpm] 2000 2000
IMEP [bar] 12 12
Boost pressure [bar] 2 2
Exhaust pressure [bar] 3 2.8
Intake temperature [°C] 73 73
MFB50 [ca. deg aTDC] 12 12
Injection pattern: SOI Pil, SOI Pre, SOI Main | deg bTDC] [35,21,4] [35,21,4]
Injection pressure [bar] 500 500
ETmain [ps] 695 699

Table 16. Engine operating conditions testing the effect of two different amount of residuals on ID

Figure 119 clarifies the impact of the amount of residuals on ID for the two different exhaust pressures. The
rise of hot residuals quantity increases the charge temperature and, consequently generates a slight reduction
of ID. Even if the ratio between residual gases and fresh air is typically around 6% (for the engine under study
run in GCI mode), their contributions to the ignition dynamics is not negligible. Hence, with the aim of
developing a reliable ID model, both residual gases temperature and mass must be considered.
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Figure 119. Effect of different residual gases mass on ID

Air humidity

In a spontaneous ignition of a lean air-fuel mixture, the chemical composition of the charge plays a crucial role
on auto-ignition process. As above described, the charge of GCI combustion, keeping closed the external EGR,
is typically composed by fresh air, fuel, and residual gases. Focusing the attention on the chemically driven
stage of the GCI combustion, since the injected fuel (considering pilot injections only) and residuals are the
smaller part of the charge, it was demonstrated that the chemical composition of the fresh air impacts ID. In
general, the oxygen content of the fresh dry (without water vapor) air defines the (chemical) load of the
combustion. However, a certain amount of water vapor is always present in the air, quantified by the relative
humidity. As a result, the water vapor reduces the oxygen concentration of the fresh air and obstacles the
formation of local zone with favorable air-fuel mixture able to release energy (internal mixing process),
decreasing the reactivity of the mixture. Also in this case, the impact of the relative air humidity on the
autoignition dynamic of the premixed stage combustion cannot be neglected.

To highlight the effect of the humidity [66] on GCI combustion, the same engine operating point was tested in
different days with two relative humidities (®) as reported in Table 17.

Relative humidity [-]

Engine speed [rpm] 2000 2000
IMEP [bar] 12 12
Boost pressure [bar] 2.1 2.1
Exhaust pressure [bar] 3 3
Intake temperature [°C] 73 73

MFB50 [ca. deg aTDC] 12 12

Injection pattern: SOI Pil, SOI Pre, SOI Main [ deg bTDC] [35,21,4] [35,21,4]
Injection pressure [bar] 500 500
ETmain [ps] 695 699

Table 17. Engine operating conditions testing the effect of two different relative humidity on ID
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Figure 120 shows RoHR traces running the GCI engine at a different relative humidity. By looking at the first
combustion stage, an increase of relative humidity leads to charge reactivity reduction mainly because of the
lower oxygen content in the mixture and therefore, the first combustion stage is delayed. Furthermore, since
water obstacles the internal mixing process, the premixed stage of the combustion will be slower (lower
maximum values of RoHR curve). It is important to notice that despite the premixed stage of the combustion
is delayed, the magnitude of the first combustion stage of the RoHR reaches approximately the same values
assuring the reliability of the following diffusive combustion stage. Since the mixing process was delayed due
to the presence of a big amount of water, the distance between the two combustion processes (premixed and
diffusive) decreases.

45

G=25%
>=40%
40 - sS0C

35 |+

30

25

20 1

ROHR (/]

15
10 1
5 >

5 L L L A
320 340 360 380 400 420
# [ca. deg.]

Figure 120. RoHR curves at different relative humidity

To quantify the effect of relative humidity variation on ID, Figure 121 reports the cycle-by-cycle ID evaluation.
By looking at Figure 121, it clearly arises that an increase of 60% of the relative humidity (from 25% to 40%)
results in a remarkable rise of ignition delay of about 0.25 ms (which is about a 10% increase of ID). The
reported results confirm that the effect of air humidity have to be considered in the control-oriented ID model.
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Figure 121. Effect of different relative humidity on ID
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EGR rate

As deeply explained in the previous part of the PhD dissertation, GCI combustion needs high rates of exhaust
gases recirculation to limit the combustion knocking and reduce NOx emissions [10, 26, 30]. Despite proven
benefits using EGR in terms of combustion controllability and engine-out emission, several works demonstrate
its impact on the autoignition dynamics in a spontaneous combustion process. Due to the different chemical
composition and temperature between fresh air and exhaust gases recirculated in the combustion chamber, the
internal mixing process will be modified with a remarkable impact on the whole combustion process,
especially on the premixed stage.

To highlight the impact of EGR on the ID of the GCI combustion, an EGR sweep was performed using the
fully converted GCI engine in a stable operating point. Table 18 shows the operating running conditions the
EGR sweep. It is important to mention that during the EGR sweep the combustion controllers changes the
main injection parameters (SOI and ET) to guarantee the targets values of IMEP and MFB50. Due to the EGR
valve opening, the turbine is bypassed by a certain amount of exhaust gases and therefore, the intake pressure
will be lower. Thus, to keep the boost pressure at a constant value the boost controller changes the VGT
position to compensate the amount of exhaust gases flow lost through the EGR valve. Finally, by using the air
flow rate measurement provided by the ultrasonic air flow meter, the EGR rate, defined through Equation 28,
is calculated for each EGR valve position tested.

Engine speed [rpm] 2000
IMEP [bar] 12
Boost pressure [bar] 1.6
EGR rate [%] 0-4-7-10-13-17
Exhaust pressure at 0% of EGR rate [bar] 3
Intake temperature [°C] 45
MFBS0 [ca. deg aTDC] 8
Injection pattern: SOI Pil, SOI Pre, SOI Main | deg bTDC] [34, 20, CL]
Injection pressure [bar] 500

Table 18. Engine operating conditions during EGR rate sweep

As it can be noticed by looking at Figure 122, the use of EGR delays the SOC. As well explained by the
literature, despite the increment in intake temperature given by the exhaust gases recirculation should reduce
the 1D, increasing the EGR rate the combustion will be even more delayed. This phenomenon could be
explained through the worsening of the internal mixing process generated by the EGR. Since the presence of
EGR reduces the oxygen content of the charge and therefore, increasing the EGR rate the SOC of the premixed
stage will be delayed. Moreover, given that the chemical inertia of the EGR slows down the formation of the
local zones with favorable relative air-fuel ratio able to release energy, with high percentage of the EGR rate
the premixed stage will be even more impulsive mainly because a bigger amount of air-fuel mixture auto-
ignites simultaneously.

The presence of the EGR has a remarkable effect also on the diffusive stage of the combustion. As shown by
Figure 122, the presence of EGR also slows down the internal mixing process (between air and fuel) of the
main injection, which dominates the diffusive stage. As a result, the second part of the combustion will be
slower (lower RoHR trace) and longer (the end of combustion, near zero RoHR, is reached with bigger crank
angle).
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Figure 122. RoHR curves running GCI with different EGR rates

To quantify the effect of EGR rate variation on ID, Figure 123 reports the cycle-by-cycle ID evaluation for
different EGR rates. By observing Figure 123, it clearly arises that increasing the EGR rate the ID will be
bigger. Since GCI combustion can not be run without high EGR rates, the reported results confirm that also
EGR rate have to be considered as fundamental parameter of the control-oriented ID model.

It is important to bear in mind that during the intake stroke, part of the available volume inside the cylinder is
occupied by hot (with respect to fresh air and EGR) residual gases which rises increasing the EGR rate (due
to the bigger back pressure generated by the VGT to keep boost pressure at a target value). Despite the visible
impact on ID reduction of the residuals, when GCI is run with EGR, even increasing the amount of residual
gases, their benefit is completely overwhelmed by the reduction of reactivity of the mixture caused by the
EGR. This aspect can be notice by the analysis of the Figure 123. Comparing the ID of 0% and 4% of EGR
rate condition, it clearly arises the effects of both residual gases and EGR. Despite the presence of EGR, which
should increase 1D, the bigger amount of hot residuals compared to 0% EGR rate (opening the EGR valve the
exhaust pressure rises and consequently residuals increase) compensates the EGR effect keeping the ID at
almost constant value, the same recorded without EGR. Once the EGR rate overcomes that condition, the ID
will rise following the EGR rate increment.

The goal of this part of the PhD dissertation was to highlight which are the variables that significantly influence
the ignition delay of the premixed stage of typical GCI combustion. The following paragraph describes the
control-oriented ignition delay model developed to further increase the stability of the GCI combustion in the
engine under study.
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Figure 123. Effect of different EGR rates on ID

2.5.2 Ignition Delay Model development and calibration

As widely documented by the literature [15], the global behavior of a reacting system, such as spontaneous
combustion, can be modelled as an Arrhenius-type expression, Equation 49, where k is the kinetic constant, 4
is the preexponential factor, 7' is the absolute temperature, E,, is the activation energy, and R,, is the universal
gas constant.

(49)

Eq
k=Aexp (—ﬁ)
u

The general one-step fuel/air reaction describing the oxidation process of a fuel is given by Equation 50 where
a and b are the number of moles of the oxidant and the combustion products, respectively.

Fuel + a * Oxidant —» b * Combustion Products (50)

The global reaction rate ¢ regarding that process can be expressed by Equation 51.

RiaT) o

q = A x| Fuel] * [Oxidant]® * exp (—

By using the ideal gas state equation (p}/’=mRT) and the definition of the equivalence fuel/air ratio (¢), the
global reaction rate can be assumed to be a function of the pressure, the temperature, and the equivalence ratio
[15]. Since the ID is inversely proportional to the rate of the pre-reactions preceding the combustion process,
it can be expressed by Equation 52.

B 52
ID=A*xp™ " xe™™ exp<—7> (Y

119



However, despite it was proved that this relation could predict ID of a spontaneous ignition process considering
fuel with a constant chemical properties (which define E,), the variability in the fuel chemistry (commercial
gasoline may vary by production batch) and the difficulty of correctly estimating (high uncertainties are always
present) the model parameters (4, n, m, and B) reported in Equation 52 makes the presented approach difficult
to use for control purpose. As a result, with the aim of developing a control-oriented model for ID estimation,
a simpler approach was followed.

The above-described sensitivity analysis allowed to identify the effects (and their relative dynamics) of the
variables which typically affect the ID of GCI combustion. The outcome of that analysis is summarized in
Table 19. As mentioned before, the GCI combustion stability can be guaranteed by using a multiple injection
strategy with two small pre-injections followed by the main injection. The results showed in the previous
section of this work demonstrated that for the engine under study, two small injections around 1 mg/str each
are needed to generate stable and reliable GCI combustion. For this reason, to study the ID of the GCI
combustion both number of pre-injections and the injected quantity of each were kept approximately constant.
By the different nature of the reported quantities, they can be combined in two classes: Thermodynamic and
Chemical-Physical variables.

Relation with the ID

Tinr ot

Thermodynamic variables Tre o1
SOIp;; [ca.deg.BTDC] «

Mgk ot
. . . PExH / [

Chemical-Physical variables Pasp

EGR,qte o«
)] [

Table 19. Effects of both thermodynamic and chemical-physical variables on the ignition delay

According to the physical approach, the experimental data collected during the ID sensitivity analysis suggest
that ID depends on both thermodynamics and chemical-physical properties of the air-fuel mixture. As a result,
two parameters called Tgp; and M, which summarize the thermodynamics and chemical-physical properties

of the mixture respectively were developed.

The thermodynamic parameter of the model (Tsy;), defined by Equation 53, collects the information of the
charge temperature in the combustion chamber when the first fuel jet is performed. In Equation 53, the
temperature of the mixture when the first fuel jet is introduced in the combustion chamber (SOI Pil) is obtained
thought the isentropic compression of the charge starting from the intake closure (IVC).

VIVC )Vcomp_l (53)

TSOIPIL =Twc¢
VSOIPIL

While combustion chamber volumes reported in Equation 53 (V. and Vs, Ipy,) can be directly calculated
through geometrical consideration on the engine characteristics (IVC) and control parameters (SOI PIL), the
charge temperature is obtained as weighted average between the charge components. Equation 54 shows the
weighted average between the components of the charge in the combustion chamber at the intake valve closing:
fresh air (Mcy.

intake) OMing from the intake manifold (Ty,47,) and residual gases of the previous combustion
(Mpg at Tre).

MeyLinare * Tman + Mrg * Trg (54)

MCYLintake + mRG

Tiye =
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By looking at the parameters reported in Equation 54, M¢y;, . . and mgg can be easily calculated by using
the cylinder filling model described in the previous section of this dissertation. It is important to mention that
in case the EGR rate is equal to 0%, M¢y,, . . measures only the mass of air entering the cylinder; conversely,
whenever the EGR rate is different from 0%, M¢yy,,,, ., 1S given by the mass of air (by the ultrasonic flow rate
measurement) plus the mass of EGR, Equation 55.

McyLiprake = Mair if EGRyqte = 0% (55)
McyLintake = Mairpiow race T MeGR — If EGRrate # 0%

Considering the temperature reported in Equation 54, T,,,, comes directly from the intake manifold
temperature sensor, while Ty is obtained considering the cooling process of residuals until the fresh air is
incoming in the combustion chamber. As well known, once the intake valves are already wide open, the fresh
air start entering in the combustion chamber when the intake pressure overcomes the in-cylinder pressure,
Equation 31. During the intake stroke (intake valve is open and exhaust valve is closed), the in-cylinder
pressure progressively decreases due to the volume increment (AV;) at the beginning of the piston movement
towards the BDC. As a result, until proper pressure value able to generate the air flow through the intake valve
in the combustion chamber is reached, the residuals will progressively get colder following the isentropic
expansion reported in Equation 56.

Vee )YExh—l (56)

Tpg = Topn (e

Equation 54 and 56 show two different adiabatic coefficients mainly because different gas (charge or exhaust
gases) temperature might vary significantly ¢, and, consequently generate different y values (especially
Ycomp)- To consider that aspect, since the proved accuracy of the cylinder filling model, the ¢, and,

consequently y calculation were performed based on the in-cylinder temperature by using the gas ideal law,
reported in Equation 57, from the intake valve closing to the exhaust valve opening (when the system can be
considered closed).

pcyl (B)V(H) (5 7)

Rair (MCYL_intake + mRG)

Tcyl =

Once calculated the experimental in-cylinder temperature for every cycle, it is possible to evaluate y during
each cycle by means of the following expression reported in Equation 58, in which ¢p(T¢,,;) is modelled by
means of the following polynomial expression showed in Equation 59. Once the isentropic coefficient during
the whole engine cycle is available, by windowing and averaging the y curve in the considered zone (form
IVC to SOI Pil) it was possible to obtain y¢om,, for each analyzed engine condition (ygxp, 1s obtained by using
the exhaust gases temperature sensor and considering standard R constant for exhaust gases). Figure 124 shows
the in-cylinder temperature and the corresponding isentropic coefficient within the angular interval ranging
from IVC to EVO.

Yo = Cp (Tcyl) — Cp (Tcyl) (58)
o CV(Tcyl) Cp (Tcyl) — Rair

(T (9)) 1403.06 — 36072 * (o0} 1 108.24 » [ 0 i 10,79 « [ 1000 (59
= U6 — T2 % ——— 24 ——) —10.79 %
Cp Loyt Ty (0) T (6) 7Tcyl(9)
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Thus, as reported above, Tgoy,,,, not only depends on the start of injection of the first fuel jet (i.e. retarding
SOIpw. will result into a higher Tsp,,,, ), but it also determined by the temperature of the mixture at the intake
valve closure (i.e., Ty ); which, in its turn, depends on both intake temperature and temperature of residuals
as well as the mass entering the cylinder and the mass of residual gases which already were inside the cylinder,
even considering the external EGR. It is important to bear in mind that one of the effects of recirculating
exhaust gases is an increase of intake manifold temperature (7,,,). Hence, increasing the EGR rate will
consequently result into an increase of Tsoy,,,, -
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Figure 124. Variation of in-cylinder temperature and y within the angular interval IVC-EVO

The chemical-physical variable of the ID model (M,) aims to quantify the chemical potential of the charge
prior to the pilot injection. Considering the dependencies on ID highlighted during the sensitivity analysis and
summarized in Table 19, the chemical potential of the charge can be expressed by Equation 60, in which M,
is the oxygen content of the fresh air entering the cylinder (reactive part of the charge, direct consequence of
the boost pressure), My, ¢ is the amount of water vapor of the fresh air (¢), Mg represents the mass of residual
gases and Mg;r the amount of external EGR. The model parameters k;p; and kgge;, which will be discussed
later, are used to consider the impacts of the residuals and EGR on the mixture chemistry trying to summarize
the internal mixing phenomena which affect the ID.

Meq = Mo, — Mu,0 — kirgMrc — KperMEGr (60)

As mentioned before, Mp; and Mgy can be easily calculated through the in-cylinder filling model, as reported
in Equation 30 and Equation 33 respectively. On the other hand, My,and My, o can be obtained by using simply

physical considerations.

The air inside the test cell, and consequently the air entering the cylinder, is a binary mixture composed by dry
air and water vapor; in its turn, dry air is mainly composed by N2 (75.5 %) and O» (23.19 %) plus other gases
whose mass fractions are negligible with respect to those of nitrogen and oxygen. Therefore, it is reasonable
to assume that without EGR during the intake stroke, N,, O, and water vapor enter inside the cylinder. The
Dalton’s law states that in a mixture of non-reacting gases, the total pressure is equal to the sum of the partial
pressures of the individual gases.
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This implies that, assuming air as composed by water vapor, nitrogen and oxygen, the ambient pressure
measured inside the test cell (namely the total pressure) can be expressed through Equation 61.

Pamp = pdry air + Pwater vapor = pOZ + pN2 + pHZO (6])

Accordingly, the mass of air entering the intake duct and consequently the cylinder (without EGR) is reported
in Equation 62, in which the sum of My, + My, represents the mass of dry air. Since the ratio between nitrogen
and oxygen is almost constant, only the mass of oxygen will be considered as the reactive part of the mixture.

M = Mgry air + Mp,0 = Mo, + My, + My,o (62)

AiTmodel

To evaluate the mass of oxygen and the mass of water vapor entering the cylinder, the pressure and temperature
measurement inside the test cell as well as the relative humidity are exploited. The relative humidity (¢),
expressed as a percentage, defines how much water vapor can the dry air contain at a given temperature and it
is defined in Equation 63, in which py,gter vapor 18 the partial pressure of water vapor in the air-water mixture

and pg,; (i.e., the saturation pressure) is the pressure exerted in a closed system at a given temperature when
water vapor is in thermodynamic equilibrium with its condensed phase.

¢ _ Pwater vapor +100 (63)
Dsat

For this application, the py,; is evaluated as a function of temperature as expressed in Equation 64, where T
[°C] is the measured test cell temperature.

17.27 * T) n (64)

Dsat = 610.8exp (—2373 T

Once the relative humidity as well as the temperature inside the test cell are known, it is possible to calculate
the partial pressure of water vapor as reported in Equation 65.

(65)

Pwater vapor = 1_00 * Dsat

Now that the partial pressure of water vapor is known, it is possible to calculate the mass fraction of water
vapor (i.e., Xpixture) @s follow, Equation 66:

My, 0

Pwat (66)
Xmixture = 37 = 0.622 * water vapor

AiTmodel Pamb — Pwater vapor

Once Xpixture and the mass of air entering the cylinder are calculated, the mass of dry air and the mass of
water vapor entering the cylinder are evaluated as reported in Equation 67 and Equation 68 respectively.

Md = Mairmodel (67)
v 1+ Xmixture
MHZO = Mairmodel - Mdry air (68)

Finally, being the mass fraction of oxygen contained inside dry air equal to 23.19 %, the mass of oxygen
entering the cylinder can be evaluated through Equation 69.

Mo, = 23.19% Mary air (69)
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Once defined the model parameters, the ID model was derived by the analysis of several engine operating
conditions in term of ID. By using a 2™ order polynomial function, it was possible to obtain the link between
the ID of the switched cycles (in that way only the first combustion stage is considered, excluding mutual
influences between the two combustion stages, premixed and diffusive) and the developed thermodynamic and
chemical-physical parameters (Tsq;,,,, and Meg). The analytical expression used to model the ignition delay
of GCI combustions is reported in Equation 70, in which the values of the model constant are summarized in
Table 20.

ID = a+b*Tsop,, +C*Meq+d*Tpp,, +exTsop,, * Mg + f * M&, (70)
Model Parameter Calibrated Values

a 25.69

B -0.1127

c -0.01435

d 1.405¢~*

e -1.191e75

f 5.235e7°

Table 20. Constants of ID model

Table 21 reports the engine operating conditions used to calibrate the ID model performing the switching
pattern testing methodology over a wide range of engine operating conditions. Since the effect of EGR on ID
is almost linear, the ID model was calibrated without considering the EGR. To further increase the calibration
points for ID model, additional operating conditions were added running the engine with complete injection
pattern without EGR and retarded combustion (MFB50 equal to 14 deg aTDC). In such conditions, reported
in Table 22 and called EGR sweep tests, the retarded main injection positioning (which generates retarded
MFB50) allows to separate the combustion stages (premixed and diffusive) and, therefore, accurately identify
the SOC.

2000 8 9 1.8 75 3.1 34 20 46
2000 9 12 1.7-1.6 70 2.5 43 29 38
2000 9 12 [1.9:0.1:1.6] 70 2.7 43 29 38
2000 12 12 2.1 72 3 35 21 40
2000 12 12 2.1 72 2.8 35 21 38
2000 12 12 [2.2:0.1:1.8] 74 3 35 21 25
2000 9 12 [1.9:0.1:1.6] 60 2.7 43 29 35
2000 9 12 1.8-1.7 60 2.5 43 29 35
2000 12 12 2.1 50 3 35 21 37
2000 12 12 2.1 50 2.8 35 21 37
2000 12 12 [2.2:0.1:1.9] 50 3 35 21 21
2000 12 12 [2.1:0.1:1.7] 50 2.8 35 21 21
2000 14 12 [2.2:0.1:2] 52 3 35 21 20
2000 14 12 [2.1:0.1:1.8] 52 2.8 35 21 20

Table 21. Engine operating conditions for ID model calibration running switching pattern methodology
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2000 8 14 1.5 40 1.9 32 18 44
2000 8 14 1.6 40 2.2 32 18 45
2000 12 14 1.6 46 1.8 34 20 44
2000 12 14 1.7 46 2 34 20 49
2000 14 14 1.9 43 2.2 35 21 45
2000 14 14 2 49 24 35 21 40

Table 22. Engine operating conditions for ID model calibration running GCI mode with EGR rate equal to zero

It is important to mention that the all the considered engine conditions are characterized by same engine speed
(2000 rpm) and injection pressure (500 bar). Since the aim of the presented model is to predict the ID of GCI
combustion, the baseline calibration of the engine must generate stable and reliable dual stage combustion. As
a result, even if engine speed and injection pressure strongly modify the ID of the pre injections, the baseline
injection phasing calibration shall be able to produce a GCI dual stage combustion. Future steps of this activity
will be aimed to verify the ID model changing rpm and injection pressure.

As shown by Equation 60, the ID of GCI combustion is strongly affected by physicals and chemicals effects
of the residual gases and, therefore, the chemical-physical parameter M, consider such dependencies by using
kirc. Since it was demonstrated during the ID sensitivity analysis, that both temperature and quantity of
residuals modify the gasoline autoignition dynamics, k;p; Wwas evaluated with respect to the product between

Pexhaust

the cylinder pressure ratio ( , which defines the amount of residual gases) and the charge temperature

Pintake

when residuals met the fresh charge (T ). By using the tests listed in Table 21 and Table 22, in which different
amount and temperature of residuals were performed, it was possible to calibrate k;g , reported in Figure 125,
without external EGR, minimizing the distance between measured and estimated SOC.
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Figure 125. Calibration of k;p; as function of the variable W *Trye

intake

Figure 126 shows the ID model together with the calibration points coming from the before mentioned tests
used to build it. Looking at both the x-z and y-z planes, it is clearly visible that for a given value of equivalent
mass, the ignition delay increases if the temperature at the start of injection of the pilot injection reduces.
Similarly, for a given Tsq,,,, , the ignition delay increases if the equivalent mass (which basically represents

the amount of oxygen entering the cylinder) reduces.
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Figure 126. ID model

Since GCI mode needs big amount of external EGR to effectively reduce both pollutants and emissions, the
ID model was used even with different EGR rates. As described during the ID sensitivity analysis, the external
EGR obstacles the internal mixing process retarding the SOC positioning. Moreover, it was demonstrated that
increasing the EGR rate, the SOC rises almost linearly. Therefore, kg was calibrated as linear function of
EGR rate to bring back SOC at the measured value without EGR. Figure 127 shows the calibration of kgsg as
a function of EGR rate running the GCI operating condition summarized in Table 22. It is important to notice
that the impact of EGR can be neglected at EGR rates lower that 5%. As proved during the ID sensitivity
analysis, the increment in charge temperature given by EGR compensates the chemical inertia of the
recirculated exhaust gases.
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Figure 127. Calibration of kggp as function of the EGR rate
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During the ID sensitivity analysis, it was demonstrated the mutual effects of residual gases and EGR on ID,
especially at very low EGR rates. Mainly because of the amount of EGR (generally bigger than residuals) and
its temperature (colder), the impact of residual gases on ID progressively decreases. By looking at Figure 128
which shows the ratio between residuals and external EGR, it clearly arises that the residuals rapidly decrease
performing an EGR rate sweep following an exponential trend, i.e., 1/(Pgxu/Pint) 4 -
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Figure 128. Percentage of residual gases with respect to mass of EGR and 1/ (Pgxu/Pint) 4 as a function of EGR rate

As a result, to decrease the impact of residuals on internal mixing and ID when external EGR was used, kigs
was multiplied by the afore-mentioned residuals magnitude coefficient, defined by the relation:
1/(Pexn/Pint) 4 . Figure 129 shows the calibration of k;g, i.¢., the impact of residuals on ID, as a function

of Pexhaust Ty in two different cases: without EGR (k;r) and with EGR (kjr¢ * 1/ (Pgxu/Pint) 4 ). By

Dintake
observing at Figure 129 it clearly arises that the impact of residuals must be reduced because of differences on

internal mixing, chemistry, and local temperature with EGR. Once defined and calibrated the model and its
coefficients, the following section of the PhD dissertation describes the obtained results by applying the ID
model on GCI mode.
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2.5.3 Ignition Delay Model: Results

After defining and calibrating the ignition delay model and their coefficients, to validate the presented
approach the cycle-by-cycle ID estimation was performed for all the engine operating conditions reported in
Table 21 and Table 22. Figure 130 shows a schematic of SOC modelling and summarizes the calculation of
the two main parameters: Tso p;, and Meg.

MAT TsoipiL =
TsopiL 7 SOl

ID hodel S0C

i 150) I
M ! 350 B : 100

eq 400
Migg M rpm

eq Top €] 40 0 M, Img)

model

Figure 130. Schematic of SOC estimation based on ID model and T py, and M .4 calculation

The model accuracy was evaluated as the difference between measured and estimated SOC defined by
Equation 71. Since it was demonstrated that the SOC positioning for GCI mode is crucial to guarantee the
whole combustion process stability, the maximum error was fixed at +5°.

€model = SOCexp — S0Cnoger (71)

Figure 131 and Figure 132 show the accuracy of the cycle-by-cycle SOC estimation obtained applying the
developed ID model performing MFB50 sweeps, from knocking to misfire limits, for each engine operating
condition reported in Table 21 and Table 22. By looking at both Figures the model accurately predicts the ID
of GCI combustion for very different engine conditions. It is important to point out that, considering the
switching pattern tests (identified by blue dots), only few cycles (around cycle 5500) remarkable exceed the
target error of £5°. In such conditions, characterized by very low load for GCI combustion, extremely lean
condition does not guarantee proper internal mixing and, therefore the cycle-by-cycle variability of the whole
combustion will increase decreasing the combustion efficiency. As a result, poor combustion process will
generate different residuals (temperature, chemical composition, and quantity) which modify Tsop1,, Meq and
the mixing dynamics considered through k;z¢, leading in a decrement of the accuracy of the ID estimation.
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and estimated ID, bottom subplot error evaluation

It is important to notice that also the condition around cycle 1250 (CAS50 sweeps at IMEP 14 bar), in which
the relative humidity was very different (20%) compared to the all the analyzed conditions (approximately
40%), slightly exceeds the accuracy limit of -5°. Since the model was calibrated considering only one engine
cycle for each condition showed in Table 21 and Table 22, the very low magnitude of such errors (very close
to -5%) suggests that an improved ID model calibration (by averaging two or three switched cycles in similar
conditions) might eliminate that inaccuracy. By observing Figure 132, it is possible to notice that even
performing EGR sweeps (for each value of MFB50 tested during the sweeps) the model can accurately predict
the ID in different engine operating conditions (shown in Table 22).
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Moreover, despite the schematic shown in Figure 130 was effective for control purpose (all the quantity are
real-time available cycle-by-cycle), by the shape of GCI combustion (dual stage with premixed and diffusive
stages), the evaluated SOC can be compared to another measured SOC coming from a non-intrusive sensor.
As a result, thanks the knowledge of the real SOC the ID model can be re-centered with corrective factor
through an adaptive strategy. The following section shows the experimental results about the SOC estimation
based on accelerometer and the comparison with the calculation of the same index through the in-cylinder
pressure sensor.
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2.5.4  Accelerometer Based Start of Combustion detection for GCI combustion

As described in the previous section of this PhD dissertation, GCI combustion proved to be an effective way
to increase the thermal efficiency and reduce pollutants of [CE. However, to make the GCI combustion stable
and controllable assuring the before-mentioned benefits, very complex control strategies are needed. As a
matter of fact, it was demonstrated that GCI controllability is achievable by using multiple injections pattern.
The rise of temperature and pressure in the combustion chamber given by the combustion of small amount of
fuel (pilot injections) early injected in the engine cycle, allows to significantly reduce the ignition delay of the
following main fuel jet and, consequently, control the torque production and combustion phasing over its whole
operating range. By the analysis of the GCI combustion, it was observed that by using multiple injections, the
combustion shape is typically composed by two stages: premixed stage followed by a diffusive stage. The
premixed stage, generated by the simultaneous energy release of the fuel injected through pilot injections, is
the main responsible of the GCI controllability and therefore, its stability and efficiency must be guaranteed.
Since the premixed stage is a chemically driven process, slight variations of the cylinder thermal conditions
might compromise the combustion stability and, consequently, engine reliability. As a result, to further
increase the stability of GCI combustion, complex control strategies were developed based on both
feedforward and feedback contributions.

As an example of feedforward contribution for combustion control, an ignition delay estimation for the first
combustion stage of GCI combustion was presented in the previous paragraph of this dissertation. By using
this model-based information, the combustion controller will manage the injection phasing stabilizing the
ignition process of GCI combustion when the engine run far from the calibration conditions. However, despite
model-based contributions improve the effectiveness of the control strategy, they intrinsically contain
uncertainties that might compromise the performance of the engine. As a result, to improve the robustness and
reliability of these control strategies, combustion indexes of feedback were introduced.

For ICEs, the most common sensor which provides combustion feedback is the in-cylinder pressure sensor.
However, pressure sensors on-board installation is still uncommon, mainly due to problems related to their
reliability and cost. To overcome these problems, over the past years, several remote combustion sensing
methodologies were developed to extract information about combustion process, such as SOC, MFBS50, within
the engine cycle through the real-time processing of signals coming from low-cost sensors (such as speed
sensors or accelerometers) mounted on the engine [21]. Since it was demonstrated that the ignition process in
GCI mode represent the key factor guaranteeing the stability of the whole combustion process, this section
shows the results of the experimental activity aimed at verifying the SOC detection by using an accelerometer
sensor mounted on the engine.

Figure 133. PCB Piezotronic 352C33 vibrational sensor
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To measure engine block vibration, one high-accuracy accelerometer PCB Piezotronic 352C33, reported in
Figure 133, was installed in the middle of the cylinder head between cylinder 2 and 3, as shown in Figure 134.
To maximize the sensibility (i.e., magnitude of vibration and range of frequencies), the sensor was coupled
through a mechanical thread.

Accelerometer sensor

Figure 134. Accelerometer positioning on the engine: head placing

Many works on combustion indexes estimation using remote sensing demonstrate the correlation between
engine block vibrations and the way combustion process takes place in the combustion chamber [21, 67, 68].
Cylinder pressure and accelerometer signal show high coherence in the frequency range usually associated to
the combustion process, i.e., for frequencies lower than 4 kHz. The highest coherence values occur at the
engine firing frequency and its multiples, indicating that the firing frequency and its harmonics dominate the
response of the engine structure and the response captured by both cylinder pressure transducer and
accelerometer.

Previous results reported in literature demonstrate that engine block acceleration is usually correlated with
cylinder pressure first derivative, except for the delay between the signals, that corresponds to the time delay
existing between the combustion event and the moment in which the effect is captured by the acceleration
transducer. Considering conventional combustion processes, the highest accelerometer peak is usually
correlated to the start of the combustion position, while the following zero-crossing provides information about
the angular location of in-cylinder pressure peak. Despite GCI combustion is characterized by different
combustion shape (with respect to CDC), Figure 135, which reports in-cylinder pressure derivative and engine
block acceleration (all normalized with respect to their maximum values), confirms the existence of such
correlation also in GCI operating mode.

Due to the typical shape of GCI combustion, only the premixed combustion stage generates a remarkable
engine block vibration because it releases a big amount of energy in a short time. The following combustion
stage, characterized by smoother heat release, generates very low vibration which could be confused with the
mechanical vibration of the engine or, in the worst case, with the propagation tail of the oscillation generated
by the previous combustion stage. As a result, for GCI combustion only the SOC detection of the first
combustion stage can be considered effective and then, to make them more reliable, the developed
methodology considers the RoHR derivative.
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Figure 135. Comparison between (normalized) in-cylinder pressure derivative and accelerometer signals

The methodology, reported in this work, filters the acquired accelerometer signal using a bandpass filter with
cutoff frequencies equal to 0.3 kHz and 2.5 kHz. Then, the filtered signal is resampled in the angular domain
and properly windowed around the top dead center (TDC) of each cylinder. Finally, the algorithm
automatically detects, for each cylinder, the major peak of the windowed signal that provides a reliable
estimation of SOC position within the engine cycle. It is important to point out that due to the different vibration
propagation on the engine block (which is typically function of the engine speed), the time delay of the
accelerometer signal was characterized offline cylinder-by-cylinder. An example of signals processing (RoHR
derivative and accelerometer signal respectively) for SOC detection is reported in Figure 136.

Normalized Signal[-]
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Figure 136. Signals processing of non-intrusive SOC detection
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Once defined the accelerometer signal processing algorithm, the correlation between measured and estimated
SOC was obtained running GCI engine at 2000 rpm changing the control parameters which typically affect the
SOC positioning. Table 23 summarizes the operating conditions tested to calibrate the measured and estimated
SOC correlation. By looking at Figure 137 it clearly arises the strong correlation between SOC position
evaluated through in-cylinder pressure and accelerometer signals for the cylinder 3 (100 consecutive engine
cycles was considered for each condition). It is important to point out that especially for engine conditions
characterized by low temperature, which generates the decline of the ignition phase, the reliability of the SOC
estimation decreases.

2000 12 12 2 79 1.9 350:50:900 32 18 40
2000 12 12 2 54 2.2 350:50:900 32 18 45
2000 12 12 2.1-1.8 54 3.5-33 500 34 20 41
2000 12 12 2.1-1.8 79 3.5-33 500 34 20 43
2000 14 12 2.1-1.8 54 3.5-33 500 35 21 45
2000 14 12 2.1-1.8 79 3.5-33 500 35 21 39

Table 23. GCI operating conditions during the calibration of SOC estimation with accelerometer signal

As mentioned before, in GCI combustion, the SOC is mainly related to the premixed combustion stage
efficiency. As a result, lowering the intake temperature, the ID of the pre injections (responsible of the first
combustion stage) will increase modifying the whole RoHR shape. Figure 138 shows the RoHR of the engine
running at the same engine condition (2000 rpm — 12 bar IMEP) but different intake temperatures. By looking
at the RoHR, the remarkable differences on the first combustion stage explains the worsening on the SOC
detection by the accelerometer: the high temperature condition (at left) shows two clearly-defined combustion
stages with high energy released in the first part; on the contrary, decreasing the intake temperature (at right)
the typical GCI dual stage combustion collapses in only one phenomenon. The lack of a well-defined premixed
combustion is the cause of wrong SOC detections reported in Figure 137.
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Figure 137. Comparison between SOC detections through cylinder pressure signal and accelerometer
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Figure 138. RoHR for different GCI operating conditions at 2000 rpm: high load (left) and low load (right)

Despite it was demonstrated that the SOC position can be effectively obtained by the analysis of the vibrational
sensor, due to the different propagation of vibrations on the engine block, the accuracy of the presented
estimation methodology is strongly affected by the sensor positioning. As a matter of fact, the sensitivity on
vibrations changes from cylinder to cylinder manly because the distance between the sensor and the cylinders
are different. To clarify that aspect, Figure 139 shows the SOC detection performed cylinder-by-cylinder
running the GCI engine at 2000 rpm with IMEP 8 bar and performing MFB50 sweep from 8 to 14 deg aTDC
(gasoline pressure was set equal to 500 bar). Despite the unfavorable conditions for GCI combustion (very low
load), the accuracy of SOC estimation trough the accelerometer remains high for cylinders 2 and 3, while
significantly decreases for cylinder 1 and 4. By the analysis of the reported results in Figurel39, it clearly
arises that to guarantee the SOC estimation reliability using the accelerometer, the sensor positioning plays a
crucial role.
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Figure 139. SOC detection with accelerometer: sensitivity on sensor positioning
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With the aim of finding the sensor position on the engine block which guarantee good accuracy on SOC
estimation for all cylinders, a wide experimental activity was carried out running the engine in the same
conditions and changing the sensor position. Figure 140 shows the three different tested sensor positions
(dummy sensors are shown): two on the exhaust side of the engine (at right) and only one on the intake side
(at left). The whole experimental activity was conducted using the same vibrational sensor (PCB Piezotronic
352C33). Since the literature on remote sensing methodologies using accelerometer demonstrated that to
maximize the sensitivity on vibration the sensor must be placed on the engine block (bottom part is preferred),
the sensor positions highlighted by Figure 140 were chosen following this guideline.

Pos 2 Pos 3

Figure 140. Different sensor (accelerometer) positioning on the engine block: at left the intake side, at right the exhaust side.

By using the engine calibration obtained through previous activities on GCI engine reported above, two
different engine loads were tested: low load, with IMEP equal to 10 bar; high load, with IMEP equal to 14 bar.
As widely explained before, rising the engine speed might compromise the SOC detection mainly because the
worsening of the signal-to-noise ratio. As a result, to verify the accuracy of the presented non-intrusive SOC
detection methodology, five different engine speed were tested: 2000, 2250, 2500, 2750, 3050 rpm. To quantify
the performance of the presented SOC estimation methodology and determine the best sensor positioning, 150
consecutive engine cycles for each tested condition were considered and the error between measured SOC
through in-cylinder pressure signal and accelerometer was calculated. All the engine cycles with SOC
estimation error greater than +/- 3 degrees were considered unrecognized.

Figure 141 shows the results of the analysis on sensor positioning in different engine operating conditions. By
the comparison of the reported results, it clearly arises that the position 2 can be considered the best sensor
placement both in terms of accuracy and cylinder-by-cylinder variability. As a matter of fact, despite the
performance of the algorithm decrease at low load (due to low signal to noise ratio generated by the low energy
released in the first combustion stage and the high cycle-by-cycle variability), with the sensor in position 2 a
consistent and accurate SOC estimation can be obtained for all the tested engine speed, meaning that the signal-
to-noise ratio (in that position) does not strongly decreases. Furthermore, the SOC estimation by placing sensor
in position 2 is almost constant (and quite accurate) for all the 4 cylinders. On the contrary, the results obtained
with the sensor in position 1 and 3 are generally worse both in terms of accuracy with high variability changing
the engine speed and cylinder-by-cylinder variability.
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Figure 141. Accuracy of non-intrusive SOC detection methodology in different engine operating points and sensor positions: a)
Position 1, b) Position 2 and c) Position 3on the engine crankcase

The presented results confirm the reliability of remote sensing methodologies even for GCI combustion. Due
to its typical combustion shape, it was demonstrated that the start of combustion position for GCI combustion
can be obtained by using an accelerometer sensor mounted on the engine block. Since the stability of the
ignition phase (and consequently SOC position) plays a crucial role on the GCI combustion management, the
SOC estimation through accelerometer, coupled with the previously-described ID model (feedforward
contribution), could be effectively used as feedback improving the injection management strategy.
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3. Conclusions

The presented thesis work is focused on the study of one of the most promising Low Temperature Combustion
methodology, called gasoline Partially Premixed Combustion (GCI), which could be applied to reduce the
impact of transports during the green transition on course. To do that, several experimental activities were
conducted in a standard 1.3L compression ignited engine verifying the potential of the mentioned advanced
combustion both in terms of engine-out emissions and thermal efficiency.

First, to verify the applicability of GCI combustion in the considered engine, a preliminary activity was
conducted with the called “Cylinder Laboratory” mode, fueling only one cylinder with gasoline while the
others 3 cylinders keep the engine in stable operating point. To do that, an additional injection system was
added, and the test bench control systems was updated integrating the external hardware (Rapid Control
Prototyping system) and respective control strategies for the gasoline cylinder management. By using the
Cylinder Laboratory mode, the effects of the main control parameters, such as injection pattern management
(number of injections, injections positioning), gasoline pressure, boost pressure, intake temperature, on GCI
combustion stability and management were highlighted. The main outcome of the Cylinder Laboratory mode
activity was to obtain a reference calibration which guarantee the stability of GCI combustion without
compromise the engine reliability.

Then, once obtained a reliable set of control parameters able to perform GCI combustion, the activity was
focused on updating test bench and engine layouts to run all the 4 cylinders of the engine in GCI mode. To do
so, external supercharger and diathermic heater were added and integrated in the intake line of the engine.
Moreover, to overcome the limitations of standard ECU when running the engine far from the manufacturer
calibration conditions, the engine was controlled using the fully programmable SPARK ECU in which are
developed and implemented all the control strategies needed to properly investigate GCI combustion in a fully
converted engine. To verify the benefit of GCI combustion, engine-out emissions (NOx and FSN) and high
accuracy fuel consumption measurement systems were added and integrated in the existing test bench layout.
By using the updated experimental layout, GCI engine was tested over its whole engine operating range
assuring high reliability and controllability. By using high EGR rates, the benefits of that combustion
methodology both in terms of engine-out emissions and fuel consumption reductions were proved. By the
comparison with the performance of the same engine run in CDC mode, GCI combustion demonstrated to be
convenient (lower fuel consumption and pollutants) and therefore, a suitable solution developing cleaner
transport.

Despite GCI combustion proved to be effective reducing pollutants and fuel consumption, the main limitations
which hinders the diffusion in production applications is related to the control of the combustion process. As
a matter of fact, since GCI combustion is characterized by the spontaneous ignition of a lean air and low
reactivity fuel mixture, to guarantee an efficient combustion process a stable and reliable ignition stage is
needed. Thus, it was demonstrated that it was possible to stabilize the GCI ignition process by using multiple
injections of small amount of fuel early injected on the engine cycle. However, since this phenomenon is
chemically driven, slight variation of cylinder thermal conditions or inaccuracy on the injected fuel with pre-
injections might compromise the mixture ignitability and, therefore, the whole combustion stability producing
misfire or knocking. For these reasons, to properly control the injected fuel with pre-injections, a wide
experimental activity on studying the pressure waves propagation in the injection system of the engine was
performed and a control-oriented model-based fuel quantity correction strategy was developed. Moreover, to
reduce the impact of the cylinder thermal condition on combustion stability, a control-oriented physical based
ignition delay model was developed. After developing the model parameters, Tgg;py;, and Mg, the ID model
was calibrated performing specific testing methodology called “Switching Pattern”, which consist in a
deactivation of the main injection after a certain number of cycles with complete injection pattern. By the
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analysis of the switched cycle (engine cycle obtained actuating only the pre-injection), it was possible to study
in deep the ID of the small amount of fuel injected without interaction of the main injection focusing the
attention only on this stage of combustion. The results of this modeling highlighted a good accuracy on the ID
estimation over the whole GCI operating range (different loads, intake, and exhaust conditions and EGR rates
were tested) and therefore, the ID model could be considered as an effective feedforward contribution for the
injection control strategy. Moreover, to further improve the robustness of GCI combustion control strategies,
a remote sensing methodology for combustion indexes estimation based on vibrational sensor was developed.
Since the typical GCI combustion shape shows a first stage with high energy released in a short time, it was
demonstrated that SOC information can be easily obtained by using vibrational sensor. As a result, a specific
experimental activity was carried out to verify the accuracy on SOC estimation running GCI combustion in
different engine operation conditions and different sensor positions. The analysis of the obtained results
confirmed that the developed algorithm for SOC estimation can be successfully applied even for the advanced
combustion considered in this study. Furthermore, by the high accuracy and reliability of the SOC estimation
through the accelerometer cycle-by-cycle, such information can be used as feedback improving the
performance of the combustion control strategy, i.e., adjusting the ID model.
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S. Appendix 1: Sensors Characteristics

In-cylinder pressure: necessary to calculate all combustion indexes (IMEP, CA50, PPRR)

Sensor Name AVL GH14P
Measuring range 0-250 bar
Overload 300 bar
Sensitivity 15 pC/bar
Linearity <+0.3%

. 0 ... 80 bar
Calibrated ranges 0. 150 bar

0 ...250 bar

Natural frequency 115 kHz

Fuel consumption: necessary to evaluate the total fuel injected mass for each condition and, therefore, to calculate combustion
efficiency (ISFC)

Sensor Name Flowsonic LF
Repeatability +/- 0.15% of reading
Uncertainty +/- 0.5% of reading
Measurement flow range 8-4000 ml/min
Measurement rate 2.2kHz

Fluid temperature range -20°C to +120°C
Ambient temperature range -40°C to +120°C

NOx: necessary to evaluate the GCI combustion nitrogen oxides production
Sensor Name Continental Uni-NOx SNS14

ZrO; based multilayer sensor with
integrated heater and 3 oxygen
pumps

Measurement Principle

Measured value output NOX, linear A and binary A

NOx: 0 — 1500 ppm
Lin A: 0.75 to 14

Measurement Range Bin: >0.75V at A=0.9; < 0.2V

at A=1.1
Time for readiness NOx <100s
Operating gas temperature 100 - 800 °C

FSN: necessary to evaluate the GCI combustion particulate matter production
Sensor Name AVL Smoke Meter 415s

Measurement Principle Filter paper blackening

FSN (Filter Smoke Number),
mg/m’(soot concentration)

Measured value output

Measurement range 0to 10 FSN

Detection limit 0.0002 FSN or 0.02 mg/m?

Exhaust pressure ranges 0 to 3000 mbar (High Pressure
Option)

Maximum exhaust temperature 800 °C (long probe configuration)

Repeatability +/- (0.005 FSN + 3% @ 10

seconds intake time)
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Piezoresistive pressure sensor: necessary to evaluate the pressure wave on the injection system feed duct

Sensor Name Kistler 4067A
Measuring range 0-2000 bar
Overload 2500 bar
Sensitivity 5 (0,5 % at 25 °C)
Linearity <+0.5%

Natural frequency

>100 kHz

Accelerometer: necessary to evaluate the engine block vibration

Sensor Name

PCB Piezotronic 352C33

Measuring range +490 m/s? pk
Sensitivity 10.2 mV/(m/s?)
Linearity <1 %

Natural frequency >50 kHz
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