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atLink öpings universitet

by Karin Gustafsson

Reg nr: LiTH-ISY-EX -- 06/3898 -- SE

Supervisor:Richard Backman
GM Powertrain

Marcus Klein
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Abstract

This masters thesis investigates the possibility to estimate the ethanol con-
tent in the fuel using ion currents. Flexible fuel cars can berun on gasoline-
ethanol blends with an ethanol content from 0 to 85 percentage. It is important
for the engine control system to have information about the fuel. In todays
cars the measurements of the fuel blend are done by a sensor. If it is possible
to do this with ion currents this can be used to detect if the sensor is broken,
and then estimate the ethanol content until the sensor gets fixed. The benefit
of using ion currents is that the signal is measured directlyfrom the spark
plug and therefore no extra hardware is needed.

To be able to see how the ethanol ratio affects the ion currents, the depen-
dencies of the operating point have been investigated. Thishas been done by
a literature review and by measurements in a Saab 9-3. Enginespeed, load,
ignition timing, λ and spark plugs effects on the ion currents are especially
studied. A black box model for the ion currents dependence onoperating
point is developed. This model describes the engine speed, load and ignition
timing dependencies well, but it can not be used to estimate the ethanol ratio.

Keywords: SI engine, black box modeling, engine speed, engine load, igni-
tion timing
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Chapter 1

Introduction

1.1 Background

The use of fossil fuels is causing problems to the environment and the global
warming is given more and more attention. In addition, many of the oil pro-
ducing countries are in political unstable regions and the prices of oil are
rising. Hence, alternative fuels are more interesting thanever before. One of
these is ethanol, commonly known as alcohol. The main benefitof ethanol
compared to gasoline is that it is possible to produce ethanol from biomass
and thereby it is considered a renewable fuel.

In flexible fuel cars it is possible to blend ethanol in the gasoline from 0
to 85 percentage. This makes it possible to combine the benefits from the two
fuels. The driver of a flexible fuel car can vary the blending of the fuels with
cost and access.

Ideally the engine should be optimized for the fuel that is used for the mo-
ment, but in flexible fuel vehicles this must be a compromise.It is important
for the engine control unit (ECU) to know the blending, to optimize the con-
trol for the current fuel to for example avoid knock,λ-control and control of
cold starts. In todays cars the measurements of the fuel are done by a sensor.
If it is possible to do this with ion currents this can be used to detect if the
sensor is broken.

The benefit of using ion currents is that they are measured from the spark
gap, and since they are already used to detect misfire and knock, no extra
hardware is needed. This is an advantage, because extra costs are avoided
in automobiles today. The main problem with this approach isthat there are
several other parameters that affects the ion currents. Among others, the size
of the electrode gap, ignition timing,λ, speed and torque of the engine. The
ion currents are also very noisy signals that are hard to interpret.

1



2 Introduction

1.2 Objectives

GM Powertrain is interested in knowing if it is possible to estimate the ethanol
ratio in the fuel using the ion current signal. The main objective of this the-
sis is to investigate this. If it is possible an algorithm should be developed,
that can be implemented in real time, and does not demand unreasonable
much memory or performance of the processor. To make the algorithm ro-
bust against different spark plugs, the effect of the electrode gap size on the
ion currents is to be investigated. A literature review about ion currents should
also be done.

1.3 Combustion

This thesis consider a spark ignited (SI) engine. The operation of these is
treated in [10]. In this section some basics are summarized.

Figure 1.1:The moving of the piston and the gas flows during the four stroke cycle
[12].

In an SI engine air and fuel are mixed, and the mixture enters the combus-
tion chamber through an inlet valve. The piston moves down and the mixture
fills the chamber. This can be seen in Figure 1.1 as the induction stroke.
Somewhere around bottom dead center (BDC) the inlet valve is closed and
the compression of the mixture starts, as the piston moves up. This can be
seen as the compression stroke in the figure. About 30 degreesbefore top
dead center (TDC), the spark plug ignites the mixture, creating a flame kernel
that propagates trough the mixture and creates high temperature and pressure
and produces a work on the piston when pushing it downwards. This is the
power stroke in the figure. After the combustion the exhaust valve is opened
and the burned gases are pushed out of the combustion chamberwhen the
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piston is moving down again. This is the exhaust stroke in thefigure. Then
the inlet valve is opened and the process continues.
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Figure 1.2: The cylinder pressure as a function of crank angle for many different
cycles. The pressure rises to a maximum after (TDC), crank angle 0, from the com-
bustion. After the ignition, about 30 degrees before (TDC), differences can be seen in
the cycles. These are due to cycle to cycle variations in the combustion process.

In Figure 1.2 the cylinder pressure as function of crank angle degree
(CAD) is shown. The figure shows many cycles, to illustrate the differences
between them. The pressure rises from the combustion to a maximum about
15 degrees afterTDC. Just after the ignition the different cycles have differ-
ent pressures, although the operating point of the engine isthe same. This is
called cycle to cycle variations and is a result of that the combustion is not
exactly the same every time. The amount of fuel, air and residual gases varies
and because of the turbulence in the combustion chamber the same mixture
is not obtained every time. The turbulence around the spark plug affects the
flame propagation and thus the pressure. These cycle to cyclevariations will
affect the ion currents. This is one of the reasons that makesthe ion currents
hard to interpret. During both the flame propagation and the pressure peak
ions are created, more about this in Section 2.1.



4 Introduction

1.4 Ethanol Compared to Gasoline

Ethanol is considered to be a renewable fuel that is quite similar to gasoline,
it is liquid and can be fueled in the same way. To be able to run an engine on
ethanol some minor changes to a gasoline engine are needed, extra sensors
and changes in theECU. Since ethanol contains water there are also corrosion
problems, and therefore some parts in a regular engine have to be changed
[7].

There are also some major differences between ethanol and gasoline.
Ethanol has a lower heating value. This means that it is not possible to get as
much energy out of one kg of ethanol as of one kg of gasoline, and therefore
the fuel consumption becomes higher. Ethanol also have a higher research
octane number (RON) than gasoline. The higher octane number means that
ethanol does not have the same tendency to knock. The knock phenomena is
further explained in Section 3.2.

Emissions from an ethanol fueled vehicle contain less carbon monoxide,
carbon dioxide and hydrocarbons, but since ethanol has lower vapor pressure
there are problems with the cold starts performance. The Reid vapor pressure
(RVP) of ethanol are 42.7 kPa, compared to 60 kPa for gasoline. TheRVP for
ethanol-gasoline blends have a maximum at 10% ethanol and decreases for
both higher and lower blends. Gasoline consists of many different hydrocar-
bons, some of which are very volatile. This makes theRVP higher than the
one of ethanol that only consists of one chemical compound. Since some of
the fuel have to be vaporized in order to start the combustionthis is a prob-
lem. Especially in colder climates. In E85 there are 15% of gasoline added
to the ethanol to improve the cold start ability. This reduces the problem but
it does not eliminate it [7]. In Sweden, the gasoline contentare increased in
the winter to 21% [1].

There exist some other differences between the fuels. In [6]it is stated that
ethanol has a lower combustion temperature than gasoline. The initial com-
bustion rate is faster for ethanol than for gasoline, and ethanol has a shorter
combustion duration [20]. Table 1.1 summarizes some of the fuel parame-
ters that are different for ethanol and gasoline. For comparison the table also
includes methanol and iso-octane.
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Fuel Hlow [MJ/kg] RON C/H (A/F)s

Gasoline 44 95 0.53 14.7
Ethanol 26.9 107 0.33 9.8
Iso-octane 44.3 100 0.44 15.1
Methanol 20 106 0.25 6.5

Table 1.1: Major fuel parameters of some fuels. Hlow is the energy content in a
kg of the fuel. RON is how high the tendency is to not knock. Fuels with higher
values does not knock that easily. Iso-octane is the reference fuel when comparing
octane number and therefore has the value 100. C/H ratio is the ratio between carbon
and hydrogen. This can affect the conductivity of the fuel’s gases and is therefore
interesting for the ion currents. (A/F)s is the stoichiometric air to fuel ratio, more
about this in Section 2.3.3.



Chapter 2

Ion Currents

The idea behind the ion current is that when the flame kernel propagates and
when the pressure and temperature rise from the combustion,the gases in the
cylinder create ions. Ions are created both of chemical reactions in the flame
front and of thermal ionization after the flame front. How much ions that are
created depends on the combustion, and therefore it is possible to get infor-
mation direct from the combustion chamber from each cylinder individually
by measuring the ion current. This without having to add any extra sensors
if the spark plug is used as a sensor. But since the signal is noisy and rather
complex, it is hard to interpret. Today the ion current signal is used for startup
synchronization and to detect misfire and knock, but many more applications
have been considered, see Chapter 3.

2.1 Ion Producing Processes

In an ideal combustion the fuel and air react and produce carbon oxide and
water. The chemical reaction can be written as (2.1) where iso-octane,C8H18,
is the fuel.

C8H18 + 12.5O2 −→ 8CO2 + 9H2O + Heat (2.1)

This reaction is the sum of many different reactions, and ions are produced in
several steps. Some examples of reactions that include ionsare:

CH + O −→ CHO+ + e− (2.2)

CHO+ + H2O −→ H3O
+ + CO (2.3)

CH + C2H2 −→ C3H
+
3 + e− (2.4)

These ions and many others are produced in the chemical reactions of the
flame. When ions are produced during reactions like (2.4) it iscalled chemi-
ionization or chemical ionization. The other main ionization is thermal ion-

6



2.1. Ion Producing Processes 7

ization. This ionization has only one reactant, and the ionsare created because
of high temperature and pressure in the gas. (2.5) shows thermal ionization,
whereM is an arbitrary specie andEion is the ionization energy.

M + Eion ←→M+ + e− (2.5)

One model of how much ions that are present in the gas is Saha’sequation
(2.6). The equation describes the degree of ionization of different species,
and assumes that the gas is in thermal equilibrium i.e. that the ionization
equilibrium is achieved immediately.

nine

ni−1
= 2

(

2πmekT

h2

)
3

2 Bi

Bi−1
e

−Eion
kT (2.6)

where

ni, ni−1 : number of density of the statei andi− 1. This means the
number of atoms per volume unit that are in stateni andni−1.

ne : the electron number density
k : Boltzmann’s constant

me : the electron mass
T : the absolute temperature
h : Plank’s constant

Eion : the ionization energy of state i
Bi : the internal partition function

Different species that are present in the combustion will contribute to the
thermal ionization in different ways, depending on the ionization energies.
The ones with the lowest ionization energy will contribute the most. Table
2.1 shows some of the species and their ionization energy. Ithas been found
thatNO is the dominating contributor to the thermal ionization [15].
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Species Ionization energy [eV]
N2 15.5
N 14.53
O2 12.2
O 13.614
H2 15.427
H 13.595

H2O 12.6
OH 13.18
CO 14.05
CO2 13.84
NO 9.25
C2 12.0
CH 11.13
CH2 11.82 & 10.4
CH3 9.84
CH4 12.61
C2H2 11.41
C3H3 8.67
CHO 9.88
CH3O 9.2

Na 5.138
K 4.339

Table 2.1: Ionization energy of some species, Table 6.1 in [15] on page 47. The
ionization energy is a measure of the energy needed to ionize a molecule. During the
combustion the pressure and temperature rise and the species with the lowest ioniza-
tion energy will be ionized first. The first part of this table shows species that are
common in the combustion and the last two are alkali metals, that because oftheir
very low ionization energy contribute much to the ion current if they are present in the
combustion.
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2.2 Phases

The ion current has three phases. These are shown in Figure 2.1.

• The ignition phase
In this part the main contributor is the ignition process.

• The flame front phase
The ions that are created in the flame front is the main contributor in
this part of the signal. The peak of the signal occurs when theflame is
in contact with the spark plug electrodes [2]. The dominant process for
this part is chemi-ionization.

• The post flame phase
High pressure and temperature of the combustion produces ions in this
part of the signal. The dominant process for this part is thermal ion-
ization. The position of the peak in this part of the signal isstrongly
dependent on the position of the peak of the cylinder pressure.

The ignition phase

The flame front phase

The post flame phase

Figure 2.1:The three phases of the ion currents showed for several cycles. Theflame
front phase and the post flame phase give information about the combustion.

In the rest of the thesis the flame front peak will be called thefirst peak
and the post flame peak will be called the second peak. This notation will be
used despite the fact that the two peaks sometimes are divided into several
peaks, and that the phases can be hard to separate.
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2.3 Parameters Affecting Ion Currents

The combustion process is dependent of several parameters and the most im-
portant, except for the fuel, are listed in this section.

2.3.1 Speed and Load

The amplitude of the signal is affected by the engine speed and the engine
load, and of other parameters that are harder to measure. Theabsolute level
of the peaks are therefore not a good measurement [5]. With very light loads
the ion current curve becomes flatter until there is no longera maximum
[13]. In [16] an experimental study on load and speed dependence was done.
There it was found that the first peak was not affected by different loads.
The amplitude of the second peak shows a clear dependence on the load and
increases with increased load. Since the second peak is related to the cylinder
pressure this is not unexpected.

2.3.2 Ignition Timing

How many degrees beforeTDC the mixture is ignited, affects the combustion.
If the ignition is too early the pressure in the combustion chamber rises too
early beforeTDC, and then the rising pressure works against the piston move-
ment and brakes the piston instead of accelerates it. The toppressure at the
peak also becomes much higher since the pressure rises from the combustion
when the volume of the cylinder is small. Too early ignition results in less
work produced.

If the mixture is ignited too late, it results in a lower pressure peak and
that the pressure peak comes later in the cycle. This also results in less work
produced. The optimal ignition angle is defined as when the most work are
produced. When there is a risk for knocking the ignition is moved away from
the optimal to avoid too high pressures. Since the ignition timing affects the
cylinder pressure shape it also affects the shape of the ion currents.

2.3.3 Air to Fuel Ratio

Another parameter that affects the ion currents isλ or normalized air to fuel
ratio. λ can be calculated as:

λ =
ma

mf (A/F )s

(2.7)

A stoichiometric combustion reaction between a general hydrocarbon,
CaHb, fuel and air produces only water and carbon oxide, see (2.8). The
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where
ma : Mass of air
mf : Mass of fuel

(A/F )s : Stoichiometric air to fuel ratio

(A/F )s can be calculated as (2.9) [10].

CaHb+

(

a +
b

4

)

(O2+3.773N2) −→ aCO2+
b

2
H2O+3.773

(

a +
b

4

)

N2

(2.8)

(A/F )s =
34.56(4 + b

a
)

12.011 + 1.008 b
a

(2.9)

In [16] the dependence of the ion currents onλ is studied experimen-
tally and Figure 2.2 shows aλ-scan at 2500RPM at constant inlet pressure
of 101.3 kPa with Iso-octane. The change in the first peak is related to the
chemi-ionization in the flame kernel in the vicinity of the spark plug and this
is directly affected byλ. The changes that can be seen in the second peak
depends on thatλ affects the combustion, and thereby the pressure and tem-
perature and thereby also the currents. A maximum of the signal were found
atλ = 0.85.

The magnitude of the first peak is found closely related to theair to fuel
ratio close to the electrodes [2]. In [13] the dependence onλ is explained.
When there are excess air i.e. highλ, the temperature in the combustion
chamber becomes lower and the recombination of ions are faster, and the ion
current becomes lower. The temperature affects mostly the second peak.

2.3.4 Electrode Gap Size

In [11] a cooling effect on the gas from the electrodes is found. The electrodes
cool the burned gases and thereby there less ions are produced. When the
distance between the electrodes are smaller, the ion current is also smaller
because of the cooling. Since temperature is very importantfor the gas to
form ions, this effect is interesting. In this paper a simplified geometry of
the electrodes is used instead of a spark plug, but a connection between the
first peak, the electrode shape and the gas flow was found. The effect on
the gases of the electrodes were investigated by laser induced flourescence
imaging and it was found that lessNO ions are formed in the vicinity of the
electrodes. This was an experiment with laminar gas flow, andthe effect can
be less in turbulent flow. One conclusion of this paper is whenthe spark gap
is decreased, the ion current amplitude also decreases. Another aspect is that
a smaller distance would make it easier to get a signal and thesignal would
be higher.

These two scenarios are conflicting and to try which one that is the domi-
nating effect, different spark gaps were tested during the measurements. More
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Figure 2.2:λ-scan using averaged ion current signals acquired from the engine at
2500RPM and a constant inlet manifold pressure, 101.3 kPa with Iso-octane. Figure
4 on page 4 in [16]. Both peaks of the signals depends onλ.

about this in Chapter 4.

2.3.5 Other Disturbances

The ion current signal is very rich on information but not yetfully understood.
Except for the earlier mentioned parameters also many otherunmeasurable
disturbances affects it. Examples of those are air humidityand temperature,
amount of residual gases, variations in the fuel, engine wear and many oth-
ers. Therefore conclusions about the ion currents dependence on different
parameters such as ethanol content should be drawn with care.



Chapter 3

Uses of the Ion Currents and
Previous Related Work

Much work has been done in the subject of ion currents. This chapter de-
scribes some of the ways the ion currents can be used, both applications that
are in production cars today and those who are under development.

3.1 Misfire

California on board diagnostics (OBD-2) requires that every misfire should
be detected. Misfire means that the gas in the cylinder for some reason is not
ignited. This is a severe problem, since as a consequence unburned gasoline
reaches the catalytic converter. The unburned gasoline is potentially haz-
ardous for the catalytic converter.

Ion currents can be used to detect misfire since when there is no combus-
tion, there will be no current. A problem with this is thus at very light loads,
the ion currents are very small even when there is no misfire. For such con-
ditions, the difference between normal cycles and cycles with misfire is very
small [4]. In [4], nine different engines were tested to get agood threshold for
deciding when misfires occurred. The suggested criteria is engine dependent
and has to be decided in cooperation with the engine designer. To be able to
detect misfire accurately the ion currents are filtered, witha 200 Hz low pass
filter. The conclusion in [4] about misfire is that using the suggested method,
ion currents can be used to get a 100% misfire detection.

In [19] the ion current signal is used to detect misfire and with the use
of a special type of spark plug it is possible to reignite the mixture to avoid a
total misfire. The projected surface gap spark plug that is used in [19] makes it
possible to have a short-duration ignition and therefore gives theECUa chance
to reignite the fuel mixture. When using this technique, no unburned gasoline
reaches the catalyst. Another benefit is that the engine runssmoother. In [19]

13



14 Chapter 3. Uses of the Ion Currents and Previous Related Work

the ion current is integrated through the cycle to detect misfire, instead of a
low pass filter as in [4]. The integrated ion current signal iscompared to a
threshold to decide whether it has been combustion or misfire.

3.2 Knock

Knock is a severe problem for SI engines. Knock means that some parts
of the gas self-ignites before it has been reached by the propagating flame
kernel. It results in noise and thereby the name. When knock occurs much
chemical energy is released fast and a very high local pressure chamber is
created. This leads to pressure waves in the combustion chamber. If it is
allowed to continue it can damage the engine. Knock can be avoided by
decreasing the spark advance. This means that the ignition is moved later, so
that the end-gas temperature won’t get so high that knock occurs. The best,
but most expensive way of detecting knock is to use a pressuresensor. The
most common way is to use an extra knocking sensor, but it is also possible
to detect knock by ion currents [10].

Knock results in high frequency oscillations in the second peak of the
ion current. These oscillations usually has a frequencies over 5 kHz. The
intensity of the knock are also possible to see on the ion currents. The benefits
of using ion currents are that it is more reliable than a knocksensor and that
extra hardware is avoided [4].

In [14] the ion current detection system is compared to the conventional
type of vibration detection method and the conclusion is that the conventional
type is affected by mechanical noise from the engine, which the ionic system
is not. The ionic system also had a higher signal to noise ratio especially
at speeds over 6000RPM. Another benefit of using ion currents is that the
individual cylinders could be separated.

3.3 Information About the Fuel

Since all the chemical reactions that takes place in the combustion chamber
are not completely known, it is hard to model the dependence on different
fuels by theoretical models. One paper that discuss how fuels affects on the
ion currents is [16] where ion currents from different fuelsand additives are
studied. Ethanol is among the fuels tested and there are large differences in
the amplitudes of the signals from ethanol and from gasoline, see Figure 3.1.

The experiment with alcohols have been done for pure alcohols and not
for any alcohol-gasoline blends. The paper describes the experiment that has
been carried out and the authors claim that the large change in the ion current
when using alcohols, methanol and ethanol, may be caused by small amounts
of additives in these fuels. This was seen when the alcohols were burned in an
atmospheric burner, and the flame was yellow. This suggests that there were
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some impurity of sodium in the alcohol fuels.
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Figure 3.1: Ion currents from four different fuels, where the disturbance fromthe
ignition has been removed, measured in the SAAB engine. The engine conditions
were 2000RPM, λ = 1.0 and 3.5 bar BMEP. Figure 10 on page 6 in [16]. This shows a
large difference in the amplitude of the signals from ethanol and gasoline,especially
in the post flame phase.

If additives like potassium (K) or sodium (Na) are added to the fuel, the
amplitude of the ion currents is substantially increased. These species are
in the chemical group of alkali metals, and have very low ionization energy.
Since much of the ions comes from the alkali metals it is hard to say anything
else about the combustion. This was also experimentally tested in [16]. Ad-
ditions of sodium and potassium affected both the amplitudeand the shape of
the ion current signal. The amplitude was about four times higher for 48 ppm
Na in the fuel, than the reference. The signal also had only one peak, the first
peak seemed shadowed by the very high second peak.

Another conclusion that was drawn in this paper is that the first peak is
sensitive to the C/H ratio of the fuel. This is explained by different fuels form
ions more or less easy in the flame due to different C/H ratios.Since the
differences are in the flame, the results of this can be seen inthe first peak.
The C/H ratios are different for ethanol and gasoline, and the C/H ratios for
some fuels can be seen in Table 1.1.

A difference in the ion current signal is also shown depending on how
much aromatic hydrocarbons the fuel contained. Iso-octanewhich is very
low aromatic has a smaller ion current and toulene which is high aromatic
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has a higher current. Gasoline, that is a mixture of different hydrocarbons,
both aromatic and non aromatics have an ion current signal that is between
the ones for iso-octane and toulene. This can also be seen in Figure 3.1.

3.4 Startup Synchronization

SAAB is today using the ion currents to synchronize the engine at startup
[16]. This means to determine which stroke the engine is in atthe startup.
This was the first application of the ion currents that was used in production
cars. This information could be found in the low frequencies, below 200 Hz
[4]. The startup synchronization is done by trying to ignitethe gas in both the
possible cylinders, and then use the ion current to see in which it has been a
combustion.

3.5 Feedback for Ignition Timing

Since the second peak is related to the pressure, this can be used for feedback
for spark advance. In [8] the ion current is used to get an estimate about the
peak pressure position, and then used for determinating theoptimal spark ad-
vance. The benefits compared to the ordinary open loop system, are that it is
possible to compensate for non-measurable disturbances such as air humidity
and that the efficiency of the engine can be optimized. This can be done in
real time.

3.6 Determining the Local Air to Fuel Ratio

Several papers that have been written on the ion currents dependence onλ or
air to fuel ratio, see Section 2.3.3. Since the currents shows a dependence on
λ, it would be possible to determine it from the ion currents.

In [17] the dependence of local air-fuel ratio in the vicinity of the spark
plug is explained by a chemical kinetic model that uses electro-chemical re-
actions. First a neural network was used to see where the strongest correlation
between the ion current and the oxygen sensor were. This was found in the
first peak. ARON dependent chemical scheme that consists of 268 elementary
reactions and 62 chemical species can describe the species concentration as a
function of crank angle degrees. The conclusion in [17], is that the ion current
can be used for measurements of the localλ in the vicinity of the spark plug
with an accuracy of±3%. This can be used as a complement to theλ sensor.
Since the ion current measures the localλ it can differ quite much from the
λ sensor wich is a mean value of all cylinders, it would be possible to use the
ion current for feedback to the fuel injection on a cylinder basis.

In [18] an attempt to use closed loop control ofλ using the ion current
signal as feedback was made. The results were reasonable, but the estimation
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were harder for rich engine operation than for lean ones. This can be used for
individualλ control and individual diagnostics for the different cylinders in a
multi cylinder engine.

3.7 In HCCI Engines

In [3] the possibilities to use ion currents in homogeneous charge compres-
sion ignition,HCCI, engines, for feedback control is investigated.HCCI en-
gines combines the best of the Diesel and the gasoline engines. TheHCCI

engine premixes the fuel and the oxygen and then the mix is compressed and
auto ignites. This makes the engine more efficient than a gasoline engine and
cleaner than a Diesel engine, but more difficult to control. This is an inter-
esting application of ion currents for the future since thiswould be a cheaper
way to control theHCCI engine than the pressure transducers.



Chapter 4

Measurements

Measurements were made in a Saab 9-3 with a 2.2l turbo engine.Indolene
was used as reference fuel, and was blended with E85. E85 consists of ap-
proximate 85% ethanol and 15% 95 octane gasoline [1].

4.1 Ethanol Content

To get accurate results it is important to know the ethanol content in the fuel.
There are two ways to determine that. One is to use (4.1). Thismethod is
sensitive to sensor errors, and since indolene has not the same stoichiometric
air to fuel ratio as standard gasoline, this method is complicated. During the
measurements it was concluded that this method did not give accurate results.
The other method to determine the ethanol content is to use analcohol meter.
This was the method that were used because it was more reliable.

100α

(

1−
Mair

AFgasoline ∗Mgasoline

)

(4.1)

where

α =
AFgasoline

AFgasoline −AFethanol

(4.2)

4.2 Measurement Points

The measurements were done in a lab, where it was possible to control the
engine speed, air mass flow, ignition timing and other parameters manually.
To see the influence on speed, load and ignition timings, measurements over
many operating points were done. Engine speeds from 1000 to 3000 RPM

were used. Because of limited sampling rate in the measurement system,
higher speeds could not be used. Air mass flows from 150 to 450 mg/c were

18
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measured. The limitation here was the brakes. The ignition timing was var-
ied from 8 degrees before to 8 degrees after the standardECU ignition. In
some operating points alsoλ was varied, from 0.85 to 1.0. Higherλ was
not used since theECU never uses leanλ values, due to emissions. All the
operating points can be seen in Appendix B. The ion currents and cylinder
pressures were sampled everyCAD, for all 4 cylinders. As many operating
points as possible were measured, with consideration to thelimitations of the
measurement system and the limited time in the lab.

4.3 Spark Plugs

The electrode gap size affects the ion current, see Section 2.3.4. When the
spark plug gets old the gap size is changed. Older spark plugshave bigger
gap because of wear. The algorithm to find the ethanol contentin the fuel
should work even if the spark plugs are changed, and should berobust against
different spark gaps. Therefore measurements of the ion currents were done
using four different spark plugs. Three were new, two of themwith normal
gap of 1.05mm and one with smaller gap of 0.80mm. In the last cylinder an
old spark plug was used.



Chapter 5

Preprocessing

Some characteristics of the measurement system made it necessary to prepro-
cess the data.

5.1 Normalization

Figure 5.1 shows the data before the preprocessing. The figure shows 40 cy-
cles from the same operating point from each cylinder. What can be noted is
that the amplitude of the currents differ, although they arefrom the same op-
erating point. This is easiest to see in the first square of thesignal, in this case
from cylinder 1 and cylinder 2. This is not a result of any chemical process,
instead it is a result of the equipment used for the measurements. The first
square of the signal always corresponds to 100µA. The measurement sys-
tem changes the amplitude of the signal and therefore a normalization must
be done to get back to the right values. Figure 5.2 shows the current from
cylinder 1, when it has been normalized and it can be seen thatall the cycles
are at the same level. The normalization is done by dividing the whole cycles
amplitude with the amplitude of the 100µA part.

5.2 Synchronizing

The sampling of data started when the start button was pushedand not at any
particular crank angle. To be able to put together and compare the signals
they must have the same x-axis. An algorithm that found the ignition timing
in every cycle was developed. The signals were synchronizedso the ignition
always corresponds tox = 0. Note that this implies that the signals start at
ignition, and since ignitions are moving, it is not possibleto directly translate
this angle to crank angle. This means thatTDC is not located at 0 degrees in
the signals and it will be at different places when the ignitions moves.

20
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Figure 5.1: Measurements of 40 cycles. Measured with E85, 3000RPM and
450 mg/c. There are differences in amplitude between different cylinders but also in
one cylinder, although the operating point is the same. This is a result of themeasure-
ment system and the signals have to be normalized in order to be comparedcorrectly.
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Figure 5.2:The normalized ion current of cylinder 1. All the 40 cycles now have
the same amplitude, compare with Figure 5.1. Measured with E85 3000RPM and
450 mg/c.
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Because of limitations in the measurement system only 40 cycles could
be measured each time. This is too little to avoid much influence of random
cycle to cycle variations. Therefore several measurementswere made at the
same operating point. Because of the synchronizing algorithm all the sets
can be put together. The algorithm cuts one cycle to make the synchronizing
correct, so only 39 cycles are used from each set.

5.3 Filtering

The release of the spark introduces a ringing phenomena in the signal. In
Figure 5.3 the ringing can be seen. The amplitude of the ringing is often
larger than two times the amplitude of the rest of the signal and to avoid
errors in the estimation used later this had to be filtered out. Since the ringing
only was one sample in each cycle a highly non-linear filter was used. First a
zero phase filter was used to flatten the signal. This was implemented using
the functionfiltfilt in MATLAB . The samples in the non filtered signal
that differed too much from the flattened signal were replaced by a linear
interpolation between the sample before and after the removed one. A linear
interpolation was used since there was only one sample at each place that
should be removed. The result can be seen in Figure 5.3 and as can be seen
all the ringing has been removed.

In Figure 5.1 some spikes can be seen. This is measurement noise from
the ignition in the other cylinders. These spikes occurs every 180 degrees and
they coincide with the ignition in the other cylinders. It can be noted that the
spikes are higher in cylinder 2 and 3 than in 1 and 4. This is probably because
the location of the cylinders in the engine. Cylinders 1 and 4are on each side
and cylinder 2 and 3 are in the middle. That makes cylinder 2 and 3 more
sensitive to noise from the other cylinders. The same filter is used to filter out
these spikes with good results.
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nonfiltred data
filtred data

Figure 5.3:10 cycles that shows how the ringing in the beginning of the signal is
filtered out. Only the first 100 samples in each cycle are plotted.



Chapter 6

Qualitative Results

6.1 Electrode Gap Size

The spark plugs affect the ion currents and measurements were made with
different spark plugs, see Section 2.3.4 and Section 4.3. Figures 6.1 - 6.3
show the ion currents from the different plugs, every curve is a mean over 40
cycles. These signals are not filtered, just moved and normalized. The three
figures show different engine speeds. What can be seen in the figures is that
the signals from the different spark plugs differ some in amplitude, but it does
not seem like there are any clear trends. The differences between the spark
plugs are in the same order of magnitude as the difference between the two
identical spark plugs, cylinder 1 and 2. This implies that the differences seems
to be of random cycle to cycle variations, and not a result of the spark gaps.
The conclusion is that the different spark gaps do not affectthe ion currents
that much. The amplitude of the signals differ some from different cylinders
although the spark plugs are similar. This has to be taken into account if the
amplitude of the currents is used for ethanol estimation.

6.2 Comparison of Ignitions

Since the ignition timing affects the cylinder pressure, this is an important pa-
rameter to look at. The mistake of looking at changes from different ignitions
and not to different ethanol blends should be avoided. To check if the ECU ig-
nites the blend at different angles for different ethanol blends Figure 6.4 was
made. As can be seen in the figure the ignition depends on both engine speed
and torque, but not on ethanol blend, since all the markers are at the same
place at each point. This assures that the ignition timing isthe same for every
ethanol blend, at least at the points that were measured in these data sets. The
ignition can differ in high load cases, when the knock detection affects the
ignition, because ethanol has a higher octane number. Sincethe ignition does

24
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Figure 6.1:Ion current signal from different spark plugs at 1000RPM. The signals
differ some in height. Compare with Figures 6.2 and Figure 6.3. Note thatthe differ-
ences between all the spark plugs are in the same order as the difference between the
two identical spark plugs.
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Figure 6.2:Ion current signal from different spark plugs at 2000RPM. The signals
differ some in height. Compare with Figure 6.1 and Figure 6.3. Note that the differ-
ences between all the spark plugs are in the same order as the difference between the
two identical spark plugs.
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Figure 6.3:Ion current signal from different spark plugs at 3000RPM. The signals
differ some in height. Compare with Figure 6.1 and Figure 6.2. Note that the differ-
ence between all the spark plugs are in the same order as the differencebetween the
two identical spark plugs.
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not vary with ethanol content, there will be no difference tolook at the ion
current signals after ignition angle or afterTDC. Since it will be easier to look
at the signal with starting point at the ignition, this will be done in the rest of
the thesis. Because the ignitions have not been checked outside these operat-
ing points, it is important to not use the ethanol estimationmodel outside this
area. Further studies have to be made in that case.
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Figure 6.4:Ignition at different ethanol blends as a function of engine speed. Ignition
angle as a function of speed, the different markers represent different air mass flows.
The ignitions are plotted for 6 different ethanol blends, as can be seen the ignitions
are the same for all the blends.

6.3 Air to Fuel Ratio

A comparison of the ion current for differentλ values was done. The air to
fuel ratio orλ affects the ion currents, see Section 2.3.3. In Figure 6.5 the ion
current for differentλ are plotted for a ethanol content of 52%.λ were 0.85,
0.90, 0.95 and 1.0. The ion current amplitude has a maximum for 0.85 and
is the lowest for 1.0. These are the same results as in [16] forgasoline, cf.
Figure 2.2. Since the order of the ion currents are the same inboth operating
points and these results have been found in [16] for gasoline, the conclusion is
that theλ dependence is the same for ethanol-gasoline blends as for gasoline.
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Figure 6.5: Ion current plotted for differentλ from 0.85 to 1.0, means over 117
cycles, all from the same cylinder.λ = 0.85 has the highest amplitude. The differences
are not that big, but this is the same result as in [16]. Since the order is thesame in
both operating points and literature explains theseλ dependences, it is concluded that
theλ dependence is the same for ethanol-gasoline blends as for gasoline. Compare
with Figure 2.2.

6.4 Ethanol Content

Too see if there are any differences in the ion currents from different ethanol
ratios, the signals from four different ethanol blends wereplotted. The result
can be seen in Figure 6.6. The ethanol contents are 0%, 9.0%, 24.5% and
84.5%. It is hard to see any trend about the ethanol content but the load and
speed affect the currents. The differences between the ethanol contents are
not that big as the differences between the operating points. The differences
could be due to random cycle to cycle variations and not at alla result of the
fuel blending. It was hard to see anything at all, when just plotting the signals
and therefore some quantitative investigations was motivated.
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Figure 6.6:Comparison of ion currents for different ethanol blends. The figureshows
means over 195 cycles, and are all from the same cylinder. The ion currents depend
mostly on load and speed, and some on ethanol content. There are not any clear trends
about the ethanol content.



Chapter 7

Quantitative Results

The search for trends depending on ethanol content was hard,as shown in
Chapter 6. Since it is not possible to see any direct apparentconnection, a
model for the ion current signal is needed. In this chapter a Gaussian model
that estimates parameters from the ion currents is described. A black box
model for these parameters dependence on speed, load and ignition timing is
presented and evaluated.

7.1 Modeling

7.1.1 The Gaussian Model

There are several available models describing the ion current. In [8] a model
is used that approximates the signal with two Gaussian functions, one for
each peak. The model for the ion current becomes

I(θ, ᾱ) = α1e
−1

α2
(θ−α3)

2

+ β1e
−1

β2
(θ−β3)

2

(7.1)

whereθ is the crank angle and̄α is the parameter vector

ᾱ = (α1, α2, α3, β1, β2, β3)

The parameters can be interpreted as
• α1 height of the first peak

• α2 width of the first peak

• α3 position of the first peak

• β1 height of the second peak

• β2 width of the second peak

• β3 position of the second peak

30
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With this model trends can be seen in the parameters that are hard to see
when just looking at the plots of the signals. After the preprocessing of the
data, see Chapter 5, the signal can be estimated, with (7.1).For this the com-
mandlsqnonlin in MATLAB was used and an example of the results can
be seen in Figure 7.1. When the signals are filtered the algorithm for finding
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Total Gaussian estimated function
Gaussian estimation of 1st peak
Gaussian estimation of 2nd peak

Figure 7.1:The signal and the two estimated Gaussian functions. The estimation
agrees very well with the signal.

the Gaussian functions finds the two peaks if the start valuesare quite close
to the right ones. To get an initial guess of what the parameters should be
some testing was made, and the fact that all the signals have asimilar shape,
although quite large cycle to cycle variations exist was used. The parame-
tersα1 andβ1, the height of the peaks, are set to the maximum value of the
signal, and all the other start values were found by testing.This start guess
gave good results on almost all of the signals. After the parameters have been
estimated, a manual check of many of the signals were made, toensure that
the estimation found reasonable values. The result of this check was that a
few estimates found wrong values, but most of the cycles had converged to
reasonable values. The few that did not converge to reasonable values were
often the signals that did not have a clear first peak. In Figure 7.2 an esti-
mation that found unreasonable values can be seen. Since theunreasonable
ones were that few, and almost all were right, the decision was taken that this
would not affect the mean value of the 117 cycles that would beused in the
model. In Figure 7.3 all the estimated values for engine speed 2000RPM and
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Figure 7.2:An example of a Gaussian estimation that did not find reasonable values

air mass flow 300 mg/c can be seen. There are a few outliers, butusing the
mean value is motivated by that the most of the estimations are right. A filter
that removes the outliers would be a way to get rid of the wrongones. This
has not been done but would be a possible improvement for future use.

Since the ethanol content in the fuel is not changed often, atthe most every
time the car is fueled, the choice of using the mean value is motivated. The
algorithm that would find the ethanol content would not run all the time, just
when the engine is running in steady state, as soon as possible after fueling.
To compensate the model for dynamics in the engine seemed complicated
and unnecessary. This is because every driver runs the engine in steady state
at some instances between every fueling, and 117 cycles are not that many
seconds. For instance, at idle speed this would correspond to less than 9 s.

The parameters that were estimated were used to see if there were any
dependencies on ethanol content. It was hard to see any trends in these pa-
rameters that were valid for all speed and load cases. The variations between
operating conditions were large, and to decouple these effects a model had to
be made for how the six model parameters depended on the operating point of
the engine. The idea was to make a black box model of the known quantities
speed, load and ignition timing to be able to decouple the variations that just
depended on those.
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Figure 7.3:The Gaussian estimations of all the cycles at 2000RPM and air mass flow
300 mg/c. A few outliers can be seen.
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7.1.2 Black Box Model

A black box model for the ion currents dependence on speed, load and igni-
tion timing was developed. The six parameters from the Gaussian model was
assumed to be a quadratic function of the known parameters, see (7.2).

ᾱi = xi1+xi2S+xi3S
2+xi4L+xi5L

2+xi6I+xi7I
2+xi8SL+xi9SI+xi10IL

(7.2)
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where
ᾱ : The vector with the six parameters from the Gaussian estimation,

see (7.1)
S : The speed
L : The load
I : The ignition timing
x̄i : The model parameters

The model parameters̄x were estimated with the least square method in
MATLAB for 52% ethanol. 52% ethanol was choosen since it is in the middle
of the ethanol ratios. The mean value of the 117 cycles was used, to avoid
the cycle to cycle varations. 61 operating points were used do the estimation,
of the ten model parameters for eachαi. Total 60 model parameters were
estimated, for̄α. Because 6 values from every operating point could be used,
total of 366 values, this was enought for estimate the 60 parameters.

Since all the data are crank angle based, and not time based, this model
will be crank angle based. The linear term of the engine speedwill describe
the dependencies that are time based. The ion current position speed depen-
dence are almost constant in time, but it will be linear in this crank angle
based model.

7.2 Evaluation

In this section the model and the dependences on and speed, load, ignition
timing and ethanol content are evaluated. The model is compared to the mea-
sured values. Measured values are the estimations from the Gaussian model
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in Section 7.1.1, and modeled values are the estimations from the black box
model in Section 7.1.2. As can be seen in this section the model approximates
the measured values quite well.

7.2.1 Speed Dependencies

The results of the model estimation of this can be seen in Figure 7.4 where
the model and the measured data are plotted as a function of engine speed.
For clarity, only theECU standard ignition timing is plotted instead of all
five that are used in the parameter estimation. Since Figure 7.4 is a little
bit messy, Figure 7.5 shows the same thing for just air mass flow of 300
mg/c. As can be seen in the figures the model approximates the measured
values quite well. Another thing that can be noted in the figures is that the
position of the peaks are increased almost linear with the speed. EveryCAD

corresponds to shorter time when the engine runs faster. Note that this is the
position of the peaks relative to the ignition timing. The difference due to
the engine speed is about 15 degrees, between 1000 and 3000RPM. Compare
this figure with Figure 6.4, where it can be seen that the ignition timing differs
approximately 15-20CAD. The 3000RPM speed sets are ignited earlier than
the 1000RPM, and the ion current position are later. The conclusion is that
the peaks probably are in the same position relative toTDC, but the position
increases with speed relative to ignition timing.

Figure 7.4 also shows that the width of the peaks increases with speed.
The same explanation as for the positions is valid here too. Also the height of
the peaks increases with increased speed.

7.2.2 Load Dependence

The same thing as in Figure 7.4 are shown in Figure 7.6 and Figure 7.7, but
instead of speed the data are now plotted as a function of air mass flow. These
figures also show that the model agrees well with the data. Thedependence on
load is not that clear as in the speed case, but it can be seen that the height of
the second peak increases with load. This is in agreement with Section 2.3.1.
When the load is increased, more air-fuel mixture is burned, and therefore
the cylinder pressure and temperature rise, and so also the amplitude of the
second ion current peak.
The positions of the peaks,α3 andβ3, decrease with the load. The ignition
timing is later for higher loads, and the ion current peak is earlier relative to
the ignition timing. Compare with Figure 6.4. This means that the positions
here also are at the same place relative toTDC, but decrease relative to the
ignition timing.
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Figure 7.4:The model and the mean values of the measurements for 52% ethanol as
a function of engine speed, for five different air mass flows. Meas is measured mean
value of 117 cycles and mod is model. The numbers in the legend are the airmass
flows in mg/c. The model and the measurements agree well. Note the dependence on
speed.
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Figure 7.5:The model and the mean values of the measurements for 52% ethanol as
a function of engine speed for the air mass flow of 300 mg/c. Meas is measured mean
value of 117 cycles and mod is model. Compare with Figure 7.4. This figure shows
more clearly how the model and the measurements agree.
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Figure 7.6:The model and the mean values of the measurements for 52% ethanol as
a function of air mass flow, for five different engine speeds. Meas is measured mean
value of 117 cycles and mod is model. The numbers in the legend are the speeds in
RPM. The height of the second peak increases with load.
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Figure 7.7:The model and the mean values of the measurements for 52% ethanol as
a function of air mass flow, at a speed of 2000RPM. Compare with Figure 7.6. The
model estimates the data well.
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7.2.3 Ignition Dependencies

Figure 7.8 and Figure 7.9 show how the model parameters depend on the
ignition timing. The position and width are almost constantwhen the igni-
tion timing is changed. The position is relative to the ignition timing and
not to TDC, see Section??. The combustion takes approximately the same
time from ignition to end, regardless of the ignition timing, if the load and
engine speed are the same. The only parameters that seem to beaffected by
the ignition timing are the height of the peaks, they increase some with ear-
lier ignitions. This is a result of that the ignition timing affects the cylinder
pressure.

7.2.4 Ethanol Dependencies

Since the main objective in this thesis is to estimate the ethanol ratio, the
dependence on ethanol is interesting. If there are any significant differences
between the datasets with the two ethanol blends 52% and 85%,such a de-
pendece can be used to detect different ethanol blends. Figure 7.10 shows the
difference between the model and the measured values for both 52% and 85%
ethanol. If the dots would divide into two different groups,depending on the
ethanol content there would be a significant difference between them. Then it
would be a difference between the ethanol blends that would show when the
known quanitities, speed, load and ingition timing are decopled. The figure
is a bit messy, but sometimes the 52% has higher values and sometimes 85%
has the higher values. Since the result varies with operating point, the model
describes both datasets equallly. Since the variations from operating point are
modeled away a dependencie of ethanol content will show in the same way
in all operating points.

Even since the ignition timing is just the normal the two setscan not be
separated. Note that in the figure the mean values of 117 cycles are plotted,
and there is still overlap between the two blends. If all the values are plotted
the overlap is of course bigger. The two blends of ethanol cannot be separated
and therefore the conclusion is that the black box model can not be used for
ethanol estimation. Since the difference in ethanol content is quite large,
finding an algorithm that can separate blends this way seems very hard.
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Figure 7.8:The model and the mean values of the measurements for 52% ethanol
as a function of ignition timing, speed 2000RPM. The different markers are different
air mass flows in mg/c. Meas is measured mean value of 117 cycles and mod is the
model. Ignition is degrees relative to theECU ignition in CADs beforeTDC. -8 means
an ignition timing 16 degrees closer toTDC than +8. Only the heights of the peaks
vary with the ignition timing, since cylinder pressure is affected by the ignition angle.
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Figure 7.9:The model and the mean values of the measurements for 52% ethanol
as a function of ignition timing, air mass flow of 300 mg/c. The different markers are
different engine speeds, inRPM. Meas is measured mean value of 117 cycles and mod
is the model. Ignition is degrees relative to theECU ignition in CADs beforeTDC. -8
means ignition timing 16 degrees closer toTDC than +8.
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Figure 7.10: The modeled value minus the measured mean values as a function
of speed for five different loads, both 52% and 85% ethanol. The figure shows five
loads at each speed. Since the two ethanol blends can not be separated, the model
corresponds as well for 85% for 52% ethanol. Since the model was made for 52%, it
can not be used to estimate the ethanol ratio.
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Relative Errors and Mean Square Errors

To further investigate if there is some difference between two ethanol blends
the relative error and the mean square error were calculated. The relative
error, between modeled and measured values, can be seen in Figure 7.11.
The relative error is calculated as:

e(k) =
meas−mod

meas
(7.3)

The two data sets, 52% and 85%, seem to have similar relative errors. Com-
pare the heights of the peaks with Figure 7.12, where the absolute errors can
be seen. Since the absolute error are approximately of the same size in all
operating points, the relative error becomes large when thevalue is low.

The mean square error is a measure of how well the model describes the
data, and is defined as (7.4).

mse =
1

Q

Q
∑

k=1

e(k)2 (7.4)

where In Figure 7.13 the mean square errors, between the measured and mod-

mse : Mean square error.
Q : The number of operating points.

e(k) : The relative error at operating pointk.

eled values, are plotted as a function of ethanol blend and cylinder number.
In these two cylinders both the spark plugs are new, and have the same spark
gap. Despite this, the relative mean square errors differs from the different
cylinders. What can be noted in Figure 7.13 is that the difference between the
two blends, is in the same magnitude as the difference between the two cylin-
ders with the same ethanol blend. The high relative error ofβ1 is caused by
the low values thatβ1 has for low speeds and loads. This figure is included to
illustrate the differences between the different cylinders and different ethanol
blends. At first, it might seem like the height of the second peak differs more
depending on ethanol content than on cylinder number. However, a compari-
son with cylinder 4, shown in Figure 7.14, shows that this is not true because
this parameter also varies between different cylinders.

The conclusion is that this model can not be used to detect differences
in the ethanol content since the differences between ethanol content have ap-
proximately the same size as the differences between the cylinders.
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Figure 7.11:The relative error for all the parameters. For small values of the height
of the second peak the relative error is large, but the others have low relative errors.
All the data is from cylinder 1.
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Figure 7.12:The absolute error between measured and modeled values for the two
ethanol blends. All the data are from cylinder 1.
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Chapter 8

Conclusions and Future
Work

The main conclusion is that it is not possible to estimate theethanol content
in the fuel from ion currents using the suggested black box model. This has
been investigated both qualitatively and quantitatively.A Gaussian function
estimation of the ion current with six parameters was used. Ablack box
model for how these parameters depend on speed, load and ignition timing
was made. Even if it was quite a simple model it describes the Gaussian
model parameters very well. The results indicates that the ion currents are
much more affected by the operating point than the ethanol content. The
difference from the ethanol content is in the same order as the differences
between the cylinders in the same engine. It is also concluded that the effect
of different spark plugs is not important. The two cylindersthat had identical
spark plugs differ in the same order of magnitude as the ones with different
spark plugs.λ, ignition timing, load and speed dependences were concluded
to be the same for ethanol-gasoline blends, as the ones foundin literature for
gasoline.

8.1 Fulfilled Objectives

The objectives of this thesis have been partially fulfilled.It has been investi-
gated if the ethanol content in the fuel could be estimated from ion currents.
The conclusion is drawn that it can not be done in any of the ways that are
suggested in this thesis. This was the main objective and it has been fulfilled.
Also a literature review has been done. Since it was not possible to estimate
the ethanol content, no algorithm has been developed, and the other objectives
about a real time implementation have not been fulfilled.
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8.2 Future Work

Since the conclusion is that a black box model could not capture any differ-
ence of different ethanol blends, a possibility for the future would be to use
an analytical model instead.

8.2.1 The Analytical Model

In [9] an analytical model for the ion current based on the cylinder pressure is
presented. A future study could be to see if the analytical model predicts any
differences in the ion currents from ethanol and gasoline. Since the cylinder
pressure is not available in production cars today, this approach might not lead
to an algorithm that is possible to implement, but it would still be interesting
to evaluate.
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Appendix A

Abbreviations

BDC Bottom dead center
CAD Crank angle degrees
C/H Carbon hydrogen ratio
ECU Engine control unit
HCCI Homogeneous charge compression ignition
OBD On board diagnostics
RON Research octane number
RPM Revolutions per minute
RVP Reid vapor pressure
SI Spark ignited
TDC Top dead center
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Appendix B

Measurements

Many different speeds, loads, ignition timings andλ-values were measured.
The operating points that were used are shown in Table B.1. Inboth theλ and
the ignition column - means that theECU decides the values.

speed air mass flow ignition λ
RPM mg/c deg relative to theECU -
1000 150 -8 -
1000 150 -4 -
1000 150 - -
1000 150 +4 -
1000 150 +8 -
1000 225 - -
1000 300 -8 -
1000 300 -4 -
1000 300 - -
1000 300 +4 -
1000 300 +8 -
1000 375 - -
1000 450 -8 -
1000 450 -4 -
1000 450 - -
1000 450 +4 -
1000 450 +8 -
1500 150 - -
1500 225 - -
1500 300 - 1.00
1500 300 - 0.80
1500 300 - 0.85
1500 300 - 0.90

Continued on next page
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Table B.1 – continued from previous page
speed air mass flow ignition λ
1500 300 - 0.95
1500 375 - -
1500 450 - -
1750 150 - -
1750 225 -8 -
1750 225 -4 -
1750 225 - -
1750 225 +4 -
1750 225 +8 -
1750 300 - -
1750 375 - -
1750 450 - -
2000 150 -8 -
2000 150 -4 -
2000 150 - -
2000 150 +4 -
2000 150 +8 -
2000 225 - -
2000 300 -8 -
2000 300 -4 -
2000 300 - -
2000 300 +4 -
2000 300 +8 -
2000 375 - -
2000 450 -8 -
2000 450 -4 -
2000 450 - -
2000 450 +4 -
2000 450 +8 -
2250 150 - -
2250 225 - -
2250 300 - -
2250 375 -8 -
2250 375 -4 -
2250 375 - -
2250 375 +4 -
2250 375 +8 -
2250 450 - -
2500 150 - -
2500 225 - -
2500 300 - 1.00

Continued on next page
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Table B.1 – continued from previous page
speed air mass flow ignition λ
2500 300 - 0.80
2500 300 - 0.85
2500 300 - 0.90
2500 300 - 0.95
2500 375 - -
2500 450 - -
3000 150 -8 -
3000 150 -4 -
3000 150 - -
3000 150 +4 -
3000 150 +8 -
3000 225 - -
3000 300 -8 -
3000 300 -4 -
3000 300 - -
3000 300 +4 -
3000 300 +8 -
3000 375 - -
3000 450 -8 -
3000 450 -4 -
3000 450 - -
3000 450 +4 -
3000 450 +8 -

Table B.1: Measurement points
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