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Abstract

Closed loop fuel injection has been in use for two decadedtBubot until the recent five years that

the wide band lambda sensor have been utilized. The goaléggiain wide band and discrete lamb
sensors in a simple but powerful way. Both sensors are madglesimple mathematics and accounts
Oxygen, Hydrogen and Carbon monoxide influences. The facastijust on the output from the senso

da
for
s,

but also on the underlying function. This means that all axations are thorough and methodical. The

function of a wide band lambda sensor is more complicated ¢hdiscrete type lambda sensor, theref
it's harder to get correct readings. The model of the wideddambda sensor is used to evaluate differ

ore
ent

problems in preparation for the development of an obseiSeveral potential problem sources are tested
and investigated; these include calibration error, presstror, air leak error, gas sensitivity and fuel errars.

To evaluate the potential problems and their ability to akptliifferences between actual lambda and ser
output, two sensors with differing outputs have been usée.fihal result is implemented in an ECU.
The models indicate that the difference between the twooseris most likely explained by different se

nsor

n

sitivity for CO, O2 and H2. This can in turn have one or severgllanations. It is suggested that different

ability to pump oxygen, different nernst cells or even diffiet controllers can cause this. The reasol
not investigated further as this would require a very despagch on the two sensors. Because no us
explanation is found an observer that estimates the offstvighiometric conditions, where lambda equ
one, is constructed. The observer uses the fact that thebspitint of a discrete lambda sensor is ins¢
sitive to disturbances. The offset calculation is perfadrirereal time on an ECU. Tools for calibration

the observer are also developed. With the observer the ferrtre two sensors is roughly halved over t

nis
able
als
en-
of
he

whole spectrum and at stoichiometric conditions, whichérormal operation for an engine, the error was

too small to measure.
Although the wide band lambda sensor is a very complex seénissshown that it can be understood wi

simple mathematics and basic knowledge in chemistry. Tkeldped model agrees well with the real

sensor for steady state conditions. For transient comdifioowever, the model needs to be refined furt

th

ner.

The question why the two sensors differ is discussed buttieedrigin of the cause remains unsolved. The

conclusion is that the error can be drastically reduced ihan offset. Itis also shown that when buildir

ng

a lambda sensing device the controller is of equal impogascthe sensor element itself. This is dug to

the sensitivity of surrounding factors that the controfterst be able to handle. These effects are spec
important for engines running at lambda not equal to 1, fangxe diesel engines.

Keywords: wide band, uego, ego, 02 sensor, oxygen sensor, lambda \

ally



http://www.ep.liu.se
http://www.vehicular.isy.liu.se




Abstract

Closed loop fuel injection has been in use for two decaded#’butot until the recent five years that the wide
band lambda sensor have been utilized. The goal is to expldmband and discrete lambda sensors in a simple
but powerful way. Both sensors are modeled by simple mattiesnand accounts for Oxygen, Hydrogen and
Carbon monoxide influences. The focus is not just on the adtpm the sensors, but also on the underlying
function. This means that all explanations are thoroughraathodical. The function of a wide band lambda
sensor is more complicated than a discrete type lambdarsé¢msefore it's harder to get correct readings. The
model of the wide band lambda sensor is used to evaluateatiffproblems in preparation for the development
of an observer. Several potential problem sources aredteste investigated; these include calibration error,
pressure error, air leak error, gas sensitivity and fuersriTo evaluate the potential problems and their ability to
explain differences between actual lambda and sensorptitgusensors with differing outputs have been used.
The final result is implemented in an ECU.

The models indicate that the difference between the twoosens most likely explained by different sensi-
tivity for CO, O2 and H2. This can in turn have one or severalaxations. It is suggested that different ability
to pump oxygen, different nernst cells or even differenttaaters can cause this. The reason is not investigated
further as this would require a very deep research on the émeass. Because no usable explanation is found
an observer that estimates the offset at stoichiometridions, where lambda equals one, is constructed. The
observer uses the fact that the switch point of a discretbdi@nsensor is insensitive to disturbances. The offset
calculation is performed in real time on an ECU. Tools foilwaltion of the observer are also developed. With
the observer the error for the two sensors is roughly halved the whole spectrum and at stoichiometric con-
ditions, which is the normal operation for an engine, therawas too small to measure.

Although the wide band lambda sensor is a very complex sahs®ishown that it can be understood with
simple mathematics and basic knowledge in chemistry. Theldeed model agrees well with the real sensor for
steady state conditions. For transient conditions, howelie model needs to be refined further. The question
why the two sensors differ is discussed but the true origithefcause remains unsolved. The conclusion is that
the error can be drastically reduced with just an offset &lso shown that when building a lambda sensing de-
vice the controller is of equal importance as the sensoratitself. This is due to the sensitivity of surrounding
factors that the controller must be able to handle. Thesztsffare specially important for engines running at
lambda not equal to 1, for example diesel engines.

Keywords: wide band, narrow band, switch type, uego, ego, 02 sensggeoxsensor, lambda, zirconia
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Notation

Symbols and acronyms used in the report.

Variables and parameters

[X X] Concentration of XX
a, 3,v,6,e Constants
A Area

c concentration fraction, Taylor coefficients
e electron charge
E Potential, Energy
F Faradays constant
1,i Current
0 Occupancies
0 fraction
k Constant
K Equilibrium constant
A lambda value, mixture strength
L Adsorption capacity
1 Potential
m Mass, Mass transfer
M Mole mass
N,n Number of
£ Progress, Parameterization
R Resistance, Gas constant
T rate
T Temperature
t Time in seconds
U Output
1% \oltage
v Stoichiometric constant, Vacancies
Y Constant
Modifiers
0 Standard conditions
" Modified
- OfXx
* rate of

Vil



Acronyms

AIF
AC
CNG
ECU
EGO
RPM
UEGO

Air to Fuel

Alternating Current
Compressed Natural Gas
Engine Control Unit

Exhaust Gas Oxygen
Revolutions Per Minute
Universal Exhaust Gas Oxygen
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Chapter 1

Introduction

Already in 1306 King Edward | banned coal fires in London, teason were complains from the upper-class
about smog. The law did never get any real impact and was sroved[7] but today smog is once again
a big problem. Although nowadays it's hardly coal fires thatises smog in London, the car is. When the
first petrol driven automobile was introduced in USA in theela880s there where already much talk about the
environmental influence. Ironically, considering the kiexlge of today, the introduction of the automobile was
seen upon as a environmental improvement over horses. aberrevas horse manure, in New York City alone
over 10,000 tons of manure had to be removed from the stredys[l7]. At that time no one could hardly have
predicted the automobile’s future, it's success and thér@mmental disaster that was soon to follow. Only in
2005 63 million cars and light trucks were delivered aroumelworld and the dramatic increase is expected to
continue for at least the next three decades. Nature isiglma#fering tremendously and in the end, as always,
human health will suffer. Not only is the car today recogdias the main source for pollution but also for noise
and high cost with todays constantly increasing gasolif@epr Since the 70s, legislation have demanded harder
and harder restrictions for pollutants produced by a catadswinoise and recycling of the car itself. This chapter
will give a short introduction to the work.

1.1 Purpose

The purpose of this thesis is to investigate and explore tiEngensors and find reasons why seemingly correct
sensors can have differing outputs. If an explanation iadgor an equally good idea to improve sensor readings,
an observer for lambda will be constructed.

1.2 Method and Outline

Several models are described and tested against a real semgot. The result is evaluated to find a suitable
model, this can be found in chaptér 4. These models are usadloate six kinds of errors in chapter 6. The
knowledge gained is used to construct an observer.

1.3 Emissions from a Gasoline engine

When burning hydrocarbons ideally you get wait€s()) and carbon-dioxid&€{O,). For example gasoline, which
often is simplified to be octan€§ Hs), has the following ideal chemical reaction when burned:

(2)CsHis + (25)02 = (16)C Oz + (18)H20 + energy (1.2
In reality this equation is never satisfied andrmromplete reactiowill occur. This is mainly due to two reasons:
o First of all the fuel is never entirely pure causing an impeticombustion.

e Secondly, the combustion has a limited set of time in the atidn chamber (i.e cylinder) resulting in an
non-homogeneous mixture. This in turn results in some toatkmns never get in contact with air or get
enough heat to participate.
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The results from the incomplete reaction is carbon-oxiti¢), hydrogen{f,) and hydrocarbons{, H,) com-
monly known asH C. When burning hydrocarbons in an engine air is used instepdirgf oxygen, i.e. large
amount of nitrogen is present. Although we never see thaigen oxidize in nature there is an equilibrium in-
volving oxygen, nitrogen and it's oxides. In normal air-fggnature the equilibrium is so far shifted towards pure
oxygen and nitrogen so we never observe any nitrogen-oxidan engine on the other hand the temperature
is far higher and various types of nitrogen-oxides is ciitafEhese gases is never allowed to reach complete
chemical equilibrium again resulting in emissions cokectinder the nam&/O,.. Actually the name is a bit
misleading becaus#, O is also included. These gases are however created in eXyrémmeconcentrations
suggestion the merge.

1.3.1 Lambda @\)

To be able to freely discuss emissions lambda must first beetbfWithout going into details a gasoline engine
needs air and it needs fuel to runaif-to-fuel ratio( A/ F') is defined as:

Mg

(A/F) = (12)

my
Wherem, andm; is the mass of air respective the fuel entering the enginmbida is then defined as:

(A/F)
(A/F)s

(1.3)

Where(A/F), is the so calledtoichiometric air-to-fuel ratiand is the air-to-fuel ratio when a complete reaction
(theoretically) occurs. Whek > 1 the mixture is called lean and likewise wh&nc< 1 the mixture is called rich.
Traditionally ¢ has been used by some engineers, wbeﬁei.

1.3.2 Pollutants

Several of the gases produced by an engine is poisonousioarisl Figure 1/1 shows the resulting concentra-
tion, under equilibrium, for different. The Figure shows the concentrations under three difféeamperatures,
it's clear that lower temperature means higher variatidnsacentrations. Observe that the fractidi®,, in-
creases rapidly with higher temperature.

Carbon monoxide (CO)

Carbon monoxide or just carbon oxide is a very poisonous gakumans. The affinity between hemoglobin,
which is a substance in blood responsible for oxygen abisorpand carbon monoxide is greater than between
hemoglobin and oxygen [18]. This prevents hemoglobin tavdebxygen to the body resulting in shortness of
breathe. In addition it's an odorless and colorless gas mgakkialmost impossible to discover without suitable
equipment. As seen i Figure 1.2 Carbon monoxide is produndérnconditions when the oxygen level is low
and fuel fails to oxidize completely to carbon dioxide. Extieming combustions when the oxygen concentration
is highCO is always generated to some extent. This is because of iHetemgpmbustions.

Hydrocarbons (HC)

A hydrocarbon is any chemical compound that consists onthe@flement carbor{) and hydrogeni{). The
simplest hydrocarbon is methan€#4) and only contains single bonds. Other types of bonds acepabsent,
for example benzen&¥; Hg) which contains double bonds. Reduced hydrocarbons,dikedldehyde i C HO)

is often counted into this group. When exposed to hydrocarbarormal reaction is usually to cough and choke
but in extreme cases vomiting may occur. Hydrocarbons meslneurologic symptoms like drowsiness, poor
coordination or even coma [18]. As seen in Figure 1.3 hydtomas are produced mainly during rich air-to-fuel
mixtures (i.eA < 1). In addition they are produced when the combustions isdrexi by, for example, design
faults in the combustion chamber. The reason for the ineredi®n\ > 1.15 in the Figure is because the engine
starts to misfire because of the very lean condition.
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Mole fraction
= P
C)I OI I
(4] N
DAY
T

o

2
0_8 I 1 -8 I I 1 -8 I I
0.5 1 15 2 0.5 1 15 2 0.5 1 15 2
(F/A) ratio @ (F/A) ratio @ (F/A) ratio @

Figure 1.1: Species concentrations for varying mixture strengths. The three plotssshe results
for different temperatures. Observe that gas concentrations ifffieneat ¢. (courtesy of
Lars Eriksson [13])

Hydrogen (Hs)

Hydrogen is not a toxic gas but still very dangerous becatisevery flammable. The gas is colorless, odorless
and tasteless which makes it dangerous in a closed envirdnrge carbon monoxide hydrogen is produced
when\ < 1.

Nitrogen Oxides (NO,)

When humans is exposed to nitrogen oxides it's believed thegdravate asthmatic conditions. Furthermore
NO, doesn't dissolve very easy and it can therefore take timeotwe warning signals of exposure. When
NO, is allowed to react with oxygen in the air it will produce oeomvhich is an irritant. Ozone will eventually
form nitric acid when dissolved in water. When dissolved im@spheric moisture the result can be acid rain
which damage both trees and entire forest ecosystems [b&].cdncentration oV O,, is mainly dependent on
the gas temperature in the engine, the temperature depandamy things, among otheds In Figure 1.4 the
(partially indirect) dependency of can be seen for the concentration/éf),.. The peak is at a slightly lean
mixture.

1.4 Environmental Legislation
Already in the 50s some American towns had smog problemsedalng Automobiles, therefore the US has

traditionally been the leader when it comes to stringenit$iior pollutants. This is specially true for the state of
California which is know to have very stringent limits. Nad&ys also Europe has stringent legislations, called
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CO in volume %
Ul

L L L L L " !
0.85 0.9 0.95 1 1.05 11 1.15 12 1.25

Figure 1.2: CO emissions from a gasoline engin@0 is produced when the oxygen level is low but
never reaches a zero concentration even thoughl because if incomplete combustion.

35

25r

HC in volume %

15

L L L L L L
0.85 0.9 0.95 1 1.05 1.1 1.15 12 1.25
A

Figure 1.3: HC emissions from a gasoline engin& C' is produced when the oxygen level is low
or when the combustions is hindered. In addition it can be produced thieegngine is
misfiring, this happens in the Figure at> 1.15

EURO X, where X stands for the version. The latest versiomday (January 4, 2007) is EURO 4. In Table 1.1
different version and the introduction year is seen. To camaglifferent cars under an emission standard a strict
driving cycle is included into the standard. This schemis tble tester exactly how to drive as well as ambient
conditions, of course this is an indispensability for a eotiand fair comparison. Every EURO emission standard
has a slightly improved (i.e tougher) driving scheme anddtest ones incorporate cold-start conditions atG7

As seen in Table 1]2 the allowed emissions has very rapidigmid, specially the latest one where it's roughly
halved. The EURO standards is strictly speaking not justadstrd for emissions but also includes demands for
On-board diagnostics and durability of exhaust gas afeattnent systems. In addition limits for evaporative
emissions, which is when gasoline evaporates directly ftmrtank, is included.

1.5 Progress

Today'’s cars have come a long way compared to cars manufddb@fore strict legislations were accepted. In
these days computers are everywhere and a car is no exgeatibar the opposite. According to TEEMA (

Taiwan Electrical And Electronic Manufacturers Assoanj}i[14] the cost for the electronics in a car is today 20
percent of the total production cost but will in the next 1@ngegrow up to 50 percent. This computer explosion
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2.8r

26

24F

22r

NOXx in volume %

18r
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L L L L L L
0.85 0.9 0.95 1 1.05 11 1.15 12 1.25

Figure 1.4: NO, emissions from a gasoline engine. TN®,, is mainly dependent on temperature but
also mixture strength influences. This is partially indirect through tempera@bserve
that the peak is slightly displaced.

Emission standard Introduction
EURO | 1992
EURO I 1996
EURO Il 2000
EURO IV 2005
EURO V Proposition to 2008

Table 1.1: Introduction years of Europeans emission standards [2]. The laesion today (EURO 4)
has forced the car industry to significantly lower pollutants. EURO 5 (mep@008 for
heavy duty vehicles) is believed to further increase the pressure ordilgtrin

has paved the way for more advanced control system for engiiveo of the major improvements for lowering
emission the last 20 years are fuel injection and CatalytiovE@rters.

1.5.1 Fuel Injection

Prior to the 80s, nearly all engines usetburetorsto mix air with fuel, simply speaking a mechanical device.
After the 80s all cars used fuel-injection, with few wordsstts a computer power@technique used to get
higher accuracy when measuring and mixing the gasolinefaiture.

1.5.2 Catalytic Converters

With the introduction of fuel injection new means to contpalllutants produced by an engine became avail-
able. However no matter how the engine is controlled (moswliyze or less gasoline to same amount of air)
you'll always end up with some undesired pollutant. If thgiee is running rich more carbon-monoxide and
hydrocarbons are discharged. On the other hand if the eigi@ning lean morévO,. discharged. What the
car industry realized what that a device that restores th#ilegum was needed, an afterburner. This is what's
called a Catalytic converter or a catalyst. Because a datalgnverter should restore equilibrium it works best
at a very narrow band around the stoichiometric air-to-fagib and this is where the computer powered fuel
injection comes into place.

1.5.3 Lambda sensor

One of the most important sensor in today’s cars, and the topia for this thesis, is the lambda sensor (seen in
Figure 1.5). It's job is to measure the amount of oxygen ingkieaust, the car’s ECU will then use this infor-

1Although in the beginning it existed fuel injection systeowgred by analog electronics and even mechanical solutions
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Emission standard HC &O, g’/km HCg/km NO, g/km CO g/km

EURO | 0.97 2.72
EURO Il 0.50 2.2
EURO Il 0.2 0.15 2.3
EURO IV 0.1 0.08 1.0

Table 1.2: Limits for different emission standards [3]. The latest standard rguwdived the allowed
emissions. The standard also includes on-board diagnostics, etiep@missions and
durability of exhaust gas after-treatment system.

mation to estimate if the fuel/air-mixture was right. Thiaywthe ECU gets a feedback of injected fuel and can
avoid to only use pre-programmed values which doesn't tgkega ambient conditions etc into consideration.
Without the lambda sensor, today’s strict pollution regjates would be impossible to meet.

Figure 1.5: The Figure shows one of the most important sensor in a modern cdantiela sensor.
It was designed to sense thd/F)-ratio so an effective feedback loop could be imple-
mented in todays fuel injections. (courtesy of David Long [12])

1.6 Engine setup

All the tests will be performed on one of the department’sieesg; the L850. This motor is almost a standard
engine from Saab except for the continuously dual indepandeiable cam timings. It's also connected to a PC
running RTAI. This computer can take over parts of the engioroller’'s work.

1.7 Reading Instructions

The thesis has a rather large prerequisites, this is for dhgenience of readers with little or no knowledge
on engines or Chemistry/Thermodynamics and could easiskipped. Every section ends withcanclusion
this can easily be read alone if just interested in the resiNbte that the last chapter summarize all important
conclusions and makes corollary conclusions.



Chapter 2

Prerequisites

This chapter states some prerequisites needed to absaordsthef the thesis. Every section starts with a small
description of what it contains so the section safely carkippsd if the area already is grasped.

2.1 Engine

This section contains a small walk through of what kind ofieag that exists today and what kind that will be
used in this thesis. A small description of how an engine waslalso given.

There exist many different types of engines today but thertvest common in car industry is based on the
diesel concept respective the Otto concept. The one bastekatiesel concept often uses diesel as fuel and is
therefore often called just a diesel engine. The other caedhon the Otto concept, has traditionally been using
gasoline as fuel but nowadays it isn't unusual to run it on satier fuel like for example ethanol. The Otto
concept was invented already in 1876 by the German sci@likistaus Otto [19]. The engine dealt with through
out this thesis is a four-stroke reciprocating gasolineirengThis is the most common gasoline motor used in
todays car industry. Of course other types is also used naility this is so seldom that a description would
just confuse and is therefore not given.

2.1.1 Physical

An engine from a modern car is of course very complicated teitiasic concepts can all be recognized from
the prototype built by Nikolaus Otto. In Figure 2.1 the autliof a four-stroke engine can be seen. The piston is
connected, via the rod, to the crankshaft. When the pistoremap and down the crankshaft begins to rotate.
The inlet- and exhaust- valves are also shown. These ceithelflow of fresh mixture and exhaust gas through
the engine. The state when the piston is all the way down IsdBlbttom Dead Centeand likewise the state
when the piston is all the way up is callédp Dead Center

2.1.2 Operation

The reason the engine is called a four-stroke engine is higastates (in this context called strokes) which the
motor can be in is four. The strokes can be seen in Figure 2 2anflow are:

1. During theinduction strokgFigure 2.2a) the inlet valve is open and the piston is modimgnwards. The
result is that the engine is filled with fresh mixture throdbé inlet valve.

2. Next up is th&eompression strokevhich is seen in Figure 2.2b. The piston has turned directiw is now
moving upwards. Both the valves is closed and the newly itedlLiresh mixture is compressed.

3. Thepower strokestarts with a spark from the spark plug (seen in Figure 2.26¢wignites the mixture.
The piston is therefore forced downwards by the expandisggdt’'s not a regular explosion but rather a
controlled burning of the gases. This stroke is the onlyksttbat produces power, the other ones consume.

4. The last stroke, seen in Figuire 2.2, is éxhaust strokeThe piston has once again turned direction and
is moving upwards and the exhaust valve has opened. Thephstoefore forces the newly burned gases
out through the exhaust and a new induction stroke can start.
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Figure 2.1: An overview of a modern engine, all the basic concepts are recogim@edhe prototype
built by Nikolaus Otto. The piston moves up and down making the cranksitate. This

in turns makes (through the gearbox etc) the wheel turns.
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Figure 2.2: The operation of a four-stroke engine. Each picture symbols a stitaking the Induction
stroke fresh mixture is drawn in, which later is compressed during th@ission stroke.
The power stroke ignites the compressed mixture and produces rotagagye Finally
the burnt gases is exhaled during the exhaust stroke.

In nature nothing happens instantly and this of course alsaase in an engine. The result is that the valves
can not open and close at there exact stroke. For examplehles valve opens some time before the piston
has reached BDC. Even the spark from the spark plug actuathecsometime before the piston is in TDC.

2.1.3 Intake

An engine needs both air (oxygen) and fuel (gasoline) totfangroperly. A modern car has fuel injection,

see Sectioh 1.5.1, which means that the fuel is injected avithor several injectors. An injector is an electrical
controllable valve which work under high pressure. The amaii fuel injected is controlled by the engines

ECU. The amount of air on the other hand is normally, eithezalior indirect through the ECU, controlled by

the driver and the accelerator. In the end another kind aevedlled a throttle is used to control the amount of
air actually inducted. The injector and throttle can be sedrigurd 2.3.

2.1.4 Turbo

A modern car often incorporates a turbo to boost efficienty flirbo can be divided into two parts: The turbine
and the compressor. After the exhaust valve of the engintutb@e part of the turbo is located, this part starts
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Throttle

_—

Fuel injector

Figure 2.3: The intake side of an modern engine. The fuel is injected through oneveras fuel
injectors, which can be seen in the Figure. The amount of air enteringntgieesis
controlled through a valve called throttle, this is seen in the top left.

to spin from the movement of the exhaust gas. The turbinetisrindirectly connected to the compressor part
which compresses air entering the engine. This way moreaaieater the engine resulting in more power.

2.2 Chemistry

The text in this chapter is actually from upper secondarg<(in Swedergymnasieskoleand is easily skipped
if already grasped.

2.2.1 Chemical equilibrium

Chemical equilibrium is the state when a reaction and iverge reaction occurs at the same rate. That is, the
concentrations of the participating gases remains conetaar time. It should be noted that although that the

concentrations remains, the reaction (and it's counteatiea@ continues. The concentrations of the participants
in a reaction under chemical equilibrium is related to eableoby

[cm][D7]
[AJ*[B]™
where K is the equilibrium constant. An example is the wages-equilibrium which is the collaboration between
carbon oxide, water, hydrogen and carbon dioxide, thesgioaa is described bx = % where K

is the Water gas equilibrium constant. The reaction ratégisiyy dependent on temperature, if the temperature
drops to low the reaction is sad to be frozen and almost ndiogacoccurs. For the water gas equilibrium this

happens at approximately 950K. However in presence of dytiataubstance the reactions can occur at much
lower temperatures.

K= (2.1)

2.3 Thermodynamics

When steam powered engines conquered the world the need fyisap to optimize these engines developed.
The result was thermodynamics, a branch of physics thas egtil temperature, pressure and volume. A system
in thermodynamic is viewed at at macroscopic level but thegligtion of the system is made through statistical
views at particle level. This chapter states the importastrhodynamics [6] for this thesis.

1. Boltzmann factor - The relative probability for a system to be in thermodyrmasaguilibrium is called the
Boltzmann factor. At temperatuf@it's expressed as:

E

e T 2.2)
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Where K, is the Boltzmann constant aridis the systems energy.

. Chemical potential 11 - Chemical potential is, the name in spite, a thermodynasmmimt If you hold

entropy and volume constant the chemical potential of &syst how much the energy will change if new
particles is added.

. Entropy - A systems temperature, pressure and density can differspaee but over time they all tend

to equalize. For example open and turn off the fridge and slo®temperature has equalized between the
room and the fridge. Entropy is a measure of how "equalizesistem is.

. Mechanical equilibrium - When the sum of the forces and moments on each particle otensys zero

the system is said to be in mechanical equilibrium.

. Thermal equilibrium - For a system to be in thermal equilibrium it's temperaturewd be constant in

time and space.

. Thermodynamic equilibrium - A system is said to be in thermodynamic equilibrium if thetsyn is in

chemical-, mechanical- and thermal-equilibrium. If a epsts present in this state all visible observables
is unchanged over time and space.

2.4 Electro chemistry

This chapter describes the electro chemistry needed ®ttibBis.

1. Galvanic cell - This cell, named after a Italian physicist who lived in ti&tH.century, consisted of two

10

metal plates with a electrolyte connection between them.



Chapter 3

Lambda sensors

So far only the basics about the lambda sensors has beereddgee 1.5/3), this chapter goes into detail of the
design and structure of different kinds of lambda sensors.

Common for all lambda sensors is that they try, in some wayotieer, measure the amount of oxygen in the
exhaust. This way the engine controller can estimate theabét/F-ratio and thereby reduce emissions. Often
two sensors are used on a modern engine, the main sensoatiedan the exhaust manifold (after the turbo if
one exists) and before the catalytic converter. The secardwlocated after the converter. The placement is
seen in Figure 3.1. With a second sensor downstream of thfytaiconverter, the controller can diagnose the
converter and even give an estimate of the oxygen level. eTher basically two types of lambda sensors, the
switch type (also called narrow band, ego or discrete typd)the wide band type (also called uego).

Lambda sensor Lambda sensor
(rear)

<«—to engine to exhaust pipe —»

Catalytic converter

Figure 3.1: On a modern car two lambda sensors is often used, one before therteorand one
after. The sensor located before the converter is the main one, sésiedior the mixture
strength measuring. The second one is used for diagnose.

3.1 Switch type

The switch type lambda sensor has been the most common @gedns since fuel injection was first utilized.
Recently it has been replaced as the main sensor but ishstithbst common choice as second sensor (after the
catalyst). This sensor has an highly non-linear output wéity rapid change at the stoichiometric A/F ratio seen
in Figurd 3.2. Because of the non-linear output this serssooi reliable to measure the actual A/F-ratio. Instead
it's used as a boolean value or an on/off-switch. Everytliapw A = 1 is regarded rich and everything over

is lean. Because of the relay characteristic of this semgmther with a time delay a oscillating behavior of the
resulting lambda (see Figure 3.3) is unavoidable. Two wdiffekinds of techniques can be discerned for switch
type sensors, the zirconia sensor and the titania sensahe@vo the zirconia variant is the far most common
among car manufacturers and this is also the one mainly déhlthroughout this thesis.

3.1.1 Physical structure

Most switch type sensors are today of planar type, meaniathiey consist of layers on top of each other [4].
One of the sensor’s outer layer is exposed to the gas to neeabie other outer layer is exposed to a reference
gas. In the case when using a lambda sensor in a car the gaasomaés exhaust fumes and the reference is air.
First of all the sensor is placed in a housing, its main puggedo protect the sensitive sensor from small
particles in the exhaust. In addition the heat transfer floensensor is reduced. The housing is made of metal
and is usually in shape of a cylinder. To allow the gas to pasisié to the actual sensor the housing has small

11
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Figure 3.2: Typical output from a switch typa-sensor. The highly non-linear output seen makes this
sensor unsuitable for an measure of the exact A/F-ratio. Instead é& as a boolean
value or an on/off-switch.

holes. As seen in Figufre 3.4 the first layer (leftmost in thguFé) of the actual sensor is the protection layer
which protects the sensor from direct gas exposure. Theiffasas through the protection layer on to the next
layer. It's therefore important that the protection layepbrous and allows the exhaust gases to pass through
freely. The layer is always of ceramic, the type may vary. gt layer is one of the electrodes, specifically
the cathode. The electrodes are catalytic and mainly mag&thum but may have other catalytic additives.
This helps the exhaust gas into chemical equilibrium whichdeded for a reliable measure. In the middle of
the sensor is the electrolyte layer, this is where the astltdge between the anode and cathode is created. The
electrolyte is Zirconia (Zr@) with additives to enhance oxygen ions for the Zirconia eeos TitanialiO, for

the Titania sensor. The reference side is built accordjruyever it often the lacks protection layer because
its environment is not so hostile. Moreover, as the outparnfthe sensor is highly temperature dependent (for
further information see next section) the sensor oftenripm@te a heater. This way the sensor’s temperature can
be controlled for a better output.

3.1.2 Zirconia sensor

This sensor produces a voltage difference between the aratleathode in the electrolyte. As for the function
of the unit it's forming a galvanic cell, a good way to deserégalvanic cell is through the nernst equation. The
voltage level from the sensor is high when oxygen level is kmin reality the absence of oxygen is measured.

Function

The exhaust gas diffuses through the protection tube angrtiiection layer onto the electrodes where they react
with each other and end up close to chemical equilibrium.oAlie protection layer helps to achieve this as it

acts like a diffusion barrier. When oxygen is adsorbed on kbet®de a concentration difference arises between
the electrode and the oxygen ions in the electrolyte. Theiiothe electrolyte feels a strong attraction from the

electrode and are drawn towards it. The ions donates twdretkss to the electrode and a voltage difference
arises. Of course the other way around is also possible vamstake electrons from the electrode.

lon donation:0, + 4e~ — 202~ (3.2)

lon recieving:0%*~ — Oy + 4e~ (3.2

12
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Figure 3.3: The Figure shows the resulting lambda when using a switch Xypensor as feedback to
the ECU. The oscillating behaviour comes from limited information that carsbd from
this kind of sensor, the mixture is seen either as rich or as lean and nothiegieen.

So far only oxygen is taking part in the operation but addaity the oxygen ions react directly with the
reducing species (mainlfZ, and CO because of their high concentration but al$@’) donating additionally
electrons. The donated electrons and their holes in theridnbgild up an electronic field which obstruct the
electron exchange until the system reaches a chemicallaquii. Meanwhile the same process is active at the
reference side building up a voltage difference betweercétieode and the anode. This is the actual voltage
measured to get a reading from the sensor.

3.1.3 Titania sensor

Unlike the Zirconia sensor this type doesn’t produce its awitage but has a resistive output. Otherwise the
function is the same. The controller feeds the sensor wittwacurrent supply and measures the actual voltage
drop across the sensor. The resistance varies from a cofigle for a rich mixture to ten times more for a
lean mixture. This sensor is much faster then the zircomacaebut on the other hand it's more expensive. Car
industry has come to favor the slower but cheaper variane réason is that the titania sensor is in the same
price range as the much better wide band sensor.

3.1.4 Evaluation of sensor

To evaluate the functions of the discrete lambda types thesheell equation is here given without proof. For
more details see Section 4.2.1.

kT [Ox]
E=E"+-—xl
+ e n[Red]

(3.3)

WhereE" = Potential of the cell at standard conditions a}%% = The ration between oxidizing and reducing
molecules. The unit has a linear temperature dependen@ensrsthe equation, this is why a heater is always
included in new sensors. Without the heater the sensor wraud to rely on exhaust temperature to get warm
during a startup. In addition the temperature is more statlea heater, which is a good thing for example during
an overtake. When the accelerator is pressed the enginemetivmore power and thereby increasing the exhaust
temperature. Although the heater nowadays is mandatorgatmeerror doesn’'t completely disappear. This is
because the temperature in the nernst equation isn't thewding temperature alone but rather a function of

13
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Protection tube

HC E|ectroae ,CatHoae;
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Figure 3.4: The physical structure of a planar switch typeensor. This is the structure used by all
modern\-sensors.

all participating molecules, which includes the gas terapee, i.e. even though the unit itself always has the
same temperature the reacting gases doesn’t and thusscaggde error. However, the gain error isn't important
for normal operation with this kind of sensor. This is be@atl®e sensor will produce a switch characteristic
voltage output with a large difference between the 'low’ &midh’ value. So when a gain error do occur the

actual switch characteristic doesn’t change much as seEigime] 3.5. It's easy to use the information to find

out if the engine is running rich or lean but all other infotioa is uncertain.

3.2 Wide band

One of the latest big innovations for reducing emissionkéswide band lambda sensor. Although it has existed
for several years it's not until recent years that it has hesed in production by the car industry. Unlike the
switch type this sensor misses the relay characterishitsjg seen in Figure 3.6. The output is not fully linear
but it's possible to estimate the degree of a lean or a rictiurewith high accuracy. For example a Bosch sensor
has a measurablerange of around.7 — 4 [4]. With a wide band sensor a whole new set of control stiateg
can be utilized. In addition the oscillating control betmanfound with the switch type sensor can be avoided.

3.2.1 Physical structure

The structure is much like two switch type zirconia sensormected in series with a cavity in between. The
structure is shown in Figure 3.7.

3.2.2 Function

The inner switch type sensor is functioning like normal arehsures the oxygen level in the cavity. The outer
sensor is working in the opposite direction and, insteadiahg a voltage, a current is applied and the sensor
pumps oxygen in or out from the cavity. Gas enters the cakityugh diffusion, two sorts of diffusion can be
sorted out in this case: Molecular and Knudsen. The rateaofport in molecular diffusion is governed by the
diffusivity and the concentration gradient. Where as Knad$ifusion also is governed by temperature [5]. This
type of sensor is always bundled with a controller, the gb&h® controller is to create equilibrium in the cavity.
To do so the controller looks at the output from the nerndtared pumps in (or out) just enough oxygen to give
equilibrium. The amount of current used in the oxygen pumpr@portional to the mixture strength. As the
sensor is highly temperature dependent and it misses th@dadcy in the output from the switch type sensor

14
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Figure 3.5: The principle output from the same discretsensor but with different temperatures. As
seen the useful information (rich or lean) isn't ruined when changimgpézature.

(see Sectioh 3.1.4) the controller needs to incorporatechrbetter temperature controller. To be able to control
the temperature carefully a feedback is needed, this i€diedone by measuring the resistance in the Nernst
cell. Many solutuons are possible but perhaps the smanestr(alog switches is needed and no need for turning
off the pump circuit) is to apply a high-frequency signal b@ hernst cell. By doing so the resistance can be
measured (by AC-coupling the high-frequency signal) amsl¢hn be done in real time without turning of the
rest of the sensor.

3.2.3 Evaluation of sensor

Unlike the switch type sensor, this sensor needs a exteomafatler. Also, as with all controllers, there are
hundreds of different control strategies to choose fromis filreans that although two system share the same
sensor type, two different controllers (or just two differeontrol strategies) may be used, differentiating the
systems completely. The sensor is also more sensitive faysuding factors, those must either be controlled or
at least be compensated for by the controller. The wide bansios enable linear closed loop control, not just to
A = 1 but also for othei\. Diesel engines, heavy-duty trucks, compressed natusa|@dG) and other engines
not running at stoichiometric mixture can gain much in inmpémting a wide band sensor into the ECU [16].

15



3.2. WIDE BAND CHAPTER 3. LAMBDA SENSORS

0.4

Sensor output (A)

-1.2 I I I I I I I I

0.8 0.85 0.9 0.95 1 1.05 11 1.15 12 1.25

Figure 3.6: Typical output from a wide band-sensor. The output is almost (piecewise) linear.
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Figure 3.7: Physical structure of a wide band sensor. The structure is in fact titohstype zirconia
sensors connected in series with a cavity in between.
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Figure 3.8: Electrical structure of a wide banktsensor. The circuit is divided into four parts. The
pump- and nernst-cell are the actual sensor where as the controliethe@ temperature
sensing-block is in the controller.
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Chapter 4

UEGO Model

Common for all the types of lambda sensors is that they trygasare A/F ratio through measuring the amount
of oxygen in the exhaust. Although this seems like a simma ik first it's not that easy. First of all the way from
measured oxygen level to A/F ratio isn't straightforwardheTmixture may not be in complete equilibrium, for
example the water-gas shift reaction may be unbalancedn8cthe uego sensor is very sensitive to changes
in surrounding parameters.

To do calculations of, for example, temperature sensgjtiinodel in Matlab/Simulink is developed. In this
chapter an evaluation of models is given, the next chaptieishtbe actual results using the final model. The
model is divided in to three partswitch typediffusionand theoxygen pumpln addition the use of a controller
is needed for getting an output from the UEGO. In reality pssing of the signals is needed between the parts.
All model parameters calculated in this chapter can be fonur#gppendix B.

ULa ,wb
Oxygen 4  pump ‘f

Pump

Controller

pump
i

C

exhaust . . exhaust,diff cavity Switch tvpe
—i—D Diffusion < G > yp Uiam sw
Sensor

Figure 4.1: Wide band model overview. The model is divided into three parts plusahialler part.
In reality signal processing between them is also needed.

4.1 Data

The data available to test models and conclusions have peeses The only available data was from [15]. More
about the data in Appendix/A.

41.1 Exhaust model

Since the supply of data has been inadequate a model for sxtmuponents has been developed from [3] [5],
the result is very similar to Heywood [8]. The real data is otise irreplaceable but an exhaust model is a
perfect complement as test cases can easily be created.

The balance equatioh (4.1) describes the reaction betwieanda general one-substance fuel. Air is as-
sumed to consist of oxygen and non-participating substanebere the non-participating substances all are
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assumed to be nitrogen. Therefare+ x,, = 1 applies wherer,, is the fraction oxygen and, is the fraction of
nitrogen.
e[CaHgOyNs| 4+ £,02 + £, No — y1CO2 + y2 H2O + y3 N (4.1)

Consequently the constraint equations becomes:

Carbon : ea = y1 (4.2)
Huydrogen : €8 = 2ys (4.3)
Nitrogen : €§ 4+ 2z, = 2ys (4.4)
Oxygen : ey + 2x, = 2y1 + Yo (4.5)

This is a normal linear equation system, with = 0.79 andz, = 0.21 the solution becomes:

0.21a

_ 4.6
T T 0256 — 059 (4.6)
0.105«¢
_ 4.7
P2 0256 — 057 (4.7
0.79 + 0.1056
_ 4.8
B 0256057 (4.8)
21
€= 0 4.9

a+0.258 — 0.5y

This equation is only valid for complete combustion, whiahréality never happens. For the lambda sensor
model the lack off; andC'O is the biggest drawback. To extend the madél and H; is added in the equation.

In addition the ability to run lean or rich is added by intreghg )\ into the equation, this also requir€s in the
exhaust gas when the engine is running lean, see equatid).(4.

1
gx[CaHﬁO'yNé] + [2602 + 2, N3] — y1COq + y2 HyO + y3No + 44204 + y5CO + yg Hy (4.10)

For simplicity CO and H, are regarded zero when running lean, likewis@®iswhen running rich. When
running rich the water-gas shift reaction is assumed to bech see equation (2.2.1). The constraint equations
is different dependent on the mixture strendtkan

1
Carbon : A= (4.11)
1
Hydrogen : exﬁ = 2y (4.12)
1
Nitrogen : €X6 +0.79%2 =y3 (4.13)
1
Ozxygen : sxfy +0.21 %2 = 2y; + yo + 2y, (4.14)
Rich .
Carbon : sxa =y +ys5 (4.15)
1
Hydrogen : EXB = 2y + 2y¢ (4.16)
1
Nitrogen : EX(; +0.79%2 =y3 (4.17)
1
Ozxygen : ex7 +0.21 %2 = 2y; + y2 + y5 (4.18)

The solution is seen in Table 4.1. This yields a complexart&ni than before but still manageable. As seen the
equations result in a non-differentiable functiomat 1, this could mean problems with discontinues in some
cases.
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Specie| A > 1 A<l

CO, a%e axe—Ys

HyO | Bsxe 0.42 — 5520 — ) + 5
N, 0.79 + 0.56v& | 0.79 + 0.56 3¢

O 0.21(1 - %) 0

H2 0 042(% - 1) —Ys

Table 4.1: The resulting gas concentration under equilibrium using linear equatidresequations is
continues af = 1 but not differentiable, this could produce discontinues later on.

—b 4+ Vb% — dac
Yys = — =
2a
a = 10-K,
1 1 1
b = 042-— Xs(Zoz —v)+ KP(OAQ(X —-1)+ axs)
1 1

The model could be extended 16O x and HC' but this is not necessary as the implemented lambda sensor
model does not use these concentrations.
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Figure 4.2: Output from exhaust gas model. The functions are clearly linear andlifierentiable at
A=1.

4.2 Switch type model

One of the parts building up a wide band sensor is, as stat8edtion 3.2, a switch type sensor. Therefore a
good model for a switch type sensor has to be developed. Timg puodel will use this model to know which
way to pump oxygen, the most important part to get right isdftee the switch characteristics. The previous
chapter also states that the switch type lambda sensoreadesbribed with the nernst equation.
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4.2.1 Nernst equation

In 1920 Walther H. Nernst received the Nobel prize for “inagwition of his work in thermo chemistry”, his
work led to the Nernst equation which correlates the chereitargy and the electric potential of a galvanic cell.

The equation can be written as:
kT [Ox]
E=E"+—
+ e In [Red]

E° =Potential of the cell at standard conditions E#ge% = The ration between oxidizing and reducing molecules.
The equation is most easily derived from chemical poteata the Boltzmann factor. As the Boltzmann factor
is a relative probability the ratio between the oxidized agdliced molecules is good starting-point. This ratio
is elementary the probability for a molecule to be oxidizedrdo be reduced. So the Boltzmann'’s factor gives:

(4.19)

Eog
[OSL’] e EpT Epeqd—Eox
— = T 4.20
2 (420

WhereFE,..; andE,, are the energy barriers needed to be overcome for a electswitch owner. The chemical
potentialu,. has for this system the solution 8%..; — E,, when considering that the entropy and volume should
be constant. The natural logarithm on both sides becomes:

L 102] _ pe [02]
[Red] ~ K,T [Red]

To get electrical potentials instead of chemical, the aqnas divided withe (as it is electrons that changes
owner).

= . = KpTin (4.21)

= n

e [Red]
Even though% = 1 there can be a voltage over the electrodes, therefore ast éifsis added, and equation
(4.19) is finally received.

E

(4.22)

4.2.2 Linear Regression models

As starting point for all linear approximations of the switcell, equation (4.19) is used. These models try to
linearize the equation so they can be solved by a least squetteod.

Oxygen based model 1

A switch type sensor is often called an oxygen sensor, ajthowt the whole truth (compare to equation (4.19))
there is an oxygen dependency. As seen in Figure 4.3 thersifisws the oxygen concentration quite well,
at least on the lean side. In this case, the switch charagitsris the most important part. This causes the
oxygen based model where only the oxygen concentratioreis. (Ehe equation (4.19) is used and a least square
method is applied to get a reasonable valuq[ﬁ,%. Although in reality the equation involve fractions of the
electrode occupied with substances, it seems reasonablmptify this with the gas concentration level. At
least the occupancies of the electrode clearly must beyhagpendent of the concentration level. As the oxygen
concentration is inverted compared to the voltage from émsar the formuld — E is fitted.

[Oz]
[Red]

kT
1-FE = 1-E°+ = xlog
e

kT
~ ko+ —* log k1 * [O2]
~ /taylor around the midpoint:/

S o+ e (og (k) + [ty ) # (102 = ) + )

~ ko 4 kg * [Oo] + kg % [02)?

For someks,, k3 andk,. The result can be seen in Figlre 4.4. The model has rathergsemblance, specially
on the rich side. The saturated behavior on this side is jptglzaconsequence of the very low concentration of
oxygen. The lean side is rather noisy, most certainly a apresece from using both the rich and the lean side
for the least square. This results in a very high sensitfaityoxygen.
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Figure 4.3: Gas concentrations for first set of test data. For more data see digg&nFor the model
only CO,H> andOs is used but in reality all the gases has more or less an effect on the
sensor.

Oxygen based model 2

The second oxygen based model is based on the fact that oeathaide the sensor must be oxygen driven as
no other gases are present. This model uses the same apatioxirof the nernst equation as the first oxygen
based model but differ on the approximation interval. ladtef looking at the whole interval when using the
least square algorithm only the lean part is used. Figureli4pays the result. As expected the model shows
great resemblance on the lean side but poor on the rich. Astbellean side is used for the least square the
high sensitivity from Oxygen based model 1 is gone. This redke noisy behavior disappear but also causes
the model to have too low swing at the rich side.

Extended gas model

This model uses the same approach as the two preceding beddnsf doing an approximation using only
oxygen the model is extended with more gases. Carbon oxilayarogen are two strongly reducing gases and
the concentrations of these two are fairly agreeable witrstimsor output on the rich side.

[Oz] kT

~ ko + — xlog F1 % [Os] +
e kg

[Red] [CO] + k4[Hs] + k5
k1 * [O2] + ko _ k1/[Og] + ko
ks[CO] + ka[Ha] + ks’ ks[CO] * ka[Ha] + ks

e 7Tk ki = ky [Oz] + ko — e 7 x (ks[CO) + ka[Ha))
T = kyr[0g] + ko — €77 x (ks [CO] + ks [Ha))

E

T
Eo—f—k—*log
e

— e *T *(

)

vl
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Figure 4.4: The Figure shows the first Oxygen based model versus the med$ierenodel has rather
poor resemblance, saturated on the rich side and noisy on the lean.

For someky, ko, kg andky . This looks like an ordinary least square but unfortunatiely generates a badly
conditioned matrix. So instead a Taylor expansion like enfihevious section is used.

kT [Oz]
— _ g0 M
F = 1-E"+ . *bg[Red]
kT k?l * [02]
~ ko+ — xlog ——————
0t o8 L [CO]

/taylor around midpointg
ko/ — kll * [02} + kz/ * [CO} + k3/ [HQ]
For somekq, ky/, kor andks,. The result is displayed in Figure 4.6. As seen the modellimsame deficiency

as the Oxygen based method 1. As both the lean and the richafréree information are used for the least square
the sensitivity forO, gets too high on the lean side and likewise & and H, on the rich side.

Q

%

4.2.3 Full Auckenthaler

In [3] by Auckenthaler a model for a switch-type sensor isctiéed, the model is divided in to three parts;
diffusion, electrode and electrolyte. The model is briefgctibed here for convenience.

Protection Layer

This part accounts for all the diffusion phenomenas. Theentrations:'cc*r°d¢ are calculated mainly from
cgmhaust and the mass transfer rate between the electrode and the gas phase due to sd}pt‘ﬁm’s part was
never implemented due to the decision not to use this mod®k wn this in Section 4.2.5.

Electrode

Here the occupancies on the electragjeis calculated from the concentrations after the protedtger. This is
done by using Langmuir-Hinshelwood and Eley-Rideal meigmas, this results in the following model equation:
00;
ot
wherer,, is different rates and; ; is a stoichiometric coefficient. The stoichiometric coédfit represents the
degree to which a chemical species participates in a reactio
dN;
v; =
dg

1Sorption refers to the total action of both absorption (clstry)j and adsorption

= Tadsorption — Tdesorption + E(Ui,j * rreaction,j) (423)

(4.24)
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Figure 4.5: The Figure shows the second Oxygen based model versus the med$ie model is
sufficient in the lean side but poor on the rich.

WhereN; is the number of molecules, agds the parameterizing variable (the progress). It can betsassume
that the adsorption rate,qsorption depends on the temperature, the molecular mass of the spsdifstance
and the concentration of the same. For a substance to bebelsihrere must me vacancies on the electrode,
consequently making this a variable also. In addition thatest be differences between electrodes in their
adsorption capacity and a correction factor for this. Thenfda ends up as (4.25).

RTemh 1
‘adsorption = \/ > 19 4.25
Fadsorpt ° 27TM1 Lelectrodec v ( )

Wheres is the sticking probability, which mainly is a correctiorcfar andL.;c.+roq4e IS the adsorption capacity
of the electrode. The desorption rate is obtained from Awtrewhich is a surprisingly easy formula but has
proven very accurate for the temperature dependency ofraichkreaction rate.

Egesorption

— T RT.4,fac
Tdesorption = Adesorptione surface ei (426)

Adesorptions Edesorption 1S tWo factors that need to be determined by experimentshodlyh in reality there
exists lists of many reactions. Note that in the above egnatis not the exhaust temperature, but the surface
temperature of the surface. The reaction ratg..;... is modelled with the Arrhenius equation. The reaction
rate is dependent on two different concentrations hencedbation becomes:

E

reaction

— T RTgyurfac
Treaction = Areactione surface 9%‘93 (427)

The reactions taken account for in the model used are thafinly:

O2(g) + 2% < 20" (4.28)
CO(g) + * = CO* (4.29)
Ha(g) + 2% <> 2H* (4.30)
NO(g) + % < NO* (4.31)
H>0(g) + * < HyO* (4.32)
2C0*" — C* + CO4(g) (4.33)
C*+0" = CO" ++% (4.34)
CO* 4+ 0" — CO2(g) + 2% (4.35)
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Figure 4.6: The Figure shows the extended gas model versus the measurecs€hetance is quite
low, both for the rich and the lean side. The model suffers from the shim@comings as
the first oxygen based model, to high sensitivity caused by using thelsastequare on
both the rich and lean side
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Figure 4.7: Structure of full Auckenthaler model. The model is from [3] by Auclterier and describes
a switch type\-sensor in detail.

O"+H" — OH" +x (4.36)
OH* + O* < HyO* + % (4.37)
20H* — HyO* + Ox (4.38)

Where* stands for adsorbed specie andtands for a vacant site on the electrode. In the originalehtitre
where also reactions involving Nitrogen but as the testamlacked this gas concentration this was not accounted
for in the first draft. As the model was abandoned later onwlais never fixed.

Electrolyte

To model the electrolyte not only adsorbed oxygen is acealfar but also all the reducing species. It's assumed
that oxygen migrates between the electron and the eletgrahyd that the reducing species react directly on the
surface with oxygen.

O, « O + 3" +2e~ (4.39)
CO* + 0, — CO2(g) + v3" +2¢ (4.40)
H* 4+ 0, < OH* +v3t + 2~ (4.41)

O, stands for a oxygen ion in the electrolyt%+ is a positive vacancy in the electrolyte grid a#sd stands
finally for an electron. The electron current can than be essed as:

Nne = kv — kv, 00 + kr,cobco + ki u0u — ka,nbou0v (4.42)
Wheredy, stands for the fraction of vacant sites. Assuming Steaalie st
ne = kfby — kv, 00+ k¢ cobco + ks ubu — ko, nbouvv, =0 =
S — kiOv + krcobco + ky a0u
Vo kan + ka,HGOH
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The same reaction and consequently the same formula foreb&an current is of course also valid for the
reference side:

ref
gret _ kify
Vo T ref
R

(4.43)

Although naturally only oxygen is accounted for on this sidéese two equations can now be inserted in the
nernst equation (4.19):
kT 057 (0v + Lf,;fo fco + k)ii’fH@H)

E=—xln o7 =
e 9‘/ (90+ ZGHQOH)

(4.44)

In Figure 4.8 the result from the model is seen. The reserobl@rather poor, specially the signal seems very
noisy or instable. Also worth noticing is that the model stdffrom bad behavior during transients. The step
from lean to rich is much too fast.
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Figure 4.8: The results from the Full Auckenthaler model. Although the model seeomiging it
leads to poor performance in this test. Worth noticing is the problem with trassihe
step from lean to rich is much too fast.

4.2.4 Simplified Auckenthaler

In [3] Auckenthaler also describes a simplified variant & ébove stated model. This model is mainly derived
for using in a control system. This model is based on the aBoMeAuckenthalermodel but has been refined
and optimized regarding complexity and speed. The modelfdamented in [9] as a runnable Simulink model.
The result can be seen in Figlire 4.9 and shows good reserablBEne only problem is the step from lean to rich
which is too fast.

4.2.5 Simplified Auckenthaler with diffusion

This model is a refinement of the above. To relieve the prohiétim the lean to rich step, a diffusion model is
introduced. The diffusion is modeled using a simple firseoystem. To get a higher accuracy the system can be
modified with a time constant dependent on temperature as$pre. Furthermore to get different substances to
diffuse at different speed the time constant can be dep¢iotemole mass. The simplified Auckenthaler model
assumes that thH#C and NO,. concentrations are present. This is not the case for al/&édses available and
the model is therefore modified,,C’O and H, are the most important gases for this thesis so this is aaiokept
HC andNO, is approximated with a linear dependency® andO,. Figure 4.10 shows the resulting model
and the measured values. Both of the models shows greatbks®re, although the model with a time constant
dependent on the mole mass is slightly better. This modésdstaned slightly resulting in a better midpoint.
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Figure 4.9: The Figure shows the results from the Simplified Auckenthaler model. Nibceo fast
step from lean to rich.

Conclusion

The linear regression models are all very simple and easgabvedth but they all has an overall low resemblance
with the real world. This is because of tremendous simptifices made. Thexygen based moddlsnd specially
oxygen based mode) Bas very good resemblance as long as the mixture is leancdr@usion drawn is that
the sensor is mainly driven by oxygen on the lean side anwigeas the resemblance is quite low on the rich
side that oxygen hardly affects the output at all on the ride.s Not only has the@xygen based mobelow
resemblance but also tlextended gas modbhs the same appearance. The conclusion drawn from thiatis th
although the most important gases are present in the lipgaodimation, it's not enough. One suggestion for a
model is to only us®, on the lean side where it is proven to be good and then usingtheing speciefl/; and
CO on the rich side. This is of course cheating, becausetaue must then already be known. The result can
be seen in Figure 4.11. The Figure shows much greater reaaogbbut is still far from perfect. This means that
a simple linear approximation isn’t good enough and anatipproach is justified. Although the simple linear
regression models failed there is no use to expand thesdigitler grade polynomials. The advantage with these
are their simplicity which then would be lost. Instead itistter to try to base the model on physics. With this
approach the model also gets more portable. One conclusaendrom the linear regression models is that on
the lean side the sensor is mainly Oxygen driven and on thesiite the sensor is mostly sensitive for Hydrogen
and Carbon Oxide. Also no single gas is enough to describseathgor accurately. This retires the term oxygen
sensor.

Thefull Auckenthalemodel is very promising in [3] but the results wasn’t to datision in this thesis. This
is because the complexity of the model, which also is it'gb#j flaw. In a quality point of view this is probably
the best model tested, but with 50 different variables imtioglel the job to tune them gets to big for this thesis.
In addition the diffusion step was never implemented besaddimited time, this probably affected the model
very badly.

The real strength with theimplified Auckenthalemodel is it's simplicity, there are no complex math oper-
ations but still it has a good congruence. The resemblanfasttich to lean step is low, this is really bad for
the wide band model. One of the reason for the unstable oatpsttme parts are the discontinuities that the
model introduces. This is always the risk when using twoed#fht models for different interval of the model.
In this case one for the rich side and one for the lean side. sithplified Auckenthaler with diffusiomodel
introduces a diffusion step to calm the discontinuitieshiegimplified Auckenthalemodel. The too steep rich
to low switch seen both isimplified Auckenthaleand in thefull Auckenthalemrmodel (where no diffusion step
was implemented) was fixed with the diffusion. T$implified Auckenthaler with diffusianodel has more than
enough accuracy for the wide band model and is therefore used
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Figure 4.10: The left Figure is the simplified Auckenthaler with a first order system withravariable
time constant. The right Figure shows the system with a time constant degemmole
mass. In this Figure the middle point has also been adjusted resulting inranbieipeint.

4.3 Diffusion

To model the diffusion for the wide band sensor the same illflgoras the switch-type diffusion is chosen. This
involves a simple first order linear system with a time comntstiependent on the square root of the mole mass.
The effect of the system can be seen in Figure 4.12 where tawb difference between the input and the
output is displayed. As expected the model function likevepass filter.

5 C;
ot

1
= (Ci,in — Ci,out) * NavR * Kaipy (4.45)

4.3.1 Results

This algorithm works very well in the switch type sensor, loer in the wide band model it isn't optimal as the

diffusion is much more complex [3], especially the depergemm the mole mass and the temperature (which
in this model is assumed to be constant). Because of limiteel this model is chosen anyway. A much better
alternative would be to implement the diffusion describe{Bi.

4.4 Oxygen Pump

In a real wide band sensor the oxygen pump is actually justsheell with an external applied current. The
most important formula for this block is (4.46) [5] [11], Wwithis mole quantity is easily calculated from the
pump current.

0;) = ixt (4.46)

Wherei is the pump current and’ is Faraday’s constant. The reason for pumping out oxygea &chieve
equilibrium in the cavity. For a lean mixture there’s notihimore to it, the sensor controller will pump out just
enough oxygen. For a rich mixture it's a little more compliézh more oxygen is needed in the cavity but the
oxygen level in the exhaust is extremely low. Fortunatelewhpplying a negative current to the pump, water
and carbon dioxide in the exhaust gas is reduced to hydraggnabon oxide.

1

H,O — Hy + 502 (4.47)
1

€Oz = CO+ 50, (4.48)
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Figure 4.11: The Figure shows a modified Linear regression model. ¥aalue is assumed to already
be known and used to decide what equation to use for different pattie gfaph. When
the output is lean the model only us@s as input and corresponding when the output is
rich the model use€'O and H».

In the cavity the opposite reactions occur and equilibrisnaghieved. The equilibrium is also driven by the
water-gas shift reaction. In Figure 4.13 the differenceneen two test runs is shown. Especially notice the
A-value and it's correlation with th€’O and H, concentrations. It's easily noticed that t6& and H, effect

on \ is not equal [10]. Therefore two constants must be introdusee equation (4.49). Note the minus sign,
oxygen is pumped into the cavity.

Ipump|>\<1 = —kco [CO] - kH2 [H2] (449)

Concentration is not allowed to be negative, if the congirdliies to pump out too much oxygen the level saturates
at zero. It's assumed that equatibn (4.47)-(4.48) is valithstead the”O and H, concentration goes up.

4.4.1 Results

The change in partial pressure for different pump currentimseen in Figure 4.14. The different slopes of the
gases reflect their respective sensitivity.

4.5 Regulator
As a regulator a simple Pl-regulator is used, also a firstrdindear system is used to simulate the speed of the

controller. The system is considered to be too slow to neextigadive part, in addition the system gets a smaller
overshoot.

45.1 Results

The regulator could have been implemented in a much morastagatted way, perhaps with a kalman-filter. The
regulator is using a Pl-regulator for two reasons: First thesis concentrates on static errors, not dynamic, and
second it's impossible to know how the real controller reges therefore a simple algorithm is chosen.

4.6 Lambda generation

From the pump current the lambda value must be calculatearial output from a wide band-sensor is seen
in Figure 3.6, this must be translatedXo

29



4.6. LAMBDA GENERATION CHAPTER 4. UEGO MODEL

x 10

Difference in Concentration Fraction (=)

|

it

Hi8 Ihd

100 120

“ AN L

time (s)

h l H MM

Figure 4.12: The diffusion’s effect on CO concentration. As the diffusion is modélga first order
system the result is a low pass filter.

4.6.1 Brettschneider

To be real accurate the Brettschneider equation (4.50) eanilized [1]. This function relates concentrations of
gases with\.

(CO) + [S2] + 0] 4 [F2) 4 (95 * g5feor) — ©5%) * ((002] +(CO])

(1 T % _ O%) * ([002] + [CO} + (CfactoT * [HC]))

A= (4.50)

Where[X X] is the gas concentration in volume percelfi;y is the atomic ratio of hydrogen to carbon in fuel

used,O¢v is the atomic ratio of oxygen to carbon in fuel used @\, is the number of carbon atoms in

each of thel/ C molecules. Equation (4.50) can not be used directly as nidse@ases are unknown, however
with the A-value from the sensor together with injected fuel and aithe concentrations can be guessed with
high accuracy.

4.6.2 Lookup table

The easiest variant is to use a lookup table with interpmtaith between, creating a piecewise linear function.
Figure4.15 shows an example when fitting the actual curvdymed of the model with a piecewise linear
function. The points used when fitting is easily spotted.uFéi4.16 shows the error introduced when using a
piecewise linear function. As expected the error is zerbapbints used when fitting. The maximum error seen
in the Figure is around.0035. The model will be used when evaluating errors in the range fr.005 — 0.015,

this makes th®.0035 to much. However as the model will be used to compare two test the resulting error
will be less. If

A=ix* f(i)+ e(q) (4.51)

wherei is the pump currentf (z) is the function relating to A ande(x) is the error introduced with a lookup
table. Then the difference between two test runs is consglgule, — Ao = i1 * f(i1) — @2 * f(ia) — e(i1, i2).

le] = le(i1,d2)| = |e(i1) — e(i2)| < |e(is) — e(i2)|maz = |e(ii) — e(i1 + )|maz =~ 0.002 (4.52)

Wherez is the error rang6.005-0.015. The maximum error introduced with the lookup table is thane0.002.
In reality most cases will produce a much smaller error. Adsahe error range is undéro15 the resulting
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Figure 4.13: The Figure shows the gas concentrations for test run 1 and run 3cigpeotice the
A-value and it's correlation with th€'O and H> concentrations. As the sensitivity for
CO and H;, appear to be different the pump circuit must be modified to reflect this.

distortion will in most cases be increased or decreasedgsfeinthe error, i.e the shape of the error will not be

distorted.

4.6.3 Conclusion

The Brettschneider equation gives certainly the best réstilis very complex. The best approach is therefore
the table approach. It has problems with introduced errotsnbthis case it's acceptable. Besides the behavior

of the real controller is unknown so an easy approach can bhbevased.
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Figure 4.14: The Figure shows how the partial pressure inside the cavity changasdanp in pump
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piecewise linear function. The points used when fitting is easily spotted.
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Figure 4.16: The Figure shows the error introduced when using a piecewise lineairdanThe points
used when fitting is easily spotted as the error is zero at their locations.
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Chapter 5

Validation of wide band model

This chapter describes the results from the model develwpina preceding chapter.

5.1 Testsetup

Unfortunately there is no simple way to run exactly the sagsedn the model as in the real engine setup, the lack
of a gas analyzer prevents this. Without an apparatus okihisit's impossible to know the gas composition
during the test runs, which is needed by the model. Thereéf@éests concentrate on the general principle of
the results, rather than comparing exact values. In sonesdhe developed exhaust model has been used to
estimate the gas composition. Another fact that compléctite tests is that no data includes exhaust pressure or
temperature.

5.2 Testing of the model

First of all the models accuracy itself needs to be tested.rmbdel is tested with all of the data available, namely
the developed exhaust model and the two real test runs bleajlEb].

5.2.1 Calibration

As no data include pressure or temperature, these must dirsétowith reasonable values. Where it has been
needed in this chapter the pressure is assumed0de’a and the temperatur@0K . After this the sensitivity

for H, andCO must be decided or at least the size of their fraction as thebsize is compensated for by the
Pl-controller. Then the pump current to lambda lookup fiomctnust be calibrated. This is most easily done by
simulating the system once and then comparing the pumprduroen the model to the measure lambda output.
It should be noted that the calibrations done on the model i®iway optimal. The aim wasn’t a model with
exactly correct values but one with correct behavior, tteeedittle time has been spent on this.

5.2.2 Exhaust gas Model

The first test compares the output of the model with outpwis fihe exhaust model. Figure 5.1 shows the result
for different A\-values. As the wide band model is calibrated against theubwtf the exhaust model it's always
possible to get a good result if enough points is used whamfitihe lookup table. However during this test only
5 values is used.

5.2.3 Real Test Data

This test uses the the test data from [15] (see Appendix Ap ddta contains two usable test runs, these and
their corresponding output from the wide band model can ba seFiguré 5.2. The model is calibrated for the
left Figure using only 4 values.
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Figure 5.1: The Figure displays the output from the wide band model against the tofutpa the
exhaust model. 5 values is used in the lookup table.

5.2.4 Results

The model shows great resemblance with the input, theréfereoncluded that the model works for a static
temperature and pressure input. The model does however sakee time to settle first, this could be improved.
In addition the real test values are frafier the catalytic converter, this is harder to model becauserbehe
catalytic converter the concentration@0 correlates tad, for a specific lambda. After the catalytic converter
there is no such reliable relation making it harder to getiiathmodel. The model could be suspected to have
problems with fast switches between lean and rich (see Fightre in 5.2). The diffusion step might introduce
this error but it could just as easily be calibration related

5.3 Pressure

In [5] it's suggested that the uego sensor output is deparmtepressure. Unfortunately no test data include
pressure input, instead a normal pressurk)ok Pa is assumed for all test values. In Figure/5.3 the difference i
output for different pressures can be seen. The top two &ggsinow the output from the model when changing
the pressure. The left one shows the output when feeding tuzimvith higher pressure and the right shows
lower pressure. 10 and 20 percent over- respective undesspre is used. The lower Figure shows the difference
in lambda from an output with normal pressure against onk kigher/lower pressure. The Figure is resorted
to be over\ instead of time. A test run on a real engine was also madejsndhbt the exhaust pressure is held
high by choking the exhaust pipe. The injection time as weHiaflow is held constant over time. When enough
samples are recorded the choking is released and the nelibgqui is given time to settle before finishing the
test. The resulting-value and exhaust pressure can be seen in Figure 5.4.

5.3.1 Results

The implication from the model is clear: The higher pressheesensor is exposed to, the more swing is out-
putted. Atroughly\ = 1 the output is unaffected. However in reality the relatioarss not that easy, thevalue
seems to get richer when lowering the pressure, irresgectia lean or a rich mixture. As both the steps (Figure
[5.4) looks similar the nearest conclusion is that the diffiee seen is actually something else. If this is true the
conclusion drawn is that the diffusion into the sensor ispressure driven. This means that the pump model
need to change to reflect this.
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Figure 5.2: The Figure displays the output from the wide band model against theuneedhe model
is calibrated for the left Figure.

5.4 Temperature

No temperature effect was considered due to the too simfflesidin model in the wide band model. Normally
the diffusion is highly dependent on temperature but thimisconsidered at all in this model, therefore is seems
meaningless to do any calculations (although the switchahigdactually dependent on temperature). Neither
sensor temperature or exhaust gas temperature has beéteceddo a fully extent.

5.5 Improvement of UEGO model

As always improvements can be made. This section lists stgdjenprovements for the future, they are divided
into three subsections.

5.5.1 Diffusion

The model's weakest link is the diffusion step. For now théudion only works as a low pass filter but with
different cut-off frequencies for different substances.réality the diffusion is dependent on both temperature
and pressure. A good approach would be [3].

5.5.2 More data

The model should also be tested with a sufficient amount &f,dats has been a problem during the whole
thesis. Without more data the risk is that the model only wdok a specific test. This however is not likely with
this model as it passes test frafter the catalytic converter with different aging. Thereby mavdifferent gas
compositions.

5.5.3 More gases

The model design only lets oxygen,hydrogen and carbon mdeaxfluence the output, it has been shown [3]
that at least hydrocarbons and nitrogen oxides also has®fie the sensor.

5.5.4 Better pressure tests

The model needs to be further tested against the real warlpréssure sensitivity. If, the results from Section
[5.3 are true, the model need to change to reflect this.
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Figure 5.3: The top two Figures shows the output from the model when changing éssyre. The
lower Figure shows the difference in lambda from an output with normeggure against
one with higher/lower pressure.
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Chapter 6

Observer

This chapter deals with the development and the implemientaf the observer.

6.1 Problem

The function of a wide band-sensor is much more complicated than a discrete type ftrer¢'s much harder

to get correct readings. The goal is to develop an observairimize the error when using this kind of sensor.
The model of the wide band-sensor is used to evaluate different problems in prepardtr the observer. To
evaluate the problems and their ability to explain diffeenbetween real life lambda and a sensor output, two
sensors with differing output have been used as an exampleer&® potential problem sources are tested and
investigated, these include calibration error, presswnar,eair leak error, gas sensitivity and fuel errors. The
upper left picture in Figure 6.1 shows the output from the difterent sensors during a test, the upper right
shows the difference. It's assumed that the error is timariant so therefore the error is modified to be over
instead. This can be seen in the lower left picture in the fiéiglihe lower right picture shows the same but all
extreme values removed and a straight line fitted.

6.1.1 Exhaust gas model tests

To test what kind of difference in output that arises fronfedignt errors, the gas model developed in Section
is used. First the output from one of the lambda sensées through the exhaust model and the resulting
gas output is used for testing. This way the test from 6.1 aedilable with the gas composition approximated.
This test are calledxhaust gas model testrough out of his chapter.

6.1.2 R, error

One possible error for a wide band sensor is the calibratisistorR.,;. The resistor is used in car industry
for calibration purposes, however for high quality measuhés calibration can be insufficient. In addition the
resistor is included in the wiring harness and is exposedth high temperatures and moisture, this will age
the resistor and ruin the calibration. The extra wires fer rsistor might also introduce common-mode noise
to the channel, although the controller will likely use da@iéntial amplifier to measure the current this will still
introduce a small error. This kind of error can also be reldatea bad or faulty electrical connection. Figure
[6.2 shows how the resistor is connected. The controlleragmevalue of?;,\\ R..; as input resistance for the
differential amplifier, if instead th&,.,; has an error and has the valRg,; * R, the total error becomes:

1

= (Req * R)\\R;p, ¥ —————— 6.1
error (Real * Re)\\ * R\ R (6.1)
Rcal + Rin
= % - 6.2
Rcal * Re + Rzn ( )
For this test it's safe to assume that thg, ~ R.,; which ends up in:
; 2
Rcal + Rzn _ (63)

Rcal * Re + Rin B Re +1
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Figure 6.1: The Figures display the difference between twsensors during a test. The upper left
Figure shows the output from the sensors where as the upper righs she difference.
The lower left and right Figures shows the difference ovenstead. In the lower right
Figure all extreme values are removed and a straight line fitted.

This error is introduced just before the lambda lookup fiomctausing it to have an offset error. A ramp with
different A\-values is run through the exhaust gas model and fed to the lbédd model. This is done four times
with different resistances (0.8, ginai, 0.9*Rorginal, 1.1*Rorgina @and 1.2°R,,gina1), the difference against a
test run wWithR,,¢inq is shown in the left Figurie 6.3. The right Figure shows théedéince between an exhaust
model test WithR,,4inq; as resistance and 0.8%, inq1 respective o, ging: and 1.1%R,, ginai-

6.1.3 Pressure error

Although the results from the last chapter states that theéetsgressure dependency isn’t correct, to be on the
safe side the second suggested error is a pressure erroe tBatwo sensors are placed next to each other the
pressure should be the same for the both, although somessnilat occur. However in the test, Section/6.1, the
engine runs at the same injection time too long for the prolie be spikes. The idea is therefore that the two
sensors have different sensitivity for pressure. For thsito work there must be a pressure difference during
the original test, which can be seen in Figure 6.4. The lgfufé shows the pressure difference over time, note
that the difference is quite big. The right Figure shows thesgure difference resorted to be owveinstead.
The conclusion drawn is that the pressure difference hagting to do with mixture strength, for example
observe the sudden reaction in the left picture at 310, this sudden spike can be derived from the sudden
spike in injection time observed in Figure 6.1 (the uppetrfédure). However the major part of the difference
is something completely different, the reason is left to fimdl Two exhaust gas model tests are used: The first
with an exhaust pressure of 100k Pa simulating the leasitiserend the second with the real pressure difference
normalized to 100k Pa. The difference between the two cardaeia Figuré 6.5, also seen is the same difference
but over) instead. This assumes that the error is time invariant wisiclot obvious when looking at Figure 6.4.
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Figure 6.2: Most wide band sensors comes with a calibration resistor connected like iighre.
Over time the resistor will age an ruin the calibration.
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Figure 6.3: The difference in output from the wide band model with different vafoethe calibration
resistance against the original resistance is shown in the left Figurerigftteshows the
same but during a test when the exhaust model is used.

6.1.4 Temperature error

The temperature effects has been left out as the non-axisimperature effects in the diffusion step see Section
and the degraded temperature effects on pump current.

6.1.5 Air leaks error

The fourth error tested are air leaks (or faulty air injeg}i¢il]. This is modeled by a static oxygen fraction
increase 0f).005. A exhaust gas model test is performed and the results isrshoigured 6.6.

6.1.6 Different gas sensitivity error

The two sensors could of course experience different seihsfor every gas but only” O, H, andO, have been
explored here. This is because they are the only three gasesrded for in the model.

CO and H, sensitivity

These two gases are reducing and are almost zero when, therefore they are not probable causes for any
differences between the sensors for this inequality. Ther &rassumed to be on the foemror = kyx[ X X|+k»

so a least square is fitted to the output from a syntheticBegh the real difference and the least square is shown
in Figure 6.7. The error could also be on the farmor = ky x [CO] + ks * [H2| + k3 and hence be dependent
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Figure 6.4: During the test from Section 6.1 the wide band sensor experiencedioasian the pres-
sure. The left Figure shows this variation over time and the right showsaime over
A

on both carbon oxide and hydrogen. Figure 6.8 displays thdtrffom a mean square assuming this form.

O, sensitivity

O, is almost zero when\ < 1, therefore it's not likely to cause any difference betweesm $ensors for this
inequality. The error is assumed to be on the fermor = k; * [O2] + ko

The test is performed as in the previous section. Two testparformed, one where the entire range- 1 is
used as input to the least square and one whereonlyl1.05 is used. The later is tested due to the inaccurate
behavior of the exhaust gas model wheapproaches 1 and at misfire. Both are seen in Figure 6.9.

6.1.7 Fuel difference error

If the fuel type change, the output from the lambda sensdralsb change (different fuel combustions give
different equilibrium equations). To test if the problengimi be fuel related a test with 20% ethanol is added to
the normal fuel, assumed to be octarigH 5. A test using the exhaust model is performed for each fuetlaad
difference between them is shown in Figure 6.10.

6.1.8 Conclusion

R.q; error can be ruled out as the major source, this error dobar’'any offset ak = 1. Of course this doesn’t
mean that it couldn’t account for secondary effects. Thes®nee error can also be ruled out with the same
argument as th&,,; error, no offset ab = 1. In addition the error looks definitively wrong ovar The Air
leak error does have a reasonable offset error at 1 but the error on the lean side is wrong. The real error
has a slope that this error misses. This concludes thatdhisot be the only error anyway. The Different gas
sensitivity error shows some interesting results. On the kEdeX > 1.05 the error is roughly explained by a
function like k; = [O2]. The reason for the bad congruencd at A < 1.05 could be explained by the exhaust
model. It should be noted that the exhaust model which is hseglis not at all suited for this kind of use. The
model only approximate the real gas concentrations withughrdinear method. Especially for extreme values
and around\ = 1 the model is ill-suited. At = 1 the model changes gas concentration very abruptly where as
a real engine is more complex as both the reducing spégieand H, is present as well a9,. The rich side
error on the other looks like it's explained with a functiohiq * [CO] + k2 * [H2] 4+ k3. The reason for why
the fuel difference error cannot be the only error is the @uonié, this error only shows a tenth of the amplitude
from the real error.

All'in all the best suggestion with the available tools arsted error is that the error is a gas sensitivity error.
If the sensors have different sensitivity for differentgsshe explanation for this could be one or more of several
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Figure 6.5: The Figure shows the difference between two outputs from the wide baddlnwhich
differs in their sensitivity for pressure. The left is in the time domain anditfig is in
the A-domain.

aspects: The nernst cell could be different, the pump ceildcbe differently good to pump out different gases
between the two sensors or even the diffusion step coulddponsible. This is not investigated any further.

6.2 Solution

It's very hard to examine the error deeper without a gas aealgresent. This leads the solution onto an other
path. As the engine’s running at~ 1 most of the time this is the most important part to get rightte Brror
increases as the diverge longer and longer froth = 1 but if an offset is added to make = 1 right the error
would be almost zero around 1.

When using a static offset it need to be calibrated once in ewbito rely on it. The best thing would be
to have this automated, for this a second sensor is neededitéhgdype sensor is perfect for this job, it is very
reliable to measure lean or rich and can therefore be useddofit exactly where the switch is.

6.3 Matlab/Simulink Model

Before implementing the observer in the ECU it's meticulptissted in a model written in Matlab and Simulink.

6.3.1 Observer Model

The observer should only take information from the wide begrasor when the switch type sensor has its switch.
This can be done with a sensitivity vector, however to preparthe next step (next section) this is done by an
"enable port” in Simulink. This enables the observer onlyewlthe input is greater than zero. This port has its
input connected to a switch detection circuit. When the valfitbe switch type sensor is on the other side of the
switch than the last one, this circuit gives a pulse out. ldithwh an one-shot block is used to avoid the pulse to
last over several iterations. The overview is seen in Figutd.

In Figure 6.12 the output can be seen from the observer dariegt. The switch type input is during the entire
test fed with a continuously switching signal. This makesdbserver’s output approash= 1 irrespectively of
what the value really is.

6.3.2 Running Average Model

An observer is not suitable for ECU programming, thereforairming average model was developed. The
scheme for the model is shown in Table below.
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Figure 6.6: The Figure shows the difference between two outputs from the wide baddlnwhich
differs in that one has an modeled air leak. The left displays the differenthe time
domain and the right th&-domain

1. When a switch occur save the value from the wide band lamduisos
2. Assume\ = 1 when switch occurs and calculate offset
3. Check if offset is sensible

4. Don't use the offset directly but instead let it influenteyether with the old offset, the new offset

The switch detection is simple and works like in the obsemedel. To check if the offset is sensible the least
deviant, compared with the running offset, from a numberftfeds is used. This offset is then shifted into a

shift register. In Figure 6.13 the output can be seen fronRinening Average Model during a test. The switch

type input is during the entire test fed with a continuousijtshing signal. This makes the observer’s output
approaches = 1 irrespective of what the value really is. This model was &sted in the real engine test setup.

Parts of the engine was controlled using RTAI and Simulinthwhis model. The tests were successfully and the
ECU model could be implementéd

6.3.3 Results

Both the models seems to give reasonable outputs, theddifferis easily spotted with the discrete step of the
running average model. The benefit of the this mode is thatis only operation easily transformed into memory
and if-cases when ported to the ECU code.

6.4 Implemented model

The final implementation follows the running average modighwhe exception of the sensible offset step (see
Tabl€ 4). In the ECU an additional step was introduced, whegaaling a switch the values before and after the
switch can not be too far away from each other. This to furtheid erroneous offset values. In addition an
algorithm to force the switch sensor to switch was added,ithcalledforced switch modelt works by, when
the switch sensor indicates lean, enrich the mixture umgilswitch is found. When the switch sensor indicates
rich the opposite procedure is taken. This gets the resafitthfe engine is actually run from the switch sensor,
creating a oscillating behavior. This speeds up the offaletdation considerable. The practical details is that a
new control mode was added in the ECU. The ability to adapsémsitivity was also added, when starting the
offset calculations the algorithm uses more loose regiristof what offset values to use. This speeds up the
calculation in the beginning, when the offset has startesktde more strict rules are then adapted again. The
offset is added before the ECU reads the value making ifydtainsparent for the ECU.

lthese results are not published any further.

44



CHAPTER 6. OBSERVER

6.4. IMPLEMENTED MODEL

0.005

-0.005 -

-0.01

Difference in A (=)

-0.015

-0.02 -

.
— _ k[COJk,
measure

-0.025 . L :
0.65

Figure 6.7: The Figures shows the real difference and a fitted curve to the assunaptior

Difference in A (=)

0.005

-0.005 -

-0.01

-0.015

-0.02 -

.
kT I,

measure

-0.025
0.65

k1 x [XX] + k2. The left Figure isCO and the right isH>. Note that the results have
been filtered for a better view.

Difference in A (-)

Figure 6.8: The difference error assumed to be on the fermor = k;

0.005

—0.005 -

I

o

o

=2
T

-0.015

-0.02

T
K, ICOTk,H, Ik,
g measure
NS

-0.025
0.65

Note that the results have been filtered for a better view.

45




6.4. IMPLEMENTED MODEL

CHAPTER 6. OBSERVER

-0.005

-0.01

-0.015

Difference in A (-)

-0.02

-0.025

~ kIO,
N measure

-0.03 L L

Difference in A (-)

-0.005|

-0.01F

-0.015

-0.02

-0.025 -

-0.03

— KOk,

measure

1.05

11

1.25 1.3
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Figure 6.11: The Figure shows an overview of the observer model.
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Figure 6.12: Output from the observer together with the wide band input. The switchlsgnet seen
in the Figure but it is switching constantly, making the observer’s outputoaeh\ = 1.
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Figure 6.13: Output from the Running Average Model together with the wide band ingug. svitch
signal is not seen in the Figure but it is switching constantly, making the raadgput
approachx = 1.
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Chapter 7

Validation of UEGO observer

This chapter describes test results from using the UEGOrabisenplemented into the ECU. Unfortunately the
tests are not performed with the same two lambda sensore asdbeding chapter describes (see Settion 6.1).
Although the two sensors used in this chapter have a siniffarehce.

7.1 Adaption

To test the observer the engine is held at an approximatelstant RPM and the throttle is adjusted slightly up
and down to create variations in lambda. This is demandeeéttithg switch type sensor to switch. The output
from the test can be seen in Figure 7.1. One interesting thitogsee the relation between the two lambda sensors

25 T T T T T T 0.018

sw
0.016 -

0.014

0.012
15r

A (-mV)

0.5

. . . . . . . . . . . .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time (s) time (s)

Figure 7.1: A test is performed to validate the adaption, the engine is held at a apptekmanstant
RPM and the throttle is adjusted slightly up and down to create variations in larfibhda
right Figure shows the output from thesensors. The left Figure is the resulting offset.

on the engine and the observer’s lambda. In Figure 7.2 tiiidobeaseen. The one called ETA is an expensive
aftermarket sensor and the one called ECU is the engineisabigensor.

7.2 Force lambda swing

To avoid the manual throttle movement, the force lambda gwmiode is implemented (see Section 6.4). The
result of this mode is that the engine uses the switch typéd@ansensor to run the engine, therefore it switches

constantly. A simple test, seen in Figlre 7.3, is perfornetting the RPM be constant and letting the forced
lambda swing mode be active in the rarige — 150s. A complete start of the engine was also tested, see Figure
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Figure 7.2: The Figure shows the two lambda sensors along with the observer. ETAeigp@nsive
aftermarket sensor and ECU is the orginal sensor that came with tireeifghe swicth
type sensor is to be trusted (and thereby the observer) the ETA:s loaitsigtd.

[7.4. The forced lambda swing was turned on after approximaf® seconds.

7.3 Conclusions

All tests showed an calculated offset of around 0.015, whiplnals the difference between the two sensors. This
concludes that one of the wide band sensor must be corractat, presupposed that the switch sensor is right.
As the error is much more complicated than an offset a goodtiureis if any improvements were made. A
quick test is to take the two lambda sensors from Settionh&. mean error before the observer-ig.0121.
If one of the sensors is assumed to be right, the new meaf.ir1. Although the observer only uses an offset
error the result is surprisingly good, almost half the eower the entire spectrum and zero erroiat 1.

Another conclusion made is that if the offset is saved wheittsty down the engine, the force lambda swing
might not be needed. When the engine starts the switch sewstchas a few times, this is enough to get a
reasonable value of the offset rather quick.
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Figure 7.3: A test is performed to validate the forced lambda swing mode, the engireddsahap-
proximately constant RPM and the mode is active dugifig— 150s.
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Figure 7.4: This Figure shows the result when adapting from engine start. Thedftaogbda swing
was turned on after approximately 150 seconds.
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Chapter 8

Final thoughts and Conclusions

Although the wide band lambda sensor is a very complex seétis@hown that it can be understood with simple
mathematics and basic knowledge in chemistry. One comelsiawn from the development of the model is that
sensor is, on the lean side, mainly Oxygen driven and on tesitle the sensor is mostly sensitive for Carbon
Oxide and especially Hydrogen. Furthermore no gas alonaleacribe the sensor accurately, this retires the
term oxygen sensor.

8.1 Correctness of UEGO model

The developed model agrees well with the real sensor fodgtstate conditions. For transient conditions the
model needs to be refined further. A great thing with the midblat it only contains very simple equations, this
means that it can be utilized in systems with very low proiogsgower. In addition the test values used are from
after the catalytic converter, this is harder to model becauserbedhe catalytic converter the concentration of
CO correlates tdd, for a specific lambda. After the catalytic converter themedsuch reliable relation making

it harder to get an unified model. The pressure effect on thems is indistinct, the model states more pressure
more swing but in reality it doesn’t seem that simple. Theabasion drawn is that the diffusion into the sensor
is mainly not pressure driven.

8.2 Guidelines for a optimal UEGO

When building a lambda sensing device the controller is ohkguportance as the sensor element itself. This
is due to the sensitivity of surrounding factors that thetaaler must be able to handle. For coping with
temperature sensitivity a good temperature controlleukhbe used, furthermore a temperature compensation
should be implemented. This for when the temperature clhertrcannot guarantee a correct temperature, for
example during an overtake. The pressure effect must alsomsdered, at least if the controller is suppose
to be used ah # 1. Best of all is to have a pressure sensor incorporated ietdatinbda sensor. If a pressure
sensor is used smart calculations can be utilized with tlegt®hneider equation to calculate lambda. With this
the sensor gets easily portable to other systems/places.

8.3 Guidelines for an optimal use

When using a UEGO, care should be taken not to employ the senanrenvironment which it wasn’t designed
for, at least not without a re-calibration. Pressure effertd gas sensitivity can destroy the output. To be exact,
also the same type of fuel must be used as when the calibiigtimade. Care should also be taken with the
calibration resistor.

8.4 Differing lambda

As for the differing wide band\-sensors tested, gas sensitivity is the reason that corassstito explain the
difference. A better gas model is needed to investigataduriThe explanation for the different sensitivities could
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CHAPTER 8. FINAL THOUGHTS AND CONCLUSIONS 8.5. OBSERVER

be one or more of the following aspects: The nernst cell cbeldifferent, the pump cell could be differently
good to pump out different gases between the two sensorsartbe diffusion step could be responsible. This
cannot be explained without going into details of the défdrsensors.

8.5 Observer

As the true origin of the differing lambda sensors remairsoiwed a simple offset is assumed for the observer.
As the error is much more complicated in real life a good daess if any improvements was made. A quick
test is to take the two lambda sensors from Section 6.1. Tremmeeor before the observer-ig.0121. If one

of the sensors is assumed to be right and the developed ebsensed, the new mean-i€).071. Although the
observer only uses an offset error the result is surprigiggbd, almost half the error over the entire spectrum
and zero error ak = 1.
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Appendix A

Data

This appendix describes the test available for the thesis.

A.1 Problems with test data

Unfortately no data perfectly suited could be founded fas thesis. The data found in [15] is not a perfect
match, this is not very surprising as the intention with thtadvas completly different than what it has been used
for in this thesis. Two main problems can be discern:

e The model devolped in this thesis was ment to be for a uegirt bf the catalytic converter but the data
collected is after the converter.

e The second problem is that it seems that the data has quiteekmution, this is a major problem because
the models that we are going to develop is quite sensitivedare components. As always interference a
problem but as the exact test setup is unknown no compengatiobe made. This makes it really hard to
filter outreal data.

A.2 Structure and data

Figure’A.1,A.2 and A.3 shows the gas concentrations for tlesipective test run. Also seen is the output from
the A-sensors.
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APPENDIX A. DATA A.2. STRUCTURE AND DATA
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Figure A.1: Gas concentrations for first set of data
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A.2. STRUCTURE AND DATA

APPENDIX A. DATA
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Appendix B

Calculated values

Here all calculated values can be found.

Oxygen based model

ko = 0.23359
ks = 3.54639¢ + 02
ka =9.99579% + 03

Oxygen based model2

ko = 0.82641
ks = 5.161471e + 01
ks = —5.60595¢e + 03

Extended gas model

ko = 0.5561
ki = 102.1526
kor = 78.0325
ks = 12.6688

Simplified Auckenthaler with diffusion 1
dif fK = 1.8477

Simplified Auckenthaler with diffusion 2

dif fo, = 1.1226
diffoo = 1.2454
dif fr, = 3.1752

Linear model with cheating

ko = 0.1701

ko, = —22.8556
ki = 0.7146

kg, = 43.2916
koo = 3.2747
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APPENDIX B. CALCULATED VALUES

Oxygen Pump

kco =2/2

kpo = 11/60
Regulator
kp=0.5

kr=1

Lambda generation

real test valuesi—0.0900.0180.037] = [0.9861.0221.051.058]
synthetic gas mode|—0.8168—0.6059—0.25791.14e—30.13320.2099] = [0.83390.86780.935611.10511.1729)
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