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Linköping, 15th June 2005





Avdelning, Institution
Division, Department

Datum
Date

Språk
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Abstract

Due to stricter emission legislation, there is a need for more efficient con-
trol of diesel engines with exhaust gas recirculation(EGR). In particular, it is
important to estimate the air/fuel ratio accurately in transients. Therefore a
new engine gas flow model has been developed. This model divides the gas
into one part for oxygen and one part for inert gases. Based onthis model
an observer has been designed to estimate the oxygen concentration in the
gas going into the engine, which can be used to calculate the air/fuel ratio.
This observer can also be used to estimate the intake manifold pressure. The
advantage of estimating the pressure, instead of low pass filtering the noisy
signal, is that the observer does not cause time delay.

Keywords: EGR, Mean Value Engine Model, Observer, Lambda
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Chapter 1

Introduction

1.1 Background

Due to stricter emission legislation for heavy duty trucks,manufacturers have
come up with new methods to reduce emissions. One popular method is
exhaust gas recirculation(EGR).

Exhaust Gas Recirculation

Intake Manifold Exhaust Manifold

Figure 1.1: Overview of EGR system

The basic idea with exhaust gas recirculation is to lead someof the ex-
haust gas back into the engine, as shown in Figure 1.1. This lowers the
combustion temperature and leads to reduced NOx emissions since NOx pro-
duction is closely related to the peak temperature of the combustion. The
combustion temperature will be lowered because the recirculated exhaust gas

1



2 Introduction

has a reduced concentration of oxygen and increased concentration of inert
gases, i.e. gases that do not participate in the combustion.Even though the
inert gases do not participate in the combustion they absorbreleased energy,
and this reduces the combustion temperature.

To be able to model the NOx production and control the engine,estimat-
ing the oxygen concentration in the gas flow is important. Today there is a
good knowledge of the gas flow in an EGR engine during steady state, and
this has been enough to be able to control the engine to meet the EURO4
legislation that came into place in 2005. However for the EURO5 legislation
that will come into place 2008, knowing the properties of thesystem during
transients will be essential.

1.2 Objectives

The objective of this thesis is to examine the possibilitiesof designing an
observer that will be able to do the following:

• Estimate the flow of pure air into the engine

• Estimate the oxygen concentration in the flow into the engine

• Estimate the EGR flow

• Filter noise from measurable signals without unnecessary time
delay

Improved measurement of flow of pure air is needed to improve the fuel in-
jection control during transients. The oxygen concentration can be used as
input to a NOx model. Knowing the EGR flow is important when controlling
the EGR valve and the variable geometry turbocharger(VGT).

1.3 Methods

In the first stage of the thesis an existing model described byElfvik [5], Ritzén
[6] and Ericsson [7] will be modified to suit the objectives ofthe thesis. Us-
ing this model a observer will be designed and implemented inSimulink.
Together with measurement data from a 6 cylinder Scania engine, the perfor-
mance of the observer will be evaluated.



Chapter 2

Combustion Chemistry

When deciding how much fuel to inject in the engine it is important to know
how much air there is available. This chapter is a short resume of the chem-
istry of the combustion, old ways of keeping track of the air/fuel ratio, and
in the end a proposal of how the air/fuel ratio could be definedin a way that
suits EGR engines better.

2.1 Stoichiometric Combustion

During internal combustion, fuel is burnt in the presence ofthe oxygen in the
air, resulting in water and carbon dioxide as shown in Eq. 2.1[1].

CaHb +
(
a +

b

4

)
(O2 + 3.773N2) −→ aCO2 +

b

2
H2O + 3.773

(
a +

b

4

)
N2

(2.1)
The parametersa andb represent the number of carbon and hydrogen atoms
in one molecule of fuel. More interesting than the exact dimension ofa and
b is the relation between them,y = b

a
, which shows the relative amount of

carbon in the fuel. To balance Eq. 2.1, the amount of fuel and air going in to
the reaction has to be in balance. Here air is supposed to havethe composition
(O2+3.773N2). When this balance between the fuel mass and the air mass is
achieved, the air/fuel proportion is stoichiometric. The stoichiometric relation
of fuel and air in Eq. 2.1 is derived in Eq. 2.2.

(
A

F

)

s

=
(1 + y

4
)(mO2

+ 3.773mN2
)

mC + mHy
(2.2)

wheremO2
,mN2

,mC andmH are molecule masses. Normally
(

A
F

)
s

is around
14.7, i.e. the mass of the air has to be 14.7 times larger than the mass of the
fuel for the reaction to be balanced.

3



4 Chapter 2. Combustion Chemistry

λmeas =
ṁair

ṁfuel

(
A
F

)
s

(2.3)

λ, defined in Eq. 2.3, is a measurement of the composure of air and fuel
relative the stoichiometric proportion.λ = 1 corresponds to a stoichiometric
composure andλ > 1 indicates a surplus of air. A diesel engine is always
run with λ > 1.3 to avoid smoke. The name,λmeas, comes from the fact
that thisλ can be measured with aλ-sensor that is put in the exhaust mani-
fold. The sensor measures the oxygen concentration in the exhaust gas and
estimates the surplus or lack of air going into the engine, taking the oxygen
concentration in air as a constant.

2.2 Definition of λtrue

λmeas is the relation between the air coming from the compressor and the
fuel. What is interesting in reality is the ratio between thetotal flow of air
from the compressor plus the air from EGR and the fuel. This isreferred to
asλtrue. For steady state it is possible to derive a simple relation between
λtrue andλmeas using the ratio between the EGR flow and the total flow,
EGR%. Eq. 2.4 shows this relationship and all the derivations areshowed in
appendix A. This is a relation used today for engine control.

λtrue =
λmeas − EGR%

1 − EGR%
(2.4)

EGR% =
ṁegr

ṁeng,in,tot

(2.5)

2.3 Derivation and definition of λO2

λtrue gives a good value in steady state, but in transients some of the assump-
tions made in the derivation of Eq. 2.4 are not valid. A way to work around
this problem is to make a model like the one in Figure 2.1. By continually
keeping track of the oxygen concentration,λ can be defined as

λO2
=

ṁim,O2

ṁfuel

(
O
F

)
s

(2.6)

where
(

O
F

)
s

is the stoichiometric relation between oxygen and fuel.ṁim,O2

is the oxygen part of the flow into the engine.

(
O

F

)

s

=
(1 + y

4
)mO2

mC + mHy
(2.7)
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Inlet Manifold Exhaust Manifold

[O2]im [O2]em

inertegrm ,

 
2,Oegrm

 

2,Oimm
 

inertimm ,

 

2,Oemm
 

inertemm ,

 

Figure 2.1: Oxygen concentration state model

Using oxygen instead of air as the magnitude from where to calculateλ
is a way to move away from the use of air as a unit and to make the calcula-
tions more intuitive. To knowṁim,O2

, a more elaborate model than the one
used today is needed. The model has to be able to keep track of the oxygen
concentration in the gas flows.
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Chapter 3

Engine modeling

3.1 Introduction

In this chapter the model that will be used for the observer design will be
described. The model is an extended version of a gas flow modeldeveloped
in [5], [6] and [7]. Figure 3.1 and Table 3.1 show a model overview and
explain the model’s input signals.

Intake
Manifold

Exhaust
System

Exhaust
Manifold

N_eng, delta

u_vgt

u_egr

T_amb,
p_amb

T_im

Turbine shaft

W_cmp

W_egr

W_eng,outW_eng,in

Turbine

Compressor

W_trb
W_es

Figure 3.1: Model with inputs and mass flows
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8 Chapter 3. Engine modeling

Table 3.1: Explanations of input signals
Symbol Description Unit
Neng Engine speed [rpm]
δ Injected fuel [kg/stroke]
Tim Intake manifold temperature [K]
pamb Ambient pressure [Pa]
Tamb Ambient temperature [K]
uegr EGR valve position [V]
uvgt VGT vane position [V]

3.2 Choice of model states

One purpose with of the observer is to estimate the oxygen concentration in
the gas that flows into the engine. To be able to know this it is necessary
to know the oxygen concentration in all the gas flows around the engine.
Therefore the original model has to be modified so that instead of having
one gas flow between each control volume, there will be two gasflows. One
flow for oxygen and one flow for inert gases. To be able to calculate two mass
flows from each control volume, the volumes themself have to have two states
containing information about the gas composition.

When selecting the states, there are two main choices to do. The first one
is whether to use the pressure or the mass as the quantity for the amount of
gas in a volume. The other one is whether to use oxygen concentration as
a state or having two mass/pressure states for every controlvolume, one for
oxygen and one for inert gases. After simulating and evaluating the model
with different composition of states, two pressure states per volume was con-
sidered to be the best choice. The reasons for choosing partial pressure are
listed below:

• More robust initial conditions

• Less calculations

• Simple relations to measurable quantities

The robustness of the initial conditions is due to the fact that the initial pres-
sure is not linked to the size of the volume, which is the case when using mass
states. One gets less calculations since the pressure has tobe calculated even
if the masses are used as states, because most gas flow formulas contain some
kind of pressure relation. Also the simple relationship between the partial
pressures and the measured static pressures makes the observer design sim-
pler. Table 3.2 contains a summary of the selected model states. Notice that
the exhaust pressure has not been divided into two states since the oxygen
concentration in the exhaust system does not affect the engine.



3.3. Model structure 9

Table 3.2: Model states
Symbol Description Unit
pim,O2 Intake manifold oxygen pressure [Pa]
pim,inert Intake manifold inert gas pressure [Pa]
pem,O2 Exhaust manifold oxygen pressure [Pa]
pem,inert Exhaust manifold inert gas pressure [Pa]
pes Exhaust system pressure [Pa]
ntrb Turbine speed [rpm]

3.3 Model structure

In this section all the parts of the engine model are described. The order of
the parts follows the air through the engine, and ends with the turbocharger.

3.3.1 Compressor

The compressor flow is modeled from a map, Eq. 3.1, and dependson the
pressure ratio betweenpim andpamb and the turbine speed,ntrb.

Wcmp,tot = fWcmp

(
pim

pamb

, ntrb

)
(3.1)

The flow can be divided into an oxygen and an inert part as in Eq.3.2 and 3.3
since the composition of pure air is well known. The mass of the oxygen is
23% of the total air mass.

Wcmp,O2 = 0.23Wcmp,tot (3.2)

Wcmp,inert = 0.77Wcmp,tot (3.3)

3.3.2 Intake Manifold

The state equation for the pressure in all control volumes are derived from the
ideal gas law. In Eq. 3.4 it is assumed that all pressure changes come from
the changes in mass, not in temperature.

ṗ =
RT

V
ṁ =

R̃T

MV
ṁ (3.4)

whereR̃ is the universal gas constant,M the molecular weight andR is a gas
specific constant that depends on mass of the molecules. Applying Eq. 3.4 to
the intake manifold gives the following equations forṗim,O2 andṗim,inert:

ṗim,O2 =
RO2Tim

Vim

(Wcmp,O2 + Wegr,O2 − Weng,in,O2) (3.5)
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ṗim,inert =
RinertTim

Vim

(Wcmp,inert + Wegr,inert − Weng,in,inert) (3.6)

where
pim,tot = pim,inert + pim,O2 (3.7)

3.3.3 Combustion

The volume flow of air into the engine isVdNeng

120
. To get the mass flow into

the engine, the volume flow is combined withpim,Rim,Tim and the ideal
gas law. This gives the ideal flow into the engine, but in reality this is not
possible to achieve. Depending onpim, Rim, Tim andNeng this will be more
or less achievable. To compensate for this the ideal flow is multiplied with the
volumetric efficiency,ηvol, in Eq. 3.8 to give the total flow into the engine.

Weng,in,tot = ηvol

VdNengpim

120RimTim

(3.8)

ηvol is mapped from measurement data with axes as in Eq. 3.9.

ηvol = fηvol

(
Neng,

pim

TimRim

)
(3.9)

Having the total flow into the engine and the gas composition in the intake
manifold, it is now possible to derive an expression for the composition of the
gas that flows into the engine. The assumption that is made is that the flow
out of a volume has the same composition as the gas in the volume.WO2 can
then be derived frompO2, pinert andṁtot as follows.

WO2 =
mO2

mtot

ṁtot =

pO2V
RO2T

pO2V
RO2T

+ pinertV
RinertT

ṁtot =

pO2Rinert

pO2Rinert + pinertRO2

ṁtot (3.10)

Applying Eq. 3.10 toWeng,in gives.

Weng,in,O2 =
pim,O2Rinert

pim,O2Rinert + pim,inertRO2

Weng,in,tot (3.11)

Weng,in,inert =
pim,inertRO2

pim,O2Rinert + pim,inertRO2

Weng,in,tot (3.12)

To get the fuel flow in kg/second instead of kg/stroke Eq. 3.13is used.

Wfuel =
δNengNcyl

120
(3.13)
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During the combustion, the oxygen is burned in the presence of fuel. The
oxygen that goes out of the engine in the unburned oxygen, Eq.3.14.

Weng,out,O2 = max

(
Weng,in,O2 − Wfuel

(
O

F

)

s

, 0

)
(3.14)

The mass of the inert gas that goes out of the engine is the massof the inert
gas that goes in to the engine plus the fuel mass and the burnedmass of the
oxygen, 3.15.

Weng,out,inert = Weng,in,inert+Wfuel+min

(
Wfuel

(
O

F

)

s

, Weng,in,O2

)

(3.15)
Themax andmin functions are needed incase the engine will be run on fuel
surplus to avoid negative oxygen flow and an inert mass flow larger than the
total flow into the engine.

Eq. 3.16 shows how the exhaust temperature is modeled.

Tem = Tim +
QLHV fTem

(WfuelNeng)

cp,exh (Weng,in + Wfuel)
(3.16)

3.3.4 Exhaust Manifold

The pressure in the exhaust manifold,pem, is modeled in the same way as the
intake manifold pressure.

ṗem,O2 =
RO2Tem

Vem

(Weng,out,O2 − Wegr,O2 − Wtrb,O2) (3.17)

ṗem,inert =
RinertTem

Vem

(Weng,out,inert − Wegr,inert − Wtrb,inert) (3.18)

where
pem,tot = pem,inert + pem,O2 (3.19)

3.3.5 EGR

The total EGR flow is modeled as a compressible isentropic flowthrough a
restriction [1], Eq. 3.20.

Wegr,tot = Aegr

pem√
TemR

Ψ

(
pim

pem

, γe

)
(3.20)

where

Ψ

(
pim

pem

, γe

)
=
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√
2γe

γe−1

((
pim

pem

) 2
γe −

(
pim

pem

γe+1

γe

))
if pim

pem
≥

(
2

γe+1

) γe
γe−1

√
γe

(
2

γe+1

) γe+1

γe−1

else

(3.21)

In this model the velocity of the gas cannot be greater than the speed of sound.
The pressure ratio when this happens is defined by Eq. 3.22.

pim

pem

=

(
2

γe + 1

) γe
γe−1

(3.22)

The active area functionAegr is a map calibrated from measurement data,
Eq. 3.23.

Aegr = f(uegr) (3.23)

The division of the flow into two parts is made as described earlier.

Wegr,O2 =
pem,O2Rinert

pem,O2Rinert + pem,inertRO2

Wegr,tot (3.24)

Wegr,inert =
pem,inertRO2

pem,O2Rinert + pem,inertRO2

Wegr,tot (3.25)

3.3.6 Turbine

The total flow through the turbine is modeled from a map, Eq. 3.26 that
depends on the speed of the turbine, the position of the VGT and the pressure
ratio betweenpem andpes.

Wtrb,tot = fWtrb

(
pem

pes

, ntrb, uvgt

)
(3.26)

Also here the flow is divided as described earlier.

Wtrb,O2 =
pem,O2Rinert

pem,O2Rinert + pem,inertRO2

Wtrb,tot (3.27)

Wtrb,inert =
pem,inertRO2

pem,O2Rinert + pem,inertRO2

Wtrb,tot (3.28)

3.3.7 Exhaust System

The difference between the exhaust system and the other control volumes is
that it is represented with only one state. One state is enough because the
composition of this gas is not interesting since it can not berecirculated. In
Eq. 3.29Rexh is a constant for the total exhaust gas flow.

ṗes =
RexhTem

Ves

(Wtrb,O2 + Wtrb,inert − Wes) (3.29)
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The flow out of the exhaust system is modeled with a quadratic restriction as
in Eq. 3.30.

W 2
es =

pes

kesRexhTes

(pes − pamb) (3.30)

wherekes is calculated from measurement data.

3.3.8 Turbocharger

The turbocharger consists of a turbine shaft, a turbine and acompressor that
inflicts torque on the shaft. The dynamics in the turbine shaft come from
the build up of moment of inertia. The mass is accelerated by the torque
difference of the turbine and the compressor.

ωtrb =
1

Jtrb

(τtrb − τcmp) (3.31)

The torque from the turbine is modeled from Eq. 3.32

τtrb =
Wtrbcpexh

Temηtrb

ωtrb


1 −

(
pem

pes

) 1−γexh
γexh


 (3.32)

where the efficiency,ηtrb, is mapped from measurement data.

ηtrb = fηtrb

(
pem

pes

, ntrb, uvgt

)
(3.33)

The torque from the compressor is modeled from Eq. 3.34

τcmp =
Wcmpcpair

Tamb

ηcmpωcmp




(
pim

pamb

) γair−1

γair

− 1


 (3.34)

where the efficiency,ηcmp, is mapped from measurement data.

ηcmp = fηcmp

(
pim

pamb

, ntrb

)
(3.35)
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Chapter 4

Observer design

4.1 Properties of the Observed System

Before starting designing the observer the properties of the system from chap-
ter 3 will be analyzed. Two things that has to be clarified are if the system
is stable and if it is observable. Observability is needed for the observer to
be able to estimate the states from the measured signals. In this analysis the
system has been linearized in stationary operating points covering the whole
working area of the engine. After linearizing, linear control theory has been
applied to the system to understand the behavior. The assumption is made
that if stability and observability can be proven for all linearizations, the non
linear system will be stable and observable in the working area.

What concerns the stability, the system is stable in all the linearizations.
Figure 4.1 shows an example of a pole placement at 1300 rpm andδ=150mg/stroke.
The pole diagram looks similar for all stationary operatingpoints, with one
fast pole somewhere between -1500 and -100. This fast pole comes from
the pim,O2 state. The combination of one fast pole and several slow ones
gives the system stiff characteristics. This can cause problem when solving
the systems differential equations and the linearized model’s A-matrix is ill
conditioned. The A-matrix causes problems later in this chapter.

To analyze the observability of the system the observability matrix is cal-
culated as Eq. 4.1. If the rank of this matrix is full, the system is observable.




C
CA

...
CAn−1


 (4.1)

Computing this matrix for the linearizations does not give full rank, so this
method cannot prove that the system is observable. However there is reason
to believe that the fact that the observability matrix does not have full rank

15
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System poles at 1300 rpm and δ=150mg/stroke
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0.4

0.6

0.8

1

Figure 4.1: Example of pole placement

is due to numerical errors when computing it, caused by the stiffness of the
system that makes it hard to calculate multiple matrix powers.

To further investigate the observability, another method has to be used.
According to [3] the system is observable if the matrix in Eq.4.2 has rank
n2, in this case 36. This matrix is larger than Eq. 4.1 but it doesn’t include
any matrix powers that can cause numerical problems. There was less com-
putational problems with the second method, and the rank of the matrix was
36 for all linearizations, but this method might also becomeproblematic if
the model is expanded with more states.




In 0 . . . 0 0 0 . . . 0 0 Ct

−At In . . . 0 0 0 . . . 0 Ct 0
0 −At . . . 0 0 0 . . . Ct 0 0
...

...
...

...
...

...
...

...
0 0 . . . In 0 Ct . . . 0 0 0
0 0 . . . −At Ct 0 . . . 0 0 0




(4.2)

With the system stable and observable for all linearizations, the system is
considered stable and observable in the working area.
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4.2 Design Method

In this thesis a simplified kind of Extended Kalman Filtering, EKF, has been
used when designing the observer. EKF is an extension of the ordinary
Kalman observer, that can be used on non linear systems. Whenusing EKF
the observed system is described as in Eq. 4.3 and Eq. 4.4.

ẋ = f(x, u) + w; w ∼ N(0, Q) (4.3)

y = h(x, u) + v; v ∼ N(0, R) (4.4)

wherew is the process noise, i.e. the difference between the model and the
real system, andv is the measurement noise. The intensity of the noise is
described by the intensity matrices R and Q. In the model fromchapter 3 the
statesx, the input signalsu and the measured signals are defined as follows:

x = [pim,O2, pim,inert, pem,O2, pem,inert, pes, ntrb]
t

u = [Neng, δ, Tim, pamb, Tamb, uegr, uvgt]
t

y = [pim, pem, ntrb]
t

Having described the model as in Eq. 4.3 and Eq. 4.4 an observer can be
designed as Eq. 4.5 [2].

˙̂x = f(x̂, u) + K (y − h(x̂, u)) (4.5)

Using EKF, the gainK is continuously calculated from Eq. 4.6 and Eq. 4.7.

Ṗ = F (x̂, u)P + PF t(x̂, u) + Q − PHt(x̂, u)R−1H(x̂, u)P (4.6)

K = PHt(x̂, u)R−1 (4.7)

whereF (x̂, u) andH(x̂, u) are linearizations off andh respectively andP
is the variation of the estimation error.

In the original extended Kalman theory, the model is supposed to be lin-
earized around the current estimated operating point in every time step. This
operation uses too much computing power to be feasable in this application,
and is therefore not considered. To reduce the needed computing power, the
linearizations off are made off-line for different inputs covering the engines
working area.h is a linear constant so it is not needed to be linearized. This
simplified EKF observer switches between the linerarization of f , and uses
the linearization closest to the current input. The model was linearized for the
following different inputs:

Tim = 305K

Neng = [500, 1000, 1100, . . . , 1900, 2000]rpm

δ = [0, 50, . . . , 250]ml/stroke
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uvgt = [30, 40, 50, 60, 70, 90]

uegr = [0, 5, 10, 20, 40, 60, 90]

Tamb = 298K

pamb = 99000Pa

12 engine speeds, 6 fuel loads, 6 VGT positions and 7 EGR positions gives
3024 different linearizations of the model. All linearizations corresponds to
stationary operating points.

4.3 Calculating Noise Matrices

In this thesisQ andR are assumed to be diagonal matrices, with one scalar
noise component for every state and measured signal, as in Eq. 4.8 and 4.9.
This assumption is made to reduce the complexity of the problem.

Q =




Q1 0 0 0 0 0
0 Q2 0 0 0 0
0 0 Q3 0 0 0
0 0 0 Q4 0 0
0 0 0 0 Q5 0
0 0 0 0 0 Q6




(4.8)

R =




R1 0 0
0 R2 0
0 0 R3



 (4.9)

The measured data that is used comes from an European Transient Cycle,
ETC. An ETC is a standardized cycle that runs the engine on different loads
and engine speeds. The measured signals are sampled at 100 Hzand Figure
4.2 shows the frequency content for the intake manifold pressure. The peaks
in the frequency content are dependent on the engine speed, and probably
derives from the turbulence caused by the opening and closing of the cylinder
valves. Since the model is a mean value model that does not take the cylinder
movement into consideration, this can be considered as noise. Modeling the
frequency content of the noise of the measured signal is beyond the scope of
this thesis, so the noise is assumed to be white for simplicity.

Some interesting things concerning the magnitude of the noise can be
noticed in Figure 4.3. One is that thentrb signals is zero the first ten seconds
of the plot. This is because the sensor measuring the turbinespeed does
not respond to speeds lower than 20000 rpm. This can be interpreted as if
the measurement noise for the turbine shaft is infinite whenntrb ≤ 20000.
Another interesting thing to notice is that thepim signals is more noisy at
high pressures. Since the pressure is high when the turbine speed is high, the
turbine speed seems to be a important factor for the noise magnitude.
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Figure 4.2: Frequency content in intake manifold pressure signal
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Figure 4.3: Turbine speed and intake manifold pressure

4.3.1 Calculating R

To extract the measurement noise from the measured signals,the signals are
high pass filtered at 2 Hz. The remaining signal after the filtering is assumed
to be measurement noise. As was mentioned earlier in this chapter, one im-
portant factor that affects the noise is the turbine speed. With similar reason-
ing it can be concluded that also the engine speed has a impacton the noise.
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Knowing this, the measured data from all three measured signals are high
pass filtered. The absolute value of the high pass filtered signal is then low
pass filtered, giving an approximation of the noise intensity. To the intensity,
an analytical function depending onNeng andntrb is calibrated using the
least squares method. Eq. 4.10 shows the equation. One option could have
been to map the noise, but a polynomial expression with second order terms
captures the trends accurate enough and is simpler.

Ri = k1 + k2ntrb + k3n
2
trb + k4Neng + k5N

2
eng (4.10)

Figure 4.4 shows the measurement noise forpim. As can be seen the noise
increases with the speeds. The measurement noise forntrb is set to 100000
whenntrb ≤ 25000 to compensate for the bad measurement in that region.
25000 is used as the threshold for the bad measurement ofntrb to have some
safety margin if the measurement stops at a higher speed than20000.
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Figure 4.4: Intake manifold pressure measurement noise

4.3.2 Calculating Q

Two approaches to calculating the process noise has been examined. Method
1 approximates the noise as the difference between the modeled value of the
state and the measured value. When comparing the modeled signals with the
measured, the measured signals are low pass filtered with a non causal filter
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at 2 Hz to remove the assumed measurement noise. Eq. 4.11 shows how
the noise is calculated from the difference between the model and the filtered
measured signals,̃y.

wi = hi(x̂, u) − ỹi (4.11)

The intensity of this noise is calculated in the same way as for the measure-
ment noise. Since there are states for the pressure of the inert gases and the
oxygen but these has not been able to measure, it is assumed that the inert
part and the oxygen part will have the same noise intensity that is calculated
from pim,tot andpem,tot. pes is assumed to have the same process noise as
pim, when both these pressures are easier to modulate thanpem. An analyt-
ical function, Eq. 4.12, has been calibrated to the model noise with the least
square method in the same way as for the measurement noise.

Qi = k1 + k2ntrb + k3n
2
trb + k4Neng + k5N

2
eng (4.12)

Method 2 of calculating the process noise is more closely linked to the
theoretical way of defining the noise. Here the noise is the difference between
the slopes of the measured and the modeled signals. Eq. 4.13 shows how the
noise is calculated. Also herẽy is low pass filtered to remove noise before
differentiated. This noise is represented by a function in the same way as
method 1.

wi = fi(x̂, u) − ˙̃yi (4.13)

Figure 4.5 and Figure 4.6 shows the two different process noises forntrb.
At high turbine speeds and engine speeds around 1300 to 1500 rpm the two
models results in similar process noises, but method one yields almost twice
as high process noise for low turbine speeds.

The fact that model one get a higher process noise when the engine speed
is lower can be explained by the ETC on which the models are calibrated. The
engine speed is more steady when it is around 1500 rpm than around 1000
rpm in the ETC, and the absolute error between the model and the measured
value is smaller in steady state than in transients. This phenomenon doesn’t
affect the second method since it doesn’t compare the absolute values, but the
slopes.
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Figure 4.5: Process noise for the turbine speed with the firstmethod
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4.4 Observer designs comparisons

4.4.1 Evaluating the need for multiple linearizations

To evaluate how the number of linerarizations affect the performance of the
observer, five different sets of linearizations were tested, see Table 4.1.

Table 4.1: Linearization sets
Set Neng δ uegr uvgt Linearizatons
1 12 6 7 6 3024
2 12 6 1 1 72
3 7 6 1 1 42
4 3 3 1 1 9
5 1 1 1 1 1

When evaluating how good the observer is with different numbers of lin-
earizations and different ways to calculate Q,pim andpem are studied. All
these observers estimates these pressures with the same noise level as if the
signals were filtered with a 2 Hz low pass filter. With equal noise level, the
performance of the observers are determined by the relativemean value error
between the observed signals and non causal low pass filteredpim andpem.
The observers were simulated with ETC data.

Table 4.2: Relative mean value error
pim pim pem pem

Set Method 1 Method 2 Method 1 Method 2
1 0.93% 1.08% 4.50% 4.07%
2 0.90% 1.05% 4.33% 3.84%
3 0.82% 1.03% 4.33% 3.82%
4 0.75% 0.81% 4.50% 4.46%
5 0.72% 0.83% 5.01% 4.16%

The results of the simulation in Table 4.2, shows that in neither of the
cases tested was the largest set of linearizations the best one. In fact method
one estimatedpim the best with only one linearization. To estimatepem set 3
was the best choice for both methods of deciding Q, with the smallest error.

One reason why method 1 is better at estimatingpim is that it yields a
larger turbine model error than method 2 at low turbine speeds, as discussed
in the previous section, and a well estimated turbine speed is important for
the intake manifold pressure.
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4.4.2 Evaluating the possibility to calculate K off-line

In [8] and [9] Andersson and Eriksson used Kalman filtering when design-
ing an observer for a turbo charged spark ignited(SI) engine. They switched
between pre calculated gains instead of calculating them continuously. This
proved to be an efficient way to implement an observer for a nonlinear sys-
tem similar to the one in this thesis. It is interesting to seehow well this
kind of observer can compete with the simplified EKF, since running even
the simplified EKF on board a truck is hard to do with today’s computing
power.

To evaluate this, one linearization was used. For this single linearization
different K has been calculated. The differences between the gains are that the
noise matrices has been evaluated for differentntrb. During the simulation
the observer switches between these K depending on the current ntrb. This
simulation was repeated with 4, 10, 20 and 50 filters to see howthe number
of gains affect the result. Table 4.3 shows how the result of this observer
varies with the number of filters used. Also in this test, the performance of
the observer gets worse when the number of filters gets too large.

Table 4.3: Simulation results
Number of K Mean value error inpim

4 1.44%
10 0.87%
20 0.89%
50 0.90%

With the best set of filters, 10 filters, the relative mean value error is
0.87%, a 20% larger error than with the best simplified EKF observer. This
is a small cost for making it possible to run the observer in real time on board
a truck. In the evaluation in the next section the observer with only 10 filters
will be used.

4.5 Evaluation

4.5.1 Comparison with low pass filtering

One of the objectives with the observer has been to observe signals and re-
move the noise, but still keep the good dynamics that is lost when low pass
filtering. The key to be able to calculate mass flows well is to have nice pres-
sure signals, since most mass flows are calculated from these. The evaluation
of the observer shows that the intake manifold pressure can be accurately
estimated when switching between only 10 gains. This observer can be im-
plemented on board a truck and used to estimate the intake manifold pressure
instead of filtering the measured signal.
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Figure 4.7 show how well the estimatedpim signal follows the non causal
filtered pressure, referred to as mean value in the picture, during a transient.
To get this good behavior when using a low pass filter, the bandwidth has to
be at least 10 Hz. Figure 4.8 is a close up on the noise of the signal, here
the estimated pressure has almost no noise compared to the measured signal
filtered at 10 Hz.
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Figure 4.7: Step response in intake manifold pressure

While the observer is a good alternative to filtering for the intake manifold
pressure, the exhaust manifold pressure estimation is not accurate enough to
compete with a low pass filter.
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4.5.2 Evaluation ofλ observer

The main purpose with the observer was to estimateλ without using the con-
ventional method with a mass flow sensor situated at the compressor. That
method uses Eq. 4.14 to calculate the EGR flow, and then uses Eq. 2.4 to
calculateλ. The last term in Eq. 4.14 compensates for the pressure buildup
in the intercooler.

Wegr = Weng,in −
(

Wsensor − ṗimVint

RairTim

)
(4.14)

A draw back with the conventional method is that it uses the differentiation of
pim, which is a noisy signal. Another one is that the mass flow sensor itself
has low frequency noise that is impossible to filter without loosing too much
of the dynamic properties of the signal.

In Figure 4.9 the old way of calculatingλ is compared with the observed
λ. The figure shows 100 seconds from an ETC. Theλ-signal calculated from
the sensor has been filtered with a 5 Hz non causal low pass filter to make it
easier to view, but still the appearance of the observed signal is much better.
Unfortunately there is an offset error between the observedλ and the conven-
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Figure 4.9: Lambda calculation comparison

tional λ, and this derives from the different methods of calculatingthe EGR
flow. The offset can be removed with calibration, but there will still be some
cases where the these flows are different. A way of removing the uncertainty
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in the EGR flow model is to let the observer use the mass flow sensor and
calculate the flow from the old model. However this is not possible to do with
the present observer feedback. The change of EGR flow model makes the
observer unstable.

Since the observer models an oxygen concentration build up in transients
from the exhaust manifold to the intake manifold, theλ-signal is low pass fil-
trated. This low pass filtration reduces the need for a very accurate EGR flow
model and makes the observed oxygen concentration in the intake manifold
robust against a EGR flow model error. If this robustness is enough to use the
observedλ for controlling the engine has to be tested further.
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Validation of EGR flow

5.1 Introduction

The observed quantity that would be the most interesting to validate in this
thesis is the oxygen concentration in the intake manifold, since this is the
main purpose of the observer. Unfortunately the low temperature in the in-
take manifold made it impossible to get a concentration sensor to work there.
Instead focus was put on validating the EGR flow model during transients
since this is the most uncertain part of the model. The EGR flowmodel has
only been validated in steady state earlier. The reason why the dynamics of
the EGR flow model has not been validated is that the conventional method
for measuring EGR flow is designed for accurate measurement in steady state
only. Putting a mass flow sensor in the EGR system is not possible. The
temperature is too high and mass flow sensors do not work when the gas is
not clean. Instead a more innovative method was examined. The idea with
this method is to put a catalytic converter in the EGR system and measure the
pressure drop over it. From this pressure drop the flow can be calculated.

5.2 The Catalytic Converter Experiment

5.2.1 Theoretical Background

The idea of using a catalytic converter to produce a pressuredrop was pro-
posed by [4]. The particularity with using a catalytic converter instead of a
squared restriction is that in the case with the catalytic converter, the pressure
drop will have a linear relation with the mass flow for certainmass flows.
This phenomenon is due to the fact that the converter consists of multiple
pipes that reduces the turbulence of the gas. Reducing the turbulence is an
important issue in the EGR system, since it is a very turbulent environment.

29
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and the more turbulence there is, the more unreliable the measured differen-
tial pressure will be.

5.2.2 Experimental Setup

In this experiment a custom made catalytic converter replaced the pipe be-
tween the exhaust manifold and the EGR valve. The catalytic converter is 30
cm with a 2 cm long catalytic substrate in the middle. The shape of the pipe
before and after the substrate is designed to reduce turbulence. The pressure
is measured in both ends of the pipe by two 10 bar Kistler sensors. 50 cm
pipes connected the sensors with the points of measurement to protect the
sensors from excessive heat.

To understand the behavior of the catalytic converter in an ideal situation,
the pressure drop was measured for different mass flows in a test rig and
compared with the rig measurement. Figure 5.1 shows the result of the test.
The mass flow is linear with the pressure drop in a non turbulent environment.
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Figure 5.1: Pressure drop in experimental rig

5.2.3 Results

The engine measurements were divided into two parts. One static part that
can be used for calibrating the catalytic converter model, and one European
Transient Cycle(ETC) on which the observer can be evaluated. In the static
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part, the flow and the pressure drop was measured with different EGR valve
openings and VGT positions. Different EGR and VGT positionswas used to
get different pressure drops. The same measurement cycle was repeated for
three engine speeds, 1200 rpm, 1500 rpm and 1900 rpm.

The results were good for the measurement at 1900 rpm, where the pres-
sure drop is linear with the EGR flow, see Figure 5.2. However as the engine
speed goes down, the link between pressure drop and EGR flow becomes
weaker. At 1200 rpm, Figure 5.3, the pressure drop signal is noisy even af-
ter low pass filtration at 0.5 Hz. The dynamic behavior of the pressure drop
signal is also wrong. At 500 seconds in the figure, there are spikes in the pres-
sure drop that cannot be explained by the EGR flow. Because of the problems
at low engine speed, the catalytic converter test cannot be considered reliable
enough to validate the performance of the EGR flow model.
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Figure 5.2: EGR flow and pressure drop at 1900 rpm

5.3 Conclusion

The fine performance at high engine speed shows that this way of measuring
mass flow in a turbulent environment has the possibility to work well. If this
good performance can be achieved also at lower engine speedsthis can be
a good measure the EGR flow in transients. To improve this measurement
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Figure 5.3: EGR flow and pressure drop at 1200 rpm

method the catalytic substrate can be made longer to furtherreduce the turbu-
lence. Measuring the temperature in the converter could also be interesting.
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Conclusions and Future
Work

6.1 Conclusions

A new engine gas flow model has been developed. This model divides the gas
into one part for oxygen and one part for inert gases. Based onthis model, an
observer has been designed to observe the oxygen concentration in the gas.
The observer can also be used to estimate the measured pressures in the intake
manifold and the exhaust manifold. The advantage of estimating measurable
signals with an observer instead of using a low pass filter, isthat the observer
uses the knowledge about the system to preserve the good dynamics of a
signal while reducing the noise. What concerns the pressurein the intake
manifold the observer in this thesis estimates this signal with the same noise
level as a 2 Hz low pass filtered signal without considerable time delay. The
observer can therefore with advantage replace a low pass filter. This is not
true for the exhaust manifold pressure estimation, where the model error is
too big to compete with a normal filter.

A critical issue with the observer is the uncertainty in the model of the
EGR flow. It has not been possible to validate the EGR model during transient
behavior. Apart from the uncertainties with the EGR flow,λ calculated with
the observer have very good properties. The fact thatλO2, as defined in this
thesis, doesn’t use the ERG flow explicitly gives a more stable signal than the
conventional one. This signal is suitable for engine control purposes.

6.2 Future work

There is still interesting work that can be done in this area.Above all, mea-
surement data from real trucks is needed to see how wellλO2 can be used
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to control the engine. The measurements in this thesis doesn’t give enough
understanding and support to know how good the new way of calculatingλ
is in a real life situation.

The observer in this thesis has been designed to estimateλ without using
the mass flow sensor after the compressor. But if the sensor isnot removed,
it can be used to further improve the observer and make it morerobust. The
model can be enlarged with a control volume for the intercooler and the mass
flow sensor can be integrated in the observer.

Another way to improve the observer would be to improve the EGR flow
model used in the thesis. To validate this improvement it would be interesting
to develop the catalytic converter test. Designing the pipein a way to further
reduce the turbulence is one enhancement. Measuring the temperature in the
pipe with fast temperature sensors would also improve the understanding.
The most interesting measurement though would be to measurethe oxygen
concentration in the intake manifold straight away. An accurate measurement
of this is necessary to be able to precisely validate the needfor λO2 in favor
of λtrue in transients.

Also a lot of work can still be done in trying to optimize the estimation of
the measurement and process noise. In this thesis this noisehas been consid-
ered as white noise, but it would be interesting to understand more about the
nature of this noise.
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versity, Linköping, Sweden
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Notation

Table 6.1: Symbols used in the report

Symbol Value Description Unit
λ Var Air/fuel ratio −
EGR% Var Exhaust gas fraction −
ṁ Var Mass flow kg/s
W Var Mass flow kg/s
N Var Rotational speed rpm
n Var Rotational speed rpm
ω Var Rotational speed 1/s
δ Var Injected fuel kg/stroke
T Var Temperature K
p Var Pressure Pa
cp Con Specific heat capacity at constant pressureJ/(kgK)
cv Con Specific heat capacity at constant volumeJ/(kgK)
γ Con Heat capacity ratio,cp/cv −
R̃ Con Universal gas constant 103J/(molK)
M Con Molecular weight kg/mol

R Con Gas specific constant,R̃/M J/(kgK)
V Con Volume m3

Ncyl Con Number of cylinders −
η Var Efficiency −
ηvol Var Volumetric efficiency −
QLHV Con Heating value J/kg
J Con Moment of inertia Nms
v Var Model noise −
w Var Measurement noise −
K Var Kalman filter −
x̂ Var State estimation −
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Table 6.2: Indices used in the report

Index Description
im Intake manifold
em Exhaust manifold
es Exhaust system
d Displacement volume per cylinder
cmp Compressor
trb Turbine
eng Engine
egr EGR system
int Intercooler
amb Ambient
exh Exhaust
inert Inert gas fraction
O2 Oxygen gas fraction
tot All gas



Appendix A

Derivation of λtrue
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Figure A.1: Definition of mass flows

Figure A.1 and Table A.1 shows the gas flows around the engine,includ-
ing EGR. In addition to the total flow, the part of the flow that consists of pure
air, as defined in previous chapter, is represented as a separate flow. The gas
from the compressor is always pure air, so only one flow is needed. Eq. A.1
and A.2 are basic relationships for the exhaust gas composition that are valid
during steady state. In Eq. A.2 it is assumed that all the fuelwill be burned
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Table A.1: Description of mass flows
Name Description
ṁcmp,air Air flow from compressor
ṁegr Total gas flow through EGR
ṁegr,air Air flow through EGR
ṁexh Total gas flow leaving cylinders
ṁexh,air Air flow leaving cylinders
ṁfuel Fuel mass flow

in the combustion and consume air. This is only true ifλ is larger than one,
however diesel engines are always run onλ larger than one, so the assumption
is valid in all real scenarios.

ṁexh = ṁcmp,air + ṁfuel + ṁegr (A.1)
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(A.2)
In Eq. A.3 it is assumed that the EGR flow has the same air concentration as
the exhaust flow.

ṁegr,air = ṁegr

ṁexh,air

ṁexh

(A.3)

Combining Eq. A.1, A.2 and A.3 gives an expression forṁegr,air , which will
be used to deriveλtrue.
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Now that we have the expression in Eq. A.4, it is possible to find the equation
for the air fuel ratio that takes both the air from the ERG and the compressor
into account.

λtrue =
ṁcmp,air + ṁegr,air(
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ṁcmp,air + ṁfuel
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=
λmeasṁcmp,air + λmeasṁfuel + λmeasṁegr − ṁegr

ṁcmp,air + ṁfuel

=
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λmeasṁcmp,air(1 + 1
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(A.5)

Using the approximation in Eq. A.6, Eq. A.5 can be simplified to the expres-
sion in Eq. A.7. It can be proven that this approximation yields a relative
error inλtrue smaller than 1%.

(1 +
1(
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)
s
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) = 1 (A.6)

λtrue ≈ λmeasṁcmp,air + ṁegr(λmeas − 1)

ṁcmp,air

=
λmeas − EGR%

1 − EGR%
(A.7)
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under en längre tid från publiceringsdatum under förutsättning att inga extra-
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