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Abstract

Due to stricter emission legislation, there is a need forerefficient con-
trol of diesel engines with exhaust gas recirculation(EGRjparticular, it is
important to estimate the air/fuel ratio accurately in sients. Therefore a
new engine gas flow model has been developed. This modekditite gas
into one part for oxygen and one part for inert gases. Basetthisrmodel
an observer has been designed to estimate the oxygen catmenin the
gas going into the engine, which can be used to calculateitheeh ratio.
This observer can also be used to estimate the intake mampifessure. The
advantage of estimating the pressure, instead of low pa&ssrfg 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 truckgnufacturers have
come up with new methods to reduce emissions. One populdrochés
exhaust gas recirculation(EGR).

Exhaust Gas Recirculation

(
)

~ )

Intake Manifold Exhaust Manifold

OO0 OO0

Figure 1.1: Overview of EGR system

The basic idea with exhaust gas recirculation is to lead sointlee ex-
haust gas back into the engine, as shown in Fifurk 1.1. Thisréothe
combustion temperature and leads to reduced NOx emissimesSOXx pro-
duction is closely related to the peak temperature of thebtmtion. The
combustion temperature will be lowered because the rdaiexiexhaust gas



2 Introduction

has a reduced concentration of oxygen and increased coatientof inert
gases, i.e. gases that do not participate in the combudfeen though the
inert gases do not participate in the combustion they ab=idebsed energy,
and this reduces the combustion temperature.

To be able to model the NOx production and control the engistnat-
ing the oxygen concentration in the gas flow is important. ajothere is a
good knowledge of the gas flow in an EGR engine during steaatg,sand
this has been enough to be able to control the engine to med&WRO4
legislation that came into place in 2005. However for the BEX3Regislation
that will come into place 2008, knowing the properties of sgstem during
transients will be essential.

1.2 Obijectives

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

e 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 unnecesgaiy t
delay

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

1.3 Methods

In the first stage of the thesis an existing model describdglfiyik [EI, Ritzén
[6] and Ericsson([7] will be modified to suit the objectivestoé thesis. Us-
ing this model a observer will be designed and implemente8iimulink.
Together with measurement data from a 6 cylinder Scanianentiie perfor-
mance of the observer will be evaluated.



Chapter 2

Combustion Chemistry

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

2.1 Stoichiometric Combustion

During internal combustion, fuel is burnt in the presencthefoxygen in the
air, resulting in water and carbon dioxide as shown in[EﬁEl}’..l

CoHy + (a + Z) (Os + 3.773Ns) — aCOs + gHQO +3.773 (a + Z)N2

(2.1)
The parameters andb represent the number of carbon and hydrogen atoms
in one molecule of fuel. More interesting than the exact disien ofa and
b is the relation between them, = g which shows the relative amount of
carbon in the fuel. To balance Hg. .1, the amount of fuel anglaéng in to
the reaction has to be in balance. Here air is supposed talmaeemposition
(O2+3.773N3). When this balance between the fuel mass and the air mass is
achieved, the air/fuel proportion is stoichiometric. Tt@ahiometric relation
of fuel and air in Eq[Z]1 is derived in EQ.P.2.

(é) (1 +¥)(mo, +3.773my,) 02
r, a mo +mgy :
wheremo, ,m,,mc andm g are molecule masses. Norma(lt ) _is around

14.7, i.e. the mass of the air has to be 14.7 times larger than tiss ofahe
fuel for the reaction to be balanced.
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mair
mf“d (% ) s

A, defined in EqCZI3, is a measurement of the composure of difuah
relative the stoichiometric proportion.= 1 corresponds to a stoichiometric
composure and > 1 indicates a surplus of air. A diesel engine is always
run with A > 1.3 to avoid smoke. The name,,..s, comes from the fact
that thisA can be measured with &sensor that is put in the exhaust mani-
fold. The sensor measures the oxygen concentration in thausk gas and
estimates the surplus or lack of air going into the enginéntathe oxygen
concentration in air as a constant.

(2.3)

)\meas =

2.2 Definition of \;.,.

Ameas 1S the relation between the air coming from the compressdrthe
fuel. What is interesting in reality is the ratio between totl flow of air
from the compressor plus the air from EGR and the fuel. Thigfisrred to
as .. FOr steady state it is possible to derive a simple relatievben
Atrue @Nd Ajeqs USING the ratio between the EGR flow and the total flow,
EGR%. Eq.[Z3 shows this relationship and all the derivationshomved in
appendix A. This is a relation used today for engine control.

Ameas — EGR%

A rue — P 2.4

! 1— EGR% @4

EGRY% = —eor (2.5)
Meng,in,tot

2.3 Derivation and definition of A\,

Airue gives a good value in steady state, but in transients sonfe @ssump-
tions made in the derivation of EEL_P.4 are not valid. A way twrkvaround
this problem is to make a model like the one in Figiird 2.1. Byticwally

keeping track of the oxygen concentratiargan be defined as

mim O
Aoy = —— o (2.6)
Mfuel (%),

Where(%)s is the stoichiometric relation between oxygen and fuiel., o,
is the oxygen part of the flow into the engine.

(9) - L+ §mo, 2.7)

F mc +mpgy
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Megr,0,

megr Jinert

—)(=))

Mem,o, Exhaust Manifold

==

Inlet Manifold mim,Oz

OOOO0O

mm,inert r-nem,inert

Figure 2.1: Oxygen concentration state model

Using oxygen instead of air as the magnitude from where toutatie A
is a way to move away from the use of air as a unit and to makealcele-
tions more intuitive. To know,,,, 0,, @ more elaborate model than the one
used today is needed. The model has to be able to keep tralok okygen
concentration in the gas flows.






Chapter 3

Engine modeling

3.1 Introduction

In this chapter the model that will be used for the observeigiewill be
described. The model is an extended version of a gas flow nuedeloped
in [B], [6] and [#]. Figure[ZXL and TabE3.1 show a model ow@wand
explain the model’s input signals.

u_egr

T_im

T_amb,
p_amb

Turbine shaft

. H e
W_trb
- W_es
W_eng,in W_eng,out I:> :
Intake : . : Exhaust / \ Exhaust NS
Manifold . Manifold System /—\

N_eng, delta

Compressor

&=

w_cmp

Figure 3.1: Model with inputs and mass flows
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Table 3.1: Explanations of input signals

Symbol Description Unit
Neng Engine speed [rpm]

) Injected fuel [kg/stroke]
T Intake manifold temperature  [K]

Pamb Ambient pressure [Pa]
Tamb Ambient temperature K]

Uegr EGR valve position V]

Uy gt VGT vane position V]

3.2 Choice of model states

One purpose with of the observer is to estimate the oxygeoestration in

the gas that flows into the engine. To be able to know this iteisessary
to know the oxygen concentration in all the gas flows arourdehgine.
Therefore the original model has to be modified so that inkstfahaving

one gas flow between each control volume, there will be twdlgas. One

flow for oxygen and one flow for inert gases. To be able to cateutivo mass
flows from each control volume, the volumes themself havat@hwo states
containing information about the gas composition.

When selecting the states, there are two main choices tolufifbt one
is whether to use the pressure or the mass as the quantitysf@mount of
gas in a volume. The other one is whether to use oxygen caatient as
a state or having two mass/pressure states for every caaliiahe, one for
oxygen and one for inert gases. After simulating and evelgahe model
with different composition of states, two pressure stagrs/plume was con-
sidered to be the best choice. The reasons for choosin@lpartissure are
listed below:

e More robust initial conditions
e Less calculations

e Simple relations to measurable quantities

The robustness of the initial conditions is due to the faat the initial pres-

sure is not linked to the size of the volume, which is the cadsenusing mass
states. One gets less calculations since the pressure basédculated even
if the masses are used as states, because most gas flow ®oowdain some
kind of pressure relation. Also the simple relationshipnssn the partial

pressures and the measured static pressures makes theeologsign sim-

pler. TabldZ3P contains a summary of the selected modelsstatotice that
the exhaust pressure has not been divided into two states #ie oxygen
concentration in the exhaust system does not affect theengi
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Table 3.2: Model states

Symbol Description Unit

Dim,02 Intake manifold oxygen pressure [Pa]
Dim,inert  INtake manifold inert gas pressure [Pa]
Dem,02 Exhaust manifold oxygen pressure [Pa]
Pem,inert ~ Exhaust manifold inert gas pressure  [Pa]
Pes Exhaust system pressure [Pa]
Nirb Turbine speed [rpm]

3.3 Model structure

In this section all the parts of the engine model are desdrifide order of
the parts follows the air through the engine, and ends wihuhbocharger.

3.3.1 Compressor

The compressor flow is modeled from a map, EQ] 3.1, and depantse
pressure ratio between,, andp,,;, and the turbine speed,,.,.

amb

Wcmp,tot = chmp (ppﬂa ntrb) (31)

The flow can be divided into an oxygen and an inert part as ifBEhjand’3.B
since the composition of pure air is well known. The mass efdkygen is
23% of the total air mass.

Wcmp,OQ = 0'23Wcmp,tot (32)

Wcmp,inert = 0'77Wcmp,tot (33)

3.3.2 Intake Manifold

The state equation for the pressure in all control volumeslarived from the
ideal gas law. In Eq[=34 it is assumed that all pressure @smogme from
the changes in mass, not in temperature.

. _RT_ RT .
whereR is the universal gas constant; the molecular weight ang is a gas
specific constant that depends on mass of the moleculesyiagptq.[33 to

the intake manifold gives the following equations 65, 02 andpm inert:

ROQﬂm

Vi (Wcmp,OQ + Wegr702 - Weng7in702) (35)

Dim,02 =
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. RinertTim

Pim,inert = Vi (Wcmp,inert + Wegr,inert - Weng,in,inert) (36)
i

where

DPim,tot = Pim,inert + Pim,02 (37)

3.3.3 Combustion

The volume flow of air into the engine |‘é‘if\2f—0-" To get the mass flow into
the engine, the volume flow is combined with,,,R;,.,T;,, and the ideal
gas law. This gives the ideal flow into the engine, but in tgdhis is not
possible to achieve. Depending @#),, Rim, Tim andNe,, this will be more
or less achievable. To compensate for this the ideal flow isiptiad with the
volumetric efficiencyy,.;, in Eq.[33 to give the total flow into the engine.

VdNen Pim
Wen in,tot — Tlvo _&_cngmm 3.8
ng-instot = ol 0 R Tom (3:8)

Nwor IS Mapped from measurement data with axes as il . Eh. 3.9.

Dim
Mol = [nyer (Neng, W) (3.9)

Having the total flow into the engine and the gas compositidhe intake
manifold, it is now possible to derive an expression for theposition of the
gas that flows into the engine. The assumption that is madaighe flow
out of a volume has the same composition as the gas in the eoldim, can
then be derived fromos, pinert andmy; as follows.

mo po2V.
2 . RoaT .
Woz = Mot = 553V | pimersV 0t =
tot Ro2T RinertT
pO?Rinert .
Mot (3-10)

pOQRinert + pinertROQ
Applying Eq.L3TD toW, g ir, gives.

pim,OQRinert
Weng,in,t()t (311)
pim,OQRinert + pim,inertROQ

Weng,in,OQ =

Pim,inert R02
Weng,in,t()t (312)
pim,OQRinert + pim,inertRO2

To get the fuel flow in kg/second instead of kg/stroke [EqQ.]3s18ed.

W eng,in,inert —

5Nenchyl

o (3.13)

quel =
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During the combustion, the oxygen is burned in the presehfteeb The
oxygen that goes out of the engine in the unburned oxygeriGHEd.

0]
Weng,out,O? = max (Weng,in,OQ - quel <F> ao) (314)
The mass of the inert gas that goes out of the engine is the h#iss inert
gas that goes in to the engine plus the fuel mass and the borassl of the

oxygen[3Tb.

. O
Weng,out,inert - Weng,in,inert+quel+mZn (quel (F) 7Weng,in,02>

S
(3.15)
Themaz andmin functions are needed incase the engine will be run on fuel
surplus to avoid negative oxygen flow and an inert mass flogelathan the
total flow into the engine.
Eq.[3I6 shows how the exhaust temperature is modeled.

QLHVfTem (quelNeng)
Cp,exh (Weng,in + quel)

Tom = Tim + (3.16)

3.3.4 Exhaust Manifold

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

: Ro2Tem
Pem,02 = ?/27 (Weng,out,OQ - Wegr,OQ - Wtrb,OQ) (317)
. Riner Tem
Peminert = Vit (Weng,out,inert - Wegr,inert - Wtrb,inert) (318)
where
Pem,tot = Pem,inert + Pem,02 (319)
3.3.5 EGR

The total EGR flow is modeled as a compressible isentropic ffoaugh a

restriction [1], Eq[Z20.

Wegr,tot = Aegr%qj (];:Z ’ 76) (320)

v (pim 77@) =
Pem

where
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27e Pim
Ye—1 Pem

Ye
1
_ [ Pim % If DPim > 2 Ye—1
Pem Pem — \ Yetl
PESI

2 Ye—1
Ye | 577 else

In this model the velocity of the gas cannot be greater thaspleed of sound.
The pressure ratio when this happens is defined b{_ Eql 3.22.

Ye
Pim 2 ve—1
= ()

SN

(3.21)

The active area functiord.,, is a map calibrated from measurement data,
Eq.[3ZB.
Acgr = f(tegr) (3.23)

The division of the flow into two parts is made as describetiezar

Pem,02 Rinert

Wearo2 = Wegr, 3.24
egr,02 Pem,02Rinert + Dem,inert Ro2 egr,tot ( )
Pem inertROQ

Weaninert = 7 W, 3.25
egr,inert Dem,02Rinert + Dem.inert Ro2 egr,tot ( )
3.3.6 Turbine

The total flow through the turbine is modeled from a map, EqZd3hat
depends on the speed of the turbine, the position of the V@Ttempressure
ratio betweem..,,, andp.;.

€es

Wtrb,tot = th'rb (];e—ma Niry, uvgt) (326)

Also here the flow is divided as described earlier.

pem,OQRinert
Wtrb,OQ - Wtrb,tot (327)
pem,OQRinert + pem,inertROQ

pem,inertROQ
Wtrb,inert - Wtrb,tot (328)
pem,OQRinert + pem,inertRO2

3.3.7 Exhaust System

The difference between the exhaust system and the othetealumes is

that it is represented with only one state. One state is dnbegause the
composition of this gas is not interesting since it can notdmérculated. In

Eq.B2BR..;, is a constant for the total exhaust gas flow.

Rez h Tem

v (Wtrb,OQ + Wtrb,inert - Wes) (329)

pes =
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The flow out of the exhaust system is modeled with a quadrasiiction as
in Eq.[330.

Pes
w2 = FoRor T (Pes — Pamb) (3.30)

wherek,, is calculated from measurement data.

3.3.8 Turbocharger

The turbocharger consists of a turbine shaft, a turbine aswh#ressor that
inflicts torque on the shaft. The dynamics in the turbine tshame from

the build up of moment of inertia. The mass is acceleratedhibytorque

difference of the turbine and the compressor.

1

J— (Ttrb - Tcmp) (331)
trb

Wtry =

The torque from the turbine is modeled from Eq._8.32

1=Yexh
Wtrb Pes
where the efficiencyy.,, is mapped from measurement data.

pem,

Mry = fnt,,wb <—7 Ntry, uugt) (333)
Pes

The torque from the compressor is modeled from[EQ.]13.34
Yair—1
Temp = W(!Tnpcp,,,”Tanzb < Dim ) o —1 (334)
NempWemp Pamb

where the efficiencyy.,,,, is mapped from measurement data.

Pim
ncmp = fncvnp (p—7 nt’l‘b) (3.35)

amb
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Chapter 4

Observer design

4.1 Properties of the Observed System

Before starting designing the observer the propertiesafyistem from chap-
ter 3 will be analyzed. Two things that has to be clarified atbe system
is stable and if it is observable. Observability is neededlie observer to
be able to estimate the states from the measured signalsislartalysis the
system has been linearized in stationary operating poawsring the whole
working area of the engine. After linearizing, linear cahtheory has been
applied to the system to understand the behavior. The asgmip made
that if stability and observability can be proven for alldarizations, the non
linear system will be stable and observable in the workiegar

What concerns the stability, the system is stable in all ittheakizations.
FigurdZ1 shows an example of a pole placement at 1300 rpirdridmg/stroke.
The pole diagram looks similar for all stationary operatpuints, with one
fast pole somewhere between -1500 and -100. This fast pohesdrom
the p;m 02 State. The combination of one fast pole and several slow ones
gives the system stiff characteristics. This can causel@mlvhen solving
the systems differential equations and the linearized treodematrix is ill
conditioned. The A-matrix causes problems later in thigptéa

To analyze the observability of the system the observamiatrix is cal-
culated as EQ_4L 1. If the rank of this matrix is full, the gystis observable.

C
CA

_ (4.1)
A1

Computing this matrix for the linearizations does not giué fank, so this
method cannot prove that the system is observable. Howkees ts reason
to believe that the fact that the observability matrix doeshave full rank

15
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Imaginary Axis

1

System poles at 1300 rpm and 3=150mg/stroke

0.8

0.6
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-0.4
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!

! ! ! ! ! ! !

-1
-180

-160

-140 -120 -100 -80
Real Axis

Figure 4.1: Example of pole placement

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

To further investigate the observability, another methad to be used.
According to ES] the system is observable if the matrix in has rank
n?, in this case 36. This matrix is larger than Eq.] 4.1 but it dtdaclude
any matrix powers that can cause numerical problems. Thasdegs com-
putational problems with the second method, and the rankeofirtatrix was
36 for all linearizations, but this method might also becgmeblematic if
the model is expanded with more states.

I,
—At
0

0
I,
— At

0 0 0 0 0 O]
0 0 0 0 Cct 0
0 0 0 ct 0 0
_ (4.2)
L, 0 C 0 0 0
—AL Ct 0 0 0 0 |

With the system stable and observable for all linearizatitime 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 FilterifdkF, has been
used when designing the observer. EKF is an extension of tti@ary

Kalman observer, that can be used on non linear systems. \4ieg EKF

the observed system is described as in[E]Q. 4.3 an@Hq. 4.4.

&= f(z,u) + w;w ~ N(0,Q) (4.3)

y = h(z,u) +v;v ~ N(0, R) (4.4)

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

t
€T = [pim,027pim,inerhpem,027pem,inert7pesy ntrb]

t
u = [Neng7 53 ﬂnm Pamb, Tamby Uegr, uvgt]
— t
Yy = [pimypemy ntrb]

Having described the model as in Hg.4.3 and Eql 4.4 an ohbseavnebe
designed as EG4.5/[2].

Using EKF, the gaink is continuously calculated from E._#.6 and Eql 4.7.
P = F(&,u)P+ PF'(&,u) + Q — PH'(2,u)R"'H(&,u)P  (4.6)

K = PH'(#,u)R™! (4.7)

whereF'(z,u) and H (&, u) are linearizations of andh respectively and®
is the variation of the estimation error.

In the original extended Kalman theory, the model is supgaséde lin-
earized around the current estimated operating point iryagirae step. This
operation uses too much computing power to be feasablesrafiplication,
and is therefore not considered. To reduce the needed comgmawer, 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 linerarizatib f, and uses
the linearization closest to the current input. The model liveearized for the
following different inputs:

Tim = 305K

Neng = [500, 1000, 1100, .. ., 1900, 2000}rpm
§ =10,50,...,250]ml/stroke
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uygt = (30,40, 50, 60, 70, 90]
Uegr = [0, 5, 10, 20, 40, 60, 90]
Tomp = 298K
Damb = 99000Pa
12 engine speeds, 6 fuel loads, 6 VGT positions and 7 EGRigasigives

3024 different linearizations of the model. All linearizats corresponds to
stationary operating points.

4.3 Calculating Noise Matrices

In this thesis) and R are assumed to be diagonal matrices, with one scalar
noise component for every state and measured signal, as EBand 4.
This assumption is made to reduce the complexity of the prabl

@1 O 0 0 0 0
0 Q 0 0 0 0
o 0 Q 0 0 o0
=109 0 0 0. 0 o0 (4.8)
0 0 0 0 Qs O
0 0 0 0 0 Qs
R 0 0
R=| 0 Ry, 0 (4.9)
0 0 Rj3

The measured data that is used comes from an European Tria@gie,
ETC. An ETC is a standardized cycle that runs the engine derdiit loads
and engine speeds. The measured signals are sampled at Hd@ Hgure
3 shows the frequency content for the intake manifoldqunes The peaks
in the frequency content are dependent on the engine speddyrabably
derives from the turbulence caused by the opening and dasitihe cylinder
valves. Since the model is a mean value model that does rttelcylinder
movement into consideration, this can be considered ag nMsdeling the
frequency content of the noise of the measured signal isrzktfe scope of
this thesis, so the noise is assumed to be white for simyplicit

Some interesting things concerning the magnitude of theencan be
noticed in Figur&4]3. One is that the., signals is zero the first ten seconds
of the plot. This is because the sensor measuring the tudpred does
not respond to speeds lower than 20000 rpm. This can be iatetpas if
the measurement noise for the turbine shaft is infinite when < 20000.
Another interesting thing to notice is that thg, signals is more noisy at
high pressures. Since the pressure is high when the turp@ealss high, the
turbine speed seems to be a important factor for the noisaitualg.
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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 sighalsignals are
high pass filtered at 2 Hz. The remaining signal after therifilteis assumed
to be measurement noise. As was mentioned earlier in thistehane im-
portant factor that affects the noise is the turbine speath $imilar reason-
ing it can be concluded that also the engine speed has a iopdlcé noise.
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Knowing this, the measured data from all three measuredalsicare high
pass filtered. The absolute value of the high pass filterathbig then low
pass filtered, giving an approximation of the noise intgndio the intensity,
an analytical function depending a¥.,, andn,,, is calibrated using the
least squares method. Hg.—4.10 shows the equation. Onenautidd have
been to map the noise, but a polynomial expression with skoadter terms
captures the trends accurate enough and is simpler.

R; = k1 + kaners + ksngy, + kaNeng + ks N2, (4.10)

FigurdZ3 shows the measurement noisef@r. As can be seen the noise
increases with the speeds. The measurement noise,fprs set to 100000
whenn,,, < 25000 to compensate for the bad measurement in that region.
25000 is used as the threshold for the bad measurement;ao have some
safety margin if the measurement stops at a higher spee@@t00.

Figure 4.4: Intake manifold pressure measurement noise

4.3.2 Calculating Q

Two approaches to calculating the process noise has besmreec Method
1 approximates the noise as the difference between the awuelue of the
state and the measured value. When comparing the modeledsigith the
measured, the measured signals are low pass filtered with aausal filter
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at 2 Hz to remove the assumed measurement noise.[Eql 4.1% $toow
the noise is calculated from the difference between the haotkthe filtered
measured signalg,

w; = hl(i‘, u) — :ljl (411)

The intensity of this noise is calculated in the same way agi® measure-
ment noise. Since there are states for the pressure of thtegames and the
oxygen but these has not been able to measure, it is assuatetthe¢hinert
part and the oxygen part will have the same noise intensityishcalculated
from pip, tor @NAPerm.tot- Pes IS assumed to have the same process noise as
pim,» When both these pressures are easier to modulateothanAn analyt-

ical function, EqZTI2, has been calibrated to the modelenwiith the least
square method in the same way as for the measurement noise.

Qi = k1 + kanery + kangyy, + kaNeng + k5N, (4.12)

Method 2 of calculating the process noise is more closekelinto the
theoretical way of defining the noise. Here the noise is tfferéince between
the slopes of the measured and the modeled signal§_Ed|. fbi3 $iow the
noise is calculated. Also heigis low pass filtered to remove noise before
differentiated. This noise is represented by a functiorhim $ame way as
method 1.

wi = fi(d,u) = §i (4.13)

FigurelZ® and Figulle4.6 shows the two different processasdonm,,.; .
At high turbine speeds and engine speeds around 1300 to p&0€the two
models results in similar process noises, but method on@syamost twice
as high process noise for low turbine speeds.

The fact that model one get a higher process noise when thieesspeed
is lower can be explained by the ETC on which the models ailereééd. The
engine speed is more steady when it is around 1500 rpm thamert000
rpm in the ETC, and the absolute error between the model anchéasured
value is smaller in steady state than in transients. This@imenon doesn't
affect the second method since it doesn’t compare the aesalues, but the
slopes.
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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 théquerance of the
observer, five different sets of linearizations were tested TablEZ]1.

Table 4.1: Linearization sets
Set Nepg 6 Uegr  Upge 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 neratof lin-
earizations and different ways to calculateyQ, andp.,, are studied. All
these observers estimates these pressures with the sasedewal as if the
signals were filtered with a 2 Hz low pass filter. With equalsedievel, the
performance of the observers are determined by the reladzn value error
between the observed signals and non causal low pass filigreandpe.,, .
The observers were simulated with ETC data.

Table 4.2: Relative mean value error
Pim Pim Pem Pem
Set Method1l Method2 Method1l 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
5

0.75% 0.81% 4.50% 4.46%
0.72% 0.83% 5.01% 4.16%

The results of the simulation in Tadle#.2, shows that inhegitof the
cases tested was the largest set of linearizations the bestmfact method
one estimateg,,, the best with only one linearization. To estimatg, set 3
was the best choice for both methods of deciding Q, with thallest error.

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

In [E] and D] Andersson and Eriksson used Kalman filteringewllesign-
ing an observer for a turbo charged spark ignited(Sl) enditey switched
between pre calculated gains instead of calculating themtiramously. This
proved to be an efficient way to implement an observer for alim@ar sys-
tem similar to the one in this thesis. It is interesting to kew well this
kind of observer can compete with the simplified EKF, sincening even
the simplified EKF on board a truck is hard to do with today’snpaiting
power.

To evaluate this, one linearization was used. For this sifigearization
different K has been calculated. The differences betwesgdins are that the
noise matrices has been evaluated for differgns. During the simulation
the observer switches between these K depending on thentugrg. This
simulation was repeated with 4, 10, 20 and 50 filters to seethevmumber
of gains affect the result. Table}.3 shows how the resulhisf observer
varies with the number of filters used. Also in this test, teef@rmance of
the observer gets worse when the number of filters gets tge.lar

Table 4.3: Simulation results
Number of K Mean value error ip;,,

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

With the best set of filters, 10 filters, the relative mean eaturor is
0.87%, a 20% larger error than with the best simplified EKFeobsr. This
is a small cost for making it possible to run the observer @ tiene on board
a truck. In the evaluation in the next section the observér amly 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 obsegwalsi and re-
move the noise, but still keep the good dynamics that is |d&ndow pass
filtering. The key to be able to calculate mass flows well isgeehnice pres-
sure signals, since most mass flows are calculated from.tibaseevaluation
of the observer shows that the intake manifold pressure eaacburately
estimated when switching between only 10 gains. This oleseran be im-
plemented on board a truck and used to estimate the intakiéaltgoressure
instead of filtering the measured signal.
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FigurdZY show how well the estimateg, signal follows the non causal
filtered pressure, referred to as mean value in the pictunéngl a transient.
To get this good behavior when using a low pass filter, the Waditl has to
be at least 10 Hz. Figufe3.8 is a close up on the noise of timalsigere
the estimated pressure has almost no noise compared to #seirad signal
filtered at 10 Hz.

x10°
Observed
28l Mean value
' — — — 2 Hz low pass filter
— - — 10 Hz low pass filter
261
2.4
T
=
L 22r
>
9]
[%]
(0]
x 2r
1.8r
16r
14r
1083.5 1084 1084.5 1085 1085.5

time[s]

Figure 4.7: Step response in intake manifold pressure

While the observer is a good alternative to filtering for thi@ke manifold
pressure, the exhaust manifold pressure estimation iscecotate enough to
compete with a low pass filter.
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Figure 4.8: Noise comparison between filter and observer
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4.5.2 Evaluation of A observer

The main purpose with the observer was to estimatgthout using the con-
ventional method with a mass flow sensor situated at the cesspr. That
method uses EQ_ZM4 to calculate the EGR flow, and then useBBdo
calculateX. The last term in EQ_4.14 compensates for the pressure bpild
in the intercooler.

(4.14)

pim‘/int
Wegr = eng,in (Wsensor -

RairTim

A draw back with the conventional method is that it uses tlffeidintiation of
pim, Which is a noisy signal. Another one is that the mass flow @eitse|f
has low frequency noise that is impossible to filter withaatding too much
of the dynamic properties of the signal.
In Figure[4® the old way of calculatingis compared with the observed

A. The figure shows 100 seconds from an ETC. Xrsgnal calculated from
the sensor has been filtered with a 5 Hz non causal low passtdilteake it
easier to view, but still the appearance of the observedkigmuch better.
Unfortunately there is an offset error between the obsehvaud the conven-

}\tme calculated from mass flow sensor

Observed )\02

0 20 40 60 80 100
time[s]

Figure 4.9: Lambda calculation comparison

tional \, and this derives from the different methods of calculatimgy EGR
flow. The offset can be removed with calibration, but therk still be some
cases where the these flows are different. A way of removiegititertainty



28 Chapter 4. Observer design

in the EGR flow model is to let the observer use the mass flowosearsd
calculate the flow from the old model. However this is not fasso do with
the present observer feedback. The change of EGR flow modetsrihe
observer unstable.

Since the observer models an oxygen concentration build tramsients
from the exhaust manifold to the intake manifold, thsignal is low pass fil-
trated. This low pass filtration reduces the need for a vecyiate EGR flow
model and makes the observed oxygen concentration in takeimhanifold
robust against a EGR flow model error. If this robustnessasigh to use the
observed\ 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 interestingatiolate in this

thesis is the oxygen concentration in the intake manifdlicesthis is the
main purpose of the observer. Unfortunately the low tenipegan the in-

take manifold made it impossible to get a concentrationaetasvork there.
Instead focus was put on validating the EGR flow model duriagsients
since this is the most uncertain part of the model. The EGR ffftmdel has
only been validated in steady state earlier. The reason hdgynamics of
the EGR flow model has not been validated is that the convegitimethod

for measuring EGR flow is designed for accurate measuremsigady state
only. Putting a mass flow sensor in the EGR system is not pessibhe

temperature is too high and mass flow sensors do not work wieegas is
not clean. Instead a more innovative method was examined.idga with

this method is to put a catalytic converter in the EGR systedimeasure the
pressure drop over it. From this pressure drop the flow cammloelated.

5.2 The Catalytic Converter Experiment

5.2.1 Theoretical Background

The idea of using a catalytic converter to produce a preshume was pro-
posed by|I]4]. The particularity with using a catalytic cortee instead of a
squared restriction is that in the case with the catalytizvveder, the pressure
drop will have a linear relation with the mass flow for certamass flows.
This phenomenon is due to the fact that the converter censfsinultiple
pipes that reduces the turbulence of the gas. Reducing thelémce is an
important issue in the EGR system, since it is a very turtitdemironment.

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

5.2.2 Experimental Setup

In this experiment a custom made catalytic converter repldbe pipe be-
tween the exhaust manifold and the EGR valve. The catalgtiverter is 30
cm with a 2 cm long catalytic substrate in the middle. The shafjthe pipe
before and after the substrate is designed to reduce tumd®ild he pressure
is measured in both ends of the pipe by two 10 bar Kistler gsngs0 cm
pipes connected the sensors with the points of measuremgmotect the
sensors from excessive heat.

To understand the behavior of the catalytic converter irdaalisituation,
the pressure drop was measured for different mass flows istaigeand
compared with the rig measurement. Figlurd 5.1 shows thdt e test.
The mass flow is linear with the pressure drop in a non turthelevironment.

0.25 ;
X Experiment
Linear model
0.2t -
2 015} -
=,
z
o
= X
< o1f -
0.05} -
0 ‘ ‘ ‘ ‘ ‘
0 0.02 0.04 0.06 0.08 0.1 0.12
Differential Pressure [Bar]
Figure 5.1: Pressure drop in experimental rig
5.2.3 Results

The engine measurements were divided into two parts. Otie ptt that
can be used for calibrating the catalytic converter modal, @ne European
Transient Cycle(ETC) on which the observer can be evaludtethe static
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part, the flow and the pressure drop was measured with diff &@€R valve
openings and VGT positions. Different EGR and VGT positisas used to
get different pressure drops. The same measurement cysleapeaated for
three engine speeds, 1200 rpm, 1500 rpm and 1900 rpm.

The results were good for the measurement at 1900 rpm, whe g és-
sure drop is linear with the EGR flow, see Figlird 5.2. Howeseha engine
speed goes down, the link between pressure drop and EGR floames
weaker. At 1200 rpm, Figulle3.3, the pressure drop signabisyreven af-
ter low pass filtration at 0.5 Hz. The dynamic behavior of thespure drop
signal is also wrong. At 500 seconds in the figure, there d@kesjn the pres-
sure drop that cannot be explained by the EGR flow. Becau$e @roblems
at low engine speed, the catalytic converter test cannodbsidered reliable
enough to validate the performance of the EGR flow model.

12r

- Wegr[kg/min]

10+ Pressure drop [hPa]

1 1 1 1 1 J
0 200 400 600 800 1000 1200

Figure 5.2: EGR flow and pressure drop at 1900 rpm

5.3 Conclusion

The fine performance at high engine speed shows that this fwagasuring
mass flow in a turbulent environment has the possibility tokweell. If this

good performance can be achieved also at lower engine sgi@sdsan be
a good measure the EGR flow in transients. To improve this umeasent
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Figure 5.3: EGR flow and pressure drop at 1200 rpm

method the catalytic substrate can be made longer to furtldeice the turbu-
lence. Measuring the temperature in the converter coutdtssnteresting.
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Conclusions and Future
Work

6.1 Conclusions

A new engine gas flow model has been developed. This moddedivhe gas
into one part for oxygen and one part for inert gases. Base¢hismodel, an

observer has been designed to observe the oxygen conaantrathe gas.

The observer can also be used to estimate the measuredrpsassihe intake
manifold and the exhaust manifold. The advantage of estigateasurable
signals with an observer instead of using a low pass filtéhdsthe observer
uses the knowledge about the system to preserve the goodnibmaf a

signal while reducing the noise. What concerns the pressutiee intake

manifold the observer in this thesis estimates this sigiiidl thie same noise
level as a 2 Hz low pass filtered signal without considerabie delay. The
observer can therefore with advantage replace a low pass fithis is not

true for the exhaust manifold pressure estimation, whezenibdel error is
too big to compete with a normal filter.

A critical issue with the observer is the uncertainty in thedal of the
EGR flow. It has not been possible to validate the EGR modéhduransient
behavior. Apart from the uncertainties with the EGR flowgalculated with
the observer have very good properties. The factibpat as defined in this
thesis, doesn’t use the ERG flow explicitly gives a more stalgnal than the
conventional one. This signal is suitable for engine cdmuoposes.

6.2 Future work

There is still interesting work that can be done in this arsaove all, mea-
surement data from real trucks is needed to see how \ygllcan be used

33
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to control the engine. The measurements in this thesis tagga enough
understanding and support to know how good the new way ofitzing A
is in a real life situation.

The observer in this thesis has been designed to estimatgnout using
the mass flow sensor after the compressor. But if the sensat iEmoved,
it can be used to further improve the observer and make it modmest. The
model can be enlarged with a control volume for the intereoahd the mass
flow sensor can be integrated in the observer.

Another way to improve the observer would be to improve thé&RElGw
model used in the thesis. To validate this improvement itldibe interesting
to develop the catalytic converter test. Designing the pigeway to further
reduce the turbulence is one enhancement. Measuring tipetatare in the
pipe with fast temperature sensors would also improve thderstanding.
The most interesting measurement though would be to me#seiexygen
concentration in the intake manifold straight away. An aatemeasurement
of this is necessary to be able to precisely validate the faekll, in favor
of A\irue IN transients.

Also a lot of work can still be done in trying to optimize thdiggtion of
the measurement and process noise. In this thesis thismaédeeen consid-
ered as white noise, but it would be interesting to undedstaare about the
nature of this noise.
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Notation

Table 6.1: Symbols used in the report

Symbol  Value Description Unit
A Var Air/fuel ratio —
EGR% Var Exhaust gas fraction -
m Var Mass flow kg/s
%% Var Mass flow kg/s
N Var Rotational speed rpm
n Var Rotational speed rpm
w Var Rotational speed 1/s
0 Var Injected fuel kg/stroke
T Var Temperature K
P Var Pressure Pa

» Con Specific heat capacity at constant pressus (kg K)
Cy Con Specific heat capacity at constant volume//(kgK)
~ Con Heat capacity ratie,, /c, —

Con Universal gas constant

M Con Molecular weight

R Con  Gas specific constarit,/ M
Vv Con  \olume

Neyi Con  Number of cylinders

n Var Efficiency

Nvol Var \Volumetric efficiency

Qrrv  Con Heating value

J Con Moment of inertia

v Var Model noise

w Var Measurement noise
K Var Kalman filter

T Var State estimation

10%J/(molK)
kg/mol
J/(kgK)

m3

J/kg
Nms
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Notation

Table 6.2: Indices used in the report

Index Description

im
em
es

d
cmp
trb
eng
egr
int
amb
exh
inert
02
tot

Intake manifold
Exhaust manifold
Exhaust system
Displacement volume per cylinder
Compressor
Turbine

Engine

EGR system
Intercooler

Ambient

Exhaust

Inert gas fraction
Oxygen gas fraction
All gas




Appendix A

Derivation of A\¢ye

\

rrl:mp,air Meh

v/\
000000 T2 #

rna(h,air

Miuel

Figure A.1: Definition of mass flows

FigurelA and TablEZAI1 shows the gas flows around the enigicied-
ing EGR. In addition to the total flow, the part of the flow thahsists of pure
air, as defined in previous chapter, is represented as aasefflaw. The gas
from the compressor is always pure air, so only one flow is eeefq A1
andA2 are basic relationships for the exhaust gas conipoditat are valid
during steady state. In Ef._A.2 it is assumed that all theiiébe burned
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Table A.1: Description of mass flows

Name Description

Memp,air A flow from compressor
Megr Total gas flow through EGR
Megr,air A flow through EGR

Meah Total gas flow leaving cylinders
Mezh,air  Air flow leaving cylinders

M fyel Fuel mass flow

in the combustion and consume air. This is only trug i§ larger than one,
however diesel engines are always rumdarger than one, so the assumption
is valid in all real scenarios.

mea:h = mcmp,air + mfuel + megr (Al)
. . . AN . . AN .
Mexh,air = mcmp,air"'megr,air_ F ™M fuel = megr,air"’(/\meas_l) F ™M fuel
° a2’

In Eq.[A3 it is assumed that the EGR flow has the same air coratem as
the exhaust flow. )
Megxh,air

me.rh
Combining EqCAIAP andAl3 gives an expressionfoy, 4., which will
be used to derivey, ..

(A.3)

Megr,air = Megr

. . A .
. . Mexh,air . Megr,air + ()\meas - 1) (f)s M fuel
Megr,air = Megr ———— = Megr - s "
Mexh Memp,air + M fuel + Megr
. A .
. Megr ()\meas - ]-) (f)s M fuel
< Megr,air 1—= . . = . . egr
Memp,air + Mfuel T Megr Memp,air + Mfuel T Megr

. . A .
o ] < Memp,air + ™M fuel ) o (/\meas - 1) (?)5 M fuel
egr,air - - - = = - - egr
Memp,air + M fuel + Megr Memp,air + M fuel + Megr
()\meas - ]-) (é) m
. ). fuel |
g Megr,air = . Megr (A4)

m(zmp,air + mfuel

Now that we have the expression in [EGQ.A.4, it is possible wtfire equation
for the air fuel ratio that takes both the air from the ERG dreldompressor
into account.

mcmp,air + megr,air -\ ()\meas - l)megr o
A . = Ameas T = . =
(F) s M fuel Memp,air + M fuel

)\true -
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)\measm(:mp,air + AmeasTRfueZ + /\measmegr — Megr o

Memp,air + M fyel

AmeasTemp,air (1 + W) + Megr(Ameas — 1)
mcmp,alr( + (A) )

2) Ameas

Using the approximation in E@_A.6, EQ_A.5 can be simplifiedtte expres-
sion in Eq.[AY. It can be proven that this approximationgseh relative
error in Ay, Smaller than 1%.

(1+ L )=1 (A.6)
(%)S /\meas
)\measmcmp,air + megr(Ameas - 1) )\meas - EGR%

A rue ~ 5 - A7
! Memp,air 1— EGR% ( )
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