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Abstract

Tougher legislation and higher expectations on the comfortof the vehicles, forces the vehicle manufacturers to
make progress. To manage the demands, it is crucial to correctly estimate the air mass-flow to the cylinders. To
estimate the mass-flow, a mean value engine model (MVEM) could be used. Since the computational power in
the controller system is limited, the original MVEM has to bemodified. The purpose is to reduce the required
sample frequency to run the model.

Firstly, some of the states in the original model are reducedand replaced by statical equations. The objective
of this is to replace states that have fast dynamics with statical expressions. The reduction in sample frequency
required to simulate the model is though less than expected.

Some equations in the original model are modified when large derivatives occur. By increasing the size of
the regions where the modified equations are used, these large derivatives become smaller. Furthermore, a solver
with high resolution for a part of the model, at the same time as a solver with lower sample frequency is used for
the entire model, is implemented.

The reduction in computational effort using these modifications does not fulfill the required demands. Therefore,
three different observers are implemented. They are based on the model for the throttle and the volumetric effi-
ciency in the original MVEM, to estimate the air mass-flow to the cylinders. Since the observers do not model
the entire engine, the signals from the sensors are always used. This is not preferable during transients. The
sample frequency to achieve a stable model is though acceptable.
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Preface

This thesis is written for readers with good knowledge in spark ignited (SI)-engines. The readers are also expected
to have knowledge about mean value engine modeling (MVEM), since only a short introduction to the MVEM
used is found in the thesis. For the interested reader, Per Anderssons PhD thesisAir Charge Estimation in
Turbocharged Spark Ignition Engines [1] is recommended. In Anderssons thesis, the MVEM, that this thesis
work is based on, is developed and validated.
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Chapter 1

Introduction and Outline

1.1 Introduction

Turbocharged spark ignited engines are becoming more and more common in vehicles. Not only in powerful
vehicles, but also in downsized engines where the objectiveis to reduce fuel consumption. There are many
perspectives to take into consideration when designing thecontroller for the turbocharger and the engine in total.
In order to decrease the development time for new vehicles incombination with cost savings, models are being
more and more used in predevelopment phases.

Legal demands on emissions are being tougher on the vehicle manufactures. It is of highest importance that
the air/fuel mixture is stoichiometric in an SI-engine, forthe catalyst to operate efficient. To achieve this, the air
massflow to the cylinders have to be predicted accurately. During transients this is a problem, since it takes some
time for the sensors to react on the change. Therefore, it would be preferable to use a model that estimates the
flow accurately, especially during changes in operating points.

There are two main ways to model an SI-engine. One way to go is to make a model that has high resolution
and for example accounts for when in the cycle the combustionoccurs. The disadvantage of this method is that it
is needed to sample in the order of every crank angle degree ofthe engine. If the engine is running at 2000 rpm
this results in that the sample frequency has to be about 12000 Hz. Even using a modern computer it will take
considerable time to simulate a driving cycle that is a few minutes.

The other approach is to assume that there is a continuous flowof air and fuel to the cylinders, that are
transformed into heat and torque. The advantage of doing this is that the sample frequency can be dramatically
decreased and still result in a reasonably accurate model. This type of models are called mean value engine
models (MVEM). The content of this thesis is to modify an already existing MVEM, developed and validated
in [1]. The objective of the modification is to reduce the computational effort required to run the model. This is
important to be able to run the model in real time on the vehicle, to estimate the air massflow to the cylinders.
The computational power on the vehicle is limited and cannothandle the original MVEM.

1.1.1 Mean value engine model

The MVEM used in this thesis consists of several components,such as air-filter, intercooler and throttle. The
advantage of modeling each component separately is that each component can be modified to fit a specific engine
without replacing the structure of the model. A component consists of one generalized restriction and one
control volume. The restrictions estimate the mass-flow through the component, mainly from the pressures and
temperatures before and after the restriction. The controlvolumes calculate the pressure and temperature in the
volume between two restrictions. These quantities are represented as states in the model.

There are six control volumes in the model, see figure 1.1, that result in 12 states. In addition, the speed of
the turbo charger is a state, which results in that the model contains 13 states. The states are given in table 1.1.

The MVEM is a stiff model since there are both slow and fast dynamics in the system. As a consequence,
to be able to simulate the model the sample frequency has to bereasonably high. To achieve a stable simulation
using Euler as the solver for the differential equations, the sample frequency has to be approximately 500 Hz.
The model is accurate and the error is less than 5 % in most operating points.

The usage of the model is twofold. One purpose is to simulate whole driving cycles instead of using a real
engine. The other objective is to use the model for controlling the engine by estimating the mass-flows through

1



2 Chapter 1. Introduction and Outline

different components. The model is used in combination withsensors, that are more accurate than the model in
steady state. During transients the sensors are not able to react fast enough to changes in mass-flow, pressure and
temperature. In these cases the model is more accurate and should therefore be used to estimate the flows in the
engine instead of the sensors. This leads to that it is of highinterest to achieve a high accuracy in transients in
the model.

Table 1.1: States used in the model in figure 1.1.
State Description
paf Pressure after air-filter
Taf Temperature after air-filter
pcomp Pressure after compressor
Tcomp Temperature after compressor
pic Pressure after intercooler
Tic Temperature after intercooler
pim Pressure in intake manifold
Tim Temperature in intake manifold
pem Pressure in exhaust manifold
Tem Temperature in exhaust manifold
pes Pressure after turbine
Tes Temperature after turbine
ωTC speed of turbocharger

1.1.2 Control volumes

The pressure and temperature is modeled in the control volumes using mass and energy conservation in combina-
tion with the ideal gas law, as in equation 1.1. Rewriting theideal gas law and then differentiate it with respect to
time, the expression fordp

dt is found in equation 1.2. The first term in the expression represents the difference in
mass-flow in and out from the model and the second the impact ofthe pressure due to the change in temperature.
The expression fordT

dt is based on energy conservation and is given in equation 1.3.

m =
pV

RT
(1.1)

dp

dt
=

RT

V
(Win − Wout) +

mR

V

dT

dt
(1.2)

dT

dt
=

1

mcv
(Wincv (Tin − T )) +

1

mcv

(

R (TinWin − TWout) + Q̇
)

(1.3)

The assumptions made, modeling the control volumes with theequations above are the following:

• the fluid is a perfect gas

• constant temperature in the whole control volume

• immediate and complete mixture in the volume

1.1.3 Restrictions

Conventionally a restriction is a component that decreasesthe pressure. This is the case in e.g. the air-filter. In
the MVEM, the compressor and the engine rather acts as pumps.All these blocks are called restrictions in this
thesis. In the model there are two different assumptions forthe restrictions used. In the air-filter, intercooler
and exhaust system, the flow is assumed to be incompressible.The flows through the throttle and wastegate are
assumed to be incompressible.
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4 Chapter 1. Introduction and Outline

Incompressible restrictions

The components where the flow is assumed to be incompressibleare also assumed to be isenthalpic [2]. This
results in that the temperature remains the same in the actual component. The pressure drop for an incompressible
flow can be described as in equation 1.4 and might be caused by e.g. wall friction or change in area of the pipe.

∆pr = pus − pds = Hr
TusW

2

pus
(1.4)

From equation 1.4 the mass-flow can be expressed, see equation 1.5.

W =

√
pus

HrTus

√
pus − pds (1.5)

The derivate of the mass-flow with respect topus gives dW (pus)
dpus

→ −∞ when∆p → 0. This could be
troublesome for the solver of the model to handle. Thereforean alternative expression for the mass-flow, when
the difference in pressure is small is used. The original expression is simply linearized. When the pressure is
greater downstream than upstream the mass-flow will be negative, but the implemented model doesn’t handle
back-flows. Therefore the mass-flow is set to zero if that occurs.

The model for the intercooler uses the same basic equations as above, with the exception that the temperature
is changed in the restriction.

Compressible restrictions

The assumption above that the fluid is incompressible is onlyvalid when the speed of the fluid is less than
approximately 30 % of the speed of sound [4]. In the model thismay not be fulfilled for all operating points in
the throttle and wastgate. Therefore the change in density of the fluid has to be considered. The equation for the
mass-flow through the throttle can easily be generalized andis given in equation 2.14.

1.2 Problem formulation

The problems to be investigated during this thesis are:

• Decrease the required sample frequency to maximum 80 Hz fromthe original model that requires approx-
imately 500 Hz. To solve the differential equations in the model, explicit Euler should be used.

• Investigate what properties influence the sample frequencythe most.

• Achieve an acceptable accuracy in the model when the sample frequency is decreased. This is most
important during transients. In steady state the sensors can be used instead of the model.

1.3 Sample frequency and accuracy

The objective with the modified models is to use them as observers in vehicles and are therefore dependent on
data measured by sensors. The sensors have a limited sample frequency, that limits the step length in the model.
In the report, the inverse to the step length is used as a measure of the stability of the model and is called sample
frequency.

There are two different errors that could be used, either theabsolute or relative error. The absolute error is
to prefer if the emissions are of highest interest. This is due to that the catalyst can buffer a specific amount of
oxygen. That results in that an error in the estimated air mass-flow, not is a problem as long as the catalyst not
is full or empty of oxygen. The relative error is to prefer if the vehicle performance is the most important task to
optimize. The reason for this is that the driver can feel jerks, if the engine for example is run lean. This is more
dependent onλ, which is a relative quantity, than on the size of the error inthe estimation of the mass-flow. In
this work the relative error is used to compare different configurations of the model.

When simulations are carried out, it is of highest interest to investigate at what sample frequency the model
gives an acceptable accuracy. To be able to compare different models with each other, five different measures of
the error in the simulations are introduced and explained below. Instead of collecting measurement data from a
running engine, the original model is assumed to generate the true values.



1.4. Outline 5

eI,m This error represents the difference between the original and modified models. Both models are solved
using an implicit solver with variable step length. The signals used to calculate the error are the mass-flow
to the cylinders,Wcyl, and the error induced is due to model simplifications. TheI in the index represents
that the results from the simulations are only studied in a certain range. The steps in throttle angle occurs
after 10 and 18 seconds, see figure 2.2. Since it is of highest interest that the model is accurate during
transients the difference between the models are only studied from the steps occur till 0.2 seconds after
the steps. The difference is integrated and normalized withthe air mass-flow to the cylinder in the original
model, see equation 1.6. In the thesis the error is presentedin percent.

eI =

∫ t+0.2

t |Worg − Wmod| dt
∫ t+0.2

t
Worgdt

(1.6)

eI,s This error is a measure of the error induced by the solver. Thesolver that should be used in the final version
is explicit Euler. Therefore the amplitude ofeI,s is dependent on the sample frequency. The models
compared are the ideal solved modified model and the modified model solved with Euler. Since there is no
algebraic way to solve the model, a variable step implicit solver with high accuracy is used instead.

eI,t The ideal solution from the original model is compared to themodified model solved by explicit Euler, and
results in the total error. The time the error is integrated is the same as for the previous errors.

es The error is calculated in the same way aseI,s. The only difference is thates is calculated over the whole
driving cycle, not only during transients.

ẽt The difference between the original model and the modified model solved by explicit Euler is calculated in
every sample.̃et gives the maximum difference over the whole driving cycle between the two models.

The demands on the model is given below. If one or more of the conditions not are fulfilled, the model is
not accurate enough. Most of the time it helps to increase thesample frequency in order to get a more accurate
simulation. For the different models used, a sample frequency is presented for the model. To find at what
sample frequency the simulation fulfills the demands, simulations with different frequencies are carried out. If
the demands are fulfilled, the sample frequency are decreased, otherwise increased. This is done in steps of 10
Hz.

• eI,t < 3%

• es < 1%

• ẽt < 8%

1.4 Outline

Several approaches for increasing the stability in the model are investigated. In chapter 2, states in the original
MVEM are removed. Different configurations of the model is implemented and analyzed. For the model con-
figurations with most potential, the linear regions impact on the stability in the model are controlled. This is
done in chapter 3. A local solver for the states in the intercooler are implemented in chapter 4, since there is
fast dynamics in that component. In chapter 5, three different observers are developed and evaluated. Finally,
conclusions and future work are presented in chapters 6 and 7.



Chapter 2

Reduction of States

In this chapter the number of states in the model is reduced. The objective of this is to reduce the states with
fastest dynamics in order to decrease the largest eigenvalues of the system. This leads to that a lower sample
frequency is required to achieve a stable and accurate simulation, accordingly to the inequality in equation 2.1,
that has to be fulfilled to guarantee a stable simulation. In the equation,h is the step size andλ the eigenvalues
of the system.

|1 + hλ| < 1 (2.1)

2.1 Modified components

In this section modified components will be designed. The purpose of this is to later be able to use one or many
of the modified components in the MVEM.

To be able to remove a state, or even a whole control volume, the dynamics of that component is assumed to
be negligible for the outputs of the model. This means thatdT

dt = 0 and dp
dt = 0.

The general expression for the change in pressure in a control volume is given in equation 2.2. By assuming
that the temperature gradient inside the control volume is zero and that there is no dynamics in the pressure, the
air mass-flows must be equal, see equation 2.3. The mass-flowsare dependent on the pressure in the control
volume and thereby a static expression for the pressure in the actual component could be found.

dp

dt
=

RaTup

VCV
(Win − Wout) +

mCV Ra

VCV

dTCV

dt
︸ ︷︷ ︸

=0

= 0 (2.2)

Wout = Win (2.3)

Using equation 1.3 and assuming no dynamics in the temperature, the mass-flows in and out from the control
volume are equal and thatQ̇ = 0, the temperature has to be unchanged in the actual control volume.

2.1.1 Air filter

The control volume of the air filter is removed and thereby itsstates,paf andTaf . The temperature out of the air
filter is assumed to be ambient and the expression for the pressure is derived using equation 2.3. The mass-flow
through the air filter,Waf , and the flow through the compressor,Wcomp, are in this case assumed to be equal, see
equations 2.4 and 2.5.K1 andK2 are parameters of the compressor used. From the mass-flows anexpression
for the pressure in the air filter,paf , is determined, see equation 2.9. In the original model there is a linear region
in the expression of the air mass-flow through the air filter. This is to avoid getting infinitely large numbers when
the flow is differentiated in operating points where the pressure after the air filter is close to the ambient pressure.
When this region is implemented in the modified component thestability of the model decreased and therefore
only the equation for the regular region is used. This regionis the physical description of the mass-flow and
should thereby result in higher accuracy in the model.

To be able to find an expression forpaf , the following assumption has to be made.paf is part of the pressure
ratio,Πcomp (see equation 2.6), that is used in the expression forWcomp. SinceΠcomp is raised with an exponent

6



2.1. Modified components 7

in equation 2.5, the equations are difficult to solve. Instead the pressure in the air-filter from previous sample is
used inΠcomp and can thereby be seen as a constant in the equations.

Waf =







√

pamb
pamb−paf

Haf Taf
pamb − paf > paf,lin

√
pamb

Haf Tamb

pamb−paf
√

paf,lin
0 ≤ pamb − paf ≤ paf,lin

0 pamb − paf < 0

(2.4)

Wcomp =
paf

RaTaf

π

4
D2

compUcomp

√
√
√
√
√
√
√

1 − min



K1

(

cpaTaf
−1+Π

γa−1

γa
comp

1
2

U2
comp

)2

, 1





K2
(2.5)

Πcomp =
pcomp

paf
(2.6)

2.1.2 Compressor

The compressor has slow dynamics due to the inertia of the turbocharger. This results in that it takes time for the
turbocharger to change speed when the operating point of theengine is changed. Since this dynamics mainly is
due to the inertia of the turbocharger, a modified version of the compressor restriction and its control volume is
implemented, wherepcomp andTcomp are removed. This only leads to a small change in the compressor dynam-
ics. The modified component ignores the dynamics in the volume between the compressor and the intercooler.
The mass-flows that are used in equation 2.3 areWcomp and the flow through the intercooler,Wic, given in
equation 2.7. The expression for the pressure after the compressor is determined to be as in equation 2.10 and
the expression for the linear region is given in equation 2.8.

Wic =







√

pcomp
pcomp−pic

HicTcomp
pcomp − pic > pic,lin

√
pcomp

HicTcomp

pcomp−pic
√

pic,lin
0 ≤ pcomp − pic ≤ pic,lin

0 pcomp − pic < 0

(2.7)

pcomp,Lin = pic +
D3

CωTCpaf
√

pcomp,linπ

√
√
√
√
√
√
√

1−min

0

B

B

B

B

@

1,

64c2paK1

0

B

@
−1+Π

γ−1

γ
comp

1

C

A

2

D4
c ω4

TC

1

C

C

C

C

A

K2

8K2R2
aT 2

af

√
pcomp,old

HicTcomp

(2.8)
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paf =
4K2p

2
ambR

2
aTaf

2K2pambR2
aTaf +

√
√
√
√
√
√K2p

2
ambTaf




4K2R2

aTaf − D4
cHafπ2




−1 + min




1,

4c2
paK1Taf

 

−1+Π
−1+γ

γ
comp

!2

Ucomp









Ucomp






(2.9)

pcomp =
pic

2
+

√
√
√
√
√K2R2

aT 2
af



16K2p
2
icR

2
aT 2

af + D6
CHicω

2
TCp2

afπ2Tcomp − D6
CHicω

2
TCp2

afπ2Tcomp · min



1,
64c2

paK1

„

−1+Πcomp
γ−1

γ

«2

Taf

D4
cω4

T C









8K2R2
aT 2

af

(2.10)

pic =
1

2
(

pcompRaTic + A2
effHicpimTcompx1

)
[
p2

compRaTic + A2
effHicpimTcomp (x1 − x2) +

√
(

p2
compRaTic + A2

effHicp
2
imTcomp (x1 − x2)

)

+ 4A2
effHicp

3
imTcomp

(

pcompRaTic + A2
effHicpimTcompx1

)

x2

] (2.11)

pic,Lin =
1

2A2
effHicΠlinTcomp (x1 + Πlinx2)

[
pcomp (−1 + Πlin)RaTic + 2A2

effHicΠlinpimTcomp (x1 + Πlinx2) +

√

pcomp

(

(−1 + Πlin)RaTic

(

4A2
effHicΠlinpimTcomp (x1 + Πlin) +

(

(−1 + Πlin)RaTic − 4A2
effHicΠlinTcomp (x1 + Πlin)

)))
]

(2.12)

pic,Crit =
2p2

compRaTic

pcompRaTic −
√

p2
compRaTic

(

RaTic − 4A2
effHic (−1 + Πcrit)ΠcritTcomp (x1Πcritx2)

) (2.13)
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2.1.3 Intercooler

Two modified versions of the intercooler are also implemented. In one of the modified components, the temper-
ature state is reduced. In the alternative model bothpic andTic are reduced. Most likely, at least the pressure
of either the compressor or the intercooler control volumeshas to be unchanged. This is to catch the dynamics
between the compressor and the throttle. Though the dynamics in temperature might be removed in both the in-
tercooler and the compressor at the same time. The pressure after the intercooler,pic, was calculated accordingly
to equation 2.11. The mass-flows used to derive the expression for pic are the throttle,Wat (see equation 2.14),
andWic. Furthermore an assumption has to be made in the expression for Wat in order to solvepic. In the
calculation theΨ-function, see equation 2.15 and 2.16,pic is part ofΠ and is difficult to solve. Therefore, a
simplification of theΨ-function is made in equation 2.17 and the coefficientsx1 andx2, are estimated with the
least square method.

In the original model there are three different regions in the Ψ-function implemented. The purpose of the
linear region is to avoid large derivatives in the model. TheΨ-function is plotted in figure 2.1. The region in the
middle of the curve is used to calculatepic. In equations 2.12 and 2.13 the pressures in the other two regions of
the intercooler are given.

Wat =
pic√
RaTic

Ψ (Π)Aeff (α) (2.14)

Ψ(Π) =







1 0 < Π ≤
(

2
γ+1

) γ
γ−1

Ψ∗(Π)
(

2
γ+1

) γ
γ−1

< Π ≤ Πlin

Ψ∗(Π) Π−1
Πlin−1 Πlin < Π ≤ 1

(2.15)

Ψ∗(Π) =

√
2γ

γ − 1

(

Π
2
γ − Π

γ+1

γ

)

(2.16)

Ψ∗(Π) ≈
√

(x1 + x2Π) (1 − Π) (2.17)

Π =
pim

pic
(2.18)

2.1.4 Intake manifold

The temperature state,Tim, is replaced by the input signal to the original control volume. The pressure is still a
state since the dynamics in the flow around the throttle is significant at some operating points. It is important to
get the mass-flow to the cylinders as accurate as possible since the amount of injected fuel is dependent on the
air mass-flow.

2.1.5 Exhaust manifold

The modified version of this component has no temperature dynamics. The dynamics in pressure is though
always implemented in the model.

2.1.6 Exhaust system

The control volume is replaced by static equations forpes andTes in the modified version of this component.
The expression used for the pressure after the turbine,pes, is presented in equation 2.22. The mass-flows used
are given in equations 2.19-2.21. The mass-flow through the exhaust system,Wes, is assumed to be equal to the
sum of the flows through the turbineWt, and the wastegate,Wwg. In the modelWt andWwg is calculated and
therefore these variables are used in the expression forpes. The advantage of this is that the approximation made
in the air-filter using the oldpcomp is not needed in this component.

Wt =

{
pem√
Tem

k1

√

1 − Πk2

t Πk2

t ≤ 1

0 otherwise
(2.19)
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Figure 2.1: TheΨ-function as a function ofΠ. The region to the left is the critical region, in the middle the
regular and the region close to 1 is the linear region for two of the curves.Πlin is 0.85 respectively 0.90 in the
cases where the linear region is used.

Wwg =
pem

√
RegTem

Ψem(Πt)Aeff,wg
(uwg) (2.20)

Wes =







√

pes
pes−pamb

Haf Tes
pes − pamb > pes,lin

√
pes

Haf Tes

pes−pamb√
pes,lin

0 ≤ pes − pamb ≤ pes,lin

0 pes − pamb < 0

(2.21)

pes =
pamb

√
pes,lin

HesTes
+
√

pes,lin (Wt + Wwg)
√

pes,old

HesTes

(2.22)

Πt =
pt

pem
(2.23)

2.2 Reduction of one control volume

Firstly one control volume at the time in the original model is replaced by a modified component. This is to make
the model less stiff and thereby require a lower sample frequency.

2.2.1 Initial conditions

The states in the model are set to an initial value to get the simulation started. The initial values used throughout
the entire thesis are given in table 2.1. When the states in the compressor are replaced by statical expressions, a
sample and hold block is used forWic. The initial value for the mass-flow is set to 0.04915 kg/s.
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Table 2.1: Initial values of the states in the model. The pressures are given in Pascal, the temperatures in Kelvin
and the the rotation speed of the turbo charger in radians persecond.

State Initial value
paf 99850
Taf 298
pcomp 169200
Tcomp 374.5
pic 167300
Tic 309.3
pim 133700
Tim 309.3
pem 154100
Tem 1100
pes 109000
Tes 1040
ωTC 11160

2.2.2 Results from simulations

In the simulations different inputs to the model are used. There are three different settings in the input signal
to the throttle in the model, see figure 2.2. The other inputs to the model are set to fixed values accordingly to
table 2.2. In table 2.3, the simulation results after the modifications in the model is shown. As seen in the table
there are in general no large differences in sample frequency in the modified models compared to the original.
One exception is when the states in the intercooler are reduced and the required sample frequency is almost
doubled.

Analyzing the results, it is possible to state that there is not one single component that limits the sample
frequency. Though, the best configuration of the model seemsto be when the air filter is removed. The sample
frequency is lowest of the configurations simulated and the errors are small compared to the other models.
Figure 2.3 shows the mass-flows to the cylinders for the original model and the model with the modified air-filter.
Using the modified model for the air-filter, the sample frequency is decreased by 50 Hz to 440 Hz compared to
the original model. This is still a far too high frequency to achieve a stable and accurate model.

Table 2.2: Inputs to the model except throttle angle
Variable Value
Engine speed [rpm] 2000
uwg 0
λ 1
pamb [Pa] 101300
Tamb [K] 298
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Figure 2.2: Shows the input signal of the throttle angle. There are three different inputs used in the thesis.
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Figure 2.3: The mass-flow through the cylinders in the original model and the model with modified air-filter. The
difference between the models is relatively small.



2
.2

.
R

ed
u

ctio
n

o
fo

n
e

co
n

tro
lvo

lu
m

e
1

3

Table 2.3: Shows at what frequency the model is stable for different configurations of the model. The throttle angle used is 1040 5 (see figure 2.2) and the solver used is
an explicit Euler. AnX indicates that the actual state is reduced.

States Replaced
eI,m eI,s eI,t f ẽt es Nbr

paf Taf pc Tc pic Tic pim Tim pem Tem pes Tes ωTC

- 0.20 0.20 490 5.28 0.98 1
X X 0.32 0.17 0.31 440 1.82 0.45 2

X X 0.57 0.60 1.07 480 5.15 0.84 3
X X 1.33 0.42 1.31 970 7.23 0.70 4

X 1.04 0.21 1.14 500 4.85 0.96 5
X 0.16 0.21 0.24 490 5.01 0.97 6

X X 0.04 0.20 0.19 490 5.25 0.98 7

Table 2.4: Shows at what frequency the model is stable and accurate for different configurations of the model. The throttle angle used is 1040 5 (see figure 2.2). The
solver used is explicit Euler. AnX indicates that the actual state is reduced.

States Replaced
eI,m eI,s eI,t f ẽt es Nbr

paf Taf pc Tc pic Tic pim Tim pem Tem pes Tes ωTC

X X X X 0.47 0.38 0.73 450 4.40 0.43 1
X X X X 1.53 0.28 1.56 560 6.24 0.55 2

X X X 2.11 0.46 2.29 430 7.98 0.70 3
X X X X 0.53 0.33 0.84 510 5.06 0.51 4

X X X X X X 0.42 0.38 0.68 450 4.31 0.44 5
X X X X X X X 1.50 0.42 1.72 360 4.63 0.65 6
X X X X X X X X 1.60 0.43 1.85 360 4.90 0.65 7
X X X X X X X X X - - - - - - 8
X X X X X X X - - - - - - 9
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2.3 Reduction of more than one control volume

By replacing more than one of the components in the original MVEM, it is possible to reduce the sample fre-
quency further. The results from different configurations where the model has been modified, are shown in
table 2.4. The equations used to calculate the pressure in each component are the same as mentioned in chap-
ter 2.1. The only difference is that in some cases, the pressures and temperatures used in the equation are not
states any more, but instead they are calculated by staticalexpressions. This could lead to algebraic loops that
have to be taken care of and is solved by using delay blocks that are given an initial value. This has impact on
the results of the simulations since there is a delay of one sample in the signal using this block.

By analyzing the results from the simulations of the models where more than one component is modified,
some conclusions can be made. The temperature in the intake manifold seems to have relatively strong impact
on the sample frequency. Also the air-filter and compressor seem to be important for the sample frequency. The
importance of includingTem as a state in the model seems to be negligible. Comparing simulation setups 6 and 7
in table 2.4 shows that the sample frequency is unchanged andthe errors are almost the same for the two models.

The errors induced by the model modifications seem to be largest in the model containing the modified intake
manifold. One explanation for this is that when there is a sudden change in the throttle position,Tim changes
rapidly due to the change in pressure. When replacing the state of the temperature with a static expression this
dynamics is not handled in the model any more.

The impact of modifing both the intercooler and the exhaust system is tremendous compared to only reduce
the states in the intercooler, see simulation 2 in the table and simulation setup 4 in table 2.3. The sample frequency
is almost halved. The difference between reducing the intercooler compared to the compressor is though more
than 100 Hz (compare simulation setups 1 and 2).

In simulation 8 there are too many algebraic loops for Simulink to solve. When sample delay blocks are used
to break the loops, the simulation does not become stable. Simulation setup 9, where for instance the states in
the intercooler are removed the simulation is not stable even at 2000 Hz. The problem occurs after 10 seconds in
combination with the step that opens the throttle.

To summarize, the most promising model configuration seems to be either number 6 or 7. Both requires a
frequency of 360 Hz to achieve the level of accuracy demandedin section 1.3. In figure 2.4 the original model
is compared to the model where the air-filter, compressor, inlet manifold and exhaust system are replaced by
modified components (simulation 6 in table 2.4).
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Figure 2.4: The mass-flow to the cylinders when the air filter,compressor, intake manifold and exhaust system
are modified.



Chapter 3

Change Linear Regions

By reducing the number of states in the model it is possible toreduce the sample frequency to 360 Hz. Since the
goal of this thesis work is to achieve a sample frequency of 80Hz, further work has to be done. One way to go
is to investigate if the size of the linear regions have any influence on the sample frequency. This could be done
by analyzing the equations used, differentiate them and findwhen they become large. This is not done in this
study. Instead the regions in the equations used in the original model are changed and compared to the previous
simulations. The linear equations are not a physical way to describe the pressure and temperature and thereby
induces an error. This is a trade off between lower sample frequency and greater inaccuracy in the model.

3.1 Components using linear regions

In this chapter the equations where the linear regions are used are described. In the air filter the linear region for
the mass-flow is not used to calculate the pressure. The reason for this is simply that the stability of the model is
worse when the linear region is implemented.

Intercooler If pcomp − pic ≤ pic,lin, the linear region is used in the original model. The reason is that the
derivative ofWic is large for small differences in the pressures, which results in instabilities in the model.

Throttle To derive an expression for the pressure after the intercooler and intake manifold, the air mass-flow
through the throttle is included. TheΨ-function, see equation 2.15, is a part of this function. When
the function is differentiated with respect toΠ, the square root in the numerator becomes a part of the
denominator. WhenΠ is close to 1, the magnitude of the derivate becomes large. This is the reason to use
the linear regions in the original model. TheΨ-function is plotted in figure 2.1 for different linear regions.
The linear region is used whenΠ ≥ Πlin.

The same equation forΨ is used in the wastegate restriction. Since the same parameter is used in both
components, the range of the linear region in the wastegate is changed when it is changed in the throttle.
This may of course affect the stability and accuracy in the model.

Exhaust systemThe same basic equation for the mass-flow is used in this restriction as in the one for the
intercooler. In this case the linear region is used ifpes − pamb ≤ pes,lin.

3.2 Results

Four of the models designed in chapter 2.3 are used in this chapter. The only difference is that the linear regions
are changed. The same measures of the error in the models are used as in chapter 2. The first row in the tables are
the configurations used in the original models. The method for changing the linear regions is of trial and error
type. It is only possible to reach a certain limit in the sample frequency by changing the linear regions. After that
limit it does not matter how much the parameters are changed.Instead there are other dynamics in the model that
limit the step size in the simulations. This limit is achieved in all three models in this chapter. The throttle angle
used is 1040 5 in all simulations.

15
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Figure 3.1: The mass-flow to the cylinders in the configuration described in simulation 4 in table 3.1.

3.2.1 Air-filter and compressor modified

The results from the different linear regions are shown in table 3.1. The model used has no states in the air-filter
and the compressor.

Table 3.1: Shows at what frequency the model is stable for different ranges in the linear regions. The components
that are changed compared to the original model are the air filter and compressor.

Πlin pic,lin pes,lin eI,m eI,s eI,t f ẽt es Nbr

0.90 800 100 0.47 0.38 0.73 450 4.40 0.43 1
0.90 1200 100 0.44 0.40 0.72 450 4.11 0.34 2
0.85 1200 100 2.17 0.33 2.40 390 5.35 0.61 3
0.80 1200 100 3.96 0.26 4.13 350 6.99 0.98 4
0.85 2000 100 2.15 0.35 2.44 390 5.24 0.46 5
0.80 2000 100 3.98 0.68 4.55 350 6.99 0.81 6

The sample frequency is reduced from 450 Hz to 350 Hz by changing the limits in the linear regions, though
there are errors induced by doing so. The model error increases whenΠlin decreases. In simulations 4 and 6
whereΠlin is 0.80, the demand on accuracy of the model is no longer fulfilled, sinceeI,t is greater than 3%. A
plot for Wcyl is shown in figure 3.1 representing the result from simulation , whereΠlin is 0.80 andpic,lin is
1200 Pa.

The influence of the size ofpic,lin is negligible. The same is forpes,lin since the difference between the
ambient pressure andpes is much larger thanpes,lin used in the simulations above. Therefore no large derivatives
occurs in the model anyway.

Since both simulations that are simulated at 350 Hz not fulfill the accuracy demands, the fastest model that
is approved is sampled at 390 Hz.

3.2.2 Air-filter, compressor and exhaust system modified

An alternative model to the one presented in chapter 3.2.1 iscreated, where also the states in the exhaust system
are replaced by static equations. The result from the simulations using this model is presented in table 3.2.

The results using this configuration are very similar to the configuration where the states in the exhaust system
still were part of the model. The conclusion of this is that the impact of the dynamics in the exhaust system is
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Table 3.2: Shows at what frequency the model is stable for different settings in the linear ranges. The components
that are changed compared to the original model are the air filter, compressor and exhaust system.

Πlin pic,lin pes,lin eI,m eI,s eI,t f ẽt es Nbr

0.90 800 100 0.42 0.38 0.68 450 4.31 0.44 1
0.90 1200 100 0.38 0.40 0.66 450 3.92 0.66 2
0.85 1200 100 2.12 0.35 2.38 390 5.49 0.62 3
0.85 2000 100 2.14 0.33 2.41 390 5.08 0.48 4

negligible. This is valid for the error in the model, but alsofor the frequency required for stability and accuracy
in the model.

3.2.3 Air-filter, compressor, intake manifold and exhaust system modified

In this section the model that required lowest sample frequency when the states were reduced in chapter 2 is
used. The results are shown in table 3.3. As seen, the impact of the linear regions are small on the sample
frequency. The same trend as in previous model can be seen in this model. The frequency required to achieve an
accurate simulation is dependent onΠlin, but so are also the errors. The gain of usingΠlin is only 10 Hz with
this configuration of the model compared to 60 Hz using the model where the air-filter, compressor and exhaust
system are replaced.

Table 3.3: Shows at what frequency the model is stable for different range in the linear ranges. The components
that are changed compared to the original model are the air filter, compressor, inlet manifold and exhaust system.

Πlin pic,lin pes,lin eI,m eI,s eI,t f ẽt es Nbr

0.90 800 100 1.50 0.42 1.72 360 4.63 0.65 1
0.90 1200 100 1.44 0.44 1.68 360 4.78 0.89 2
0.85 1200 100 2.64 0.33 2.86 350 5.45 0.99 3
0.85 2000 100 2.65 0.49 2.87 350 5.25 0.58 4

3.2.4 Air-filter, compressor, intake manifold, exhaust manifold and exhaust system mod-
ified

In chapter 2 the addition of reducingTem from the model where the air-filter, compressor, inlet manifold and
exhaust manifold already were replaced by statical expressions has little impact of the model. In table 3.4 the
results from different linear regions are presented using the model wherepaf , Taf , pim, Tim, pcomp, Tcomp, Tim,
Tem, pes andTes are reduced. As seen there are no major differences between tables 3.4 and 3.3.

Table 3.4: Shows at what frequency the model is stable for different range in the linear ranges. The components
that are changed compared to the original model are the air filter, compressor, inlet manifold, exhaust manifold
and exhaust system.

Πlin pic,lin pes,lin eI,m eI,s eI,t f ẽt es Nbr

0.90 800 100 1.60 0.43 1.85 360 4.90 0.65 1
0.90 1200 100 1.53 0.41 1.86 370 4.14 0.80 2
0.85 1200 100 2.69 0.35 2.91 350 5.83 0.98 3
0.85 2000 100 2.65 0.49 2.87 350 5.25 0.58 4



Chapter 4

Local Differential solver

In this chapter local solvers are introduced in the model. The purpose of this is to solve parts of the model with
smaller time steps in order to achieve a stable model at lowerglobal sample frequency. The advantage of doing
so is that it would take too much computational time to solve the entire model in real time with the high sample
frequency.

4.1 Solvers used

Instead of using a restriction and a control volume for a component, the differential equations for the pressure
and temperature are solved locally, see equations 1.2 and 1.3. To be able to solve the equations, different solver
methods are introduced. The objective of this is to decreasethe size of the steps in the solver in a small part of
the model. If this is done on the component with the fastest dynamics in the model, the overall sample frequency
can be reduced. Four different local solvers are used in thisinvestigation. Three are implemented from scratch
and one is a standard solver in Matlab. The input signals to the local solver are unchanged during each global
time step.

4.1.1 Euler

This solver uses explicit Euler to solve the equations. In the model the step size in the local solver is set to be
one fifth of the global step size. This solver is calledEuler in this thesis.

4.1.2 Euler using Richardsson extrapolation

To increase the accuracy in the solver, Richardsson extrapolation [3] is used. The approach for this solver is to
first simulate the values for the pressure and temperature using an ordinary Euler. This is done for two different
step sizes. In this case the global step size respectively half the global step size. The difference between the
results using the two different step sizes are used to give a better estimation of the actual values, see equation 4.1.
This method results in that the error induced by the solver isproportional toh2 instead ofh, that is the case for
explicit Euler. In this chapter this solver is calledEuler2 since the error is decreasing quadratically to the step
size.

yextrapolated(x) = y

(

x,
h

2

)

+
y
(
x, h

2

)
− y (x, h)

1
(4.1)

4.1.3 Euler using repeated Richardsson extrapolation

By using the Richardsson extrapolation one more time the accuracy of the solver increases. To be able to do this
a calculation of the pressure and temperature have to be carried out at higher sample frequency. There are four
points that are calculated in the local solver for every global step. A similar calculation that are carried out in
equation 4.1 are made. The result from the previous extrapolation (explained in chapter 4.1.2) are reused in this
calculation.

18
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The difference between the pressure and temperature calculated can be used to estimate the accuracy of the
solver. This can therefore be used to implement a solver thatchanges how many repeated extrapolations that
should be calculated. Though, in this solver two extrapolations are allways calculated. A more accurate model
should not be needed since the error of this solver is proportional toh4. The solver is referred to asEuler4.

4.2 Local solver for the Intercooler

The model that is used has modified components in the airfilter, compressor, intake manifold and exhaust system.
The local solver calculatespic andTic. The results from the simulations using this configuration for different
local solvers are given in table 4.1. In the simulationsΠlin=0.85 andpic,lin=1200 Pa are used as linear regions.
In simulation 1, no local solver is used and the simulation isthe same as in chapter 3.2.3. As seen in the table, the
sample frequency is significantly decreased using three of the local solvers. The reason for the bad performance
using Euler2 is unknown. It should be less accurate than for example Euler4, but it is interesting that an ordinary
Euler shows better performance.

In table 4.1 a new error,eI,ml, is used. The error represents the error induced by using a local solver instead
of the restriction and control volume.eI,ml is calculated in the same way aseI,m (see equation 1.6). The only
difference is that the original model is replaced by the model with modified linear regions. The models compared
are solved with the implicit solverODE15s.

There is no great difference between the models using Euler,Euler4 or the standard solver in Matlab ODE15s.
The last solver is an implicit solver. The major difference is the time it takes to simulate one driving cycle,
represented ast in the table. It takes more than 10 times as long time to simulate the model when the intercooler
is solved by ODE15s instead of Euler. Though the result is roughly the same.

Table 4.1: Local solver for the temperature and pressure in the intercooler. The states that is removed are
paf , T af, pcomp, Tcomp, Tim, pes andTes. The global solver is explicit Euler.

Local Solver f eI,m eI,s eI,ml
eI,t es ẽt t

- 350 2.65 0.33 - 2.86 0.99 5.45 7.65
Euler 200 2.65 0.87 3.12 2.54 0.39 6.72 13.04
Euler2 320 2.40 0.61 3.38 2.00 0.84 7.05 20.14
Euler4 200 2.76 1.02 3.00 2.86 0.60 7.24 24.35

ODE15s 200 2.61 0.90 3.35 2.19 0.34 7.34 161.10

4.2.1 Different global solvers

So far in this thesis explicit Euler has been used as the global solver. When using the Simulink solver ODE5
as the global solver and using Euler in the local solver for the intercooler, the required frequency is decreased
from 200 Hz to 170 Hz. ODE5 is a solver called Dormand-Prince that is a Runge-Kutta solver for the differential
equations.

4.2.2 Different throttle angles

The same inputs to the model have been used throughout the whole thesis. The throttle angle used are first 10%,
then 40% and finally 5% (shown in figure 2.2). During highway cruising the throttle angle might be in the range
10 to 15% open and during full acceleration about 40%. When the throttle is open the dynamics in the throttle is
fast since the air rushes from the intercooler to the intake manifold with little resistance.

When using the throttle input that has a maximum throttle angle of 30% the frequency required to achieve
a stable and accurate model according to the demands set in chapter 1.3 are 150 Hz. The local solver for the
intercooler is Euler4 and the linear regions are the same as in table 4.1. The sample frequency is reduced by
50 Hz when the maximum throttle angle is decreased from 40% to30%. When the maximum throttle angle is
further reduced to 20% there is no change in the required sample frequency.



Chapter 5

Observer

The lowest frequency achieved using the modified MVEM is 200 Hz (see section 4.2). One reason for the high
frequency is the dynamics over the throttle, when the throttle angle is large. This could be handled by using a
different method to calculate the pressure and temperaturein the intake manifold when the throttle is open. These
states are used to estimateWcyl, that is the most important variable to estimate correctly.

In this chapter, a modified throttle equation when the throttle is open, is implemented. Instead of using
the modified expression in the entire MVEM, three less extensive models are implemented. The objective is to
estimateWcyl accurately with the models, using the available sensors in the vehicle. At the same time, the sample
frequency should be decreased. The inputs to the new models are, except the input signals given in table 2.2, also
pressures and temperatures in the intercooler, intake manifold and the exhaust system. The inputs to the models
that are temperatures and pressures, will in a real-time application be measured by sensors. Therefore the three
models are observers.

There are three different models compared. The first model uses the volumetric efficiency and thereby esti-
mateWcyl. The other models use the throttle equation in combination with the volumetric efficiency. When the
throttle is open and the pressure drop is small, which results in fast dynamics, onlyηvol is used to estimateWcyl.

5.1 Volumetric efficiency

This first observer estimatesWcyl accordingly to equation 5.1 [2]. A model for the volumetric efficiency has to
be chosen to estimate the mass-flow. In this chapter the same model is used as in the original MVEM and is
presented in equation 5.2. The masked block used in the observer is shown in figure 5.1

Wcyl = ηvol
VdNpim

nrRTim
(5.1)

ηvol = C1

rc −
(

pem

pim

) 1
γ

rc − 1
· 1

1 + 1
λ(A/F )s

· Tim

Tim − C2

(
1
λ − 1

) (5.2)

eta_vol

p im

T im

omega engine

p em

lambda

air mass flow

Figure 5.1: Masked block for the observer including the volumetric efficiency.
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5.2 ṗim integrated

This observer uses measured values forpic, Tic, pim, Tim andpem. There are two different ways of estimating
the mass-flow to the cylinder in this observer.

• The first method includes the throttle equation to estimateWat. The difference betweenWat and the
previous value ofWcyl is used to estimatėpim, that is integrated to achieve the pressure in the intake
manifold. The calculatedpim is then used in the calculation ofηvol, that is used to estimateWcyl. The
measuredpim is therefore not used in the estimation of the mass-flow in this method.

• The second way to calculate the mass-flow to the cylinders is to use the volumetric efficiency as in sec-
tion 5.1. Bothpim andTim that are used to calculateηvol, are measured by sensors in this case.

The advantage of using the first method for estimatingWcyl, is that the sensor that measurespim no longer
is used. Generallypim fluctuates more than for examplepic. In order to achieve a mass-flow that does not
fluctuate, a low-pass filter is used on the pressure signal. This filter needs a larger time constant if the signal is
more fluctuating, with the result that the accuracy during transients is worse. The time constant should preferably
be dependent on the frequency of the pulsations, that is dependent on the engine speed.

The advantage using the second method is that the throttle equation is not used any longer and the dynamics
is reduced. Since this dynamics is fastest when the difference betweenpic andpim is small, only the volumetric
efficiency is used in these cases. When the difference between the pressures is greater than a limit, a combination
of the two methods are used.The pressure ratio over the throttle,Πth is used instead of the absolute difference in
the pressures. The weighting functions for the two methods to estimateWcyl are given in figure 5.2. The sum of
the functions should of course always be unity. Using a combination of the two methods described above, results
in that a combination of different pressure sensors are used.
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vol

Figure 5.2: The weighting functions for the different methods of estimatingWcyl.

5.3 Ẇcyl integrated

This observer is similar to the observer described in section 5.2, as it calculatesWcyl in two different ways. The
previous observer estimatesWcyl in the first method by calculatėpim and integrate it. In this observer,̇Wcyl is
instead estimated and integrated. The measuredpim is used in this calculation, but alsopic, Tic, Tim andpem.
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The expression used, is derived by differentiate equation 5.1 and assuming thatηvol, Tim and the engine speed
are constant in the actual operating point. Using the expression for 5.3, the expression shown in equation 5.4 is
found.

The second method used includes no throttle equation and is exactly the same method as used in the previous
observer. The weighting functions used to calculate the overall Wcyl, is the same as the previous observer and is
given in figure 5.2.

ṗim =
RTim

Vim
(Wat − Wcyl) (5.3)

d

dt
Wcyl = ηvol

VdN

nrRTim
ṗim = ηvol

VdN

Vimnr
(Wat − Wcyl) (5.4)

5.4 Basis for comparison

Preferably the observers designed would be compared to measurements. This is difficult since it is difficult
to measure the air mass-flow to the cylinders. It would be possible to do this in steady state and use the air
mass-flow sensor that is located upstream close to the throttle. The disadvantage of this method is that it is the
accuracy during transients that is of highest interest. Therefore the original MVEM is used to produce inputs to
the observers, but also to simulate the actual mass-flow to the cylinders. One disadvantage of this is that the input
signals to the observers are free from noise and pulsations.Especiallypim has a periodic pulsation that is due to
the opening and closing of the valves, that is not resolved inthe MVEM. Therefore a sinusoidal signal with an
amplitude of 1kPa is superpositioned on thepim signal from the MVEM. The amplitude is in the same range as
the pulsations in the measured data and the frequency is the same as the frequency of the engine. Of course there
is noise on the other input signals to the models too, but thisis neglected in this study.

If using the collected data forpim (from the MVEM in this study),Wcyl would fluctuate. This is not to prefer
and therefore a first order low pass filter is added to the pressure when it is used to estimateηvol. The signal
is low pass filtered in both calculations forWcyl in the observer that is introduced in section 5.3. The observer
where the change in pressure is integrated, does not use the measured value forpim more than in the weighting
function. Therefore no filter is needed in the sub-model.

5.5 Results

In this part of the thesis no quantitative measures of the errors in the models will be carried out. Instead plots will
be presented and discussed. In this chapter the same inputs to the MVEM is used as presented in chapter 2.2, to
generate the inputs to the observers. The throttle angle used is 1040 5 as defined in figure 2.2

5.5.1 Low pass filter

Firstly the impact of different time constants on the low pass filter are investigated. The model used is the one that
integratesṗim and the result is shown in figure 5.3. The plots are zoomed in from the simulation. The left plot
representsWcyl when the engine is run at steady state and at 10% throttle angle. The right of the two plots are the
beginning of the transient when the throttle is closed from 40% to 5%. The result is as expected: the oscillations
decrease and the accuracy during transients is lower when the time constant,τ , in the filter is increased. In the
following part of this thesis, the time constant used will be0.03 seconds. The reason for this is that most of the
oscillations are removed from the signal, but it still has anacceptable accuracy during transients.

5.5.2 Different observers

There are three different models implemented as described above. In figure 5.4 the observers are compared when
they are solved by an implicit solver (ode15s). The three plots in the figure originates from the same simulation.
As seen in the plot on the top, the observer only including thevolumetric efficiency, is more fluctuating than the
other observers. The amplitude of the oscillations in the observers that include the throttle equation (described
in sections 5.2 and 5.3), are approximately half the magnitude compared to the observer only based onηvol. The
explanation to this is not the same in the two observers. Whenṗim is integrated, the measuredpim is not included
in the estimation of the mass-flow through the throttle. Since pim is the only signal that oscillates,Wcyl does



5.5. Results 23

5.2 5.25 5.3

0.0489

0.049

0.0491

0.0492

0.0493

0.0494

Influence of low pass filter on W
cyl

time [s]

W
cy

l [k
g/

s]

 

 

17.98 18 18.02 18.04 18.06
0.065

0.07

0.075

0.08

0.085

0.09

0.095

Influence of low pass filter on W
cyl

time [s]

W
cy

l [k
g/

s]

 

 
MVEM
τ = 0
τ = 0.03
τ = 0.1

MVEM
τ = 0
τ = 0.03
τ = 0.1

Figure 5.3: The influence on the model described in section 5.2 using a low pass filter with different time
constants.

not have any oscillations from the part that is based on the throttle equation. In the region for the plot,Πth is
lower than 0.85 and therefore the two different ways of calculating the estimatedWcyl is weighted equally (see
figure 5.2). Therefore, the magnitude of the oscillations ishalved in this case. For the observer whereẆcyl is
integrated, the oscillations inWcyl, that is estimated using the throttle equation, are marginally larger than the
mass-flow estimated only usingηvol. The reason for the total decrease in magnitude of the oscillations in the
mass-flow is that there is a phase shift of almost180◦. This leads to that when adding the different estimations
for Wcyl, the oscillations will counteract each other.

In the lower left plot in figure 5.4, a step in throttle angle from 10% to 40% occurs. When the estimatedWcyl

from the three observers coincide (approximately at time 10.007 seconds),Π is higher than 0.90 and the throttle
equations are not used any more. That means that all models only use the model for the volumetric efficiency.
As seen in the plot, the difference is large between the MVEM and the model wherėWcyl is integrated, in the
beginning of the transient. The error is at the most in the range of 30%. The reason for this is mainly thatηvol,
engine speed andTim are assumed to be constant in this observer, though this is not the case during transients.
To be able to handle this a more complex model has to be implemented.

After the transient in throttle angle from 40% to 5% (see the lower right plot), a large error in the estimated
mass-flow is made in the observer that integratesẆcyl. The reason for this is most likely the same as in the first
transient (discussed above). The observer that integratesṗim has a faster step response than the model that only
uses the volumetric efficiency. This transient is more interesting than the first transient, sinceΠ is below 0.85
after the transient and therefore the model for the throttleis used and it is that part that differs in the models.

In figure 5.5, the solver used in the simulations is explicit Euler. The figure has the same layout as figure 5.4.
The same structures can be seen using Euler as the solver as when ode15s is used. The mass-flow calculated by
the MVEM is still from a simulation where the implicit solveris used. The observers calledvolumetric andṗim
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Figure 5.4: Different observers compared using the same inputs as in section 2.2 and throttle angle10 40 5. The
thicker line representsWcyl from the MVEM. The time constant in the low pass filters is set to 0.03 seconds and
the solver used is ode15s. In the lower left plot,Wcyl peaks at 0.067 kg/s in the model whereẆcyl is integrated.

integrated in the figure has a sample frequency of 80 Hz. It is possible to use a lower frequency. The disadvantage
of this is that the frequency of the oscillations in the measuredpim are equal to the engine frequency, which is
about 33 Hz in this case. As a consequence, the accuracy in theobserver will be bad, no matter what model is
used, if there are not enough samples during one period.

The observer that integrates the mass-flow is not stable if the sample frequency is lower than 390 Hz. The
instability occurs before the first step in the throttle. What causes the instability is not investigated in this thesis.
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Figure 5.5: Different observers compared using the same inputs as in section 2.2 and throttle angle10 40 5. The
thicker line isWcyl from the MVEM. The time constant in the pass filters are set to 0.03 seconds and the solver
used is explicit Euler for the observers. The sample frequency is 80 Hz for thevolumetric andṗim, but 390 Hz
for the third observer. In the lower left plot,Wcyl peaks at 0.067 kg/s in the model whereẆcyl is integrated.



Chapter 6

Summary and Conclusions

The objective of the thesis is to increase the stability of the model. In chapter 2 the original MVEM is modified,
mainly by reducing the number of states in the model. The fastest model that is investigated in the chapter, still
requires a sample frequency of 360 Hz to fulfill the accuracy demands. This is a far too high frequency and
higher than was expected when the thesis started.

Changing the linear regions (see chapter 3) has an impact on the accuracy that is more significant compared
to removing the states. The reduction in the sample frequency by doing this modification is very small. Though,
in order to decrease the sample frequency to 80 Hz, it will most likely be needed to change the linear regions.
Therefore, it is of importance to understand the impact on the accuracy in the model that the changes in the
regions induce.

A local solver is implemented to calculate the pressure and temperature in the intercooler. This has significant
impact in the required frequency and it is decreased to 200 Hz. The disadvantage of using a local solver is that
the required computational power increases. Instead it would be preferable to rewrite the expression used, for the
operating points that are crucial.

The accuracy and sample frequency for stability in the different observers vary significantly. The inputs to
the observers will be signals from the sensors in the vehicle. Since the inputs in the validation of the models
instead are from a MVEM-simulation, no white noise and pulsations are super-positioned on the mean valued
signals. Therefore it is difficult to comment on the reliability in the results presented in chapter 5.

One disadvantage using an observer of the kind that is implemented in chapter 5, is that the input signals have
to be low pass filtered. This is to avoid that the estimated mass-flow through the cylinders not are fluctuating.
This leads to that the response time during transients are longer, compared to using an observer based on the
entire MVEM. The MVEM can handle the changes in operating points faster than the sensors react and therefore
the estimatedWcyl is more accurate during transients. This is not possible to do in the same extent, using the
smaller models in the observers.
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Chapter 7

Future Work

Different proposals for further investigations are given below.

• It would be interesting to implement an alternative model for the flow through the throttle in the MVEM,
instead of using one of the observers implemented in chapter5. This model should be active when the
throttle angle is large and the pressure ratio over the throttle is close to unity. This is the way the observers
are implemented. The purpose of implement this in the MVEM, is that the sample frequency in the model
hopefully will decrease. At the same time, the accuracy during transients will be higher compared to the
observers.

• Validate the different observers implemented in chapter 5,by using measured data. An alternative way is
to implement the observers in the controller system in a vehicle and compare the estimated mass-flow to
the actual mass-flow. This could for example be performed by using theλ-sensor.

• Analyze what would happen if another frequency of the pulsations onpim is used instead of 33 Hz. The
observer that integrates the mass-flow has a relatively low pulsation inWcyl. The reason is that the pulsa-
tions in the two sub-models have a phase shift of almost 180◦ between each other and therefore counteract.
It is not sure this will be the case when the engine is running at another speed. In worst case the pulsations
will interfere constructively.
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Nomenclature

Variables and parameters

Symbol Description unit

p Pressure Pa

T Temperature K

V Volume m3

R Ideal gas constant J
mole·K

W Mass-flow kg
s

m Mass kg

cv Specific heat at constant volume J
kg·K

Q̇ Heat-flow W

H Pressure head-loss parameter Pa2s2

K·kg2

D Diameter m

Aeff Effective area in the throttle m2

f Frequency [Hz]
h Step size [s]
Vd Cylinder volume [m3]
rc Compression ratio −
ω angular speed rad

s
Π Pressure ratio −
ηvol volumetric efficiency −
MV EM Mean Value Engine Modeling

Subscripts

Subscript Location

af Air-filter
comp Compressor
ic Intercooler
im Intake manifold
em Exhaust manifold
es Exhaust system
amb Ambient
TC Turbo charger
us Upstream
ds Downstream
r Restriction
lin Linear
wg Wastegate
t turbine
at throttle
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