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Abstract

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

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

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

The reduction in computational effort using these modifteet does not fulfill the required demands. Therefore,
three different observers are implemented. They are bas#tteomodel for the throttle and the volumetric effi-
ciency in the original MVEM, to estimate the air mass-flowle tylinders. Since the observers do not model
the entire engine, the signals from the sensors are alwag ughis is not preferable during transients. The
sample frequency to achieve a stable model is though adilepta

Keywords: MVEM, Turbocharged, Sl-engine, Model reduction, Observer



Preface

This thesis is written for readers with good knowledge irrkjgnited (Sl)-engines. The readers are also expected
to have knowledge about mean value engine modeling (MVEMgesonly a short introduction to the MVEM
used is found in the thesis. For the interested reader, Pder&sons PhD thesiir Charge Estimation in
Turbocharged Spark Ignition Engines [1] is recommended. In Anderssons thesis, the MVEM, that thésis
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 ame coonmon in vehicles. Not only in powerful
vehicles, but also in downsized engines where the obje®ive reduce fuel consumption. There are many
perspectives to take into consideration when designingahéroller for the turbocharger and the engine in total.
In order to decrease the development time for new vehiclesminbination with cost savings, models are being
more and more used in predevelopment phases.

Legal demands on emissions are being tougher on the vehéiefactures. It is of highest importance that
the air/fuel mixture is stoichiometric in an Sl-engine, fbe catalyst to operate efficient. To achieve this, the air
massflow to the cylinders have to be predicted accuratelinDtransients this is a problem, since it takes some
time for the sensors to react on the change. Therefore, itddmipreferable to use a model that estimates the
flow accurately, especially during changes in operatingtsoi

There are two main ways to model an Sl-engine. One way to gorisake a model that has high resolution
and for example accounts for when in the cycle the combustionrs. The disadvantage of this method is that it
is needed to sample in the order of every crank angle degribe @ngine. If the engine is running at 2000 rpm
this results in that the sample frequency has to be aboutQl®20 Even using a modern computer it will take
considerable time to simulate a driving cycle that is a fewutes.

The other approach is to assume that there is a continuousofi@ir and fuel to the cylinders, that are
transformed into heat and torque. The advantage of doisgghhat the sample frequency can be dramatically
decreased and still result in a reasonably accurate modet t¥pe of models are called mean value engine
models (MVEM). The content of this thesis is to modify an atitg existing MVEM, developed and validated
in [A]. The objective of the modification is to reduce the cartgtional effort required to run the model. This is
important to be able to run the model in real time on the vehid estimate the air massflow to the cylinders.
The computational power on the vehicle is limited and camaoidle the original MVEM.

1.1.1 Mean value engine model

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

There are six control volumes in the model, see fifurk 1.1 résalt in 12 states. In addition, the speed of
the turbo charger is a state, which results in that the mamtethins 13 states. The states are given in fable 1.1.

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

The usage of the model is twofold. One purpose is to simul&@levdriving cycles instead of using a real
engine. The other objective is to use the model for contrgithe engine by estimating the mass-flows through



2 Chapter 1. Introduction and Outline

different components. The model is used in combination séthsors, that are more accurate than the model in
steady state. During transients the sensors are not al#ad¢bfast enough to changes in mass-flow, pressure and
temperature. In these cases the model is more accurate anld sherefore be used to estimate the flows in the
engine instead of the sensors. This leads to that it is of imiginest to achieve a high accuracy in transients in
the model.

Table 1.1: States used in the model in figuré 1.1.
State | Description

Daf Pressure after air-filter

Tof Temperature after air-filter
Peomp | Pressure after compressor
Te.omp | Temperature after compressor

Dic Pressure after intercooler
Tic Temperature after intercooler
Dim Pressure in intake manifold

Tim Temperature in intake manifold
Dem Pressure in exhaust manifold
Tem Temperature in exhaust manifo|d
Des Pressure after turbine

T., Temperature after turbine
wre speed of turbocharger

1.1.2 Control volumes

The pressure and temperature is modeled in the control eswsing mass and energy conservation in combina-
tion with the ideal gas law, as in equatlonll.1. Rewritingitteal gas law and then differentiate it with respect to
time, the expression f% is found in equatiofT]2. The first term in the expressiongspnts the difference in
mass-flow in and out from the model and the second the impdbegiressure due to the change in temperature.
The expression foi% is based on energy conservation and is given in equifidn 1.3.

pV
=— 11
m= 5 (1.1)
dp RT mR dT

% = 7 (Wln - Wout) + Vv E (12)

dr 1 .
V) - iani -T En in*T ou 1.3
= e Waney (T = T)) o= (BT Wi = TWour) + Q) (13)

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

o the fluid is a perfect gas
e constant temperature in the whole control volume

e immediate and complete mixture in the volume

1.1.3 Restrictions

Conventionally a restriction is a component that decretisepressure. This is the case in e.g. the air-filter. In
the MVEM, the compressor and the engine rather acts as puitiphiese blocks are called restrictions in this
thesis. In the model there are two different assumptionghferrestrictions used. In the air-filter, intercooler
and exhaust system, the flow is assumed to be incompresshmeflows through the throttle and wastegate are
assumed to be incompressible.
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Incompressible restrictions

The components where the flow is assumed to be incompressiblalso assumed to be isenthalplc [2]. This
results in that the temperature remains the same in thelacti@onent. The pressure drop for an incompressible
flow can be described as in equationl 1.4 and might be caused byl friction or change in area of the pipe.

Ty W2
ApT = Pus — Pds = H, (14)
From equatiofT]4 the mass-flow can be expressed, see edlidtio
Pus
W = V Pus — Pds (15)

HT'TUS

The derivate of the mass-flow with respectptg, gives% — —oo whenAp — 0. This could be
troublesome for the solver of the model to handle. Theredoralternative expression for the mass-flow, when
the difference in pressure is small is used. The originatesgion is simply linearized. When the pressure is
greater downstream than upstream the mass-flow will be regaut the implemented model doesn’t handle
back-flows. Therefore the mass-flow is set to zero if that mccu

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

Compressible restrictions

The assumption above that the fluid is incompressible is wali when the speed of the fluid is less than
approximately 30 % of the speed of souhd [4]. In the modelriay not be fulfilled for all operating points in
the throttle and wastgate. Therefore the change in denfsihedluid has to be considered. The equation for the
mass-flow through the throttle can easily be generalizedsagiden in equationZ14.

1.2 Problem formulation
The problems to be investigated during this thesis are:

e Decrease the required sample frequency to maximum 80 Hztfierariginal model that requires approx-
imately 500 Hz. To solve the differential equations in thedglpexplicit Euler should be used.

¢ Investigate what properties influence the sample frequéreynost.

e Achieve an acceptable accuracy in the model when the samggd@dncy is decreased. This is most
important during transients. In steady state the sensorbeased instead of the model.

1.3 Sample frequency and accuracy

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

There are two different errors that could be used, eithenb®mlute or relative error. The absolute error is
to prefer if the emissions are of highest interest. This is thuthat the catalyst can buffer a specific amount of
oxygen. That results in that an error in the estimated airsAflasy, not is a problem as long as the catalyst not
is full or empty of oxygen. The relative error is to prefertietvehicle performance is the most important task to
optimize. The reason for this is that the driver can feelgeikthe engine for example is run lean. This is more
dependent o\, which is a relative quantity, than on the size of the errahim estimation of the mass-flow. In
this work the relative error is used to compare differenfficpmations of the model.

When simulations are carried out, it is of highest intereshvestigate at what sample frequency the model
gives an acceptable accuracy. To be able to compare differetels with each other, five different measures of
the error in the simulations are introduced and explainéaldnstead of collecting measurement data from a
running engine, the original model is assumed to generet&le values.
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er.m This error represents the difference between the origindlraodified models. Both models are solved
using an implicit solver with variable step length. The sigrused to calculate the error are the mass-flow
to the cylindergy.,;, and the error induced is due to model simplifications. Tlrethe index represents
that the results from the simulations are only studied inrtagerange. The steps in throttle angle occurs
after 10 and 18 seconds, see figlitd 2.2. Since it is of hightseist that the model is accurate during
transients the difference between the models are onlyesiuddom the steps occur till 0.2 seconds after
the steps. The difference is integrated and normalizedtélair mass-flow to the cylinder in the original
model, see equatidn.6. In the thesis the error is presénfetcent.

LH_O.Q Worg - Wmod| dt
ftJrO.Q Worgdt

t

ey =

(1.6)

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

er.+ The ideal solution from the original model is compared tortimdified model solved by explicit Euler, and
results in the total error. The time the error is integrageithe same as for the previous errors.

€; The error is calculated in the same wayeas. The only difference is that; is calculated over the whole
driving cycle, not only during transients.

é: The difference between the original model and the modifiedehsolved by explicit Euler is calculated in
every sampleé¢; gives the maximum difference over the whole driving cyclensen the two models.

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

° 6],t<3%
o ¢, < 1%

.ét<8%

1.4 Outline

Several approaches for increasing the stability in the hadeinvestigated. In chaptEl 2, states in the original
MVEM are removed. Different configurations of the model iplemented and analyzed. For the model con-
figurations with most potential, the linear regions impatttiee stability in the model are controlled. This is
done in chaptdfl3. A local solver for the states in the inteleoare implemented in chap{dr 4, since there is
fast dynamics in that component. In chajifer 5, three diffeobservers are developed and evaluated. Finally,
conclusions and future work are presented in chaplers Eland 7



Chapter 2

Reduction of States

In this chapter the number of states in the model is reducée. objective of this is to reduce the states with
fastest dynamics in order to decrease the largest eigawalithe system. This leads to that a lower sample
frequency is required to achieve a stable and accurate afimin) accordingly to the inequality in equatignl2.1,
that has to be fulfilled to guarantee a stable simulationhéngquationh is the step size andl the eigenvalues

of the system.

14+ hA <1 (2.1)

2.1 Modified components

In this section modified components will be designed. Th@pse 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 volureejyhamics of that component is assumed to
be negligible for the outputs of the model. This means ﬁ;l%at: 0 and% =

The general expression for the change in pressure in a ¢e@ottome is given in equation2.2. By assuming
that the temperature gradient inside the control volumeiie and that there is no dynamics in the pressure, the
air mass-flows must be equal, see equdfioh 2.3. The massdl@dependent on the pressure in the control
volume and thereby a static expression for the pressureiadtual component could be found.

dp _ R.T, R, dT,

L= D (W, — W) + Ve OV (2.2)
dt Vev Vev dt
=0

Wour = W; (2.3)

Using equatiof 113 and assuming no dynamics in the temperate mass-flows in and out from the control
volume are equal and th&t = 0, the temperature has to be unchanged in the actual conturheo

2.1.1 Airfilter

The control volume of the air filter is removed and therebgiitdesp,  andT, ;. The temperature out of the air
filter is assumed to be ambient and the expression for theymess derived using equatibnP.3. The mass-flow
through the air filter|¥/, s, and the flow through the compressidf,,...,,, are in this case assumed to be equal, see
equation§2]4 arf[d2.59<; and K> are parameters of the compressor used. From the mass-flogxpegssion
for the pressure in the air filtew, ;, is determined, see equationl2.9. In the original modektigea linear region
in the expression of the air mass-flow through the air filtérisTs to avoid getting infinitely large numbers when
the flow is differentiated in operating points where the poes after the air filter is close to the ambient pressure.
When this region is implemented in the modified componensthbility of the model decreased and therefore
only the equation for the regular region is used. This reggotine physical description of the mass-flow and
should thereby result in higher accuracy in the model.

To be able to find an expression fay, the following assumption has to be mageg; is part of the pressure
ratio, Il ., (see equatiof2.6), that is used in the expressioffoy,,,. Sincell.,.,, is raised with an exponent
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in equatior’ZBb, the equations are difficult to solve. Indtiwe pressure in the air-filter from previous sample is
used inll...,, and can thereby be seen as a constant in the equations.

Pamb—Paf

pambm Pamb — Paf > DPaf,lin
War =\ w0 Pamb = Pag < Posin 24
0 Pamb — Paf <0
a1y 2
. — 1400
1 —min | K; <cpaTaf;Tm:> ,1
Paf T 52

Wcomp = RaTaf ZDcompUc’OmP KQ (25)
Hcomp = Peomp (26)

DPaf

2.1.2 Compressor

The compressor has slow dynamics due to the inertia of thedharger. This results in that it takes time for the
turbocharger to change speed when the operating point @tgime is changed. Since this dynamics mainly is
due to the inertia of the turbocharger, a modified versiomefdompressor restriction and its control volume is
implemented, wherg.om, andZ..m, are removed. This only leads to a small change in the commrdgaam-

ics. The modified component ignores the dynamics in the velbetween the compressor and the intercooler.
The mass-flows that are used in equafiod 2.3&kg,,, and the flow through the intercooléii/;., given in
equatioZJ7. The expression for the pressure after the issgr is determined to be as in equalioni?.10 and
the expression for the linear region is given in equdiioh 2.8

Pcomp —Pic . .o
Pcomp HicTeomp Pcomp — Pic > Pic,lin

Wie = \/ Hic;;zl;p pw/—ZZ;iic 0< Pcomp — Pic < Dic,lin (27)
0 Pcomp — Pic <0

=12
64c2 K1 —1+Tcohp

4,4
Diwre

D%WTCpaf\/pcomp,lin7r Ko

22 Pcomp,old
8K BTGy \ HicTeomp

1—-min| 1,

(2.8)

Pcomp,Lin = Pic



4K oPampRaTas

Paf = (29)
—14q 0\ 2
4C%QK1Taf (—I—H'Icmlp >
2K2pambR¢21Taf + KgpzmbTaf 4K2R§Taf - DélHafWQ —1 4 min 1, Ueomp Ucomp

y=1\2
64cgaK1 (71+Hcomp v > Tay

KoR2T7, | 16Kop; R2T7; + D HicwF ol ;7 Teomp — DEHicwgopi ;7 Teomyp - min | 1, Yo
Pic
=2 2.10
pCOmp 2 + SKQRETG?J(- ( )
1

Dic = [piompRaTic + AgfincpimTcomp (551 - 552) +
2 (pcompRaTic + AgfincpimTcompxl)
' (2.11)

\/(pzompRa,Tic + Agfincp?mTcomp (171 - 172)) + 4Agfincp?mTcomp (pcompRaTic + AgfincpimTcompxl) 552]

1
Pcomp (_1 + Hlin) Ra/—z—;c + 2AgfincHlinpimTcomp (5131 + Hlian) +

Dic,Lin = 2A§fincHlinTcomp (561 + Hlinz2) [

\/pcomp ((_1 + Hlin) RaTic (4A(25fincHlinpimTcomp (1’1 + len) + ((_1 + len) Ra/—z—;c - 4A(25fincHlinTcomp (5131 + len))))‘| (212)

2p2,p RaTic
Peomp (2.13)

Dic,Crit =
pcompRaTi - \/pgompRa/I; (Ra/—z—;c - 4A§ff ic (_1 + Hcrit) HcritTcomp (mIHcritm2)>

sajels Jo uononpay g Jaideyd
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2.1.3 Intercooler

Two modified versions of the intercooler are also implemeénbe one of the modified components, the temper-
ature state is reduced. In the alternative model pgttandT;. are reduced. Most likely, at least the pressure
of either the compressor or the intercooler control volumes to be unchanged. This is to catch the dynamics
between the compressor and the throttle. Though the dysamiemperature might be removed in both the in-
tercooler and the compressor at the same time. The predtertha intercoolery;., was calculated accordingly
to equatiof ZJ1. The mass-flows used to derive the expre&sip,. are the throttle}V,; (see equation2.14),
andW,.. Furthermore an assumption has to be made in the expressidti,f in order to solvep;.. In the
calculation the¥-function, see equatidn 2115 ahd 4.16, is part of II and is difficult to solve. Therefore, a
simplification of the¥-function is made in equatidn ZJ17 and the coefficientendz,, are estimated with the
least square method.

In the original model there are three different regions i #hfunction implemented. The purpose of the
linear region is to avoid large derivatives in the model. Théunction is plotted in figurE2]1. The region in the
middle of the curve is used to calculatg. In equation§ 212 ald 2113 the pressures in the other tionegf
the intercooler are given.

War = T{)i} U (I1) Aesy (@) (2.14)
) \FT

I e ()T <nsm, 219

U (1) HE:; M, <II< 1

w Ty 2y 2 341
‘I’(H)_\/y1(n I ) (2.16)
U™ (1) ~ /(1 + xI0) (1 — 1) (2.17)
= 2m (2.18)

Dic

2.1.4 Intake manifold

The temperature staté;,,, is replaced by the input signal to the original control vol1 The pressure is still a
state since the dynamics in the flow around the throttle isifiignt at some operating points. It is important to
get the mass-flow to the cylinders as accurate as possilde gie amount of injected fuel is dependent on the
air mass-flow.

2.1.5 Exhaust manifold

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

2.1.6 Exhaust system

The control volume is replaced by static equationspfgrand T, in the modified version of this component.
The expression used for the pressure after the turbinejs presented in equati@n2]22. The mass-flows used
are given in equatiois ZH9-2121. The mass-flow throughxhaiest systemiy.,, is assumed to be equal to the
sum of the flows through the turbin&;, and the wastegatél/,,,. In the modellV; andW,,, is calculated and
therefore these variables are used in the expressign foll he advantage of this is that the approximation made
in the air-filter using the olg.., is not needed in this component.

em / ko ko
Wt _ { PTE; kl 1-— Ht Ht S 1 (219)
0

otherwise
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Figure 2.1: Thel-function as a function ofl. The region to the left is the critical region, in the middtet
regular and the region close to 1 is the linear region for tivthe curves.Il;;, is 0.85 respectively 0.90 in the
cases where the linear region is used.

Pem

Wasg = == Tem(11) Ay 5.0 (ts) (2.20)
\/pes % Pes — Damb > Pes,lin
Wee =/ H e 0.< pes = Pamb < Pessin (2.21)
0 Pes — Pamb <0

pamb\/ 11;1:;::5 + v/ Pes,lin (Wt + W'wg)

Pes = (222)
VIR
m, = 2 (2.23)

Pem

2.2 Reduction of one control volume

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

2.2.1 Initial conditions

The states in the model are set to an initial value to get thelsition started. The initial values used throughout
the entire thesis are given in talll€]2.1. When the statesindmpressor are replaced by statical expressions, a
sample and hold block is used far;.. 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 quess are given in Pascal, the temperatures in Kelvin
and the the rotation speed of the turbo charger in radiansquend.

State | Initial value
Daf 99850
Toy 298
Peomp | 169200
Teomp | 374.5
T; 309.3
T; 309.3
Pem 154100
Tem 1100
Des 109000
Tes 1040
wre 11160

2.2.2 Results from simulations

In the simulations different inputs to the model are useder&tare three different settings in the input signal
to the throttle in the model, see figurel2.2. The other inputhée model are set to fixed values accordingly to
table[Z2. In tablE213, the simulation results after the ifications in the model is shown. As seen in the table
there are in general no large differences in sample frequienthe modified models compared to the original.
One exception is when the states in the intercooler are eeland the required sample frequency is almost
doubled.

Analyzing the results, it is possible to state that thereatsane single component that limits the sample
frequency. Though, the best configuration of the model se¢erhe when the air filter is removed. The sample
frequency is lowest of the configurations simulated and terg are small compared to the other models.
FigurelZB shows the mass-flows to the cylinders for the maighodel and the model with the modified air-filter.
Using the modified model for the air-filter, the sample fregueis decreased by 50 Hz to 440 Hz compared to
the original model. This is still a far too high frequency ttheaeve a stable and accurate model.

Table 2.2: Inputs to the model except throttle angle

Variable Value
Engine speed [rpm] 2000
Ung 0
A 1
DPamb [Pa] 101300
Tams [K] 298
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The different inputs of throttle angle used
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Figure 2.2: Shows the input signal of the throttle angle.réfae three different inputs used in the thesis.
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Figure 2.3: The mass-flow through the cylinders in the odfimodel and the model with modified air-filter. The
difference between the models is relatively small.



Table 2.3: Shows at what frequency the model is stable féerdifit configurations of the model. The throttle angle usei40.5 (see figur&2]2) and the solver used is
an explicit Euler. AnX indicates that the actual state is reduced.

States Replaced
Paf Taf Pc Tc Dic Tz Dim /—Tz Pem Tem Des Tes wrc

erm | ers | ere | f € e | Nbr

- 0.20| 0.20| 490 | 5.28 | 0.98
X X 0.32| 0.17] 0.31| 440 1.82| 0.45
X | X 0.57 | 0.60| 1.07| 480 | 5.15| 0.84
X | X 1.33|0.42|1.31| 970| 7.23| 0.70
X 1.04| 0.21| 1.14 | 500 | 4.85| 0.96
X 0.16 | 0.21| 0.24| 490 | 5.01| 0.97
X X 0.04 | 0.20| 0.19| 490 | 5.25| 0.98

N OO W N

Table 2.4: Shows at what frequency the model is stable andgraiecfor different configurations of the model. The the#hgle used is 1805 (see figur&212). The
solver used is explicit Euler. AK indicates that the actual state is reduced.

States Replaced . . . f P — | N
Paf Taf Pc Tc Dic Tz DPim /—Tz Pem Tem DPes Tes wrc f.m Ls Lt K i

X X X | X 0.47)|038| 0.73| 450| 440| 043| 1
X X X X 153(0.28| 156|560 | 6.24| 0.55| 2

X | X X 211|046 2.29| 430| 798| 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|431 044| 5
X X | X | X X X X 150 0.42|1.72| 360 | 4.63| 0.65| 6
X X X | X X X X X 160| 0.43|185|360| 490|065 7
X X | X | X X X X X X - - - - - - 8
X X X X X X X - - - - - - 9

3WIN|OA |0J1UOD 3UO JO UONINP3Y ‘22
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14 Chapter 2. Reduction of States

2.3 Reduction of more than one control volume

By replacing more than one of the components in the origindEIMI, it is possible to reduce the sample fre-
guency further. The results from different configuratioriseve the model has been modified, are shown in
table[Z%. The equations used to calculate the pressureinaemponent are the same as mentioned in chap-
terZ1. The only difference is that in some cases, the pressaind temperatures used in the equation are not
states any more, but instead they are calculated by statipaéssions. This could lead to algebraic loops that
have to be taken care of and is solved by using delay blocksatkagiven an initial value. This has impact on
the results of the simulations since there is a delay of ompkain the signal using this block.

By analyzing the results from the simulations of the modeteme more than one component is modified,
some conclusions can be made. The temperature in the intakiald seems to have relatively strong impact
on the sample frequency. Also the air-filter and compressemsto be important for the sample frequency. The
importance of including’,,,, as a state in the model seems to be negligible. Comparindatiosetups 6 and 7
in table[Z% shows that the sample frequency is unchangetharedrors are almost the same for the two models.

The errors induced by the model modifications seem to besangée model containing the modified intake
manifold. One explanation for this is that when there is ademdchange in the throttle positiofy;,,, changes
rapidly due to the change in pressure. When replacing the sfahe temperature with a static expression this
dynamics is not handled in the model any more.

The impact of modifing both the intercooler and the exhaustesy is tremendous compared to only reduce
the states in the intercooler, see simulation 2 in the tafdesamulation setup 4 in tadle2.3. The sample frequency
is almost halved. The difference between reducing thedntder 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 Sinkuld solve. When sample delay blocks are used
to break the loops, the simulation does not become stabieul&iion setup 9, where for instance the states in
the intercooler are removed the simulation is not stable @?@000 Hz. The problem occurs after 10 seconds in
combination with the step that opens the throttle.

To summarize, the most promising model configuration seenhe teither number 6 or 7. Both requires a
frequency of 360 Hz to achieve the level of accuracy demairdedctiol_LB. In figurE2214 the original model
is compared to the model where the air-filter, compresst#t manifold and exhaust system are replaced by
modified components (simulation 6 in tablel2.4).

Airfilter, compressor, intake manifold and exhaust system replaced
0.09 T T T
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0.07[
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org
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time[s]

Difference between original model and af, comp, im, es replaced
5 T T T T

cyl

Difference in W . [%]

time [s]

Figure 2.4: The mass-flow to the cylinders when the air fitempressor, intake manifold and exhaust system
are modified.



Chapter 3

Change Linear Regions

By reducing the number of states in the model it is possibtedioice the sample frequency to 360 Hz. Since the
goal of this thesis work is to achieve a sample frequency dfi80further work has to be done. One way to go
is to investigate if the size of the linear regions have afiyé@nce on the sample frequency. This could be done
by analyzing the equations used, differentiate them andvinein they become large. This is not done in this
study. Instead the regions in the equations used in thenafigiodel are changed and compared to the previous
simulations. The linear equations are not a physical wayeszidbe the pressure and temperature and thereby
induces an error. This is a trade off between lower samptpigacy and greater inaccuracy in the model.

3.1 Components using linear regions

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

Intercooler If peomp — Pic < Pic,iin, the linear region is used in the original model. The reasothat the
derivative of W, is large for small differences in the pressures, which tesalinstabilities in the model.

Throttle To derive an expression for the pressure after the inteec@uld intake manifold, the air mass-flow
through the throttle is included. Th&-function, see equatidn 2115, is a part of this function. Whe
the function is differentiated with respect I the square root in the numerator becomes a part of the
denominator. Wheil is close to 1, the magnitude of the derivate becomes largs.igthe reason to use
the linear regions in the original model. Tiefunction is plotted in figurE2]1 for different linear regim
The linear region is used whéh > T1;;,.

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

Exhaust system The same basic equation for the mass-flow is used in thisiastr as in the one for the
intercooler. In this case the linear region is usee.if — pamb < Pes,iin-

3.2 Results

Four of the models designed in chagied 2.3 are used in thigehd he only difference is that the linear regions
are changed. The same measures of the error in the modekseatasiin chaptél 2. The first row in the tables are
the configurations used in the original models. The methodlianging the linear regions is of trial and error
type. Itis only possible to reach a certain limit in the saafptquency by changing the linear regions. After that
limit it does not matter how much the parameters are charigstkad there are other dynamics in the model that
limit the step size in the simulations. This limit is achidve all three models in this chapter. The throttle angle
used is 10405 in all simulations.

15
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Airfilter & compressor modified. I'Ihn=0.80
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Figure 3.1: The mass-flow to the cylinders in the configuratiescribed in simulation 4 in tadle B.1.

3.2.1 Air-filter and compressor modified

The results from the different linear regions are shown iefZ1. The model used has no states in the air-filter
and the compressor.

Table 3.1: Shows at what frequency the model is stable féergiit ranges in the linear regions. The components
that are changed compared to the original model are thetair dihd compressor.

Hlin DPic,lin Pes,lin €I.m €ls €It f ét €5 Nbr
0.90| 800 100 | 0.47| 0.38| 0.73| 450 | 4.40| 0.43
0.90| 1200 | 100 | 0.44| 0.40| 0.72]| 450| 4.11| 0.34
0.85| 1200 | 100 | 2.17| 0.33| 2.40| 390 | 5.35| 0.61
0.80| 1200 | 100 | 3.96| 0.26| 4.13| 350 | 6.99| 0.98
0.85| 2000 | 100 | 2.15| 0.35| 2.44| 390 | 5.24| 0.46
0.80| 2000 | 100 | 3.98| 0.68| 4.55| 350 | 6.99 | 0.81

U B W N~

The sample frequency is reduced from 450 Hz to 350 Hz by cingrtbe limits in the linear regions, though
there are errors induced by doing so. The model error inesabentl;;,, decreases. In simulations 4 and 6
wherell,;,, is 0.80, the demand on accuracy of the model is no longerlédfikincee; ; is greater than 3%. A
plot for W.,; is shown in figurd_3]1 representing the result from simutatizherell;;,, is 0.80 and;c in is
1200 Pa.

The influence of the size gf; ;;» is negligible. The same is faf.s ;;, Since the difference between the
ambient pressure and; is much larger thap,, ;;,, used in the simulations above. Therefore no large deresitiv
occurs in the model anyway.

Since both simulations that are simulated at 350 Hz not ffthfid 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 chdpierl3. 2fested, where also the states in the exhaust system
are replaced by static equations. The result from the siionkausing this model is presented in tdbld 3.2.

The results using this configuration are very similar to thefigjuration where the states in the exhaust system
still were part of the model. The conclusion of this is that timpact of the dynamics in the exhaust system is
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Table 3.2: Shows at what frequency the model is stable ftergifit settings in the linear ranges. The components
that are changed compared to the original model are thetair, flompressor and exhaust system.

Hlin Dic,lin | Pes,lin €I,m €I,s €It f ét €g Nbr
0.90| 800 100 | 0.42| 0.38| 0.68| 450| 431|044 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 | 549| 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 afso the frequency required for stability and accuracy
in the model.

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

In this section the model that required lowest sample fraquevhen the states were reduced in chajlter 2 is
used. The results are shown in tablel 3.3. As seen, the impdise dinear regions are small on the sample
frequency. The same trend as in previous model can be seleis model. The frequency required to achieve an
accurate simulation is dependentidp,,, but so are also the errors. The gain of usifig, is only 10 Hz with
this configuration of the model compared to 60 Hz using theehathere the air-filter, compressor and exhaust
system are replaced.

Table 3.3: Shows at what frequency the model is stable féerdifit range in the linear ranges. The components
that are changed compared to the original model are thetair, ilompressor, inlet manifold and exhaust system.
Hlin Dic,lin | Pes,lin €I,m €I,s €It f ét €s 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 maiifold and exhaust system mod-
ified

In chaptel R the addition of reducifig,,, from the model where the air-filter, compressor, inlet maidifand

exhaust manifold already were replaced by statical exjmessas little impact of the model. In tadle13.4 the

results from different linear regions are presented usiegriodel where, ¢, Ty ¢, Dim, Lim, Dcompr Leomps Tim
Tem, pes andT, are reduced. As seen there are no major differences betakledBH anf3 3.

Table 3.4: Shows at what frequency the model is stable féergifit range in the linear ranges. The components
that are changed compared to the original model are thetair, flompressor, inlet manifold, exhaust manifold
and exhaust system.

Hlin Dic,lin | Pes,lin €I,m €I,s €It f ét €s Nbr
0.90| 800 100 | 1.60| 0.43| 1.85| 360 | 4.90| 0.65
0.90| 1200 | 100 | 1.53|0.41|1.86| 370 | 4.14| 0.80
0.85| 1200 | 100 | 2.69| 0.35| 2.91| 350 | 5.83| 0.98
0.85| 2000 | 100 | 2.65| 0.49| 2.87| 350 | 5.25| 0.58
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Chapter 4

Local Differential solver

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

4.1 Solvers used

Instead of using a restriction and a control volume for a congmt, the differential equations for the pressure
and temperature are solved locally, see equaliohs 1.2 8hdd be able to solve the equations, different solver
methods are introduced. The objective of this is to decrdassize of the steps in the solver in a small part of
the model. If this is done on the component with the fastesadyics in the model, the overall sample frequency
can be reduced. Four different local solvers are used inrtéstigation. Three are implemented from scratch
and one is a standard solver in Matlab. The input signalsddatal solver are unchanged during each global
time step.

4.1.1 Euler

This solver uses explicit Euler to solve the equations. &rttodel the step size in the local solver is set to be
one fifth of the global step size. This solver is callader in this thesis.

4.1.2 Euler using Richardsson extrapolation

To increase the accuracy in the solver, Richardsson exttapo 3] is used. The approach for this solver is to
first simulate the values for the pressure and temperatimg ag ordinary Euler. This is done for two different
step sizes. In this case the global step size respectivéflyheaglobal step size. The difference between the
results using the two different step sizes are used to giedtarestimation of the actual values, see equéifidn 4.1.
This method results in that the error induced by the solvpraportional toh? instead ofh, that is the case for
explicit Euler. In this chapter this solver is call&dler2 since the error is decreasing quadratically to the step
size.

h Yy "Eaﬁ ) ZE,h
yeztrapolated(x) =Y (LE, 5) + ( 2) 1 ( ) (41)

4.1.3 Euler using repeated Richardsson extrapolation

By using the Richardsson extrapolation one more time theracy of the solver increases. To be able to do this
a calculation of the pressure and temperature have to bedaut at higher sample frequency. There are four
points that are calculated in the local solver for every glaitep. A similar calculation that are carried out in
equatiol’Zll are made. The result from the previous extasipal (explained in chaptEr4.1.2) are reused in this
calculation.

18



4.2. Local solver for the Intercooler 19

The difference between the pressure and temperature agdudan be used to estimate the accuracy of the
solver. This can therefore be used to implement a solverdiatges how many repeated extrapolations that
should be calculated. Though, in this solver two extrajpamtatare allways calculated. A more accurate model
should not be needed since the error of this solver is prap@itto h*. The solver is referred to d&&uler4.

4.2 Local solver for the Intercooler

The model that is used has modified components in the airfiibenpressor, intake manifold and exhaust system.
The local solver calculategs,. andT;.. The results from the simulations using this configurationdifferent
local solvers are given in tab[e3.1. In the simulatidhs,=0.85 andp;.,:»=1200 Pa are used as linear regions.
In simulation 1, no local solver is used and the simulatidhéssame as in chap{er3R.3. As seen in the table, the
sample frequency is significantly decreased using threleeolioical solvers. The reason for the bad performance
using Euler2 is unknown. It should be less accurate thardamgle Euler4, but it is interesting that an ordinary
Euler shows better performance.

In table[Z71 a new erroe; ..., is used. The error represents the error induced by usinggddolver instead
of the restriction and control volume; ,,,; is calculated in the same way as,,, (see equatiofi1l.6). The only
difference is that the original model is replaced by the nhadth modified linear regions. The models compared
are solved with the implicit solvedDE15s.

There is no great difference between the models using Etuégr4 or the standard solver in Matlab ODE15s.
The last solver is an implicit solver. The major differensetie time it takes to simulate one driving cycle,
represented asin the table. It takes more than 10 times as long time to sitaul®e model when the intercooler
is solved by ODE15s instead of Euler. Though the result ighbuthe same.

Table 4.1: Local solver for the temperature and pressuréaeniritercooler. The states that is removed are
Daf,Laf, Peomp; Teomp, Tim, Pes @NdT,,. The global solver is explicit Euler.
Local Solver| f | erm | €rs | €1,m, | €1t €s €t 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 pkudeer. When using the Simulink solver ODES5
as the global solver and using Euler in the local solver feritiiercooler, the required frequency is decreased
from 200 Hz to 170 Hz. ODES5 is a solver called Dormand-Prihegis 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 thiesis. The throttle angle used are first 10%,
then 40% and finally 5% (shown in figureR.2). During highwayising the throttle angle might be in the range
10 to 15% open and during full acceleration about 40%. Wherttttottle is open the dynamics in the throttle is
fast since the air rushes from the intercooler to the intalaifold with little resistance.

When using the throttle input that has a maximum throttlde@n§ 30% the frequency required to achieve
a stable and accurate model according to the demands seapted.B are 150 Hz. The local solver for the
intercooler is Euler4 and the linear regions are the sama tabie[4]l. The sample frequency is reduced by
50 Hz when the maximum throttle angle is decreased from 40%0%. When the maximum throttle angle is
further reduced to 20% there is no change in the required Issingguency.



Chapter 5

Observer

The lowest frequency achieved using the modified MVEM is 2@Q$¢e section4.2). One reason for the high
frequency is the dynamics over the throttle, when the tleratbgle is large. This could be handled by using a
different method to calculate the pressure and tempergttine intake manifold when the throttle is open. These
states are used to estimat&,;, that is the most important variable to estimate correctly.

In this chapter, a modified throttle equation when the tleatt open, is implemented. Instead of using
the modified expression in the entire MVEM, three less extensodels are implemented. The objective is to
estimatéV.,; accurately with the models, using the available sensotsinehicle. Atthe same time, the sample
frequency should be decreased. The inputs to the new mageksa@ept the input signals given in tablg 2.2, also
pressures and temperatures in the intercooler, intakefatéaind the exhaust system. The inputs to the models
that are temperatures and pressures, will in a real-timécapipn be measured by sensors. Therefore the three
models are observers.

There are three different models compared. The first mods thee volumetric efficiency and thereby esti-
mateWV,,;. The other models use the throttle equation in combinatiiim the volumetric efficiency. When the
throttle is open and the pressure drop is small, which resufiast dynamics, only,,.; is used to estimatl’,;;.

5.1 Volumetric efficiency
This first observer estimaté¥..,; accordingly to equation3.1/[2]. A model for the volumetrfficgency has to

be chosen to estimate the mass-flow. In this chapter the sardelns used as in the original MVEM and is
presented in equatidn®.2. The masked block used in thexardsrshown in figurEhl1

Vdezm
cyl = To 51
Weyr =1 ln'r'RTim (5.1)
(52)’
r. — ( Bem v
¢ im 1 T;
Mot = C1 L (5.2)

r(:_l 1+A(+/F)s T’zm_CQ(%_l)

Apim
JTim
alr mass T1ow

>l omega engi ne

dp em

>l anbda

eta_vol

Figure 5.1: Masked block for the observer including the wedtric efficiency.
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5.2 p;, integrated

This observer uses measured valuessferT;., pim, Tim @ndpe,. There are two different ways of estimating
the mass-flow to the cylinder in this observer.

e The first method includes the throttle equation to estimi&ig. The difference betweel/,; and the
previous value ofiV.,; is used to estimatg;,,, that is integrated to achieve the pressure in the intake
manifold. The calculated,, is then used in the calculation gf.;, that is used to estimaté’.,;. The
measureg;,, is therefore not used in the estimation of the mass-flow mniéthod.

e The second way to calculate the mass-flow to the cylinders issé the volumetric efficiency as in sec-
tion[5]. Bothp;,,, andT;,, that are used to calculatg,;, are measured by sensors in this case.

The advantage of using the first method for estimatifig,, is that the sensor that measupes no longer
is used. Generally;,, fluctuates more than for exampte.. In order to achieve a mass-flow that does not
fluctuate, a low-pass filter is used on the pressure signas filter needs a larger time constant if the signal is
more fluctuating, with the result that the accuracy duriagsients is worse. The time constant should preferably
be dependent on the frequency of the pulsations, that isndiepé on the engine speed.

The advantage using the second method is that the throtiktieq is not used any longer and the dynamics
is reduced. Since this dynamics is fastest when the difteréetweem;. andp;,, is small, only the volumetric
efficiency is used in these cases. When the difference batthiegoressures is greater than a limit, a combination
of the two methods are used.The pressure ratio over thelthid};, is used instead of the absolute difference in
the pressures. The weighting functions for the two metho@stimatdV.,; are given in figur€5]2. The sum of

the functions should of course always be unity. Using a comtimn of the two methods described above, results
in that a combination of different pressure sensors are.used

Weight Functions
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Figure 5.2: The weighting functions for the different metb@f estimatingV..,;;.

5.3 ., integrated

This observer is similar to the observer described in sefi@, as it calculate®’.,; in two different ways. The
previous observer estimatég,,,; in the first method by calculaig,,, and integrate it. In this observéi/.,,; is
instead estimated and integrated. The measpgds used in this calculation, but al$g., T;., T andpe, .
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The expression used, is derived by differentiate equéfifimbd assuming that,.;, T;,, and the engine speed
are constant in the actual operating point. Using the esedorl5.3B, the expression shown in equafion 5.4 is
found.

The second method used includes no throttle equation axdéslyg the same method as used in the previous
observer. The weighting functions used to calculate theatvid’.,;, is the same as the previous observer and is
given in figurd 2.P.

) RT;

Pim = V. (Wat - chl) (53)
d VaN . VaN
T Weyl = TNwol ——H57~ Pim — Tol 5 at — c 5.4
gp et = Moot - —pep—Dim = uot 37— — (Wat = Weyr) (5.4)

5.4 Basis for comparison

Preferably the observers designed would be compared toumegasnts. This is difficult since it is difficult
to measure the air mass-flow to the cylinders. It would beiplesso do this in steady state and use the air
mass-flow sensor that is located upstream close to thelthrdthe disadvantage of this method is that it is the
accuracy during transients that is of highest interest.rdfoee the original MVEM is used to produce inputs to
the observers, but also to simulate the actual mass-flovetoyimders. One disadvantage of this is that the input
signals to the observers are free from noise and pulsatitspeciallyp;,, has a periodic pulsation that is due to
the opening and closing of the valves, that is not resolvetierMVVEM. Therefore a sinusoidal signal with an
amplitude of % Pa is superpositioned on thg,,, signal from the MVEM. The amplitude is in the same range as
the pulsations in the measured data and the frequency iathe as the frequency of the engine. Of course there
is noise on the other input signals to the models too, buismeglected in this study.

If using the collected data fgr;,,, (from the MVEM in this study)}¥..,; would fluctuate. This is not to prefer
and therefore a first order low pass filter is added to the presshen it is used to estimatg,;. The signal
is low pass filtered in both calculations foir.,; in the observer that is introduced in sectioll 5.3. The ofeserv
where the change in pressure is integrated, does not useciduned value fgs;,, 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 trergm the models will be carried out. Instead plots will
be presented and discussed. In this chapter the same inghtsMVEM is used as presented in chapiel 2.2, to
generate the inputs to the observers. The throttle angtkiss® 405 as defined in figude2.2

5.5.1 Low pass filter

Firstly the impact of different time constants on the lowsfiser are investigated. The model used is the one that
integrates;,, and the result is shown in figufeb.3. The plots are zoomedim the simulation. The left plot
represent$l.,; when the engine is run at steady state and at 10% throttle anlgé right of the two plots are the
beginning of the transient when the throttle is closed frd@¥40 5%. The result is as expected: the oscillations
decrease and the accuracy during transients is lower wigetintie constant, in the filter is increased. In the
following part of this thesis, the time constant used willlbb@3 seconds. The reason for this is that most of the
oscillations are removed from the signal, but it still hasaaoeptable accuracy during transients.

5.5.2 Different observers

There are three different models implemented as descrit@eta In figuréd 5} the observers are compared when
they are solved by an implicit solver (ode15s). The threésglothe figure originates from the same simulation.
As seen in the plot on the top, the observer only including/tiiemetric efficiency, is more fluctuating than the
other observers. The amplitude of the oscillations in theeobkers that include the throttle equation (described
in section§ 512 andd.3), are approximately half the magdritompared to the observer only basedigp. The
explanation to this is not the same in the two observers. Whgtis integrated, the measurgg, is not included

in the estimation of the mass-flow through the throttle. 8ing, is the only signal that oscillate$V.,; does
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Figure 5.3: The influence on the model described in sefi@uSing a low pass filter with different time

constants.

not have any oscillations from the part that is based on ttatth equation. In the region for the pldfy,, is
lower than 0.85 and therefore the two different ways of daking the estimatediV.,; is weighted equally (see
figure[22). Therefore, the magnitude of the oscillationisalved in this case. For the observer Whﬁfgyl is
integrated, the oscillations iW.,,, that is estimated using the throttle equation, are mallgiteger than the
mass-flow estimated only using,;. The reason for the total decrease in magnitude of the asoifis in the
mass-flow is that there is a phase shift of almigi°. This leads to that when adding the different estimations

for Wy, the oscillations will counteract each other.

In the lower left plot in figur€.l4, a step in throttle anglerfr 10% to 40% occurs. When the estimat&d,;
from the three observers coincide (approximately at tim@adDseconds])] is higher than 0.90 and the throttle
equations are not used any more. That means that all modglsiesthe model for the volumetric efficiency.
As seen in the plot, the difference is large between the MVEN e model Wheréifcyl is integrated, in the
beginning of the transient. The error is at the most in thgeasf 30%. The reason for this is mainly thgt,,
engine speed anf;,,, are assumed to be constant in this observer, though thig th@ease during transients.
To be able to handle this a more complex model has to be impitstde

After the transient in throttle angle from 40% to 5% (see thedr right plot), a large error in the estimated
mass-flow is made in the observer that integrate§l. The reason for this is most likely the same as in the first
transient (discussed above). The observer that integiaielsas a faster step response than the model that only
uses the volumetric efficiency. This transient is more gg#@ng than the first transient, sintieis below 0.85
after the transient and therefore the model for the thrigtiesed and it is that part that differs in the models.

In figure[&.5, the solver used in the simulations is explicitdE The figure has the same layout as fidure 5.4.
The same structures can be seen using Euler as the solveeasodl15s is used. The mass-flow calculated by
the MVEM is still from a simulation where the implicit solvexr used. The observers calledlumetric andp;,,
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Figure 5.4: Different observers compared using the samésmgs in sectiofi 2.2 and throttle angle40_5. The
thicker line representd’.,; from the MVEM. The time constant in the low pass filters is s62.03 seconds and

the solver used is odel5s. In the lower left pldt,,; peaks at 0.067 kg/s in the model WhWeyl is integrated.

integrated in the figure has a sample frequency of 80 Hz. Itis possible¢cadower frequency. The disadvantage
of this is that the frequency of the oscillations in the meedp,,,, are equal to the engine frequency, which is
about 33 Hz in this case. As a consequence, the accuracy obsver 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 stableit#imple frequency is lower than 390 Hz. The
instability occurs before the first step in the throttle. Wteuses the instability is not investigated in this thesis.
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Chapter 6

Summary and Conclusions

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

Changing the linear regions (see chafder 3) has an impabeoacturacy that is more significant compared
to removing the states. The reduction in the sample freguleyndoing this modification is very small. Though,
in order to decrease the sample frequency to 80 Hz, it willtrikaly be needed to change the linear regions.
Therefore, it is of importance to understand the impact @nabcuracy in the model that the changes in the
regions induce.

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

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

One disadvantage using an observer of the kind that is imgatéad in chaptdil 5, is that the input signals have
to be low pass filtered. This is to avoid that the estimatedsnfilasy through the cylinders not are fluctuating.
This leads to that the response time during transients agelp compared to using an observer based on the
entire MVEM. The MVEM can handle the changes in operatingifgdfiaster than the sensors react and therefore
the estimatedV.,; is more accurate during transients. This is not possibletmdhe same extent, using the
smaller models in the observers.
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Chapter 7

Future Work

Different proposals for further investigations are givev.

e It would be interesting to implement an alternative modeltfe flow through the throttle in the MVEM,
instead of using one of the observers implemented in chBhtdihis model should be active when the
throttle angle is large and the pressure ratio over thetthrigtclose to unity. This is the way the observers
are implemented. The purpose of implement this in the MVEMhat the sample frequency in the model
hopefully will decrease. At the same time, the accuracyrdutiansients will be higher compared to the
observers.

¢ Validate the different observers implemented in chdgtérysjsing measured data. An alternative way is
to implement the observers in the controller system in acketdnd compare the estimated mass-flow to
the actual mass-flow. This could for example be performeddiygthe\-sensor.

e Analyze what would happen if another frequency of the pidaatonp,,,, is used instead of 33 Hz. The
observer that integrates the mass-flow has a relatively ldsagion inWW,,;. The reason is that the pulsa-
tions in the two sub-models have a phase shift of almost b8@wveen each other and therefore counteract.
Itis not sure this will be the case when the engine is runniragnather 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

1% Volume m3

R Ideal gas constant —I

W Mass-flow kg

m Mass kg

Co Specific heat at constant volume ﬁ

Q Heat-flow W

H Pressure head-loss parameter ?1222

D Diameter m

Acyry Effective area in the throttle m?

f Frequency [Hz]

h Step size [s]

Va Cylinder volume [m3]

Te Compression ratio —

w angular speed rad

I Pressure ratio —

MNvol volumetric efficiency —

MVEM 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

wyg Wastegate

t turbine

at throttle
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