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Sammanfattning
Abstract

Continuously throughout the process of developing Engine Control Units
(ECU), the ECU and its control functions need to be dimensioned and tested
for the engine itself. Since interaction between an ECU and a physical enging|
is both expensive and inflexible, software models of the engine are often used
instead. One such test system, where an ECU interacts with software models, i
called Hardware-in-the-Loop (HiL). This thesis describes a model constructed
to facilitate implementation on a HiL testbed.

The model, derived in Matlab/Simulink, is a Cylinder-by-Cylinder Engine
Model (CCEM) reconstructing the angle synchronous torque of a diesel engine.
To validate the model, it has been parameterised for the DaimlerChrysler engine
OM®646, a straight turbocharged four cylinder diesel engine, and tested towards
measured data from a Mercedes-Benz C220 test vehicle. Due to hardware re
lated problems, validation could only be performed for low engine speeds where
the model shows good results. Future work around this theme ought to include
further validation of the model as well as implementation on HiL.

EYCke"’drd Cylinder-by-Cylinder Engine Model, diesel engine, angle synchronous,
eYWOrdS  Hardware-in-the-Loop, Electronic Control Unit
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Chapter 1

Introduction

This chapter gives an introduction to the thesis "Cylinder-by-Cylinder Diesel
Engine Modelling - A Torque-based Approach” written at the department of
Powertrain Control at DaimlerChrysler Research and Technology in Esslin-
gen, Germany.

1.1 Background

The development of vehicular control systems is a very expensive and re-
source consuming process. Therefore, researchers are continuously look-
ing to make it more efficient and adaptable to new technologies. Today,
Hardware-in-the-Loop (HiL) testing is becoming more popular within the au-
tomotive industry since it constitutes both a cheap and flexible alternative. In
a HiL system, models of the different vehicle components, such as the engine,
are set to run on a software platform. The controller is then physically im-
plemented in an Electronic Control Unit (ECU) and tested together with the
models. This brings further demands on the models to be not only accurate
but also fast and applicable in real time. Based on software instead of hard-
ware simulations, this method of testing is resource efficient while it at the
same time takes physical factors into consideration such as real time effects
of the ECU. Another advantage is that it allows the testing of single hardware
components before the entire system exists physically.

For most control applications, a Mean Value Engine Model (MVEM) cap-
turing course of events over one or more engine cycles is sufficient. How-
ever, when building control systems for certain aspects of the powertrain, for
example backlash caused by play between gears, it might be interesting to
investigate how individual combustion pulses affect the drive line. Therefore
a Cylinder-by-Cylinder Engine Model (CCEM), describing each cylinder in-
dividually, could prove a useful alternative to the otherwise more common
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MVEMs. A CCEM is also needed to model cylinder individual phenomenon
such as misfire when developing systems for diagnostics.

1.2 Objectives

The aim of this thesis is to create a complete (without Exhaust Gas Recircula-
tion), physically based, cylinder-by-cylinder diesel engine model for possible
use on a HiL testbed in the future development and testing process of engine
and powertrain control systems. The model should focus on the torque gen-
eration and, in order to keep the parameterisation complexity down, describe
the torque from a crankgear point of view. Also, the model complexity as
well as the calculation time should be kept to a minimum in order to render
as good conditions as possible for future control.

1.3 Approach

The engine theory is used to implement a model in MatLab/Simulink which
describes the main torque working on the crankshaft. It is parameterised for
OM®646, a straight four cylinder DaimlerChrysler diesel engine. The model is
tested and evaluated for different scenarios, and the results are then compared
to measurements made with a test vehicle in order to determine the accuracy.

1.4 Outline

The basic outline of the thesis is as follows:

Chapter 2 - Compression Ignited Engine and Modelling

This chapter explains the fundamental compression ignited engine theory.
The basic structure of the diesel engine is presented as well as the individ-
ual engine parts. The theory of engine modelling is also covered.

Chapter 3 - The Model

Focusing on the torque generation, this chapter describes the model and the
theory behind it. It also explains the implementation and parameterisation
process.

Chapter 4 - Simulation and Validation

The model is tested for different scenarios to determine its function. A pre-
sentation as well as an interpretation of the results is made. The simulated
data are then validated towards measured data from a test vehicle.

Chapter 5 - Conclusions



1.4. Outline 3

This chapter covers conclusions drawn from the results described in the pre-
vious chapter. A discussion follows.

Chapter 6 - Further Work
Future improvements and possible extensions to the model are proposed.



Chapter 2

Compression Ignited Engine
and Modelling

This chapter aims to describe the structure and function of the Compression
Ignited (Cl) engine, normally diesel engine. It also attempts to introduce
the reader to the different types of engine models and modelling methods
available.

2.1 Compression Ignited Engine

Today Cl engines are used in a number of different applications, such as cars,
boats and power plants. Depending on the field of application, the Cl engine
has a certain structure and contains certain components which may differ from
field to field. Operating range, torque and emission requirements are exam-
ples of factors that decide the constitution of the engine. A basic four-cylinder
diesel engine used within the automotive industry, such as the one modelled
in this thesis, often has the following structure and components as seen in
Figure2.1 For more information on the theory behind the CI engine, see for
example 1] or [2].

Air Filter

This is where the air enters the engine. The main task of the air filter is to
separate the incoming air from rough particles. It also has noise, pressure and
temperature reducing functions. The temperature change through the air filter
is proportional to the air flown,, as follows, wherdlj is the air tempera-

ture within the air filter,T.,,;, the air temperature outside the engine arad
constant:

To = Toams + Cmom (21)
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Figure 2.1:The structure of a basic diesel engine

The pressure drop is described through the ideal gas law.

Compressor

The compressor constitutes one of the two main parts of the turbocharger. It
is driven by the turbine through the turbo shaft and helps building up pressure
in the inlet manifold to enable the charge of more air into the cylinders. The
following two equations describe the operation of the compressor.

Mcompwtc = Hlm - Hoout (22)

y—1

T 1 i

.l 1+ (pl> 1 (2.3)
TO Tlcomp Po

The first equationd.2), whereM.,,, is the compressor torque ang. the
angular velocity of the turbocharger, states that the power transfer through
the turbo shaft equals the enthalpy increase through the compressor. This de-
scribes the main work process of the turbocharger. Due to friction and other
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side effects associated with the compressor, the air is heated and the compres-
sion therefore not ideal. This is considered in equatiB) Wherencp, is
the isentropic efficiency angthe specific heat ratio for air.

Intercooler

When the air passes the intercooler, energy is transferred in order to drop
the gas temperature. Since cold air has a greater density than warm air, this
enables the charge of more air into the cylinder and further, more energy ob-

tained from the engine per cycle. The intercooler also helps preventing knock

during combustion. The cooling process has the following physical equation.

Ty =T1 — Neool (Tl - Tcool) (24)

T.001 IS the temperature of the cooling medium apg,; the intercooler effi-
ciency.

Inlet Manifold

In the inlet manifold, air is mixed with recirculated exhaust gas from the ex-
haust manifold. The pressure builds up as the gases are gathered before flow-
ing into each cylinder when the respective inlet valve opens. The physical
equation for the pressure differentiation within the inlet manifold describes
this process,

. RT, . . .
P2 = 72 (g + 1005, — 1Ma,,,) (2.5)
2

where the indeX; is the volume of the inlet manifold and the gas constant.

Cylinder

The operation of the cylinder is normally described through its cycle, as il-
lustrated in Figure2.2. For a four stroke engine, two revolutions of the
crankshaft are needed to complete one cycle. During the cycle, the piston
moves continuously back and forth between its top and bottom positions, Top
Dead Center (TDC) and Bottom Dead Center (BDC). In order to gain energy
needed during the operating cycle, each cylinder works witt0a phase dif-
ference to eachother. The following strokes constitute the four stroke cycle:

Intake TDC — BDC = 6 : 0° — 180°

The inlet valve opens and the piston moves down to BDC, creating a suction
effect of air from the inlet manifold into the cylinder. This effect is caused
and maintained by a pressure difference between the two volumes and the
increasing cylinder volume as the piston moves downwards.

CompressionBDC — TDC = 6 : 180° — 360°
The inlet valve closes and mechanical work from the crankshaft pushes the
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piston towards TDC, compressing the air to create high pressure and temper-
ature within the cylinder. Fuel is injected into the cylinder for alzsut- 40°,
starting approximately5 — 30° before TDC.

ExpansionTDC — BDC = 6 : 360° — 540°

Because of the high temperature and pressure, the air-fuel mixture self-ignites
shortly before TDC during the compression stroke. This initiates the combus-
tion process, pushing the piston down to BDC and inducting the main work
on the crankshatft.

Exhaust BDC — T DC = 0 : 540° — 720°

During the expansion stroke, abdifi® before the piston reaches BDC, the
exhaust valve opens. The burnt gases within the cylinder then flow out to
the exhaust manifold; first because of pressure difference and later as they
are swept out by the piston moving towards TDC. At the end of the exhaust
stroke, as the pressure difference between the two volumes is levelled out, the
exhaust valve closes and a new cycle begins.

Inlet Exhaust Inlet Exhaust

D [N —1
i -
L, | L, |

e ™
N N
Intake Compression

Inlet Exhaust Inlet Exhaust

R [N —
v ki
Ly | L, |

(] =)
N N

Expansion Exhaust

Figure 2.2:The four stroke cycle
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Exhaust Manifold

In the exhaust manifold, exhaust gas from the cylinders is gathered after the
combustion process. Pressure is built up and the gas is pushed towards the tur-
bine and/or the EGR-system. Like the inlet manifold, the exhaust manifold is
defined by the pressure differentiation, wh&kes the manifold volume.

Pz = —— (ma,, —1ma,,, —ms,,) (2.6)

Turbine

The turbine constitutes one of the two main parts of the turbocharger. It is

driven by exhaust gas from the exhaust manifold and is itself the power source
of the compressor through the turbo shaft connection. The rotational accel-
eration of the turbo shaft is derived through Newton’s second law describing

the power transfer within the turbocharger as follows:

_ Mturb - Mcomp

» 2.7)

Wte

Miury @and Meomypy 1s the torque of the turbine and the compressor respec-
tively andJ,.. is the inertia of the turbocharger. The main work of the turbine
is characterised by equations similar to the ones describing the compressor.

Hy,, — Hs,,, (2.8)

y—1
T. B
T3 Ps3

For some turbochargers, the angle of the wings on the turbine wheel is ad-
justable to better control the power transfer through the turbocharger. This
function is called Variable Turbine Geometry (VTG).

Mturbwtc

Exhaust System

The exhaust system has a number of functions. The engine noise should be
reduced and through the catalyst, the temperature of the exhaust gas should
be lowered and the gas itself be cleaned enough to meet emission standards.

Exhaust Gas Recirculation (EGR)

As a consequence of emission regulations, the amount of oxides of nitrogen
(NOy) in the exhaust gas must be held down. SiNge, is formed at high
temperature, one way to fulfil this requirement is to limit the amount of excess
air available during combustion. This is done by moving exhaust gas from the
exhaust manifold to the inlet manifold with the help of the EGR system. That
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way a mix of fresh air and exhaust gas will enter the cylinder, keeping down
the combustion temperature. The EGR contains a valve and a cooler. The
cooling function can be described in the same way as for the intercooler.

2.2 Modelling

There are numerous ways of describing reality through a model. Some are
more complex than others and the different approaches may differ in both
structure and accuracy. Which one to choose therefore very much depends on
the particular situation and especially the field of application. Here follows

a summary of the main engine model classifications. More information on
engine modelling can be found ig][ [3] and [4].

Equations vs. Black Box

There are a number of approaches available when deciding on the basis of
a model. Physical equations theoretically describing the system is the most
common method since it creates a general model working for many operat-
ing areas. Its drawback is that reality might be difficult to describe correctly
in theory. Also, such a model is often resource consuming. Another com-
mon approach is to base the model entirely on measurements. The measured
data is stored as a table of two or more dimensions in a so called black box
and then fetched when needed depending on one or more input signals. This
approach often provides an accurate result since it is based directly on em-
piricism, however it is only defined for a limited region. A combination of
both approaches, where the main basis of the model rests on physical equa-
tions and black boxes are used to model certain complexities, is also common.

Single-Zone vs. Multi-Zone

The combustion process can be described with varying complexity and accu-
racy. Normally the degree of complexity is decided by the number of zones
in which the cylinder has been divided. An engine model therefore is either
single-zone or multi-zone. In a single-zone model the gas mixture within
the cylinder is considered to be homogenous for each sample. It is also as-
sumed to be made up strictly of ideal gases. In a multi-zone model, for ex-
ample the two-zone model, the gases are still considered ideal. However, the
homogenous approach has been replaced by a heterogenous one. Here the
cylinder is also divided into two zones, one containing injected fuel and the
other surrounding air. Each zone itself is homogenous and no heat transfer
occurs between the two zones. The simplicity of the single-zone model is its
biggest advantage. This makes it fast and therefore applicable in realtime sys-
tems. The multi-zone model is more complex and more accurate compared to
the single-zone model. A multi-zone model is often needed for combustion
chamber design, but for most aspects of control design a single-zone model
is good enough.
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Mean Value vs. In-Cycle Variation

When it comes to the cylinder, two main approaches can be found. The most
common approach is to model all cylinders as one, describing the total engine
torque as a mean value over one or more engine cycles. The result of this ap-
proach is called Mean Value Engine Model (MVEM). An alternative to the
MVEM is a model describing the in-cycle variation torque. One such exam-
ple is the Cylinder-by-Cylinder Engine Model (CCEM). Unlike the MVEM,

it describes each cylinder individually and generates for example a torque
signal with each individual combustion pulse present. Normally a MVEM is
sufficient enough for use in processes such as control system design. How-
ever, for some aspects of powertrain control a model illustrating the in-cycle
variations of the torque could prove useful. An example of such an aspect
could be backlash caused by play between gears, thus affected by individual
combustion pulses, se8]|



Chapter 3

The Model

In this chapter the model is described in detail. The engine to be modelled
is a straight four cylinder diesel engine with a VTG turbocharger. In reality,
the engine also contains an EGR system. However, since emissions are irrel-
evant to the desired field of application and since the model should describe
the engine at its most effective working point, the EGR is not to be modelled.
Also, for the efficiency related reason just mentioned, the VTG function of
the turbocharger has been left out.

The chosen model approach is based on a gas path engine model, modelling
the path of the gas throughout the engine. Since the gas path engine model
is also a Mean Value Engine Model, it has been combined with a cylinder-
by-cylinder crank angle based approach of the torque generation to make it
cylinder individual. Input signals to the model are the crank angle, engine
speed and injected fuel quantity per cylinder.

In the model, each engine block is modelled as either a flow or stagnation
component. A flow component describes the flow of gas and enthalpy to and
from the block while a stagnation component consider the block to be a vol-

ume, calculating the pressure, temperature and fraction of burnt gas within.
Each parameter has been given an index number, identifying the volume it is
connected to. Further, each flow to and from a volume is identified as either a
flow of air or exhaust gas when so is needed. Also, each flow has been given
a second index describing the direction of the flow. The model structure can
be seen in Figurd.1 Figure2.1in Chapter2 also helps in the understanding

of the model and its parameters. The maps used in the model originates from
[7] and [6].

11
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Figure 3.1:The basic structure of the model

3.1 Compressor

The compressor model is a flow component based on equattend?2.3.

Not all relations within the compressor can be described through physical
equations in a satisfying way, hence three maps must be constructed to com-
plete the model. These maps are based on measurements and derive the pres-
sure ratiop /po, the compressor efficiency...., as well as the corrected

mass flow®.,,,, through the compressor®,,,,, is the actual mass flow

o, Scaled with the pressugg and temperatur&; of the air filter as fol-

lows:
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Vo

Po

(3.1)

(I)comp = mO

The corrected mass flow is, among other things, needed as input to the effi-
ciency map. Input signals to the compressor block are the pressure and tem-
perature of the intercooler and air filter as well as the angular velocity of the
turbo shaft connecting the turbine with the compressor. The flow of air mass
1y, and enthalpyfl,, from the compressor together with the compressor
torque M.om; cONstitutes the output signals. The mass flow through the air
filter and compressor are assumed equal, hence

mo,,, = M1 (3.2)

out in

By combining equation3.2) and @.1), and then reversing the latten, , is
formed. The compressor torqué.,,,, can be derived from equatioR.@)
where the angular velocity of the turbocharger is the integrated acceleration
described in equatior2(7). Since the temperature and enthalpy flow ratio
through the compressor have the following relation due to thermodynamical
laws,

Tl o Hlin
TO HOout

(3.3)

the outgoing enthalpy of the compressor is formed by scaling the incoming
enthalpy with the temperature ratio described by equafid).(The enthalpy
going out of the air filter and into the compressor is derived from the basic
formula of calorimetrics,

HO = Cp’a’r'no T() (34)

out out

wherec, , is the specific heat capacity for air afigl the temperature before
the compressor.

3.2 Intercooler and Inlet Manifold
The intercooler and the inlet manifold are considered two stagnation com-

ponents connected to each other. The connection is such that no pressure
difference occurs between the two volumes. Therefore

D1 = P2 (3.5)
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must be fulfilled, wherey; andps is the pressure derivative within the inter-
cooler and the inlet manifold respectively. Input signals to the intercooler/inlet
manifold block are the flow of air mass and enthalpy connected to the com-
pressor and the cylinder block. Output signals are the pressure, tempera-
ture and fraction of burnt gas within the intercooler and the inlet manifold
p1, 11, fi,e andpy, Ty, fo .. Through thermodynamical laws, the pressures
and temperatures can be calculated as follows:

AU

Ty, = —2 (3.6)
mMi12,aCp,a
A JRT

P12 = 777112{/1? 2 (3.7)

AU; andAUs are the changes in energy caused by the enthalpy flows respec-
tively within the intercooler and the inlet manifold, whitem; , andAms ,
represent the change in air mass caused by the mass flByss the gas
constant for air and’; andV; is the intercooler and the inlet manifold vol-

ume respectively. Each volume has the same pressure, temperature and gas
mixture throughout its interior. Since no EGR is modelled, the gas consists
exclusively of fresh air; hencg . and f; . are null.

3.3 Cylinder

The cylinder block provides a model for each individual cylinder and its
torque generation, enthalpy and mass flow. The individual cylinder torque
is divided into a basic and an effective part. The basic toftfiyg, describes
mass and gas forces working on the crank shaft outside the combustion pro-
cess, while the effective torquiél. sy mainly deals with gas forces during
combustion. The two torques are then added to form the total cylinder torque
M.y, see Figur@.2. In the same way each individual cylinder torque, as well
as enthalpy and mass flow, is added to create the total engine torque, enthalpy
and mass flow out of the cylinder block. Input signals to the cylinder block
are the engine speed, injected fuel quantity per cylinder and crank angle as
well as the pressure, temperature and fraction of burnt gas for the inlet and
exhaust manifolds. The mass and enthalpy flows of both manifolds consti-
tute the output signals. Each cylinder has been modelled to peak for different
crank angles evenly spread over the engine cycle. More information on the
approach used for the cylinder model can be foundsin Here follows a
description of each component comprising the individual cylinder model.
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3.3. Cylinder
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Figure 3.2:The outline of the cylinder torque

3.3.1 Mass Flows

Within the cylinder, four mass flows are calculated; the flow ofiair,, and

fuel 7y into the cylinder as well as the flow of ains ,,, and exhaust gas
1hs.e,, out of the cylinder. Since no EGR is modelled, the flow of exhaust gas
into the cylinder is null. Together, the engine speed and the loaded air mass
before compressiom.. ., cCOMposen,_ , as a mean value over time.

2. N,
tig,,, = b lens (3.8)
Ny
The loaded air mass before compression is described by the theoretically
practical intake mass,;, and the volumetric efficiency, ;. nv0 is mapped
while the ideal gas law, using the maximum cylinder volume, forms.

p2Vii
Mebep = NwolMith = Mol R jizp (39)
a

Both the air and exhaust gas flowing out of the cylinder are based on the total
mass flow out of the cylindefzs,, and the fraction of air within the gas leav-
ing the cylinderf. .. s is described in the same way as_,, beside the

effects of the injected fuel quantity ;.

2 (Mepep + Mf) Neng (3.10)
Ny

m3in =
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To form f. ., the amount of air used in the combustion process is subtracted
from the flow of air entering the cylindef.A/F) is the air/fuel ratio of the
flows entering the cylinder. The remaining flow is then divided by the total
mass flow into the cylinder.
_ g, — (A/F)iy
fea = —2 :
ma,,., + mg

(3.11)

The fuel mass flow is derived according to the same principle as the gas mass
flows in equation3.8) and 3.10).

2 'Ncn
_ £ MflNeng (3.12)

m
! n,

This leads to the following intuitive expressions for the flow of air and ex-
haust gas out of the cylinder.

M3a;,, = feas, (3.13)
i €4 - (1_fc,a) m?)m (314)

3
wW
o
3

|

3.3.2 Enthalpy Flows

Two enthalpy flows are calculated within the cylinder block; the flow going
in Hy_,,, and the flow going outs,, of the cylinder.Hs_,, is formed in the

out? out

same way as the equivalent of the compressor in equaiidh (

H,,, = cpatina,,, Ts (3.15)

Out of the cylinder the enthalpy flow is made up of three parts: the ingoing
enthalpy, energy released when burning the fuel and heat leaving the cylinder
with gases after combustion. The latter is defined by using the gas energy
proportionZ,. to scale the total energy released,. is mapped as a func-
tion of engine speed and fuel proportign, where also the fuel ratio itself is
based on a map. The enthalpy flow out of the cylinder, whgteis the spe-
cific heat capacity for fuell’y the fuel temperature ar@d gy the fuel heating
value, can be written as follows:

Hgm = H2 + Cp’fT-TLfo + deQHme (316)

out
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3.3.3 Basic Torque

—» e

5,(6) p(0) | A

Pu

F

Mbas(e)

t

Figure 3.3:Mechanics within the cylinder

Not considering the forces created within the cylinder through combustion,
two forces further affect the piston; gas and mass forces. The gasHprce

is created through pressure differences between the gas pressure within the
cylinderpy,s(9) and outside the cylinder,,,,. Together, the mass of the pis-
tonm,, and the oscillating part of the connecting red. contributes to the

mass force,. The total force on the pistof, has the following equation,

Fp(0) = Fy(0) + Fin(0) = (poas(0) — Pamb) Ap — (myp + moc) 3,(0)

(3.17)
wheres, () is the second derivative of the piston strokg6¢). The contri-
bution of the mass force is negative since it works as a hormal force against
the gas pressure. The piston stroke can, through geometrical and trigonomet-
rical conditions of the crankgear, be defined as a function dependent on the
crank angle. Further simplification through Taylor expansinigads to the
following expression for the piston stroke and its second derivative.

LS cr
sp(0) = 7res|1—cosh+ T/ (1 —cos20)| =

$p(0) = rcswgng (cos + Ly /e cos 26) (3.18)
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The engine angular velocity.,, is assumed to be constant within each work-
ing cycle. r., is the radius of the crankshaft and forms, together with the
length of the connecting-radg,., the stroke-to-connecting-rod ratio.

Tes
Ls/cr = f

cr

(3.19)

The basic gas pressupg,s(#) within the cylinder, is a function defined in
three different ways over the engine cycle depending on the crank angle.

Deint V0 e [0°,180°]
Pras(0) = § Pesep (Y2) V0 € [180°,540°] (3.20)
Pc,exh Vo e [54007 7200]

The expression fat = [0°, 180°] describes the intake stroke= [180°, 540°]

the high pressure loop (compression and expansion)fard[540°, 720°]

the exhaust stroke. The basic gas pressure during the high pressure loop is
the same as the pressure for a motored cycle, whigs is the cylinder vol-

ume as a function of the crank angle dnd,, is the volume at the beginning

of compression. Since the volume just before compression is the maximum
volume of the cylinder, hence

V.c,bcp = Vdisp + Vilear (321)

where Vg, is the displaced volume arid,,, the clearance volume. The
polytropic exponenty, used to describe the combustion process, is individual
for each engine and must be decided through testing.

Since the pressures during intake and exhaust,:/c.», are of less im-
portance to the torque generation, they are considered constant in order to
simplify the model. Both pressures are therefore static relations between, re-
spectively, charge-air pressupg and exhaust pressugg as well as valve

flow lossesAp;,,: andApe.p.

DPejint = P2 — Apint (322)
Dc,exh = D3 + ApeJ,h (323)

The valve flow losses are, through the following relations, dependent on the
gas velocitiesw;,; andw.,; through each valve cross-section.

Apint = 0.08 (11’05)2 (3.24)
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Apesn = 0.12 (“{B%")rz (3.25)

By using the piston speed

Up =2 Sp eff Neng (3.26)

dependent on the engine speed and the effective piston stroke
Spreff =2 Tes (3.27)

as well as the piston surfagg, and the maximum valve cross-sectiofi$,; /¢,
the gas velocities are determined.

A
Wint/exh = (Aim‘/pexh> Up (328)

The calculation of the pressure at the beginning of compregsigp is based
on the first law of thermodynamics. First the fresh charge-air mags,, is
calculated according to equatio® ). To consider the effects of heat transfer
in and around the valve, the gas temperaflirg., is then approximated by
the following formula according td].

5
Tc,bcp = 85K + 6T2 (329)

The cylinder pressure can then be written as follows:

mc,bCpRaTc,bcp Tep — 1 85°K 5
e bop = = vol | —— + = 3.30
p b P lebp + ‘/clear Tcp p277 [ T2 + 6 ( )
where the compression ratio
= M (3_31)

Tcp
‘/clear

In order to calculate the correct torque, the tangential féfcerorking per-
pendicular on the crankshatft is formed with through the help of trigonom-
etry. F; is then multiplied with the crankshaft radius, to form the basic
torque.

Lg)ercos®
1—L?

s/er

Mipas(0) = Fy(0)res = Fp(0)siné | 1+

res (3.32)
sin? 6
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By combining all of the equations above, equatiBrBg can be rewritten in
the following way to better suit our crank angle based approach.

(Pesinec1(0) + w2, ,c2(0) + c3) ca(0) V0 € [0°,180°]
Miyas(8) = § (Pespepct (0) + w2, ,c2(0) + ¢3) ca(0) V0 € [180°,540°] (3.33)

(e,canc1(0) + w2, c2(0) + ¢3) ca(f) V0 € [540°,720°]

where
A, Vebep _ V0 e [180°,540°]
. s/cr
81(0) — Vetear+ApTes [lfcos 0+ —4—(1—cos 29)] (334)
A, else
c2(0) = —(moc+my)res (cost + Ly, cos 26) (3.35)
03(9) = _pambAp (336)
LS cr > 0
cs(0) = regsind |1+ fer 08 (3.37)
1-— Lz/cr sin? 6

3.3.4 Effective Torque

The contribution to the total cylinder torque given by forces created during
combustion is described by the effective torquey. It also takes into con-
sideration the wall-heat losses during the high pressure loop left out in the
construction of the basic torque. Since the combustion process is very com-
plex, it is also very difficult to describe in theory. Therefore, the effective
torque is approximated through a replacement function.

A replacement function is a function which describes a measured curve in a
mathematical way. The following replacement function describing the effec-
tive torque as seen in FiguB4 has been chosen.

a (6 — 360)% (~b(0=360) v g c [360°, 540°]
Mg (0) = (3.38)

0 else

where
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3000 4

Measured Torque

2500 + — — — Replacement Function

2000 A

1500 +

1000 +

500 +

Effective Torque [Nm]

180 360 540 720
Crank Angle [degree]

500 |
0

Figure 3.4:Replacement function describing the effective torque

a = 4 360Me,np_ (3.39)

(B — 360)°
9
R (3.40)

Omaz is the angle for which the replacement function has its maximum, in
other words where the effective torque is peaking. Initidlly,, is set to
395° [5]. The parameters andb are dependent on the working point and de-
termined through the help of two boundary conditions. For more information
on this as well as the replacement function, $ge [

The mean cylinder torque during the high pressure lbhp,,,, used to form

a, is based on the combustion efficiengy,; mapped as a function of engine
speed and fuel ratio. Together with the fuel heating value, the fuel mass flow
and the engine speedl/.. ,,, can be calculated in the following way according
to[?].

3077vol (QH\/ﬁ’Lf
ohp = —— L 3.41
Jhp Neng ( )
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3.4 Exhaust Manifold

The exhaust manifold is, like the intercooler and the inlet manifold, modelled

as a stagnation component with the flow of gas and enthalpy connected to
the cylinder and turbine as input signals. The presgyrademperaturel’s

and fraction of burnt gag; . within the manifold constitute the output signal.
Since the exhaust manifold contains both air and exhaust gas, the following
equations describing temperature and pressure have been expanded compared
to the ones formed for the inlet manifold.

T; = AUs (3.42)
(m37ain Cp,a + m376in vae)
A a a A (& (c3 T

Dy = (Ams o R +V3 ms,cRe) T (3.43)

cp.e and R, is the specific heat capacity and gas constant for exhaust gas re-
spectively. The expression for the fraction of burnt gas is formed as a ratio
between the different gas masses as follows:

ms.e,
.= i 3.44
f37 (m3,ain + mg,em) ( )

3.5 Turbine

Like the compressor, the turbine is modelled as a flow component. Input sig-
nals to the turbine block are the pressure, temperature and fraction of burnt
gas within the exhaust manifold and the exhaust system, as well as the angu-
lar velocity of the turbo shaft. With the help of physical equations and two
maps, the flow of air mass:; ,_,,, exhaust gas masas ., and enthalpy
Hgout through the turbine, as well as the turbine torddg,,, are derived as
output signals. The two maps used in the turbine model describe the turbine
mass flow parameteb,,,, and the turbine efficiency,, 5. Like @ opmp in

the compressor moded,..., describes the total mass flow through the tur-
bine scaled with temperature and pressure,

VT
Dy = m?)om 2 (345)

b3

from whichrig,,, can easily be derived. The specific mass flows of air and
exhaust gas through the turbine are then formed with the help of the fraction
of burnt gasfs . within the exhaust manifold.
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M3.0,, = (1= fae)ms,,, (3.46)
m37€nut = f3,€ﬁl3out (347)

Like for the compressor, the enthalpy flow from the exhaust manitbjd,,
going into the turbine is calculated through the basic formula of calorimetrics.
Hg = Cp7a’rh3 T3 (348)

out out

To form the turbine torqué{,,,,, the enthalpy rov\H4m leaving the tur-

bine and going into the exhaust system has to be calculated. This is done
through equation2.9) according to the same principle as for the compres-
sor, described earlier in this chapter. The turbine torque can then be formed
according to equatior2(8).



Chapter 4

Simulation and Validation

This chapter presents and describes results acquired through simulations made
with the model. For the following scenarios the model has been parame-
terised for the DaimlerChrysler engine OM646, a straight four cylinder diesel
engine. Most simulations covered in this chapter have been run for the engine
speedN.,, = 1078rpm and the injected fuel quantity:; = 27.01myg to fit
measured data.

4.1 Simulated Individual Cylinder Torque

600 w
N, = 1078rpm
m,;=27.01mg
400r B, = 395° .
""" Mhus(e)
——- M.«(6)
E 200 N RONE
E i, \\
° II ‘.,,“. \\
N Py
8 0 ,.__T__:_.“u:'____Am...,..r_.__"_“:.._...____-:. Sy At
= ™
-200| :
4000 180 360 540 720

Crank Angle [deg]

Figure 4.1:The simulated torque for one cylinder

24
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By looking at the simulated torque for one cylinder displayed in Figute

the basic and effective torques forming the total cylinder torque as well as the
basic structure of the operating cycle can be identified. The basic torque de-
scribing mass and gas forces outside combustion contributes over the entire
cycle while the effective torque is active only during the expansion stroke.
Just before the end of the cycle, it can be seen that the torque increases a bit.
This is when the inlet valve opens and the flow of air between the two man-
ifolds, through the cylinder, creates a short but positive work on the piston.
Then as the piston reaches TDC, it turns and produces a negative torque as it
is pulled down by the rotation of the crankshaft. The pressure then rises as
more air enters the cylinder, and the torque turns positivel88t the com-
pression stroke begins and the torque reaches the lowest point of the cycle as
plenty of work is needed to compress the air within the cylinder. Shortly be-
fore 360°, fuel is injected and ignited producing positive work characterised
by the peaking torque curve. Then5® the exhaust stroke begins and the
torque becomes negative since work is needed to push the exhaust gas out of
the cylinder. For a theoretical description of the four stroke cycle, see Chapter
2.

600 ‘
N,,, = 1200rpm
...... m, = 30.00mg
400! ---- m;=25.00mg ||
—— m,=20.00mg
,’,’\\'.“ 0, = 395°
T 200 '
Z.
(]
= 0
=
=
200} |
-400; 180 360 540 720

Crank Angle [deg]

Figure 4.2:The simulated individual cylinder torque fov.,, = 1200rpm
and different injected fuel quantities

In Figure4.2, 4.3 and4.4 the simulated individual cylinder torque over one
cycle for different engine speeds and injected fuel quantities is displayed.
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600
N.,, = 2000rpm
------ m, = 30.00mg
400+ ---- m,;=25.00mg |
— m,=20.00mg
A\ 0, =395°

-400, 180 360 540 720
Crank Angle [deg]

Figure 4.3:The simulated individual cylinder torque fd¥.,,, = 2000rpm
and different injected fuel quantities

600
N,,, = 2800rpm
------ m, = 30.00mg
400+ ---- m;=25.00mg | 4
,\ — m,; = 20.00mg
N 0, = 395°

o 180 360 540 720
Crank Angle [deg]

Figure 4.4:The simulated individual cylinder torque fd¥.,,, = 2800rpm
and different injected fuel quantities
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If we compare Figurel.2, 4.3 and4.4 we see how the torque increases for
increasing engine speed as well as injected fuel quantity. The torque increase
for increasing engine speed at constant fuel injection might seem strange
since the torque would rather decrease in order to maintain the power of the
engine. One possible explanation can be found in the wall-heat losses during
the high pressure loop covered by the effective torque. These losses decrease
for increasing engine speed and thereby alters the power output of the engine.
Whether this change is big enough to explain the result still remains to be
said.

4.2 Simulated Total Cylinder Torque

As mentioned in sectioB.3, the torque from all four cylinders are added to
form the total cylinder torque. In Figuke5the simulated individual torque
for all four cylinders is displayed with different lines.

600 | |
N,,, = 1078rpm; m, = 27.0lmg
0,..=395°
400¢ |
g 200
Z

-200¢ A

40000 72000 180 360 540 72000 180
Crank Angle [deg]

Figure 4.5:The simulated individual cylinder torque for all four cylinders

It can be seen that the individual torque peaks are shiféé for each added
cylinder to spread out the work over the operating cycle. The result when
adding all cylinder torques, the engine torque, can be seen in Hgiire
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600 ‘
N, = 1078rpm
m, = 27.0lmg
400~ 0, = 395° q
'S 2007, ]
Z,
Q
= 0
S
-200 q

40000 7200 180 360 540 72000 180
Crank Angle [deg]

Figure 4.6:The simulated engine torque

4.3 Validation

To validate the simulated data, measured data for the engine torque has been
produced with the help of a test car. The test car used is a Mercedes-Benz
C220 with the engine OM646. The torque signal has been acquired from a
wire strain gauge sensor fitted on the double mass flywheel after the auxiliary
devices. To minimise the effects of the auxiliary devices, the air conditioning
system has been switched off during the test runs.

The results acquired from these measurements are limited due to hardware
related problems concerning the sampling frequency, and therefore only de-
scribe the torque for low engine speeds. In Figdiréthe measured engine
torque forN.,, = 1078rpm andm; = 27.01myg is displayed.

In comparison, the measured torque in Figdirédiffers from the simulated
torque in Figuret.6when it comes to amplitude. The notch seen at the bottom
of the first four torque peaks in Figu#e7 is thought to be a signal process-
ing error. By adjusting the tuning parametgy,,.. described in Chaptes,

the difference in anglé\d between the peaks of the effective torque and the
basic torque can be minimised. Minimisidg leads to increasing amplitude
of the cylinder torqued, ... also affects the amplitude of the effective torque
directly. In this cased, ... is lowered from395° to 381°. The effect on the
cylinder torque can be seen in Figufs.
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600

N,,, = 1078rpm; m, =27.01mg

400¢

200¢

Torque [Nm]

-200¢ ]

'40840 720/0 180 360 540 720/0 180
Crank Angle [deg]

Figure 4.7:The measured engine torque.

600 ‘
N,,, = 1078rpm
m,=27.0lmg
400¢ 0, =381°395°] -
----- M,.(0)
——- M,(0)
"E 200t Mo®) ]+
Z.
5]
- R
S CTETUTTERLTTTH] T T
-200r ]
400, 180 360 540 720

Crank Angle [deg]

Figure 4.8:The simulated individual cylinder torque féy, ... = 381° as well
ast,ae = 395°.
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By looking at the simulated engine torque ., = 381° displayed to-
gether with the measured engine torque in Figlu® one can see that the
adjustment of,,... described above brings the amplitude of the simulated
engine torque closer to the measured value. However, at the same time it also
changes the shape of the simulated torque making it less similar in that aspect.
The difference between measured and simulated engine torque, the validation
error, is also displayed in Figu#e9. When examining the results, one should
take into consideration the limited amount of measured data available during
the validation process as well as the fact that the sensor itself is a source of
measuring error to some degree.

600 :
‘ N,,, = 1078rpm; m, = 27.0lmg ‘
400
E‘ 200
&
Q
s .-
é Ok
-200+ — M,,,(0) Sensor
M,,,(6) Model
- - = Validation error
_400-540 -360 -180 0 180 360 540
Crank Angle [deg]

Figure 4.9:The measured and simulated engine torquéfqr, = 381° as
well as the validation error.



Chapter 5

Conclusions

A cylinder-by-cylinder diesel engine model describing the angle synchronous
engine torque has been constructed. The engine torque produced is the sum-
mation of all individual cylinder torques. Each cylinder torque is made up of
one basic torque describing gas and mass forces working on the crankshaft
outside combustion and one effective torque describing the remaining forces
created during combustion through a replacement function. By studying the
engine torque, the torque contribution for each individual cylinder can be dis-
tinguished and used to trigger functions of control or diagnostics. Through
the gas path concept used and the crank angle based approach of the torque
generation, the complexity of the model has been held down.

As described in Chapterthe simulated torque has been tuned with the help

of the parametef,,,.,, and satisfies measured data from the test vehicle well
for low engine speeds. For higher engine speeds, more measured data is
needed before further conclusions concerning the accuracy of the model can
be drawn. For increasing engine speed at constant fuel injection, the mod-
elled torque increases when theory point towards a decrease. An explaination
linked to the wall-heat losses during the high pressure loop has been given in
Chaptend.

The model constructed is neither computationally complex nor does it re-

quire any special efforts in order to be parameterised. That makes it suitable
for Hardware-in-the-Loop implementation.

31



Chapter 6

Further Work

Even though the task has been undertaken in accordance with the predefined
aims, work still exist in order to further improve the model. Three improve-
ments, two towards improved accuracy and one towards Hardware-in-the-
Loop implementation, have been recognised and are described below.

The first step towards improved accuracy is to validate the model more. That
requires more and better measured data from the test vehicle. Once this has
been acquired, other approaches for model improvement may be investigated.
One such approach would be to look further into the replacement function de-
scribing the effective torque. As described in Chagtehe effective torque

has been optimised to fit measured data by adapting the parafheter
However, it is still unclear which and how different parameters affect the
effective torque. The replacement function itself therefore needs to be further
evaluated in order to determine whether a more accurate function, dependent
on present or new parameters, can be found or not. It would also be of in-
terest giving more thought to the possibility of modelling the effective torque
physically.

As it is now, the model describes a constant injection over time. In reality
however, the course of injection differs over the injection period. It would
be interesting to improve the possibility of controlling the start of injection,
maybe through a new parameter describing the time or crank angle at injec-
tion begin. In the present model the time or crank angle at which the injection
begins is embodied in the paramefgy, . and the description of the effective
torque. A correct modelling of the different aspects of the course of injection
could provide a more accurate model.

One of the aims of the thesis was to create a model suitable for Hardware-

in-the-Loop testing. This has been achieved through the low complexity of
the model and its low calculation time. However, before implementing the

32
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model on a HiL testbed, it must be discretised. The sample rate might also
need to be adjusted to fit the specific HiL standards.
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Notation

Notation

Variables and parameters

B ZFEII NSNS

O
T
<

BNE SO wn 3y

N
£ € B~ 3 2
g

Area [m?]

Specific heat capacity at constant pressupg:f K]
Fraction [-]

Force [V]

Enthalpy flow [J/s]
Inertia [kgm?]

Length |n]

Length ratio [-]

Mass [g]

Mass flow rate g/ s]
Torque [Nm]

Number of cylinders [-]
Rotational speed-ps]
PressurePal

Pressure differentiation ratéf/ s]
Fuel heating valuej/kg]
Radius {n]

Gas constantf/kg K]
Stroke |n]

Acceleration {n/s%]
Temperature K]

Energy V]

Speedfn/s]

Volume [m?]

Mean gas velocityrf/s]
Proportion [-]

Polytropic exponent [-]
Specific heat ratio for air [-]
Efficiency [-]

Crank angle deg]

Air/Fuel ratio [-]

Corrected mass flowkl/s]
Angular velocity fad/s]
Angular accelerationd/s]



Notation

Subscript identifiers

0 Air filter
1 Intercooler
2 Inlet manifold
3 Exhaust manifold
4 Exhaust system
5 EGR
a Air

amb  Ambient

bas  Basic

bep  Beginning of compression
c Cylinder

clear Clearance
cs Crankshaft
cr Connecting rod
comp Compressor
cool  Cooling medium
cp Compression
disp  Displacement
e Exhaust gas
eff  Effective
eng Engine
exh  Exhaust
f Fuel
g Gas
ge Gas energy
hp High pressure loop
int  Intake
m Mass
oc Oscillating part of the connecting rod
P Piston
s/er  Stroke to connecting rod
t Tangential
tc Turbocharger
th Theoretically practical
turb  Turbine
vol  Volumetric

Subscript directions

in  Incoming
out Outgoing



38 Notation

Abbreviations

BDC Bottom Dead Centre
CCEM  Cylinder-by-Cylinder Engine Model
CcI Compression Ignited
ECU Electronic Control Unit
EGR Exhaust Gas Recirculation
HilL Hardware-in-the-Loop
MVEM Mean Value Engine Model
TDC Top Dead Centre
VTG Variable Turbine Geometry
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