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Abstract

In modern heavy duty trucks the battery is a central component. Its traditional role as an
energy source for engine cranking has been extended to include powering a number of elec-
trical components on the truck, both during driving and during standstill. As a consequence
of this it is important to know how much a battery in use has aged and lost in terms of ca-
pacity and power output. The difficulty in measuring these factors on a battery in use causes
problem, since heavy duty truck batteries are often replaced too early or too late, leading to
unnecessary high replacement costs or truck standstill respectively.

The overall goal of the effort, of which this thesis is a part, is to use a model of the
cranking behaviour of a heavy duty truck engine, which depends on the battery condition, to
estimate the ageing and wear of a heavy duty truck battery. This thesis proposes a modelling
approach to model the components involved in engine cranking.

In the thesis work, system identification is made of the systems forming part of the
cranking of a heavy duty truck engine. These components are the starter battery, the starter
motor and its electrical circuit and the internal combustion engine. Measurement data has
been provided by Scania AB for the evaluation of the models. The data has been collected
from crankings of a heavy duty diesel engine at different temperatures and battery charge
levels. For every cranking lapse the battery voltage and current have been measured as well
as the engine rotational speed.

A starter battery model is developed and evaluated. The resulting battery model is then
incorporated into two different engine cranking models, Model 1 and Model 2, including a
starter motor model and an internal combustion engine model apart form the battery model.
The two cranking models differ in several aspects and their differences and resulting evalu-
ations are discussed.

The battery model is concluded to be sufficiently accurate during model verification,
however the two cranking models are not. Model 2 is verified as more correct in in its output
than Model 1, but neither is sufficiently accurate for their purpose. The conclusion is drawn
that the modelling approach is sound but development of Model 2 is needed before the
model can be used in model-based condition estimation.
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diction Error Minimisation
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Abstract

In modern heavy duty trucks the battery is a central component. Its traditional
role as an energy source for engine cranking has been extended to include pow-
ering a number of electrical components on the truck, both during driving and
during standstill. As a consequence of this it is important to know how much a
battery in use has aged and lost in terms of capacity and power output. The diffi-
culty in measuring these factors on a battery in use causes problem, since heavy
duty truck batteries are often replaced too early or too late, leading to unneces-
sary high replacement costs or truck standstill respectively.

The overall goal of the effort, of which this thesis is a part, is to use a model
of the cranking behaviour of a heavy duty truck engine, which depends on the
battery condition, to estimate the ageing and wear of a heavy duty truck battery.
This thesis proposes a modelling approach to model the components involved in
engine cranking.

In the thesis work, system identification is made of the systems forming part
of the cranking of a heavy duty truck engine. These components are the starter
battery, the starter motor and its electrical circuit and the internal combustion
engine. Measurement data has been provided by Scania AB for the evaluation of
the models. The data has been collected from crankings of a heavy duty diesel
engine at different temperatures and battery charge levels. For every cranking
lapse the battery voltage and current have been measured as well as the engine
rotational speed.

A starter battery model is developed and evaluated. The resulting battery
model is then incorporated into two different engine cranking models, Model 1
and Model 2, including a starter motor model and an internal combustion engine
model apart form the battery model. The two cranking models differ in several
aspects and their differences and resulting evaluations are discussed.

The battery model is concluded to be sufficiently accurate during model ver-
ification, however the two cranking models are not. Model 2 is verified as more
correct in in its output than Model 1, but neither is sufficiently accurate for their
purpose. The conclusion is drawn that the modelling approach is sound but de-
velopment of Model 2 is needed before the model can be used in model-based
condition estimation.
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Introduction

In modern heavy duty trucks the importance of the starter battery has increased.
The electric source is no longer used only for cranking the engine, but also for
maintaining power to a number of electrical components featured on modern
trucks. In the last 15 years Scania trucks have gone from featuring 5 computing
units to more than 20 per truck. In this context the condition, ageing and capac-
ity loss of a truck’s starter battery is relevant to the function of a high number
of systems featured on a truck. Battery lifetime in vehicles of this type varies
significantly and the underlying reasons are complex.

Normally a truck in active use does not have sensors monitoring the well-
being of the starter battery for a number of reasons, one being that to accurately
measure factors like the open circuit voltage and the internal resistance of a bat-
tery, it is needed to wait several hours after use of the battery for transients to
fade out.

Cranking behaviour of a truck depends on a number of factors including am-
bient temperature, electrolyte temperature of the battery, temperature of the oil
in the combustion engine and the general condition of the battery. Measurements
needed for battery surveillance are normally not available for use in on-board di-
agnostics of heavy duty trucks. Therefore, the idea is to use available signals such
as engine rotational speed and oil temperature together with a model for crank-
ing behaviour in order to estimate wear, State of Charge and State of Health of a
truck battery.

The thesis is a part of a project dedicated to investigating wear and lifetimes
of heavy duty trucks and using statistical analysis, prognostics and modelling to
do so. The project, IRIS, is a collaboration between the Institution for Electrical
Engineering (ISY) at Linkoping University, Scania AB and Stockholm University.



2 1 Introduction

1.1 Objectives

The aim of the thesis is to investigate a model-based approach to measuring the
condition of a heavy duty truck starter battery. The final goal of the project is to
use a model of the cranking behaviour of a heavy duty truck to correctly asses
the condition of a truck battery using measurements collected during cranking
of the engine.

The goal for this thesis is to construct the model of the cranking of a heavy
duty engine. The model is to be implemented in MATLAB/Simulink. For the
purpose of calibrating the model, data has been provided, consisting of measure-
ments of a cranking system used at different temperatures and varying battery
charge levels.

The objectives of the thesis are:

* Investigate the system involved in cranking a heavy duty truck engine

* Investigate the structure and submodels needed to form a model of such a
system

* Outline a physical state-space model of the system

* Implement the model in a manner that allows it to be fitted to the measured
data

* Fit model to data
 Evaluate the ability of the model to duplicate measured signals

* Draw a conclusion on the viability of this modelling approach for the pur-
pose of model-based condition estimation of heavy duty truck batteries

1.2 Outline and Contributions

Chapter 2 is a theory chapter containing general modelling principles applied in
the thesis work as well as theory of the systems modelled. It also contains some
modelling theory and sets the framework for the models used in the project.

The models developed during the work are presented in Chapter 3. The
derivation of the models and their sub-models are explained and their states and
parameters are listed. The work on this chapter includes system identification of
the cranking system and its significant components.

The model structure presented in Chapter 3 has been evaluated to fit the mod-
els to data. The model evaluation progress is presented in Chapter 4 which in-
cludes both fitting of the models to data and verification of the model accuracy.
The chapter demonstrates how well the models can be fitted to data and the meth-
ods used during the model evaluation.

Chapter 5 contains the conclusions of the thesis and possible directions for
future work on the project.
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The contributions by the author of this thesis are presented in Chapters 3, 4
and 5. The models introduced have got a physical foundation and are designed by
the author. In the cases where a model is based on a model in literature the earlier
model is stated and its originator credited. The software for model parameter
estimation and model simulation has been developed, in MATLAB/Simulink, by
the author. The conclusions of the thesis stem from the author and the work done
on the thesis.






Modelled System and Physical
Background

This chapter contains a theoretical background to the systems that have been
modelled throughout the thesis project, as well as modelling basics and princi-
ples. The system that needs modelling to correctly represent a cranking proce-
dure includes three major components, the starter battery, the electric starter mo-
tor and the internal combustion engine. The battery provides the electric power
to drive the electric motor. The electric motor is then connected to the crankshaft
of the engine and drives the crankshaft in order to build up pressure, airflow and
temperature sufficient for ignition. The layout of this system can be seen in Fig-
ure 2.1. These three components together with external conditions like ambient
temperature affect the cranking behaviour. The aim of this chapter is to give a
good enough understanding of the components to proceed with the modelling
concerned in the thesis. Aspects of the subjects that are not relevant for the mod-
elling work is left out.

2.1 Starter Battery

The battery type most commonly used in cranking applications of vehicles is the
Lead-Acid accumulator. The basic structure of this rechargeable battery dates
back to the mid-19'™" century. It is the earliest form of rechargeable battery in-
vented. The battery consists of two electrodes (metal plates) immersed in elec-
trolyte. During charge or discharge one electrode functions as anode and the
other as cathode. The electrode that serves as anode during discharging forms
the negative pole of the battery and is made from lead (Pb). The other electrode
(cathode when discharging) therefore is the positive pole and it consists of lead
dioxide (PbO,). This setup is illustrated in Figure 2.2.



2 Modelled System and Physical Background

FLYWHEEL
AND RING

GEAR \\\

Figure 2.1: The system involved in cranking an engine: starter battery,
starter motor and the ICE [1].

Load __l

PbO2 Pb

Electrolyte H2S04

Figure 2.2: Illustration of the electrochemical set-up of a lead-acid battery.
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2.1.1 Chemical Reaction

The chemical reactions taking place at each plate during discharge are the follow-
ing. At the negative plate (anode during discharge):

Pb+HSO; —2¢” — PbSO4+ H' (2.1)
At the positive plate (cathode during discharge):
PbO, + HSO; + 3H" + 2¢” — PbSOy4 + 2H,0 (2.2)

During charging an external DC power source is applied instead of the electric
load, forcing the current the other way, reversing the reaction.

For a car lead-acid battery it is normal to use six battery cells in series, each
with a maximum voltage output of 2,1 V at full charge, producing a maximum
battery voltage of 12,6 V. The type of heavy duty trucks treated in this thesis
normally use two of these batteries in series to produce a 24 V system for start-
ing the engine and running electrical components on-board. In reality batteries
of this type can reach up to 25,2 V when the battery is fully charged. During
charge even higher voltage is imposed over the battery’s poles to provide enough
potential difference to reverse the chemical reaction.

An introduction to the chemistry, design and implementations of lead-acid
batteries is given in [17]. For vehicular batteries and their use, see [14], [28] and
[13].

2.1.2 Battery Model Structure

Various model structures may be used when representing the characteristics of a
physical battery. A detailed description of lead-acid batteries is given, in Chapter
16 [17], with origin in the chemical reaction briefly described above. An electro-
chemical model would be an alternative in modelling the characteristics of this
type of battery. Such a model is centred around the reactions at the electrodes.
Using states for the active matter at any time instant it is possible to calculate the
power output of a battery. However, this comes at a high cost of model complex-
ity. Some useful properties such as internal resistance are difficult to obtain from
electrochemical reactions in the battery. There are also electrochemical factors
in a battery that are not relevant to the external circuit, for example the amount
of reactive mass in the battery. An electrochemical model is too detailed for the
purpose of this thesis [13].

A second approach to modelling that is common in physical studies of a bat-
tery is the numerical modelling approach. It is very useful when studying phys-
ical systems that include a complex geometry. To calculate thermal transfer or
mechanical stress in these systems a numerical solution using the Finite Element
Method (FEM) is commonly used. The approach in this method is to divide the
structure into a high number of small elements and subsequently solve the dy-
namic governing equations for the system numerically. This involves solving a
number of non-linear equations iteratively putting a high demand on computa-
tion capacity [25] [13].
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One more commonly used method is the equivalent circuit method. It in-
volves approximating the characteristics of a complex electrical system in a smaller
one. An example of a simple equivalent circuit of a battery using static (constant)
parameters can be seen in Figure 2.3. This equivalent circuit incorporates an
ideal voltage source, E,,, with a constant internal resistance, R, to generate the
terminal battery voltage, Uj. This forms an idealized model of a battery as a volt-
age source with an inner battery resistance. If used with constant model param-
eters this model delivers a constant output voltage and, if connected to a load, a
current. With constant parameters any change made on battery input would gen-
erate a instantaneous change in battery output. Were the parameters to be made
dynamic it could model voltage drop as a function of the battery exhaustion or
limitations given by external temperature variation. Non-linear dynamic param-
eters may be used in this linear battery model. The model, however, would not
be able to model the fast dynamic behaviour of a real battery circuit.

R

NV °

1O .

O

Figure 2.3: Static equivalent circuit model of a battery.

By adding elements to the circuit like capacitors and several resistances more
dynamics can be modelled. In [13] and [28] the Randle equivalent circuit is con-
sidered. A Randle circuit is a type of Thevenin equivalent circuit that can use
RC-elements in order to model otherwise complex dynamic behaviours when de-
signing an equivalent circuit. With static (constant) parameters these types of
circuits can represent the dynamic voltage output behaviour of a battery but not
a number of other aspects such as representation of voltage drop as a result of
extracted current over time. A voltage drop as result of current drawn from the
battery is modelled by Ohm’s law as a current passes through the internal resis-
tance. However, as current is drawn from a battery over time the internal reactive
substance depletes and the battery drains. To model this dynamic parameters are
needed. Also the capacity of a real battery is limited and to get a detailed enough



2.1 Starter Battery 9

model one needs to monitor the percentage of the battery’s capacity remaining
and include a function for the voltage drop as a result of this state. The type of
equivalent circuit demonstrated in [28] is illustrated in Figure 2.4. It consists of
the basic electromotive force (Em), the internal resistance of the battery (R0), a
capacitance (C1) and what is called an over-voltage resistance (R1). The output of
the model is the terminal voltage Uj,. In [8] the over-voltage resistance is said to
represent the non-linear resistance resulting from the contact between the plate
and the electrolyte in the battery.

Ry

%7

1O .

Figure 2.4: Thevenin battery model.

This model is referred to as the Thevenin Battery Model and is occasionally
used for the type of modelling used in this thesis [6], [8]. In these cases all pa-
rameters are assumed to be constant which is problematic since the real values of
these depend on battery conditions.

Regardless of which type of battery model that is used, there will be a need to
represent the battery behaviour by model equations using parameters and state
variables to represent the battery output from a given input. In Chapter 4 of [14]
an introduction to two different battery modelling approaches is presented, qua-
sistatic and dynamic modelling. They differ in what variables are used as inputs
to the model and their modelling equations (though the same in both models) are
used differently. For the quasistatic model the terminal battery power is used as
input and the battery charge is considered as an output. In this case the battery
discharge current and the battery voltage are considered as internal variables of
the model. For a dynamic battery model the extracted current is used as input
while the battery’s terminal voltage is used as output.

More complex equivalent circuits are also used in research and design of
battery-related systems, but the choice of battery model for this thesis will be
discussed in Chapter 3.
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2.2 Starter motor

An illustration of the principles of producing mechanical rotational energy using
a Direct Current (DC) motor is presented in Figure 2.5. The current supplied
from a lead-acid battery will be DC, thus DC-driven motors are used for cranking
vehicles.

Figure 2.5: Illustration of the principle of a DC motor [2].

The principle of the DC motor as illustrated in Figure 2.5 can summarily
be described as follows. Current from an external source is transferred via the
brushes to the commutator ring and through the coil of the motor. The coil is
a part of the rotating part of the motor, the rotor, which is why current is trans-
ferred via brushes in contact with the static part of the motor. The magnetic field
then results in a magnetic force on the coil that can be illustrated by the right
hand rule for an electric conductor in a magnetic field. For this to occur the ex-
ternal magnetic field and the coil need to be aligned as the picture demonstrates.
When the directions are as in Figure 2.5 the magnetic forces resulting from the
coil interacting with the external magnetic field result in a turning of the rotor
generating mechanical rotational energy [12] [5].

As can be seen in Figure 2.5 the commutator ring connecting the brushes to
the coil has two gaps in them. When the commutator rotates and the brushes
reach this gap there is no current and therefore no magnetic force. At this point
rotation continues because of inertia in the rotor. Once the brushes have past the
gap in the commutator ring the direction of the current is back to the orientation
of Figure 2.5 and the process repeats itself. The external magnetic field can be
generated either by permanent magnets or coils generating an electromagnetic
field. In the later case these coils would also need to be supplied with current
from an external source. If the external magnetic field is generated by electro-
magnets we say that the stationary component (stator) is wounded, i.e composed
of coils [12] [5] [14].

Brushed DC motors are constructed with wound rotors and either wound or



2.3 Internal Combustion Engine 11

permanent-magnet stators. The type used in engine cranking uses wound sta-
tors. There are several possible configurations in wiring the motor. The armature
windings and the field coil can be electrically connected either in series or in
parallel. There also exists a version named compound configuration that does
both. The connection of the electrical components is illustrated in Figure 2.6. An
overview of electric starter motor configurations can be found in [14]. The choice
to be made is to either connect the coil winding and the field (stator) winding in
series or parallel. A third alternative named shunt is a combination of the two.
Normally in cranking the series wound configuration is used since this offers the
best torque characteristics for the considered application. The delivered torque
is proportional to the square of the current through the circuit, T,,, o IZ,. This
yields a higher maximum torque at high loads which is suitable for cranking [12].

C
@ ,
@
=
p—

Figure 2.6: Different winding connections of DC motors [15].
A: Shunt (parallel) B: Series C: Compound
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2.3 Internal Combustion Engine

The third element of the cranking model shown in Figure 2.1 is the internal com-
bustion engine (ICE). All of Scania’s heavy duty trucks use four-stroke diesel en-
gines so this thesis will be limited to these [4]. A good general picture of diesel
and other combustion engines is given in [11]. Diesel engines are compression-
ignited engines (CIEs) that use the heat and pressure of compression in order to
ignite the diesel air mixture in the cylinder.

Since the aim of the thesis is to model the cranking behaviour of an engine,
the properties of the engine before the first ignition of an engine start are the
relevant ones. The data sets provided by Scania are limited to cold starting of
engines and so will the model be. There are a number of factors that influence
the engines resistance to cranking. Essentially the model needed for this project
needs to act as a resistance since the energy delivered by a combustion engine
depends on the combustion of the fuel and during cranking there is no ignition.
Assumptions, simplifications and delimitations of the modelling process will be
discussed in Chapter 3 when the models used are specified.

When cranked during cold start an ICE resists motion in a number of ways.
Since there is no ignition the engine produces no torque of its own. The sources
for the engine’s resistance are as follows:
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* Friction
* Compression work

* Reciprocation of engine parts

2.3.1 Friction in Diesel Engines

Friction in a four-stroke engine originates in the contact surfaces between the
moving parts (piston rings, bearings etc) and the fixed engine parts (cylinder lin-
ing, engine block etc). Each surface of contact and friction yields a component of
the total friction in the engine. When modelling friciton in a combustion engine
there are a few approaches available. The earlier mentioned book, [11], focuses
on mean-value engine modelling. Mean-value engine modelling means that all
variables such as inlet manifold pressure, combustion energy and engine friction
are averaged out over each cycle. This makes the models less complicated and im-
proves runtime but means that there is no insight on the in-cycle variations. This
is very useful when modelling an engine that is running. Conditions for cold-
starting of an engine are very different from those of an engine that has been
running for some time as mentioned in [11] and [29]. Thus it is more probable
that an instantaneous friction model will be used to provide a value of friction
components at every instant during cranking.

The ICE model components in Section 3.3 are defined to give the engine pres-
sure and reciprocating torque losses at any instant or crankshaft angle, 6, thus
giving their contributions on instantaneous form. In [26] an attempt is made
at determining the instantaneous friction torque in ICEs by using engine speed,
6 = w, and indicated pressure, pey;. However, this model does not, account for
the effect of temperature on the friction of the engine and does therefore not
include any temperature dependence in the resistance of the engine. The instan-
taneous model in [27] scales the friction according to the Stribeck Curve that is
exemplified in Figure 2.7. Thus Sandoval defines the friction losses as a poly-
nomial function of engine speed with one constant, one linearly dependent on
engine speed and one dependent on the square of the engine speed. This study
mentions the effects of the temperature on the oil viscosity but demonstrates the
friction loss effects over only a range of various engine running speeds. Thus, no
insight is given on the friction behaviour during cold starting.

Another study that in great detail describes the instantaneous friction torque
in a diesel engine is [7]. This describes the fluctuations of the different torque
components over the entire engine cycle. In [7] the sources of mechanical fric-
tion in the ICE are given as piston rings, piston skirt, valve train, auxiliaries and
bearings which concurs with [26] and [27]. However, [7] also classifies the differ-
ent friction components over a range of operating points of the engine, varying
over engine speed and load. The lowest engine speed considered is 1000 rpm,
meaning that the effect of friction in cold starting is left out.

In an ICE all friction takes place under lubrication. One of the basic differ-
ences between a two-stroke and a four-stroke vehicle engine is the way of lubri-
cating the engine. In a two-stroke the motor oil is mixed with the fuel to provide
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lubrication of the moving parts. In a four-stroke the motor oil is kept separate
from the fuel and the moving parts are supplied with oil from a capacity pan at
the base of the engine and an oil pump is used to transport oil into bearings and
joints. This is called a wet sump lubrication system. The oil then drains into the
pan due to gravitation. Thus, the temperature in the cylinder and oil tempera-
ture are only indirectly linked through heat transfer in the engine block. This
all serves to make sure there is an oil film between all moving parts and their
adjacent non-moving parts.

The characteristics of the friction between the metal parts of an ICE are deter-
mined by the mode of lubrication between the two. Depending on the thickness
of the oil film the friction coefficient varies in different ways. The domains of this
variation can be described in a Stribeck diagram. These diagrams are mentioned
in [7] and [29]. A simplified version is given in [9] that gives an approximation
of the mixed and hydrodynamic domains of the friction. Essentially the domain
that gives the behaviour of the friction dynamics is determined by the thickness
of the oil film, viscosity of the oil and the speed of motion. The speed of motion
in this case can be represented by the orthogonal speed of the piston. An illustra-
tion of the Streibeck curve for different domains of lubricated friction is shown
in Figure 2.7.

000 T 2

I |
-
0.01 0.1 l.n 1|D 0
gNP

Figure 2.7: Stribeck Curve to illustrate different domains of friction [3].

1: Solid/Boundary friction

2: Mixed Friction

3: Hydrodynamic/Fluid Friction

On the Y-axis in the picture is the friction coeffitent and on the X-axis is the
load parameter that governs the friction domain, uN/P. This load parameter
consists of oil viscosity, y, speed of motion, N, and load on the surface, P, i.e
oil film thickness.

In a well-lubricated engine most friction between surfaces work under hydro-
dynamic friction condition. Some exceptions can occur, however. For example
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when the piston is around the top dead centre (TDC) the oil film around the
edges breaks down and is thinned out, leading to a change in domain from hy-
drodynamic friction to the mixed domain [29]. As illustrated in Figure 2.7 this
yields different characteristics in friction as the duty parameter varies. The essen-
tial difference between the two situations is that the oil film is thinner closer to
TDC. The boundary domain is caused by an even thinner oil film between com-
ponents. Friction at this point is close to dry friction (metal on metal in a truck
engine) and needs to be avoided since it might cause an engine to break down
completely. In a normal running case this type of friction does not occur in an
ICE.

2.3.2 Engine Pressure

As mentioned in the introductory part of Section 2.3 this thesis aims to model the
cranking of the engine. The diesel engine is electrically cranked to provoke igni-
tion at which point combustion drives the engine instead of the external cranking
system. Diesel engines are Compression Ignited Engines (CIEs). Thus the engine
must build up a pressure and temperature sufficient enough to ignite the fuel-air
mixture when cranking. Since no combustion takes place during this cranking
the only indicated pressure in the cylinder stems from the air-fuel mixture being
compressed by the cylinder.

The compression work is the work used to compress the air-fuel mixture in
the cylinders during cranking. It is determined by the pressure in the cylinders,
the dimensions of the combustion chamber and the lever between the chamber
and the crankshaft. When air is compressed in the cylinder work is used to do
the compression. After the piston has passed TDC it in turn delivers torque to
the crankshaft since the expansion of air-fuel mixture then provides a force on
the piston head that aids the cranking for the duration of the expansion [11].

During compression in an ICE all valves in the cylinder are closed meaning
that the air compression is a function of the size of the combustion chamber given
by the position of the piston and the pressure in the cylinder when the compres-
sion begins. It is normal for diesel engines to generate a pressure of about 40 bar
(4,0 MPa) and a temperature in the cylinder of about 550 °C for ignition to take
place [11].

2.3.3 Reciprocation of engine parts

The loss due to reciprocation of engine elements is the resistance to movement
by the parts that are accelerated during engine rotation. Force caused by acceler-
ation of a mass is given by Newton’s second law, F = ma. This will occur during
vertical, lateral and rotational acceleration in the engine.

2.4 Data from Scania

This section provides an overview of the available data. For more details on the
use of the data in model evaluation, see Section 4.1. The data is in time-domain
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form which means that all data is provided as measured data over time. The
data has been collected in a controlled-environment engine test cell at Scania.
It consists of measurements of selected variables during cold start cranking of
heavy duty engines. Three heavy duty diesel engines have been used for the data
collection with five, six and eight cylinders. This thesis will focus on the cranking
modelling of one of the engines since the principles are the same for all engines
and a completed model can be extended and validated for another engine. Thus
the meaning of "model evaluation data" for the remainder of this thesis will be
the measured data for a five cylinder diesel engine, the Scania DL5.

The measured data from cold start cranking of the Scania DL5 consists of time
series data of a number of engine quantities. An engine has been cranked until
ignition occurs at controlled temperatures of +35°C, +10°C, 0°C, -10°C, -15°C,
-20°C and -25°C. At every temperature the starter battery powering the cranking
has been fully charged before the first cranking attempt and then a number of
cold starts at each temperature have been made until the battery is no longer
able to crank the engine enough to achieve ignition. In some cases several of
these battery discharge lapses have been made with a fully charged battery at the
beginning of each test. For the majority of the cold starts data has been collected
with a measurement frequency of 5000 Hz with the exception of 8 starts at +10°C
where the measurement frequency is 5 Hz. The data includes measurements of:

* Fuel pressure
* Battery current
* Battery voltage

* Engine rotational speed

A plot of measured engine rotational speed and current drawn from the bat-
tery during a measurement series at 0°C can be seen in Figure 2.8.

When the data has been collected the engine has been given time to cool be-
tween each cranking to ensure cold starting conditions. In the cases where the en-
gine is able to ignite and start running the engine has been cut just after ignition
in order to minimize cool down time between starts. In each case measurements
begin just before each cranking and end just after in order not to miss any details.
This means that the data contains extra information not relevant to the cranking.
Therefore the relevant data has been isolated from the unnecessary data by iso-
lating the part of each series that contains the data for the cranking and isolating
the desired variables during this time window. The use of this data in setting
parameters for the models is described in Section 4.1.
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2 Modelled System and Physical Background
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Figure 2.8: A plot of two typical measured signals, engine rotational speed
and battery current collected during a cranking at 0°C.



Models

This chapter treats the models used when modelling the cranking behaviour
of the truck engines. It contains the postulations and simplifications that have
been made in the modelling process as well as the modelling equations and an
overview of the final model.

The basic configuration of the system involved in cranking a heavy duty truck
ICE is explained in Chapter 2. An overview of the system and its causality can be
seen in Figure 3.1.

| Ne: Tem Tem Ne J
pUb Ib ICE
Starter motor
SoG
»Ib Top
Ub
Switch Battery —‘
o

Figure 3.1: Model structure of the cranking system of a diesel engine.

For the three submodels in Figure 3.1 there are signals forming their respec-
tive interface. The battery voltage output, U,, provides an electromotive force for
the starter motor circuit. Through the windings in the armature of the motor the
starter motor model generates the torque, T,,,, used for cranking the ICE. The cur-

17
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rent consumed in the circuit is considered as an input to the battery model. Thus
the battery model can represent the battery draining as current is drawn from
it. The electric motor is mechanically connected to the crankshaft of the ICE and
thus the electric machine torque T,,, turns the engine during cranking. The ro-
tational speed of the ICE, w, is fed back to the starter motor model to model the
back EMF.

A large portion of the model parameters of the ICE model stem from the fric-
tion model. As to the complexity level of the friction model used, the founda-
tion is in [29], which in turn is an improvement on the model developed in [26].
The complexity increases as more and more detailed processes are included in
the model. It is however evident when the model from [29] is improved in [7]
that such complexity is needed to accurately model engine friction in an instan-
taneous manner. Another approach is taken in [27] with mean-value friction
models for a similar engine. The mean-value models differ in their structure, but
their model equations are equally complex and non-linear to the ones presented
in [29]. When a simplified friction model is developed in [18] the friction model
becomes more simple at the price of a higher number of states used in the friction
model.

In the modelling of this thesis two models have been introduced. For the re-
mainder of the report they will be referred to as Model 1 and Model 2. They
both follow the same basic structure, differing a bit in number of model states
and parameters used. They both use the same battery model, their differences
stem from varying applications of the starter motor and friction models. Their
differences will be explained in Sections 3.2.1 and 3.3.4, and the states and pa-
rameters of each model will be summed up in Section 3.4. The models represent
two different generations of the complete model of this thesis, Model 1 being the
earlier one. The aim is that Model 2 will therefore prove better in some aspects
than Model 1. They are also both included because their differences make them
interesting to compare when drawing conclusions on the model evaluation in the
thesis.

3.1 Battery Model

A general introduction to lead-acid accumulators is presented in Section 2.1. In
[14] two general causality approaches for battery modelling are presented, quasi-
static modelling and dynamic modelling [20]. Simply put they differ in what
variables are defined as inputs and outputs of the battery model (their causality)
and in accordance the different approaches use their modelling equations differ-
ently. The dynamic models are usually able to describe the transient behaviour of
batteries, including the rate of change of the battery terminal voltage [14]. It also
gives physical insight and fits well with the causality idea presented in Figure
3.1.

As is mentioned in Section 2.1 various approaches can be taken when mod-
elling a battery. In this thesis the choice has been made to apply an equivalent-
circuit model with dynamic parameters. The dynamics of a battery delivering
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voltage can be obtained from this but it does not give any insight as to the internal
chemistry or workings of the battery [17], [14]. An equivalent circuit that incor-
porates RC or RL elements with constant parameters can quite well approximate
the dynamic in delivering electricity, but lacks the ability to describe the effects
of discharging a battery over time such as increased internal resistance and drop
in terminal voltage. Therefore the dynamic parameters are essential when using
an equivalent circuit to describe battery discharging at different temperatures
and levels of charge. An overview of various modelling approaches is presented
in [28]. Here one can also see the manner in which a Randle circuit constructed
of a series of RC parallel circuit elements can model dynamic behaviour using
a number of parameters for the different RC elements. Souzzo demonstrates in
[28] that a lot is gained in terms of representing dynamics behaviour simply by
using a Randle model of order 1, incorporating one RC element in the circuit.

The version of this model that forms the basis for the battery model that is to
be used is developed by Robert Jackey in [16], where a first degree Randle model
is developed and complemented with a parasitic leak branch. Jackey also states
expressions for dynamic parameters in the model, that are parametrized in [24]
and [16]. The model used by Jackey is modified for the use of this thesis. In [16]
Jackey states that the parasitic branch representing leak current in the battery is
significant during charge at high SOC. In the data provided for this thesis there
is no information on the charging of the truck batteries to be modelled and thus
no need to model battery charging at high SOC. Thus the parasitic branch is left
out, yielding the equivalent circuit structure presented in Figure 2.4. A model
state will be needed for modelling the voltage drop across the RC element since
this essentially works as a first-order time delay for the voltage.

The model structure in Figure 2.4 can model the dynamic voltage character-
istics with reasonable accuracy while using three model states. This structure
together with dynamic parameter equations presented in [16] forms the battery
model chosen for this thesis. The model parameters will need to be set in order
to accurately model the specific type of battery used in Scanias truck systems.

3.1.1 Dynamic Battery Parameters

All parameters of the battery model are demonstrated in the illustration of the
model structure in Figure 2.4. Each electric component is designed to emulate
a certain aspect. The dynamic equations are primarily designed to represent the
behaviour of the battery as a function of discharge over time. The non-linear
parameter equations are consisting of states and empirical parameters that need
to be set according to the battery that is to be modelled.

Battery EMF

The electromotive force of the battery model is provided by the ideal voltage
source E,,. As stated in among others [17] and [14] there is a maximum voltage
for lead-acid accumulators of about 2 V. This is for good operating conditions
and full battery charge. Both [17] and [13] state that output voltage of the battery
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declines with increasing temperature and decreasing State of Charge. This is here
modelled by the following expression for the ideal voltage:

Eyy = Epo — KeVar(1 — SOC) (3.1)

Here E, is the ideal output voltage of a lead-acid accumulator, Kg is a model
parameter constant, vy, is the battery electrolyte temperature in K and SOC is
the battery State of Charge. v,; and SOC are functions of other battery variables
and will be explained further on in this chapter. This gives a linear dependence
between battery EMF and temperature, since the battery’s ability to deliver volt-
age goes down with rising temperature [17] [16]. In (3.1) the battery EMF level
decreases when the battery heats up. In the same manner E,, decreases as current
is extracted from the battery, reducing the charge level.

Battery Capacity

The battery capacity model represents an approximation of the total battery ca-
pacity as a function of the current discharging from the battery and the battery
temperature. As mentioned above the capacity as well as the output voltage of a
battery varies with changing temperatures. Both these are lowered by high tem-
peratures. Presented in (3.2) is a non-linear empirical equation that uses drawn
current and battery temperature to model battery capacity. The temperature vari-
ation in capacity is given through a look-up table (LUT), K;(vp,;). The expression
for the capacity is given as:

K. Co: K¢ (vpat)
1+ (K, = 1)(I/I*)°

C(I, Vbat) = (32)

The expression in (3.2) includes two model parameter constants, 0 and K.. Out
of the two currents in (3.2) I* is a nominal battery current and I is the current ex-
tracted from the battery. The constant Cy- is the battery capacity with no external
load at 0°C, and the unit of C(I, vy,;) is Ampere-seconds [16].

Extracted Battery Charge

The extracted charge of the battery is simply the integration of the current flow-
ing out of the battery main branch. Thus the expression for extracted battery
charge is:

t

Qult) = Qugni + [ Il (33)
0
Here I(t) is the current extracted from the battery in Amperes, ¢ is the simulation

time of the model in seconds, 7 is the integration variable and Q, ;,,;; is the charge
that has been extracted from the battery prior to the start of simulation.
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State of Charge and Depth of Charge

This battery model uses two different types of comparative measure of the charge
level of the battery, State of Charge (SOC) and Depth of Charge (DOC). The
difference between the two is that SOC is a measure of the remaining charge
of the battery compared to the ideal maximum capacity of the battery while the
DOC measures the remaining charge in the battery compared to the capacity at
the current average main branch current, I(t). For SOC the capacity is taken
as when the battery is fully charged. Using the expression of the battery capacity
introduced in (3.2), extracted charge from (3.3) and average current from (3.4) the
expressions for SOC and DOC are given in (3.5) and (3.6). The average current
used in the expression for DOC is calculated using (3.4). It is estimated using a
first-degree averaging system. It averages the main branch current using a model
parameter time constant, 7;. The expressions for SOC and DOC used are defined
in [16].

I
log = 577 (3.4)
Q.
SOC=1- —— 3.5
C(O, Vbat) ( )
pOC=1-—2 (3.6)

CIavgs Voar)
Large discharge currents means that the battery drains quicker, and therefore
DOC will always be less than or equal to SOC.

Terminal Output Resistance

The resistance over the battery terminals is considered an external resistance
to the chemical battery reactions and therefore depending only on the state of
charge and not the battery electrolyte temperature. The resistance R is calcu-
lated as:

RO = ROO [1 + Ao(l - SOC)] (37)

In this expression Ry is the terminal resistance when the battery is fully charged.
Ag is a model parameter constant.

Battery Parallel Resistance

Battery parallel resistance is the resistance Ry of the parallel RC element in the
battery equivalent circuit. It is depending on DOC. When the battery discharges
this exponentially influences the internal parallel resistance. Thus the expression
becomes:

Rl = _RIO IOg(DOC) (38)

In this expression R is a constant model parameter. The logarithmic expression
represents an exponential increase of resistance as DOC decreases. However,
since a battery will reach its terminal voltage where it is deemed discharged for
cranking purposes well before the DOC reaches 0. The minimal SOC present in
the data is around 0,2.
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Battery Capacitance

A parallel RC element of a circuit basically translates into a time delay of the
voltage. In modelling terms it equals a first-order system. In this circuit the ca-
pacitance of the capacitor gives the length of the time delay. Thus the expression
is:

T

Cl = R_l (39)

In this expression 7; is a time constant of the model and its unit is seconds.

Battery Electrolyte Temperature

Since all currents in the battery passes some form of resistance they will generate
heat in the battery causing the battery electrolyte to heat up during both charging
and discharging. The thermal model uses a first order differential equation for
the battery electrolyte temperature with parameters representing the battery’s
thermal resistance Ry and thermal capacity Cgy. This yields:

[PS _ Vbutlzvamb]

1)bat(t) = C@ ¢

(3.10)
Here P, is the power developed through P = RI? in Ry. Since the model is of cold
starting engines the electrolyte temperature is initially assumed to be the same as
the ambient temperature also used in the expression, v,,,;. The simulation time
is taken as t and t is the integration variable.

Comments on the Battery Model

In order to model six individual battery cells one would need to include another
heat transfer model since the six cells are placed in a row in the battery and heat
will be transferred through the battery [28]. This is not done in this thesis as the
aim is primarily to accurately model the cranking behaviour.

The battery model uses five internal states to generate its output of terminal
voltage. The states are electrolyte temperature (vy,;), extracted battery charge
(Q.), average discharge current (I,,¢), voltage drop over the parallel branch (V)
and ambient temperature (v,,,;,). The ambient temperature is considered a static
state as we assume that the external temperature is not changed during cranking.
The battery model has got five parameters that can be used to parametrize the
model and adapt it to measured data. The parameters are the constant in the
main voltage expression (Kg), the constant in the terminal resistance expression
(Ao), the constant of the parallel resistance (R;g), the time constant in the capac-
itance (7;) and the second constant of the terminal resistance expression (Ryg).
The model uses one input, the current extracted from it, I.
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3.2 Starter Motor Model

This section presents the model of the electric starter DC motor used in the crank-
ing model. As mentioned in Section 2.2 the electric motor used for this type of
cranking is series wound. This means that all components of the motor circuit
are connected in series [12] [5]. The starter motor circuit is shown in Figure 3.2.

Rem Lem

Ub Uarm

O

I
Figure 3.2: Equivalent circuit of a series-wound DC motor.

The voltage U, is applied to the starter motor by the starter battery. The
circuit consists of an inductance, L,,,, in series with a resistance, R,,,, and an
armature that produces the torque of the motor. Once the voltage is applied to
the circuit the current I flows through all components. When the motor starts
rotating the armature voltage, U,,,, becomes the back electromotive force. The
back EMF is therefore the voltage that is induced into the circuit as a result of the
motor’s conductors moving in relation to the magnetic field in the armature [12]
[14] [5]. When the circuit current drives a motor the back EMF works against the
applied external voltage. If a circuit of this type is used as a generator the turning
of the armature induces the voltage at the circuit poles. The back EMF is given
by:

Varm = K@w,y, (3.11)

In (3.11) K is a motor constant, @ is the magnetic flux in the armature and w,,
the angular velocity of the electric motor. The motor constant depends on design
parameters of the motor [12], and the torque developed by the starter is:

T, = KOI (3.12)

The magnetic flux is proportional to the magnetic field current, @ oc If;.14 [12].
Since the motor is series wound the current running through the armature is also
the field current of the DC motor, meaning that the magnetic flux can be given
by:

® = Kplfioa = Krl (3.13)
In (3.13) K is a constant that depends on the number of field windings in the mo-

tor, geometry of the magnetic circuit and the magnetic characteristics of the iron
in the armature. This constant can be affected by phenomena such as magnetic
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saturation when a magnetizing field fails to magnetize the iron further, causing a
saturation behaviour. Since the DC motor can here be said to operate at a linear
range, Kr is approximated with a constant [12].
Combining the expression for the flux with the EMF and torque equations
yields:
Virm = KKpwy, I = kw1 (3.14)

and
T, = KKpI? = i, 12 (3.15)

In (3.14) and (3.15) the earlier constants have been combined for model simplic-
ity according to «,,, = KKg. Together with the induction and resistance in the
starter motor circuit the differential equation governing the starter motor current
is given by:

I'=(Up = Rl = Kem@mI)/Lem (3.16)

In (3.16) Uy represents the external voltage applied to the circuit. For this system
Uy is the voltage supplied by the truck’s starter battery. From a causality point
of view the torque given by (3.15) and the current given by (3.16) are considered
the outputs of the starter motor model, the current serving as input to the battery
model and the generated torque propelling the cranking of the ICE. The inputs
of the starter motor model are the battery voltage applied to the circuit and the
rotational speed of the ICE crankshaft.

The starter motor armature to this point is considered an ideal electrical ma-
chine coupled with two electrical elements in the circuit [5]. It is possible to
extend this model to also include a model of the inertia of the moving parts of
the electric motor. In that case there is a mechanical time constant in the system
based on the inertia of the starter motor, J,,,. According to [22] the friction of a
starter motor can also be well approximated with a constant. That leads to (3.17)
which governs the rotational speed of the motor.

Wem = (Tem - Tfric,em - Tload)/]em (3'17)

The components of (3.17) are the rotational speed of the starter motor (w,,,),
the torque produced by the motor’s armature (T,,,), the constant friction of the
motor (Tf,icem), the external load connected to the starter motor (7j,44) and the
inertia of the motor (J,;,). In a model w,,, would be a state and there would be
2 unknown model parameters of this model, the friction Tf,;., and the inertia
Jem- The external load on the motor is provided through its connection to the
ICE.

In the modelled cranking system the starter motor is connected to the ICE
through a ring gear and a pinion [22]. These components provide a ratio between
the torque of the starter motor and the ICE. The pinion of such a system is a small
gear with few cogs. When the rotational speed of the pinion is equal to or bigger
than the rotational speed of the ring gear the pinion is stiffly connected to the
ring gear. When the speed of the pinion drops below the speed of the ring gear
the pinion disconnects. This is in order to prevent the starter motor from acting
as a load on the ICE after ignition. The ring gear is a large gear on the outside of
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the flywheel of the ICE. This gives the relationship in (3.18) and (3.19) between
the torques and rotational speeds of the rotating bodies.

Tem,ice = KgTem (3‘18)

Wem = Kgw (3.19)

Tom,ice denotes the torque delivered from the starter motor to the ICE via the ring
gear and in (3.19) w denotes the rotational speed of the ICE. In both (3.18) and
(3.19) K, is the gear ratio of the system’s ring gear. A common configuration on
the Scania engines uses 158 cogs on the ring gear and 12 on the pinion, giving a
gear ratio of K, =158/12 ~ 13.17.

3.2.1 Used Variations of the Starter Motor Model

As mentioned in the introduction to Chapter 3 there are two different cranking
models used in this thesis, Model 1 and Model 2. Their differences in their starter
motor submodels are explained here. The starter motor model is one but not the
only thing separating the two models. In Model 1 the model equations of the
starter motor contain three model constants, «,,,, R,,, and L,,, that need to be
parametrized together with the parameters of the ICE model. The model uses one
internal state in the output equations, the circuit current I. The circuit current
also forms one of two outputs of the model, the other being the torque applied to
the ICE crankshaft, T,,,. The inputs to the model are the voltage applied to the
electric motor by the battery, U, and the rotational speed of the motor, w,,,. Since
the motor is connected to the crankshaft of the ICE, w,,, is considered the same as
the rotational speed of the ICE [12] [11]. Any gear ratio in Model 1 is aggregated
into the model constant of the electric motor, x,,,. The starter motor inertia of
Model 1 is considered part of the inertia of the ICE, presented in Section 3.4. This
means that for Model 1 the electrical dynamics of the starter motor are separately
modelled, while the mechanical properties are aggregated with the mechanical
properties of the ICE.

In Model 2 the electric dynamics of the starter motor circuit are considered
as a fast process in relation to the other dynamics. This means that the induc-
tance of the circuit is eliminated, as is the dynamic current equation (3.16). This
means that the current is calculated linearly at each time instant instead of hav-
ing an internal state for any non-linear dynamics. Instead Model 2 includes the
mechanical dynamics of the starter motor and the ratio of the pinion and ring
gear. If we make the assumption that the rotational speed of the pinion will
never drop below the relative rotational speed of the ring gear the two rotating
masses of the starter motor and the ICE are thus connected. This means that the
rotational speeds, inertias and governing equations can thus be aggregated using
the method presented in Chapter 10 of [11]. This gives the governing equation of
the rotating masses of (3.20).

o Kg(Tem - Tfri;,em) = Tioad,ice (3.20)
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In (3.20) the term ] denotes the combined inertias of the starter motor and the
ICE, with compensation for the ring gear between them. The expression for | is
presented in (3.21).

J=Je+KeJem (3.21)

In summary the starter motor model configuration of Model 2 uses four model
constants, Kep, Rems Tfricem and J. There is no state for the electrical dynamics
of the motor. The rotational speed of the electric motor (w,,,) is modelled, how-
ever its dynamics are directly coupled with the dynamics of the ICE, yielding no
model state for w,,,. The input to the model is the voltage applied to the starter
motor (Uy), there are no internal states for the model and the outputs are the
torque applied to the ICE (T,,,) and the current drained from the battery by the
starter motor circuit (I).

3.3 ICE Model

This section contains the modelling of the ICE of the cranking model. The aim
of this thesis is to model the cranking period of heavy duty truck engines, and
therefore this model will be limited to modelling the ICE during cranking before
ignition.

3.3.1 Engine Pressure Model

One of the reasons for resistance when cranking a CI engine is the pressure build-
up in the cylinders when the engine is cranked. The analytic model applied to
this originates from [11] and [10]. We assume for the purpose of this thesis that
there are no air leakages in the cylinder during compression and therefore there
are no net losses due to pressure build-up. This does however have an effect on
the instantaneous behaviour of the engine. Since compression is a non-linear
phenomenon there is a need to model the torque applied to the crankshaft at an
instantaneous level to model the engine cranking.

The cylinder pressure model uses the crankshaft angle 6 to determine the
pressure in the cylinders at any instant. The engine modelled is a five-cylinder
engine. In such an engine the cylinder rods are placed so that the angle of each
cylinder differs with 47/5 rad in order for the combustion of each cylinder to
occur evenly over each complete engine cycle. The constants of the pressure
model are all known.

A decision has been made to not model the pressure build-up in the inlet or
exhaust manifold since the effects of this are considered small when cranking an
engine without ignition. When the engine is merely cranked the increase in pres-
sure due to compression is consumed during expansion and thus there is no net
gain in the pressure of the air streaming into the exhaust manifold. In the inlet
manifold there is little pressure build-up during cranking since the sucking of
the engine at low speed is very small compared to when running at steady state
with ignition. A pressure drop in either manifold is possible, though the effects
are considered small in this context. If there is a turbo charger on the engine,
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this is driven by high flow of exhaust gases which require the engine to run with
ignition [11]. There is also no modelling of the strangling effect when air flows
through the valves in the engine. The airflow is limited and the effects consid-
ered small. The pressure inside the combustion chamber of the cylinder, p.,, is
a function of the crankshaft angle 6 and the ambient air pressure, p,,,;, that is
considered constant at 101 325 Pa, the mean sea level standard atmospheric pres-
sure. When any of the valves in the cylinders are open, either the inlet or exhaust
valves, the pressure in the cylinder is modelled as pcy; = pamp [10].

The compression and expansion of air in the cylinder when the valves are
closed and the crankshaft is turned is considered adiabatic [11]. As a conse-
quence the pressure and temperature in the cylinder during compression can
be described using (3.22), (3.23) and (3.24).

Vi \
Peyl = Pive (—v2?5>) (3.22)
k-1
V; ¢
Veyl = Vive (#7}66)) (3.23)
Pive = Lamb (3.24)

The subscript ivcin (3.22), (3.23) and (3.24) means pressure/temperature/cylinder
volume when the inlet valve closes. Since the pressure is equal to the atmospheric
pressure when the valves are open, p;,. is given as in (3.24). The constant k. is
here taken as 1,3 [10]. Pressure follows the same relation during expansion. The
volume V(0) is the cylinder volume for the cranking angle 6.

Geometric functions give the cylinder volume as a function of the cranking
angle. Some more engine geometry functions gives the torque applied to the
crankshaft by the pressure accumulated in the cylinder. Thus we can calculate
a torque resistance to engine cranking as a consequence of pressure build-up in
the cylinders.

The torque enacted upon the crankshaft by the cylinder pressure is a function
of the engine geometry. Using the geometry of the engine it is possible to write
a function where the lever from the cylinder to the crankshaft depends solely on
the crankshaft angle, 6. The expression in (3.25) provides the orthogonal lever
from the force in the cylinder to the crankshaft, H(6), describing the torque from
the cylinder pressure acting on the crankshaft. In total this gives the expression
in (3.26) [11].

H(0) = asin(0) + a? sin(20)

(3.25)
24/12 — a2 sin%(0)

In (3.25) a is the engine’s crank radius (half of the engine stroke length) and [ is
the length of the cylinder rod. The lever in (3.25) leads to an expression of the
torque from the cylinder pressure on the crankshaft that is presented in (3.26)
[11]. In (3.26) the net pressure difference of the cylinder is multiplied by the
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surface area of the piston head, 7tB?/4 to give the force of the cylinder.

nB? ) a?sin(26
T(pcyl = Pamp) | asin(0) + ) (3.26)
24/12 — a2 sin%(0)

M(0) =

In (3.26) B is the cylinder bore of the engine.

3.3.2 Reciprocating Elements

The reciprocating torque is the resistance of the moving components in the en-
gine to change the direction of the piston and is given by Newton’s law of motion,
F = ma. The expression used is:

T, = C,M,H(0)j = CerH(Q)(Gl(Q)Qz +G2(0)0) (3.27)

Here C, is a parameter of the model, M, is the mass of the reciprocating com-
ponents. H, G; and G, are geometrical functions of the crankshaft angle. H
expresses the orthogonal lever between the piston head and the crankshaft (ex-
pressed in (3.25)) and G; and G, are used in approximating i. The acceleration ¥
is the vertical acceleration of the piston head. One can see the approximation be-
ing done expressing ¥ as functions of 0, 0 and 6. The model originates from [29]
with the addition of the scaling parameter C,. Since the mass and conductance
of the reciprocating components are not known here the mass is approximated in
M, and coupled with the scaling parameter to make it possible to fit the data to
the model.

3.3.3 Friction Losses

The friction model proposed for this thesis originates from [29]. This model is
a development in the structure proposed in [26] and used in [27]. It consists of
several components of friction, each representing the friction of the components
listed above, piston rings, piston skirts, bearings, valve train and auxiliaries. The
total friction torque is denoted Ty and the various components are named Ty,
T¢, etc. The model structure from [29] also incorporates the dependence of oil
viscosity in the different components, thus providing the model with temperature
dependence.

Ring Friction Torque
The friction of the piston rings towards the lining of the cylinder is given by:

32(71/4)|Pcyl - pambl - M, Gy (6)62
i+ Gs3(0)

Try = nlH(O| Co,fric + Co,friclPeyt = Pambl +

(3.28)
In this case # is an approximation of the Streibeck diagram to represent the aspect
of mixed lubrication between the piston and the cylinder lining. H(O) is the
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geometrical function presented in (3.25) giving the lever between the cylinder
and the crankshaft and B is the bore of the cylinder. G5(0) is another geometrical
function depending on engine geometry.

The variable z is the hydrodynamic friction coefficient that is given by (3.29).
This variable is used when calculating #.

z= ,/w (3.29)

The effect of the motor oil viscosity, y, on the friction appears in (3.29). L, is the
load on the lubricated area and is expressed in (3.30).

L, =Ky~ (KZ + |pcyl - pumb|) (3.30)

Using the expressions of (3.29) and (3.30) the coefficient of friction for hydrody-
namic lubrication can be obtained through the expression in (3.31).

. (3.31)
z otherwise

{cl —(c; —z)|sin(O)|] forl.5t <O <2571
]7 =

In this equation ¢; is an empirical parameter that is given in [29]. This gives that
the ring friction torque can be expressed as a function of engine geometry, oil
viscosity and the model parameters Cy f/ic, Ca, fric, K1 and Kj.

Skirt Friction Torque

The piston rings are placed on the edge of the piston head and pressing against
the lining of the cylinder. The equation in (3.32) describes the friction between
the piston skirt and the lining of the cylinder. The piston skirts are the edges
of the piston head that is in contact with the lining of the cylinder. Despite the
piston rings the edges of the piston head (or skirts) are also at times in contact
with the cylinder lining. This gives a friction component for the piston skirts.
This component is given by:

Tfz = Cs,fric * HOH?(0) (3.32)

The components here are already defined, except for the model parameter Cj f,;.

Bearings Friction Torque

These equations represent the friction in the bearings of the rotating components,
both ends of the piston rod and the camshaft of the engine. These components
operate in hydrodynamic friction mode except around the top dead centre (TDC).
Around the TDC the oil film between the components is thinner and the lubrica-
tion is in the mixed region. The friction component for the bearings in (3.33) is
thus valid everywhere except around the TDC.

Tt = Cypric + C5!fricy9G4(6) for0 <60 <19mand 2.4t <0 < 4n (3.33)
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In (3.33) Cy,fric and Cs ¢, are model parameters and G4(6) is a geometrical func-
tion. In a similar way as with the ring friction there is a need for a friction coef-
ficient depending on the mixed lubrication stage of a Streibeck diagram when
moving around the TDC, expressed in (3.34).

]46 )1/3

— 3.34
|pcyl - pambl ( )

Mom = CZ(

The constant ¢, is another empirical parameter presented in [29]. This gives us
the bearing friction around the TDC using the expression in (3.35).

Tty = Mpmte
(7'(/4)B2|pcyl — Pamp| — a0*M, [cos 6 + (a/L) cos 20)]
[ Gs(0) ]
* [cos(4.370 — 20)| (3.35)

In 3.35 G5(0) is a known geometrical function. To summarize, the bearings fric-
tion torque is computed using (3.33), (3.35) and (3.36).

Trs for0< 0 <1.97and 2.47 < 6 < 4
Tf34:{f3 ort=u s L orand SR s s A (3.36)

Try for1.9m <0 <24n

Valve Train Friction Torque

This model accounts for the friction in the cam/follower, rocker arm/pivot shaft,
camshaft bearings, valves/valve guides and seals. The valve train friction exists
over the engine’s entire speed range. It is expressed in (3.37) and scales with the
engine speed.

Trs = Co,fric* (1 = c30)[H(O)| (3.37)

Here is another model parameter, Cg f/ic, and an empirical parameter presented
in the article, c3 [29]. The parameters listed in [29], ¢;_3, deal with the mode of
friction and lubrication at three different points in the friction model. These have
been fitted for a smaller diesel engine than the one modelled in this thesis. The
difference in lubrication modes does not differ greatly between different engine
sizes since the manner of lubrication is similar between diesel engines of this type

[11].

Auxiliary Torque Losses

This section contains a model of the friction losses in auxiliary components such
as unloaded journal bearings, water pump, fuel pump, oil pump and generator.
A hydrodynamic lubrication model is assumed, that uses one parameter, C7 ¢,
to scale this friction. The expression is given in (3.38).

Tro = Cr,fric * A/ 1O (3.38)
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The reason that the oil viscosity, g, is included in the auxiliary losses expression
in (3.38) is that all auxiliaries driven by the crankshaft are lubricated in some
fashion and this effect is aggregated in this variable.

Motor Oil Viscosity

Finally, there is a need for a model of the viscosity of the motor oil used in many of
the friction equations above. Normally in modelling this viscosity is determined
from empirical models or look-up-tables. This model uses the same one that is
used in [29], since it is made to model the viscosity in the operating range of the
model used, from the cold temperatures at around -20°C to the warm at +35°C.
The oil viscosity depends heavily on the temperature of the motor oil, v,;;, and it
is through this model that the temperature dependence in the model is achieved.
The empirical model is given in (3.39).

~8.670+1073T2, — 1.153T,;; + 1361

=7.849x107°
# FAYoEexp T, + 133

(3.39)

3.3.4 Comment On the Friction Model

When comparing the different models presented in this chapter it is easy to see
that the majority of model parameters in need of estimation stems from the fric-
tion model. There are a few reasons for this. Firstly the base of the friction model
proposed here is an instantaneous friction model based on physical properties of
the engine. As mentioned, the base of the model stems from [29]. This model
requires very detailed information on the components and composition of the en-
gine that is to be modelled. This information is not available for the purpose of
this thesis and thus a lot of constants that would not need to be estimated with
the information available must now be estimated.

It is stated in [29] that the friction components modelled in the article and
this chapter contribute each to a certain percentage of the total friction. The ring
friction provides 40.3%, the skirt friction provides 15.7%, the bearings friction
29.1%, the valve train 8.8%, and the auxiliary losses account for 6.1% during cold
start conditions.

As mentioned in Section 3.2 there are two different models used in this thesis,
Model 1 and Model 2. These two models differ in the starter motor models used,
presented in Section 3.2, and in the friction model used. Model 1 uses all of the
friction components mentioned in this section while Model 2 uses all but (3.37)
and (3.38). Since these two components are meant to contribute with only 14.9%
of the total friction when the model is well calibrated the attempt is made to
model the cranking without the use of these two components in Model 2. The
reason for this is to reduce model complexity and reduce the number of model
parameters that need estimating. This is addressed when comparing the results
of evaluating the two different models.
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3.3.5 Summing Up the ICE Model

In total, the states used by the ICE are the motor oil temperature (v,;;) and the
crankshaft angle and its two derivatives (6, & = w and 6 = @). The model pa-
rameters of the ICE model are used in the models for representing losses due
to reciprocating elements and friction. Since compression is considered adia-
batic the compression relations are known functions of the engine geometry and
crankshaft angle, angular speed and angular acceleration. The modelling param-
eters are C;, Ky, Ky and Cy_7 f,i.. All of these except C, are used in the friction
model.

In summary the ICE model consists of three major components, the pressure
losses, the reciprocating losses and the friction losses. These three contribute to
the total losses in the engine.

3.4 Model Summary

The ICE model couples the driving torque of the electric motor with the losses
due to compression, reciprocating elements and friction. The governing equa-
tions differ between the two different models. The governing torque equation de-
scribing the change in crank angle acceleration, 6, for Model 1 is given by (3.40).
It is a general model for rotational acceleration and the principle is presented in
[20].

b - Tem+ T, + T, - Ty

Je

Where J, is the inertia of the rotating parts of the engine. It includes the rotating
masses of the electric motor and the engine’s crankshaft. Since these are con-
nected during cranking they will mechanically act as one connected, rigid mass.
Thus the rotational speed of the ICE is the same as the rotational speed of the
electric motor, w,,, = w. Therefore the inertia of the components can be added
up to one total inertia. The total friction losses, Ty, are given by the summation
of the above explained friction components in (3.41).

(3.40)

Tf = Tfl + Tf2 + Tf34 + Tf5 + Tfé (3.41)

Since the expression in (3.27) depends on the angular acceleration of 6 there is a
need to rewrite the expression above as in (3.42).

5 Tom + T, — Ty + C,M,H(0)G,(0)0°
- ]e - CerGZ(G)

(3.42)

The ICE model uses three model states, the crankshaft angle 6, the crankshaft
angular speed 0 and the oil temperature T,;;. Since the lubrication oil of the ICE
is pumped from the oil capacity pan, the temperature of the motor oil during
cranking is the same as the oil temperature in the pan. Because no ignition takes
place during cranking and cranking only lasts at the most 20 seconds, there is no
increase in oil temperature during cranking [12]. Since the aim here is to model
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the engine cranking during cold start, the oil temperature is set to the same value
as the ambient temperature.

The starter motor model and ICE model in Model 1 include four states, one
for the crank angle (0), one for the crankshaft rotational speed (9 = w), one for
the current through the starter motor armature (I) and one static state for the
ambient temperature (v,,;). All of the factors in the models can be expressed
as functions of these states. The two models have 14 model parameters between
them, K¢, Rems Lems Jer Cry K1, Ky and Cy_y, ¢1ic. These are the model parameters
and states used by Model 1.

The mechanical equation for Model 1 in (3.40) is not the same as the one used
in Model 2. The derivation of the one used in Model 2 can be found in Section 3.2.
Since Model 2 uses two fewer friction components than Model 1, the expression
for the friction of Model 2 becomes (3.43).

Tf = Tfl + sz + Tf34 (343)

Coupling (3.20) with the expressions for the load torques of the ICE presented in
Section 3.3 this yields a governing mechanical equation for Model 2 in (3.44).

Kg * (Tem - Tfric,em) + Tp - Tf + CerH(Q)Gl(G)Gz
J- CerGZ(Q)

6 = (3.44)
In (3.44) the effects of the ring gear ratio K, the constant friction of the electric
motor Tf,jc., and the aggregated inertia | are demonstrated. This means that
Model 2 uses one less state than Model 1 since no electrical dynamics are consid-
ered. Otherwise the used states are the same and Model 2 has got 12 modelling
parameters, Kep, Rems Trricems J» Cry K1, Ky and Cy_s £y






Parameter Estimation and Model
Evaluation

This chapter treats the fitting of the described models to the data provided for
the purpose of this thesis. It includes a discussion on the data available to set the
parameters of the models, the method used for this and the different parameter
estimations that have been made for this model.

The models are defined in Chapter 3, and the System Identification Toolbox in
Matlab is used to fit the models to the data [21]. The toolbox includes functions
to fit the model output to data by estimating the model parameters.

4.1 Grey-Box Estimation Using Data

The data made available by Scania for the purpose of this thesis has been intro-
duced in Section 2.4. Each measured quantity is given as a series of values over
time, and is then defined as an iddata-object consisting of measured signals of a
system’s input and output.

Since each of the models in Chapter 3 is a non-linear model, the Matlab model
class idnlgrey is used. The class is included in the above mentioned toolbox and is
developed to handle non-linear models. The grey-box models have the structure
of the modelled system, but has got tuning parameters in order to fit the model to
the data. The states and parameters of each model are listed in Sections 4.2 and
4.3. The factors separating each of the data sets are considered known in each
case due to measurements, namely the temperature and battery SOC. From these
known parameters it is possible to calculate the initial value of all model states
since the SOC gives a measure of the extracted charge of the battery which is
one model state and the temperature of the entire system is equal to the ambient
temperature during cold starting.

The System Identification Toolbox includes commands to estimate the unknown
parameters using a prediction error minimization algorithm. This estimation it-

35
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eratively sets the model tuning parameters. The toolbox uses the solver ode45 to
solve the continuous differential equations that form the model. This solver uses
a variable step length when solving differential equations. The method used for
estimating the parameters is the prediction-error minimization algorithm using
the non-linear least-squares method, which gives the cost of the estimation at ev-
ery iteration as the square of the difference between the measured and simulated
outputs [21] [19]. This enables the toolbox to estimate the tuning parameters of
non-linear models such as the ones in this thesis.

The data series contain measured signals during cranking at different temper-
atures. The data is divided into series, each starting with a fully charged starter
battery. The engine is then cranked until ignition occurs and then shut down to
prevent heating of the components. The entire system is then allowed to cool and
then the cranking is repeated. Between the engine starts the battery is drained
to a lower SOC. This gives a series of measurements of engine cold starts [23].
The content of the data series differ since not all measured variables are present
in every series. The measurements have been made with a frequency of 5000 Hz.
A plot of typical data collected at 0°C can be seen in Figure 2.8. An overview of
the measured variables in the data series is presented in Table 4.1. There is no in-
formation available on the exact SOC embedded in the data sets. When the data
was originally collected and compiled by Scania several plots were made where
measured data was presented as a function of extracted charge from the battery.
From these plots the SOC has been roughly estimated. This should not alter the
viability of the model but in a future recalibration there would be need for more
exact SOC data.

Table 4.1: Variables available in the cranking data.

Variable Unit Comment

Cranking current [A] Battery model input signal
Battery voltage V] Battery model output signal
Starter motor voltage [V]

Engine rotational speed [rpm] The physical property to be

modelled in this thesis

Ambient temperature [°C
Starter motor brush temp | [°C
Starter motor stator temp | [°C

Engine block temp [°C Varies no more than 2 °C during
cranking
Sample rate [Hz] 5000 Hz in all cases used for

model evaluation, see Section
2.4




4.2 Battery Model Parameter Evaluation 37

4.2 Battery Model Parameter Evaluation

As listed among the data variables in Table 4.1 two of the measured variables
present in every data series are the battery current and voltage. From a causal-
ity viewpoint these two are considered as the input and output of the battery
model [14] [20]. Therefore these two measurements will be used to correctly set
the parameters of the battery model. In earlier parametrizations of this battery
model made in [16] and [24] the aim has been to parametrize the model to fit
a regular car battery, differing from a heavy duty truck battery in some aspects.
The parameter values determined in these studies serve as the initial guess of the
parameters estimated for the model in this thesis. Thus the parameters of the
heavy duty truck battery are estimated with the parameters of the car battery as
starting point. In [16] and [24] data has also been collected to correctly model
the charging of the battery. Since the aim of this thesis is to model the cranking
this will not be done in this thesis.

It is important when evaluating the estimation of the battery parameters to
consider the final aim of this thesis. The aim is not necessarily to correctly model
the subsystems making up the cranking systems of a heavy duty truck, but to cor-
rectly model the final process of cranking. This means that the model validation
is done with respect to the simulated rotational speed of the ICE in the cranking
model. It is not considered a problem if the internal signals of the cranking model
do not fit their measured counterparts. With this in mind, the dynamics of the
system known in the grey-box model structure are viable only if the internal sig-
nals are realistic. Therefore it is important that the parameters provide a battery
model capable of discharging in a similar way to a real battery, if not exact, and
to follow the same characteristics for the output change as a consequence of vary-
ing SOC and battery temperature. If these criteria are met by the parametrized
model, the model fulfils its purpose.

4.2.1 Estimation

The parameter estimation is made on an 2.4GHz Intel Xeon processor with 8
GB RAM. Out of the 113 data sets available 22 have been selected for parame-
ter estimation, 4 from each cold start temperature except for +10C where 2 are
selected. This is because there are fewer data sets available at +10C. As the
cost of the model error is iterated and reduced as the model is fitted to the data
during parameter estimation it is allowed to reduce for as long as it keeps signif-
icantly improving. If the cost stabilizes at a certain level during the estimation,
the estimation is stopped since it is assumed that there is no significant gain in
continuing, even if the fit between model and data is not considered good. This
is done in order to not waste computation time. The model estimation time for
each of the 22 data sets can be seen in Figure 4.1.

The model estimation for each data set is done individually because we are es-
timating a model of the dynamics of the system in each case. Also, the individual
estimations makes it possible to choose the number of data sets used during each
estimation.
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Figure 4.1: A plot of model parameter estimation time for each data set used
to estimate the battery model parameters.
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Figure 4.2: A plot of the battery parameter estimation time as a function of
the number of ponts contained in the data set used for the estimation.
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Since the estimation algorithm evaluates the model input and output at every
data point the time needed to fit the model to the data scales with the number of
data points in the data set. Figure 4.2 contains a plot of model estimation time as
a function of data set length.

In Figure 4.2 it is shown that the estimation time scales linearly with the num-
ber of data points. For each data set the five battery model parameters are esti-
mated. As listed in Section 3.1 the parameters are the EMF constant K,, the two
terminal resistance constants Ryy and Ao, the parallel resistance constant R and
the capacity time constant 7;. In Figure 4.3 the estimated values of each of these
parameters is plotted for each data set used.

Estimated Values and Standard Deviations of Ke
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Figure 4.3: A plot of the estimated values and standard deviations of the
battery parameters for each data set used for the battery parameter estima-
tion. Parameter values are plotted as a continuous line varying with the data
set index. The standard deviation is marked as an orthogonal line at each
parameter valiue.
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For each estimated parameter value in Figure 4.3 the estimation algorithm
has determined the estimated standard deviation of that value. The standard
deviation of each model parameter for each data set is plotted adjacent to the
corresponding parameter value in the same plot.

Since the aim is to estimate model parameters that are valid for each data
set the estimated parameter values are to be weighted together to determine the
general parameters. For this (4.1) is used. The expression in (4.1) weighs each
estimated parameter value by the certainty of the estimated value, the variance
[20]. The variance is the square value of the standard deviation and is thus also
provided by the parameter estimation.

™
5>Q~|5’°’

>
I

(4.1)

™
S

In (4.1) 6 is the estimated general parameter value for each battery model pa-
rameter, 0; is the parameter’s estimated value for data set 7 and 062i is the variance
for the same parameter and data set. Estimated parameters with lower certainty
are thus given a lower weight in the general parameter values. Under the assump-
tion that each parameter is estimated separately and there is no dependence be-

tween different estimations the variance of the estimated parameter can be given
by (4.2).

Var(0) = (4.2)

The components of (4.2) are introduced above. The estimated and weighted
parameter values and their standard deviations are presented in Table 4.2. Since
the standard deviation is the square root of the variance it is indirectly given by
(4.2) for each weighted parameter.

Table 4.2: Estimated parameter values for the battery model using (4.1).

Parameter Value Std. Dev.
K, 0.0024 1.026e-5
Ao 0.0041 0.389
T 24.9918 4.546
Rio 0.2152 7.611e-4
Ry 0.0005 2.766e-5

As can be seen by the uncertainty levels of Figure 4.3 the values of K,, Ry
and Ry are generally considered certain. The estimator has managed to estimate
these to a low error.
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4.2.2 \Verification

When the model parameter estimation has been made for the battery model dif-
ferent data sets are used to verify the estimated model. The parameters presented
in Section 4.2.1 are therefore implemented as the fixed parameters of the battery
model of the same type used for the estimation. After this a number of data sets
are used to verify the input-output correlation for each of them. These data sets
are not the same sets used for estimation of the model but sets containing the
same elements. For each data set the measured battery current is used as input to
the battery model with the estimated parameters and the measure voltage is con-
sidered the reference signal for the model output. For model validation 11 data
sets are used, two from each temperature level and one from +10C since there
are fewer data sets at this temperature. The model output is then compared to
the measured battery voltage that is an output, in order to verify that the battery
model can produce sufficient model accuracy for the purpose of this thesis.

Figures 4.4 to 4.9 contain plots of the measured battery current, simulated
voltage and measured voltage for six of the verification data sets mentioned above.
The six verifications differ in temperature and SOC. As mentioned in Section 4.1
the SOC is an approximation in each case. The reason for demonstrating six
out of eleven verification sets is to save space in the report. All eleven sets are
considered when drawing the conclusions on the model evaluation.

In general there is good model accuracy in the verification simulations in Fig-
ures 4.4 to 4.9. There is a slight drift tendency over the course of the cranking,
clearly visible in Figures 4.5, 4.6 and 4.8. This could be due to the inaccurate
SOC values for the estimation and verification data. If the information on SOC
change over the course of several crankings is inaccurate it could lead to inaccu-
rate model behaviour when charge is extracted during a cranking period. The
effect of SOC on battery EMF can be seen in Section 3.1. The drift could also be
the result of a dynamic behaviour in the battery that the current model structure
is unable to represent or a flaw in the battery model.

In the simulations of Figures 4.4 to 4.9 the general dynamics are sufficient
for the purpose of this thesis and the voltage delivery by the battery model is in
the correct area, with realistic values and dynamics. The battery model with the
estimated parameters of Table 4.2 will be used for the remainder of the thesis for
both Model 1 and Model 2. Its implementation will be the same for both models.
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Figure 4.4: Verification plot of the battery model simulated at +32°C.
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Figure 4.5: Verification plot of the battery model simulated at +10°C.
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Figure 4.6: Verification plot of the battery model simulated at 0°C.

Battery Output Verification at -10° C
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Battery Output Verification at -15° C
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Figure 4.8: Verification plot of the battery model simulated at —15°C.
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Figure 4.9: Verification plot of the battery model simulated at —20°C.
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4.3 Cranking Model Parameter Evaluation

The estimation and validation of the cranking models use data series of the same
type as listed in Section 4.2. The cranking models include the battery model
parametrized in Section 4.2, but the parameters estimated throughout that sec-
tion are not estimated in the cranking model. Since the battery model is the same
for both Model 1 and Model 2, these use exactly the same equations and param-
eters to represent the battery. The two cranking models include the states and
model equations in the battery model, but adds the states and model equations
of the starter motor and ICE models. The parameters that are to be evaluated in
this chapter are the ones introduced in Sections 3.2 and 3.3. The parameters are
listed in Table 4.3.

Table 4.3: A list of the parameters that need estimating for Model 1 and
Model 2.

Model 1 Kem Je C, K
K2 Cl,fric C2,fric C3,fric
C4,fric C5,fric C6,fric C7,fric
Rem Lem

Model 2 Kem J C, K
K Cufric | Cofric | Cafric
C4,fric CS,fric Rem Tfric,em

4.3.1 Estimation

The estimation of the cranking models’ parameters has been made on a system
similar to the one described in Section 4.2.1. Thus the time and performance of
the estimation are comparable between the two models. As stated, the battery
model with its estimated parameters forms part of the cranking model though
the parameters of the battery model are kept fixed during parametrizing of the
cranking model. Thus the battery model parameters are not estimated here. The
same 22 data sets that were selected for the battery estimation are now used for
the cranking model estimation. These sets are the ones presented in Section 4.2.1
and not the data sets used for verification in Section 4.2.2. Figure 4.10 contains
the estimation time of both Model 1 and Model 2 as a function of the data set
length, similar to the plot in Figure 4.2 for the battery model.

One can see in Figure 4.10 that the linear relationship between estimation
time and data set length that holds for the battery model is not valid for the
cranking models. It seems that when the complexity of the model increases the
dominating factor in the estimation times is no longer the data set length but
the non-linearities and the high number of parameters in the model. It is also
worth mentioning that the relationship between data set length and parameter
estimation time present in these models is not general. In a general parameter
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Figure 4.10: A plot of the parameter estimation time for Model 1 and Model
2 as a function of the number of points contained in the data set used for each
estimation. Model 1 estimation times are plotted with darker star symbols
and Model 2 estimation times are plotted with brighter circles.

estimation of this sort data that can easily be reproduced by the model can give
an easier cost function and result in lower estimation times than shorter data sets
that are not as easy for the model to reproduce.

The number of parameters that need estimating in both models here is sig-
nificantly higher than for the battery model, twelve or fourteen parameters com-
pared to five parameters for the battery model. The number of states for the two
cranking models has not increased as much, from five for the battery model to
seven or eight for the cranking models. It is however clear that the estimation
times for Model 2 are significantly lower than for Model 1. Model 2 cuts the es-
timation times to about 1/3 of the times measured for Model 1. This could be
due to the lower number of parameters, the fewer model states or a generally
smoother execution of Model 2.

During estimation of Model 1, two output signals are used for the model,
even though the final model is meant to have one. This is to investigate whether
adding a measurement signal to what is normally an internal state facilitates the
estimator’s ability to estimate the model constants. Thus the outputs used are
the engine rotational speed in rpm and the current drawn from the battery I.
This investigation is possible to do since the current is available in the data sets.
Despite two signals being used as outputs during the estimation, the engine ro-
tational speed is the one considered when investigating model fit to data. Like
the method presented in Section 4.2.1, the cost of the model error is allowed to
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reach a stable level during the estimation and then the estimation process is ter-
minated. Figures 4.11 to 4.14 contain plots of the estimated values and standard
deviations of the different model parameters of Model 1.

As with the battery model, the estimated standard deviation of each model
parameter is used as an indicator of the estimator’s certainty in each case. The
estimated standard deviation for each parameter and each dataset presented in
Figures 4.11 to 4.14 is here plotted adjacent to its corresponding parameter value.
In any case where a standard deviation has not been computed for a parameter
due to estimation complications the standard deviation of this parameter has
been set to the maximum standard deviation of the remaining estimated values
of that parameter. This phenomenon can occur due to the complexity of the
model and the single output comparison signal.

Throughout Figures 4.11 to 4.14 the variation of the estimated model param-
eters is generally quite high. In some cases the outlying parameter values cor-
respond with large variation, in other cases the conclusion is that the estimated
outlier is certain for the data set in question. The scale of the standard deviation
in Figures 4.11 to 4.14 is itself quite varying, and a large uncertainty of some
estimated parameter values can be seen. As mentioned the great standard devia-
tion is considered as a sign of uncertainty in the estimated value, reflected in the
parameter weighting using (4.1).

The cost function of the prediction error minimization method during the pa-
rameter estimation is quite high. It is mentioned in Section 4.2.2 that the cost of
the model error is deemed sufficiently low for the battery estimation. This is not
the case for the cranking model estimation. The estimator struggled throughout
the different scenarios to reach a sufficient level of model fit.

When estimating the model parameters of Model 2 one thing is made differ-
ently form Model 1. In order to investigate the benefits of using a measurement
signal of an internal model state to estimate the model, the measured current
is used as an output signal when parametrizing Model 1, something that is not
done for Model 2. Otherwise the same data sets are used when estimating Model
2, and the estimated parameter values and standard deviations are presented in
Figures 4.15 to 4.17. There are two reasons for this distinction between the es-
timations. Firstly, to investigate whether or not this had a significant impact on
the model accuracy, and secondly, to facilitate estimating the electric dynamics
parameters of Model 1 not present in Model 2.
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Figure 4.11: A plot of the estimated values and standard deviations of «,,,,
Je, C, and K for each data set used for Model 1 parameter estimation. Pa-
rameter values are plotted as a continuous line varying with the data set
index. The standard deviation is marked as an orthogonal line at each pa-
rameter valiue.
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Figure 4.12: A plot of the estimated values and standard deviations of K5,
C1,rricr Co,fric and Cs ¢ for each data set used for Model 1 parameter esti-
mation. Parameter values are plotted as a continuous line varying with the
data set index. The standard deviation is marked as an orthogonal line at
each parameter valiue.
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Figure 4.13: A plot of the estimated values and standard deviations of
Cyfrics Cs fric, Ce,fric and Cy,¢,ic for each data set used for Model 1 param-
eter estimation. Parameter values are plotted as a continuous line varying
with the data set index. The standard deviation is marked as an orthogonal
line at each parameter valiue.
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Figure 4.14: A plot of the estimated values and standard deviations of R,,,
and L., for each data set used for Model 1 parameter estimation. Parameter
values are plotted as a continuous line varying with the data set index. The
standard deviation is marked as an orthogonal line at each parameter valiue.
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Figure 4.15: A plot of the estimated values and standard deviations of .,
J, C, and K; for each data set used for the Model 2 parameter estimation.
Parameter values are plotted as a continuous line varying with the data set
index. The standard deviation is marked as an orthogonal line at each pa-
rameter valiue.



4.3 Cranking Model Parameter Evaluation 53
4 Estimated Values and Standard Deviations of K2
x 10
5
~ _
N4
0 i 1T - T T !
2 4 6 8 10 12 14 16 18 20 22
Estimated Values and Standard Deviations of C],fric
0.2
2
o 0.1——] | R — J
0
2 4 6 8 10 12 14 16 18 20 22
Estimated Values and Standard Deviations of CZMC
0.05 — — T
2 T T T
> NEZ N T
O | — | | |
2 4 6 8 10 12 14 16 18 20 22
Estimated Values and Standard Deviations of C%ric
10
£
™ 5 i
O
o e
2 4 6 8 10 12 14 16 18 20 22

Figure 4.16: A plot of the estimated values and standard deviations of K3,
Ci,fric» Co,fric and Cs s for each data set used for the Model 2 parameter
estimation. Parameter values are plotted as a continuous line varying with
the data set index. The standard deviation is marked as an orthogonal line

at each parameter valiue.
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Figure 4.17: A plot of the estimated values and standard deviations of
Cyfrics Cs,frics Rem and Tgyjc e for each data set used for the Model 2 param-
eter estimation. Parameter values are plotted as a continuous line varying
with the data set index. The standard deviation is marked as an orthogonal
line at each parameter valiue.
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The Model 1 and Model 2 parameters are weighted in the same manner as
the battery model parameters, using (4.1). The resulting parameter values and
standard deviations are presented in Table 4.4.

When observing Figures 4.11 and 4.15 it is noted that the estimated value of
K differs largely between Model 1 and Model 2, and the reason for this is that
the separate state for starter motor rotational speed included in Model 2 models
a higher speed of the starter motor, causing the torque constant to be smaller.
The reason for this is that the ring gear and pinion between the starter motor and
the crankshaft demands the starter motor to rotate at a higher speed than the
crankshaft to deliver the necessary torque. The two rotational speeds differ with
a factor of Ky = 13.17 since they are connected via the gear, see Section 3.2. The
difference in rotational speed between the two rotating bodies is one of the ele-
ments added when upgrading Model 1 to Model 2. The corresponding standard
deviations of the estimated values in Model 2 are also contained in Figures 4.15
to 4.17, plotted adjacent to the respective parameter value.

Table 4.4: Estimated parameter values and standard deviations for Model 1
and Model 2.

Parameter Model 1 Std. Dev. | Model 2 Std. Dev.
Kem 0.4726 1.441e-4 | 0.003 1.376e-6
Jo /] 14.1112 0.0035 17.1965 0.0273
C, 1.0133 2.775e-4 | 0.9708 0.186

K; 0.1018 2.674e-5 | 0.4963 0.0135
K, 0.1011 2.552e-5 | 0.1018 15.156
Ci,fric 0.0994 2.736e-5 | 0.0998 1.684
Co,fric 0.0923 2.505e-5 | 0.0153 3.381e-4
Cs,fric 0.0979 2.596e-5 | 0.1018 0.0391
Cyfric 1.0003 2.830e-4 1.0143 0.107
Cs,fric 0.1014 2.569e-5 | 0.0942 0.0014
Ce,fric 0.0101 3.105e-6 | - -

C7,fric 0.0100 2.745e-6 | — -

R, 0.05 1.344e-5 | 0.0120 4.167e-5
Lo 0 1.689%e-7 | — -
Tricem - - 0.9795 0.104

4.3.2 Verification

The plots in Figures 4.18 to 4.20 contain the verification plots of Model 1 when
simulated at three different temperatures. It is apparent that the model is unable
to correctly recreate the measured engine cranking. This could be an indication
of that the estimation is too difficult with the increased number of states and
parameters that need to be estimated compared to the battery model. The battery
model can serve as a measuring stick since it is a non-linear model with five



56 4 Parameter Estimation and Model Evaluation

states and parameters, yet the most important factor in its estimation time, as
demonstrated by Figure 4.2, is the length of the data set used for estimation. The
length of the dataset is of less importance to the cranking models estimation time,
as demonstrated by Figure 4.10. Thus the increased complexity of the cranking
model causes it to increase its estimation time greatly or there is a factor in the
cranking that is not captured by the current model structure.
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Figure 4.18: Verification plot of Model 1 simulated at 32°C.
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Cranking Output Verification at 0° C

500 T T T T
400 4
E 300 4
=
=
9]
9]
&
T s00h Measured Rotational Speed
S —— Simulated Rotational Speed
G
°
1)
£
2
5 100 B
of T/ AN S WMMMW~/ 1
-100 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 4.5
Time [s]

Figure 4.19: Verification plot of Model 1 simulated at 0°C.
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The high-frequency components present in the model outputs of Figures 4.18
and 4.19 originate in the friction submodel of the ICE model. As mentioned
there are several parameters in this submodel that have been estimated with high
uncertainty and the conclusion is that the high-frequency components stem from
a badly calibrated engine friction model.

It is worth noting about the verification of Model 1 that during cranking simu-
lation the cost of the prediction error minimization algorithm stabilises at quite a
high level for both the verification simulations and the estimation cases, too high
for the model to serve the purpose of this thesis. This means that the estimator
is unable to bring the model output to a level matching the measured output, for
any estimation data set. It appears that the current estimation approach of Model
1 is not able to duplicate the cranking scenario.

Figures 4.21 to 4.23 contain verification plots of Model 2 for the same scenar-
ios as above for Model 1, three simulations at +32°C, 0°C and —-20°C.
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Figure 4.21: Verification plot of Model 2 simulated at 32°C.
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Figure 4.22: Verification plot of Model 2 simulated at 0°C.
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Figure 4.23: Verification plot of Model 2 simulated at —20°C.
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It appears that the simulations of Model 2, represented in Figures 4.21 to 4.23,
runs better than the the simulations of Model 1. The non-physical high-frequency
elements of the output signal caused by the friction model in Model 1 are not
present in the Model 2 simulations. This is a general property for the Model 2
simulations. Another difference is the higher base level of the rotational speed
oscilations of the Model 2 outputs in Figures 4.21 to 4.23. The Model 1 simulated
outputs tend to reach zero and at times even oscillate below this level. The Model
2 outputs oscillate in a manner more similar to the measured outputs, but with
the wrong frequency, amplitude and base oscillation level.

While both Model 1 and Model 2 fail to model the desired outputs, Model
2 does appear to be a generally better model, confirming that the improvements
made from Model 1 to Model 2 are relevant. It is worth noting that the simulation
times for the verifications of Model 2 are significantly lower than the correspond-
ing times for Model 1. Execution and estimation time of the models has proved
an important factor in the thesis work, making the smoother running of Model 2
a significant advantage for it.



Conclusions

A battery model of the battery during cranking discharge has been implemented
and included in the two cranking models. In the model evaluation, the battery
model is able to model the fast dynamics of the voltage signals. There is a drift
effect, seen in Figures 4.5, 4.6 and 4.8, that the model struggles to represent. This
could be due to inaccurate SOC data or a model error. If there is a model error it
is likely originating in the battery EMF model or the battery SOC model.

The different models of the electric machine and the engine are developed
and compared: The electrical model parameters are estimated with similar accu-
racy as in Model 1, see Figures 4.14 and 4.17. The non-physical high-frequency
components present in the simulations of Model 1 are not present in the simula-
tions of Model 2. The electric motor rotational speed, w,,,, is known in relation
to w, and therefore its addition to Model 2 does not significantly increase model
complexity. Model 2 also models the rotational speed signal with varying am-
plitude, frequency and base level of oscillations during cranking, though they
currently do not fit the measured signal. Estimation and simulation times are
significantly lower for Model 2 compared to Model 1, and the added estimation
signal, I, used for Model 1 does not aid accuracy in Model 1. In summary, Model
2 is the preferred cranking model for the purpose of this thesis.

With respect to the objectives of the thesis in Chapter 1 the components of the
cranking system of a heavy duty truck engine have been identified. The causal-
ity and structure of a physical state-space model have been presented. The model
has been implemented in MATLAB/Simulink in such a way that the models can be
fitted to measurement data. The models have been fitted and their accuracy evalu-
ated. While the cranking models are not at this stage able to accurately model the
desired process there are no reasons in this thesis to dismiss the approach taken.
Physical state-space modelling could be a viable way to implement a model for
model-based condition estimation of heavy duty truck batteries, though further

61
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efforts are needed. Two directions for possible future work on the project have
been given, see Section 5.1.

5.1 Future Work

There are two primary directions for future work on the modelling done in this
thesis; to improve the model estimation and to improve the model structure.

To improve the model estimation involves investigating different estimation
algorithms and softwares. In this case the problem is to be viewed as a non-linear
model estimation problem. The implementation of the model is currently done
in MATLAB/Simulink as this was a prerequisite of the thesis. Alternating the
implementation of the current model structure would also be a course of action
when attempting to improve model estimation.

The second course of action for future work would involve to improve or
change the current model structure, i.e. the model equations, states and parame-
ters. The friction model currently implemented in the ICE submodel uses model
parameters that are generally estimated with large variance, see Figures 4.11
to 4.13 and Figures 4.15 to 4.17. The friction model also includes the highest
number of model parameters of any submodel. An overview of this model and
the manner in which its model parameters are obtained would be advisable.

As mentioned above in this chapter, the battery model is currently unable to
correctly capture all tendencies of the measured battery. It would be advisable to
review the model structure of this model in addition to the friction model when
attempting to improve the overall model.
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