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Abstract

Hybrid electric vehicleshave two power sources| an internal combus-
tion engineand an electric motor. Thesevehiclesare of great interest
becausethey contribute to a decreasingfuel consumption and air pollu-
tion and still maintain the performanceof a conventional car. Di�eren t
topologiesare described in this thesisand especially the seriesand par-
allel hybrid electric vehicle and Toyota Prius have beenstudied.

This thesis also depicts modelling of a referencecar and a series
hybrid electric vehicle in Modelica. When appropriate, models from
the Modelica standard library have been used. Models for a manual
gearbox, �nal drive, wheel, chassis, air drag and a driver have been
developed for the referencecar.

For the hybrid electric vehiclea continuously variable transmission,
battery, an electric motor, fuel cut-o� function for the internal com-
bustion engine and a converter that distributes the current between
generator,electric motor and internal combustion enginehave beende-
signed.

These models have been put together with models from the Mod-
elica standard library to a referencecar and a serieshybrid electric
vehicle which follows the NEDC driving cycle. A sketch for the par-
allel hybrid electric vehicle and Toyota Prius have also been made in
Modelica.

Developed models have been intro duced into the Modelica library
VehProLib, which is a vehiclepropulsion library under development by
Vehicular Systems,Link•opings universitet.
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Chapter 1

In tro duction

1.1 Background to Hybrid Electric
Vehicles

The population in the world is growing and also the number of people
that can a�ord a car. One of our biggest environmental problems to
solve in the future is to avoid a huge increasein environmental pollu-
tions and the greenhousee�ect. Many new ideas and concepts need
to be developed, becausevehiclesdriven by fossil fuel are one of the
largest contributors to today's air pollution [32]. Another seriousprob-
lem is the oil which will not be enough for our needs in the future.
Therefore we need new developed, di�eren t mechanical solutions and
also another main energy source, for example vehiclesdriven by fuel
cellsor natural gas. Thesenew technologiesare yet under development
but will not be a commercial alternativ e for a number of years. In the
meantime, or as a good solution, the hybrid electric vehicle, HEV, is
an alternativ e to the conventional car driven by fossil fuel. But why
are not the pure electric vehicles,EVs, used to a larger extent? The
technique is developed and ready to use! An answer to this question
is the limited distance range of an EV. The battery of today has not
a storage capacity large enough to make a satisfying travel distance.
For example a modern EV can be driven about 40 miles (approx. 65
km) without charging the battery again. With advancedbattery tech-
nologiesasNickel metal hydride, NiMH, the travel rangeis expectedto
increaseto 80{100 miles (approx. 130{160 km) [2]. Many believe that
when we have improved the storage of the electric energy in the bat-
tery, the EV is ready to be used. Others think that the HEV, that was
created as a temporary solution to the problem with short trips with
the EV, still is oneof the best alternativ esfor improving the increasing
fuel economy and greenhousegasemissions[26].

1



2 Intro duction

How do you know that a certain car is a \h ybrid"? Well, a hybrid
vehiclecombinesat least two sourcesof power. A familiar hybrid is the
old type of moped, which actually is a combination of power from the
engineand the pedalsdriven by the rider. Submarinesare also hybrid,
someof them havetheir energysourcesfrom nuclearand electric power,
others from diesel and electric power [24]. A HEV is a crossbetween
a conventional car powered by an internal combustion engine, ICE,
and an EV. They are more fuel-e�cien t than conventional cars and
therefore they reducethe air pollution. The main idea is to reducethe
fuel consumption, but maintain the performanceof the car.

An example is the parallel HEV, which is a combination of an ICE
in parallel with an electric motor, EM, and a battery. The ordinary
ICE is ine�cien t at low speedsbecausethe engineruns mostly at idle,
where it consumesfuel without driving the vehicle forward. It is then
better to usethe EM aloneat low speedsand at starts and stops. Over
let us say 30 km/h the ICE is turned on and runs at a fuel-e�cien t
combination of enginespeed and torque. If there is extra energy that
is not neededat the time, it is saved in the battery. When extra power
is needed,a combination of both the EM and the ICE is used. By this
design, you utilize both the advantages of the EM and the ICE and
combine them to a more fuel-e�cien t vehicle.

A HEV has many advantages over an conventional car. The �rst
is the abilit y to store energy temporary in a battery to be able to use
when the need is larger. The ICE can also be usedmore e�cien tly at
higher loads and therefore contribute to a better usageof the fuel.

Another important thing is that the ICE combined with another
power sourcemakesit possibleto usesmaller ICEs, thus decreasingthe
fuel consumption and air pollution. Smaller enginesare more e�cien t
becausethey run more often at the combination of high load and speed,
which is the most e�cien t working point. The car also consumesless
fuel becauseit doesnot have to transport a heavy engine.

The concept of regenerative braking also improves the e�ciency ,
wherethe EM actsasa generatorthat brakesthe car and converts some
of the kinetic energy into electric energywhich chargesthe battery. A
HEV must not always have the ICE turned on, when it is not needed
the enginecanbe turned o� and savesomefuel. Useof the continuously
variable transmission, CVT, also contributes to a better environment.
It is used instead of a conventional step transmission and makes it
possibleto choosea suitable continuous gear, which makes the engine
able to run at the most e�cien t operating point all the time [32].

Many of the HEVs today alsouseadvancedaerodynamics to reduce
the air drag, use low-rolling resistance tyres and lightweight materi-
als [24]. All this makes a HEV of today able to operate nearly two
times more e�cien t than a conventional car with ICE [2].
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1.1.1 Wh y Mo delica in this Thesis?

The modelling languageModelica hasa big advantage comparedto for
example Simulink | it is non-causaland the data o w can take place
in both directions. In Simulink the blocks have a predetermined data
o w from inputs to outputs [8].

At Link•opingsuniversitet a Modelica library , VehiclePropulsion Li-
brary also called VehProLib, is yet under development. The aim of
the library is to model and analysepowertrains of di�eren t con�gura-
tions. Becausevehicle powertrains are multi domain with mechanical,
electric, hydraulic, thermodynamic and control systems,Modelica is a
very suitable languageto use for the library . The library is intended
to be usable for both engineers,who want to have a platform for col-
laboration and component models, and students to learn more about
how a powertrain functions and the di�erence betweenstructures with
a set of basic components.

1.2 Purp ose of the Thesis

This thesisstudiesobject oriented drivelinemodelling in Modelica. The
purposeis to model a referencecar, develop components for a HEV and
put them together in a vehicle. The vehiclemodelsshall follow the New
European Driving Cycle, NEDC. The components shall be developed
according to existing library VehProLib and the Modelica standard
library can be usedwhen appropriate.

1.3 Thesis Outline

Chapter 2 describes the modelling and simulation tools Modelica and
Dymola. The structure and contents of the library VehProLib is also
presented.

Chapter 3 deals with the modelling of a referencecar. Each com-
ponent of the car is �rst depicted and if there is no suitable Modelica
standard model, the component is modelled in VehProLib. All compo-
nent modelsare then connectedto a referencecar, which is tested with
the NEDC driving cycle.

In chapter 4 four di�eren t hybrid topologies are described, which
is followed by a presentation of Toyota Prius and Honda Insight. The
components neededfor modelling HEVs in Modelica are then depicted
and modelled.

Chapter 5 describes modelling of the seriesHEV, determining of
the working point and the control strategy.

In chapter 6 the parallel HEV model in Modelica is presented and
modelled, which follows by a Modelica model of Toyota Prius viewed



4 Intro duction

in chapter 7. Someconclusionsand proposalsfor future work are de-
scribed in chapter 8.

1.4 Sources

The material when learning Modelica, working with the models and
writing this thesis have been found mostly on the Internet and in the
library . Many articles about Modelica are found on the homepageof
the Modelica organization, www.modelica.org. Articles about di�eren t
hybrid vehicle topologieshave mostly been found on the internet site
www.elsevier.com/locate/jsaerev, in the SAE article base. The search
tool Google has also been frequently usedduring the work. As a base
for this thesis, Nobrant's master's thesis [25] and Str•omberg's master's
thesis [32] have beenused.

1.5 Limitations

In the development of new components and controlling the whole vehi-
cle, it is di�cult to �nd a balancebetweenmodel accuracy, simulation
complexity and available working time. The aim with the modelling
work in this thesishasbeento concentrate on the qualitativ ebehaviour,
avoid the most complicated theoriesand try to createmodelswith com-
parable complexity. The models can therefore be more developed and
even more complex and dynamic, but in this work the borderline is
to model the most important behaviours in a satisfactory way that
characterizesthe main properties.

The HEV components in VehProLib have model limitations. The
ICE with fuel cut-o� mode is only adjusted to the HEV requirements.
The usein an ordinary car whenfuel cut-o� is wanted is not investigated
in this thesis. The zerospeedcasein the fuel cut-o� mode is not either
fully veri�ed. The two battery modelshave no physical state of charge,
SOC, limit and therefore the controller needsto remain the SOC level
within 0 % to 100%. The table battery is chargedwith positive current
and the physical battery is chargedwith positive voltage. The batteries
needto beconnectedand treated di�eren tly and they arenot replacable
with each other. The physical battery is not fully tested becauseof
shortageof time.

Although three HEVs have beenmodelled, only the seriesHEV has
beencontrolled to follow the NEDC driving cycle.

The referencecar and the seriesHEV are alsoassumedto only drive
forward with v � 0 and is unable to turn.



Chapter 2

Mo delica

Modelica is a very young language used to model physical systems.
The languageis object-oriented, non-causal1 and the modelsare math-
ematically described by di�eren tial algebraicequations,DAE 2 [6]. The
languagesuits modelling of large and complex systemsand its design
also supports a development of libraries and exchange of models [25].
With Modelica it is possibleto both model in high levelsby composition
(use iconsthat represent modelsof the components, connectthem with
connectorsand set parameter values in dialogue boxes) and at a much
more detailed level by library component modelling with equations[8].

The design work with Modelica started in September 1996 by a
small group of about �fteen personswho had experienceof modelling
languagesand DAE models. A year later the �rst version of Model-
ica was released,but the �rst languagede�nition came in December
1998. Modelica version 2.0 has been used in this thesis. It was avail-
able in December 2000and is developed by the non-pro�t organization
Modelica Association [6] with seat in Link•oping, Sweden.

2.1 Dymola

Dymola is developed by Dynasim in Lund, Sweden,and the nameis an
abbreviation for Dynamic Modelling Laboratory. The tool is designed
to generatee�cien t code and it can handle variable structure Modelica
models. It �nds the di�eren t operating modes automatically and the
user does not have to model each mode of operation separately. Dy-
mola is basedupon use of Modelica models, which are saved as �les.

1The equations are expressed in a neutral form and consideration of computa-
tional order is not necessary [8].

2A DAE equation is a system of di�eren tial equations and algebraic (static)
equations of the form F ( _z; z; u) = 0 where u is the input signal [21].

5



6 Chapter 2. Modelica

The tool contains a symbolic translator for the Modelica equationsand
the compiler generatesC-code for the simulation. When neededthe
code can also be exported to Simulink. The features of Dymola are
experimentation, plotting and animation.

Dymola has two di�eren t modes; the modelling and the simulation
mode. In the modelling mode the models and model components are
created by \drag and drop" from the Modelica libraries and equations
and declarationsareedited with the built-in text editor. The simulation
mode makes it possible to do experiments on the model, plot results
and animate the model behaviour.

In order to simulate the model, Dymola usesDymosim, Dynamic
Model Simulator. It is an executable, which is generatedby Dymola
and is used to perform simulations and compute initial values. It also
contains the code that is required for continuous simulation and han-
dling of events. Model descriptions are transformed into state space
descriptions by Dymola and theseare solved by the integrators in Dy-
mosim. The result of the simulation can in turn be plotted or animated
by Dymoview. Dymosim canbeusedin other environments too, though
it is especially suited in combination with Dymola.

The work in this thesis is made with Dymola 5.0. The information
above and more details about Dymola can be found in [5].

2.2 Translation and Simulation of a
Mo delica Mo del

At the homepageof the Modelica organization, www.modelica.org [6],
the way from a Modelica model to the simulation is described. The
model with its physical description and equations is translated into a
model described with hybrid 3 DAE equations. The simulation starts by
a numerical integration method to solve the DAE. If- and when-clauses
and discretevariablesare kept constant, so the solution is a continuous
function of continuous variables. During the following integration, the
integration is halted if someof the relations changetheir values. At that
event, the DAE is a set of algebraic equations which is solved for the
real, booleanand integer unknowns. Then the numerical integration of
the DAE is restarted again.

2.3 Mo delica Standard Library

Modelica standard library contains pre-de�ned components in several
�elds. It also contains constants, connectors, partial models, model

3A hybrid DAE may have discontin uities, variable structure or is controlled by
a discrete-event system [6].
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components and type and interface de�nitions in order to facilitate
the own modelling design. The library is, as a part of the ordinary
languagerevision, improved and revised. Modelica Association expects
that many informal standard baseclassesand libraries will be devel-
oped in many di�eren t �elds and these will later on be a part of the
Modelica standard library . For example the libraries VehProLib by
Eriksson [10], VehicleDynamics by Andreasson [19] and Hevlib by
Hellgren [13] are under development. The Modelica packageof today,
which is free, can be downloaded from the website of Modelica organi-
zation, http://www.Mo delica.org/library/library .html.

2.4 VehProLib

Figure 2.1: The structure of the Modelica library VehProLib, devel-
oped at Link•opings universitet.

At Vehicular Systems,the Department of Electrical Engineering at
Link•opings universitet, the Modelica library VehProLib is yet under
development under the direction of associate professorLars Eriksson.
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The aim of the library is to provide functionalit y to study and anal-
yse the performance of di�eren t powertrain con�gurations [10]. The
models cover a wide range from zero dimensional in-cylinder models4

to longitudinal models for complete vehicles.
The present structure with directories and subdirectories in Veh-

ProLib can be viewed in �gure 2.1. The content in each directory is
shortly described below.

Chassis contains models for the air drag, chassis and also a wheel
model with slip curve from a table.

Data contains tables usedby models in the Chassisdirectory.

ControlSystems The models for engine and vehicle control are col-
lected in this directory. An enginecontrol unit, � -controller and
idle controller are the present models.

ComponentsComponent models usedby ControlSystem models.

Driveline contains a �nal drive, ideal di�eren tial, gearbox and a driver
built as a PI-controller.

ComponentsComponent models usedby the Driv eline models.

DrivingCycles Tables for driving cycles. At present it only contains
the NEDC driving cycle during 600 s. Other cycles,as the US06
or FTP75 cycle, can be added if desired. The tables contain
requestedvehicle speed,gear and clutch signal.

Engine contains di�eren t subdirectories with components which covers
the rangefrom singlecylinder components and singlecylinders to
mean value, MVEM, engines.

Cylinders contains whole cylinder models; both single cylinder
models with valvesand MVEM cylinder models.

Data collects cylinder parameters used by the cylinder models
and also engine data for Toyota Prius, Saab 9-5 and Volvo
S40.

Examples contains di�eren t enginesready to use. A thermody-
namic engine,di�eren t engineswith singlecylinders or multi
cylinders and also MVEM enginemodels.

Functions Functions used by the engine models, as for exam-
ple Vib e to describe the enginecombustion and Woschni to
calculate the heat transfer in the cylinders [14].

4A single zone cylinder model leads to a zero dimensional cylinder model. There
is no separation of the gaseswithin the single zone cylinder. You cannot interpret
the volume becausethe content is regarded as the same everywhere, therefore the
cylinder model has a zero dimensional volume.
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Mechanical contains pure mechanical components used by the
enginesas a crank, piston and cylinder geometry.

Partial contains di�eren t modelsusedby the completecylinder
and enginemodelsascylinder o ws, pins and an enginedata
base.

Restrictions Here standard, linear and isentropic restrictions
are collected together with throttle and valve models.

Sources Models usedas sourcesby and in combination with the
enginesas a o w source, tank and ambient conditions like
temperature and pressure.

Volumes contains di�eren t control volumes and open cylinder
models.

Examples The examplemodelsshow the behaviour and connectionbe-
tweendi�eren t models, like a referencecar and a test bench for
the MVEM engine.

Functions Functions usedby the library models.

GasProp contains di�eren t gas models which is used by the MVEM
engines.

GasData Here datas for the gasesare collected.

Partial contains a baseclassfor gasproperties and a basemodel
for calculations of the gasproperties.

HEVcontains di�eren t modelsusedby HEVs like battery, EM and con-
verter.

ComponentsComponent models usedby the HEV models.

Interfaces Interfacesusedby di�eren t models in the library .

Partial Partial models usedby the library .

Tests This directory is used during the development of the library .
The models shall be usedto control if new changesin the library
still give working models.

Types contains typesusedin the library .





Chapter 3

Mo delling the Reference
Car

The driveline converts the combustion energyto kinetic energy to pro-
pel the vehicleand it is desirableto do it ase�cien t aspossiblein order
to decreasethe fuel consumption and increasethe performanceof the
car. Therefore it is important to be able to build models of drivelines,
simulate the behaviour and test new ideas in a simpler way than with
a vehicle protot ype [25].

To be able to comparedi�eren t HEV topologiesto each other and
seeif they are more fuel-e�cien t than an ordinary vehicle, a reference
car is needed.The aim is to model a car like SAAB 9-5.

3.1 Comp onents

The components come many of them from Nobrant's master's thesis,
see[25] for a more detailed description. When possible,models from
Modelica standard library have been used. In order to facilitate the
description of the di�eren t driveline components and how they inter-
act with each other, seethe modelled referencecar in VehProLib in
�gure 3.1.

3.1.1 In ternal Com bustion Engine
| VehProLib.Engine.Examples.MvemEngine

The power sourcein the vehicle is the ICE and it is controlled by the
driver by the gaspedal. As output you have the torque as a result of
the combustion and the angular rotation in radians.

During the work, the decisionhas beentaken not to useNobrant's
engine model, becausein VehProLib there are already di�eren t de-

11



12 Chapter 3. Modelling the ReferenceCar

Figure 3.1: The referencecar modelled with components from Mod-
elica standard library , Nobrant's master's thesis [25] and models devel-
oped in VehProLib.

veloped engine models, which are more accurate. The MVEM engine
VehProLib.Engin e.Examples.MvemEngin e is usedinstead of the multi
cylinder model1 becausethe vehicle follows the NEDC driving cycle
during 600 s. Here the qualitativ e behaviour is being studied and the
MVEM engine is good enough for this purpose, it also facilitates a
faster simulation.

A tank, developed by Montell [22], is connected to the engine in
order to measurethe fuel consumption. The MvemEnginealso contains
an idle controller and � -controller, both developed by Montell.

In �gure 3.2 it is shown how the MvemEngineis fundamentally cou-
pled to other components. The step symbolizes the driver who �rst is
driving the car at idle and after 100 s with full gas. The tank coupled
to the enginemeasuresthe fuel consumption and the inertia is coupled
to the enginebecauseotherwise any torque would be produced by the
engine.

1A multi cylinder model describes the combustion in every single cylinder and
supplies the cycle-to-cycle variations, thus the simulation takes a much longer time.
The MVEM engine computes a mean value for the whole combustion and does not
take the incylinder variations into account.
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Figure 3.2: Modelica model of MvemEngineand how it basically is
related to other components.

Figure 3.3 shows the enginespeedin revolutions per minute. First
at idle running, the speeddecreasesfrom the initial value of 3000rpm
becauseof the zero gas. The idle controller controls the speed to be
about 800rpm. At time 100s when there is full gas,the speedincreases
fast up to a maximum value of approximately 8000rpm.
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Figure 3.3: MvemEnginespeed, revolutions per minute, the initial
value is 3000 rpm. The gas is zero at the beginning and the engine
speedis decreasing.The enginethen performs idle running due to the
idle controller. At time 100 s there is full gasand the speed increases
to a maximum value.
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The torque produced by the MvemEngineis presented in �gure 3.4.
In the beginning there is a negative torque becausethe enginespeedis
decreasingby having no gasand the produced work becomesnegative
due to friction and pumping losses.At time 100 s, when the engine is
running at full gas, the torque increasesvery fast and then levels away
when the vehicle reachesthe maximum speed.
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Figure 3.4: The torque produced in the MvemEngine. From time 0 to
100 s there is no gas, from time over 100 s there is full gas.

3.1.2 Clutc h
| Modelica.Mechanics.Rotation al. Clut ch

The clutch is usedin order to connectand disconnectthe engineto the
remaining driveline parts, which are fastened together with the gear
box.

The Modelica standard library clutch, Modelica.Mechanic s. Rot-
ational.Clutch , is a friction clutch. The clutch disc connects the
ywheel of the MvemEngineand the gearbox input shaft and the driver
controls the clutch via data from the NEDC driving cycle. See[25] for
veri�cation of the Modelica standard clutch.
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3.1.3 Man ual Gear Box
| VehProLib.Driveline.Gearb ox

Use of a gear box in the vehicle makes it possible to change the gear
ratio r between the engine and the wheels and by that expand the
working range [25]. Input signal to the gearbox model is the torque Te

and angular velocity ! e from the engine via the clutch. Output from
the gear box is Tgear box = rTe and ! gear box = 1

r ! e.

Figure 3.5: The manual gear box model VehProLib.Drivel in e.-
Gearbox.

In this thesis, Nobrant's model has been used, see �gure 3.5. It
models the changing gear ratio and tries to describe the e�ects of the
synchronization betweenthe di�eren t gears,see[25]. He hasalso made
somesimpli�cations in order to get lower complexity and faster simu-
lation, for example the samegear e�ciency and bearing friction for all
gears.

The signal into the gear box from the NEDC table is shown in
�gure 3.6.

3.1.4 Prop eller Shaft

The purposeof the propeller shaft is to transmit the rotational energy
from the driveline to the drive shaft. Ideally it is sti�, but in reality the
propeller shaft is an elastic connection between the gear box and the
�nal drive. According to Nobrant [25] the assumption has been made
that the propeller shaft is sti� in comparisonwith the elasticity in the
drive shaft. It means that the torque from the gear box is the same
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Figure 3.6: Signal into the gear box from the NEDC driving cycle.
X-axis shows time [s] and y-axis the gears.

as the torque out from the propeller shaft. The gear box and the �nal
drive can therefore be directly connected.

3.1.5 Final Driv e
| VehProLib.Driveline.FinalDr ive

The �nal drive transmits the power to the wheelsand slows down the
rotational speed of the transmission [23]. It also permits the driven
wheels to have di�eren t speeds, although they are connected to the
samedriveline. This is for examplevery useful when the vehicle drives
in a curve and the inner wheel drivesa shorter distance and therefore
also has a lower speedcomparedto the outer wheel [25].

The �nal drive modelled by Nobrant consistsof an automotive dif-
ferential combined with the ideal gearModelica.Mechani cs. Rota tio -
nal.IdealGear from Modelica standard library , see�gure 3.7. With
the di�eren tial VehProLib.Drive lin e. Ide al Di ffe re nti al equal tor-
que is applied to both wheels.The gearratio givesthe relation between
the turning anglesof the wheels. See[25] for evaluation and tests of
the �nal model.

3.1.6 Driv e Shaft
| Modelica.Mechanics.Rotati onal.Sp ring Damper

The driveshaft is the connectionbetweenthe �nal driveand the wheels.
It is often the part of the driveline that is the weakest, becauseit is
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Figure 3.7: Final drive modelled from Nobrant's master's thesis [25]
with an ideal di�eren tial and a gear.

relatively easyand cheap to repair. Therefore it has a exibilit y which
gives driveline oscillations and the drive shaft cannot be considered
as sti�. As in [25] the drive shaft has a sti�ness k and an internal
damping c and the assumption that there is no friction hasbeenmade.
The driveshaft is modelledwith Modelica'sspring and damper from the
standard library , Modelica.Mechani cs. Rotat io nal .Spr ing Damper .

3.1.7 Brak e
| Modelica.Mechanics.Rotati onal .Bra ke

In order to be able to stop the car, it is equipped with brakes. Nobrant
has used Modelica's standard brake, Modelica.Mechanic s.Rot at io-
nal.Brake , so is also done in this thesis. The brake is a disc brake,
where the brake blocks are pressedagainst the disc and the braking
friction torque increases. See [6] for a full description and [25] for
veri�cation of the brake.

3.1.8 Wheel
| VehProLib.Chassis.Wheel

The wheel has contact with the ground and the purposeis to convert
the rotational motion to translational motion. Modelling the tyre is
very complex and in this thesisa rather simple wheeland tyre model is
used,developed by Nobrant [25]. The torque from the brake acts asan
input signal into the wheeland output signalsare position and force of
the wheel.

The wheel is modelled with rolling condition, rolling resistance,lon-
gitudinal slip and longitudinal forces. The longitudinal force is a func-
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tion of the longitudinal slip, in this wheel model implemented as a slip
table. There are model limitations, for example are no lateral forces
described and the model covers no steering, which makes the vehicle
unable to turn [25].

When modelling the rolling resistance,Nobrant hasusedthe model

Fr oll = c0 + c1v where c0 = 11 and c1 = 0:3604 (3.1)

It is not described how c0 and c1 are computed and a split of the
constants into known parts is desirable. In order to describe the rolling
resistancemore precisely, the model [11]

Fr oll =
mg
2

(f f r 0 + f f r 1v) (3.2)

can be used. m and g describes the vehicle mass (1520 kg in this
example)and accelerationof gravit y respectively. f f r 0 is the rolling re-
sistanceat zerospeed,typically about 0.01,and f f r 1 is a speeddepen-
dent component of the rolling resistance,typically about 0.005. This
model has two wheels and therefore each wheel only has half of the
gravitational force. Equation (3.1) together with equation (3.2) gives

c0 =
mg
2

f f r 0

c1 =
mg
2

f f r 1

but

11 6=
1520� 9:81

2
� 0:01 � 75

0:36046=
1520� 9:81

2
� 0:005� 37

Nobrant [25] has not usedequation (3.2).
The referencecar hastoo low fuel consumptionand the �rst thing to

do is investigating the rolling resistance.During the NEDC driving cy-
cle, the referencecar drives8000m. With Nobrant's rolling resistance
model in equation (3.1), the vehicle consumesapproximately 0.459 l
fuel during the drive and the fuel consumption becomesquite low with
0:4592

0:08 = 5:74 l/100 km. Using equation (3.2) instead the car consumes
12.2 l/100 km, which is too high, a reasonableresult is 7-8 l/100 km.
The fuel consumption has a too large change to make it realistic. In-
vestigation of the force components in the wheelshows that the rolling
force is far too high | the vehicle reachesa maximum velocity of just
80 km/h when it should drive with 120 km/h. The speed dependent
component of the rolling resistance is too large and brakes the car.
In [29] the rolling resistanceis modelled as a quadratic function and
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the force lies within a small band. The rolling resistancemodelled in
equation (3.2) is therefore approximated with f f r 1 = 0 and gives the
constant model

Fr oll =
mg
2

f f r 0 (3.3)

This givesstill a too low fuel consumption of 6.34 l/100 km. A possible
reasonis that the models and components in the referencecar can be
too ideal and there are more lossesin reality. But this fuel consumption
is better than 5.74l/100 km whenequation (3.1) wasusedand therefore
equation (3.3) is usedin the wheel model.

3.1.9 Chassis
| VehProLib.Chassis.Chassis Model

There are many di�eren t de�nitions of a car chassis,but in this the-
sis the chassis just describes the inertia of the vehicle. As described
in [25] the su�cien t chassismodel for a longitudinal driveline model is
to consider the chassisto be a sliding massfollowing Newton's second
law and neglect the gravitational force. The sliding massModelica.-
Mechanics.Transl ati onal. Sl id ing Mass has beenused.

3.1.10 Air Drag
| VehProLib.Chassis.AirDrag Model

When driving a car, the air drag brakesthe car and for examplemore
fuel is neededto reach the desiredvehiclespeed. Therefore an air drag
model is needed in order to simulate a \real" behaviour during the
drive.

In [25] the wind velocity vs in the expressionof the braking force
from the air drag

Fair = cD A
�
2

(vvehicle � vs)2

has beenneglecteddue to the fact that the inuence from the wind is
small comparedto the vehiclespeedvvehicle . cD is a dimensionlessaero-
dynamic coe�cien t, A is the front area of the vehicle and � describes
the air density. Compared to [25], where all the constants together are
described by the constant c2, this model has separatedthe constants.

3.1.11 Driv er
| VehProLib.Driveline.Drive r

In order to drive the car, a driver is needed. This driver consists of
a table over a driving cycle with data about the referencespeed, gear
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and clutch signal with respect to time and also a PI-controller with
parameters K i = 0:1 and K p = 0:3. Input signal to the model is
the actual speed. With respect to the desired speed, the PI-controller
controls the output gaspedal or brake pedal signal and the output lies
between-1 and 1. When the PI-controller computesa negative value,
the car brakesand if the value is positive, there is a signal to the gas
pedal. Other output signalsare gear and clutch signals.

The largest di�erence between this driver and a \real" driver is
that this driver is a PI-controller that only measuresand controls with
respect to an actual speed di�erence. A human being can plan the
driving and adjust beforethe speeddi�erence occurs. See[25] for more
details about the driver.

3.2 Reference Car
| VehProLib.Example s. Refe rence car

Now the di�eren t parts of the vehiclepowertrain can be put together in
order to model a vehicle, seethe referencecar in �gure 3.1. The model
has only two driving wheels. As described in [25] it doesnot a�ect the
behaviour of the car during acceleration, but braking gives only half
the braking force, becausenormally the car brakeswith all four wheels.
The car is also modelled without starter motor and the ICE starts at
3000rpm.

The vehiclehasbeendrivenwith half of the NEDC driving cycleand
the actual vehicle speed is given in �gure 3.8. The di�erence between
desired speed from the NEDC driving cycle and the actual speed is
shown in �gure 3.9. The large di�erences occur when shifting between
gearsand also during the beginning of the braking phase. When the
clutch has disengagedthe driveline during gear shifting, the driving
torque becomesunusedfor a moment and the vehicle losesspeed.

Figure 3.10viewshow the number of revolutions per minute changes
during the NEDC driving cycle. When the car stands still, the speed
reachesa minimum of 800 rpm due to the idle controller. Without the
controller, the enginespeedwould reach zeroenginespeedand stop the
simulation becausethe MvemEnginedoesnot handle negative speed.

One problem with the MvemEngineis the low fuel consumption of
6.34 l/100 km. A �rst check in the enginemodel is to investigate the
air o w into the throttle | an air o w of 4 g/s through the throttle
during idle running is reasonable.Figure 3.11 shows the air masso w
through the throttle during the NEDC driving cycle. As can be seen,
the air masso w is low with a value of approximately 0.25 g/s during
idle running. This thesis doesnot however try to �nd the reasonwhy
the MvemEnginehas too low fuel consumption.
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Figure 3.8: Actual speedfor the referencecar during the NEDC driv-
ing cycle. X-axis shows time [s], y-axis vehicle velocity [km/h].

Figure 3.9: Di�erence betweenNEDC speedand vehiclespeedduring
the driving cycle. The di�erences depend on gear shifting and the
beginning of the braking phase. X-axis shows time [s] and y-axis shows
velocity [km/h].
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Figure 3.10: Engine speed in the referencecar. X-axis is time [s],
y-axis is enginerevolutions per minute [rpm].

Figure 3.11: Air mass o w through the throttle in the MvemEngine
during the NEDC driving cycle in the referencecar [kg/s]. X-axis shows
time [s], y-axis shows air masso w [kg/s].



Chapter 4

Mo delling Hybrid
Electric Vehicles

4.1 Di�eren t Topologies

The HEVs in this thesis consists, as mentioned before in section 1.1,
of an internal combustion engine,ICE, in co-operation with an electric
motor, EM. There are di�eren t strategies for how to combine the ICE
and the EM and four essential topologies are a serieshybrid, a par-
allel hybrid, a series-parallelhybrid and a complex hybrid [7]. These
topologiesare described in more detail in this section.

4.1.1 Series Hybrid

A seriesHEV has the ICE in serieswith a generator and the EM. The
main idea is to have the ICE running at an optimal point and store
the energy in the battery via the generator, as presented in �gure 4.1
and by Str•omberg [32]. The power during driving is taken from the
EM and the battery supplies it with energy. When the state of charge
of the battery is at a predetermined minimum, the ICE is turned on
to charge the battery. The ICE turns o� again when the battery has
reached a desirablemaximum state of charge. In a serieshybrid there
is no mechanical connection betweenthe ICE and the chassis.

The advantage with this con�guration is that the ICE is running at
its optimal combination of speedand torque all the time, thereby having
a low fuel consumption and high e�ciency . But, since there are two
energyconversionsduring the transportation of the energybetweenthe
ICE and the wheels(ICE { generatorand generator{ EM), much energy
is lost becauseof inner resistancesand friction [32]. The seriesHEV
hasthe worst power path comparedto other topologiesand by that the

23



24 Chapter 4. Modelling Hybrid Electric Vehicles

Figure 4.1: A schematic �gure of a seriesHEV wherethe ICE is placed
in serieswith a generator and an EM [32]. The solid lines represent a
mechanical connection and the dashedlines an electric connection.

largest losses[17]. Another drawback is that the regenerative braking
technique1 cannot be usedto saveenergy[20]. According to [17] and [7]
all HEVs can usethe regenerative braking technique conceptually, the
reasonwhy seriesHEVs cannot use the technique [20] can be that it
requiresspecial hardware and electronicsthat maybe not is available in
all HEVs. The only advantageover the parallel con�guration is that the
seriesHEV createslessharmful emissionsthan the other topologies[20].

4.1.2 Parallel Hybrid

A vehicle with the parallel con�guration has both the ICE and the
EM mechanically connected to the wheels. Compared to the series
HEV, the parallel HEV only needsthese two propulsion devices [7].
A schematic �gure of the parallel hybrid is shown in �gure 4.2. The
vehicle can be driven with the ICE or the EM or both of them at the
sametime and therefore it is possibleto choosethe combination freely
to give the required amount of torque at each time.

In the parallel HEV topology, there are many ways to combine the
useof the ICE and the EM. One strategy is to usethe EM aloneat low
speedswhere it is more e�cien t than the ICE, and then let the ICE
work aloneat higher speeds.When only the ICE is in use,the EM can
function as a generator and charge the battery. The drawback with
this excluding strategy is among other things that the battery will be
dischargedduring long periods of very slow driving and the ICE has to
be usedfor low speedswhere it is lesse�cien t [32].

1The regenerative braking technique makes the vehicle slow down by letting the
wheels use the EM as a generator and contribute with power to the battery [30].
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Another way to vary the power split betweenthe ICE and the EM
is a mixed strategy [32]. The EM is then used alone when the power
demand is low as in the excluding strategy and at ordinary driving,
when the power demand is between let us say 6 kW and 50 kW, only
the ICE is used. At a power demand over 50 kW, for example at
accelerationsand high speeds,the EM is usedas a complement to the
ICE in order to give extra power when needed[30]. This speed limit
as deciding parameter varies of course between di�eren t vehiclesand
strategies.

Figure 4.2: A schematic �gure of a parallel HEV. The vehicleconsists
of three possiblecombinations of the two propulsion devicesEM and
ICE; only use the battery in serieswith the EM, only use the ICE or
use a combination of them [32]. The solid and dashed lines meansa
mechanical and electric connection respectively.

A parallel vehicle can have a continuously variable transmission,
CVT, instead of a �xed step transmission. With this technique it is
possible to choose the most e�cien t operating point for the ICE at
given torque demandsfreely and continuously [32]. The result is lower
fuel consumption, becausethe fuel is used more e�cien tly . Energy is
alsosavedthanks to the regenerativebraking technique. The advantage
with the parallel con�guration is that there are fewer energyconversions
comparedto the seriesvehicleand therefore a lesserpart of the energy
is lost. The parallel hybrid has the lowest lossescomparedto the other
topologies[17].
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4.1.3 Series-Parallel Hybrid

The series-parallelHEV is a combination of the seriesand the parallel
hybrid. In someliterature it is calledstrigear hybrid, the nameis an ab-
breviation for sequentially run, triple gearbox connected engine/motor
hybrid [17]. There is an additional mechanical link betweenthe genera-
tor and the EM comparedto the seriescon�guration and an additional
generator compared to the parallel hybrid, see�gure 4.3. With this
design it is possibleto combine the advantages of both the seriesand
the parallel con�guration, but the series-parallelhybrid is relative to
them more complicated and expensive [7].

There are many possible combinations of ICE and EM, but two
major groupscan be identi�ed | electric-heavy and engine-heavy. The
electric-heavy vehicle indicates that the EM is more active than the
ICE for the propulsion and in the engine-heavy casethe ICE is more
active. The two groups have in common that the EM is usedalone at
start and the ICE is turned o�. During normal driving the ICE alone
propels the vehicle in the engine-heavy caseand both the ICE and EM
in the electric-heavy case. When acceleration is needed, the EM is
usedin combination with the ICE to give extra power similarly in both
groups. During braking or decelerationthe EM is usedas a generator
to charge the battery and in stand still the ICE can maintain running
and charge the battery via the generator in both casesif needed.

Figure 4.3: The series-parallelhybrid schematically presented. There
is an additional mechanical link compared to the serieshybrid and an
additional generatorcomparedto the parallel hybrid [7]. The mechani-
cal connectionis described by the solid lines and the electric connection
by the dashedlines.
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4.1.4 Complex Hybrid

The complex HEV is also called power split hybrid, combined hybrid
or dual hybrid in someliterature [17]. It is another combination of the
seriesand parallel hybrid, see�gure 4.4, although not so distinct and
clear asin the series-parallelhybrid. This topology includesa planetary
gear box, which connectsthe ICE, EM and generator. The ICE speed
can be controlled by varied speedfrom the two planetary gear pinions
connectedto the EM and the generator.

The ICE is possibleto switch o� and then the vehicle is propelled
just electrically, but at most of the operating points the energy o ws
both as in a parallel hybrid (from ICE via the gear box to the wheels)
and as in a serieshybrid (from generator and EM to the wheels) [17].
The proportion between these two energy o ws depends on the speed
| sometimesit may act asa pure parallel hybrid, but most of the time
it is partially a seriesand partially a parallel hybrid.

The complex hybrid has, as the series-parallelhybrid, higher com-
plexity and costs [7]. It is also di�cult to create a complex hybrid
which is more e�ectiv e than a parallel hybrid [17].

Figure 4.4: A schematic �gure of the complex hybrid. It can drive
as in a parallel hybrid with the energy o w from the ICE, via the gear
box to the wheels,or as in a serieshybrid with the energyo w from the
generator and EM to the wheels[17]. Solid lines meansa mechanical
connection and dashedlines an electric connection.

4.1.5 Hybrid Mo dels on the Mark et

The hybrid vehicle market is growing and many companiesin the mo-
tor industry have concept HEVs under development. In this context
DaimlerChrysler, Fiat, Ford, GM, Mitsubishi and Nissan can be men-
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tioned [32]. In this section, the �rst HEV on the market, Toyota Prius,
and the early competitor Honda Insight are described.

Toyota Prius

Toyota Prius, see�gure 4.5, is a very interesting car, becauseit wasthe
�rst mass-producedHEV on the market and a breakthrough2 in many
ways [26], presented at Tokyo Motor Show in 1995[34].

Figure 4.5: Toyota Prius, a picture from [24].

It has been di�cult to determine to which topology Toyota Prius
belongs. It has a con�guration similar to the electric-heavy series-
parallel system[7], accordingto Hellgren [13] it is a split HEV, but own
comparisonsand [2] shows that Toyota Prius is a complex hybrid. The
energyo wssometimeslikea seriesHEV, sometimeslikea parallel HEV
and the proportion betweenthesetwo energyo ws is speeddependent.
The vehicle is large with seatsfor �v e persons. It is also powerful with
a 1.5-liter four-cylinder engine which has the Atkinson/Miller high-
expansionprinciple3, coupledwith an EM of 40 horsepowers [20]. The
EM is powered by a battery where the energy is produced in 40 NiMH
batteries connected in series. Toyota Prius is a \full" hybrid, which
meansthat the car sometimesturns o� the ICE and only is powered
by the battery and EM [33]. The car is designedto reduce emissions
in urban areas and Toyota Prius meets California's super ultra low
emissionsvehicle standard, SULEV [24].

Due to the regenerative braking technique, approximately 30 % of
the energy that normally is lost in friction brakes is here converted to
current stored in the battery [33]. As can be seen in the principial
�gure 4.4 of the complex hybrid, Toyota Prius has a planetary gear

2Toyota Prius has regenerative braking, ligh t and small engine, better fuel e�-
ciency, lower emissions and is more aerodynamic than a family sedan [26].

3The mechanical compression ratio is about 9:1, the virtual compression ratio is
14:1 [34].
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box, which alsoactsasa CVT. Prius is the forerunner to Toyota Hybrid
System,THS. This systemis usedby Toyota in further developedHEVs
and in the THS the gear box has beenreplacedby a clever planetary-
gear-type power-split device, which also is an electric CVT, which is
called THS-CVT [34].

The early Toyota Prius on the american market and in Japan is
smaller compared to the vehicle in Europe. There is a di�erence in
for example motor size and the european vehicle is also heavier. The
di�erence is quite small and the essential designis the same. It hasbeen
very hard to analysewhich articles and facts that refer to the di�eren t
sizesof the vehicle. This thesis has tried to separate the models and
use the facts from the bigger european vehicle when possible,and has
also usedother facts from Toyota Prius even if it has not beencertain
to which vehicle they refer.

Honda Insigh t

An example of a simpli�ed parallel hybrid vehicle is Honda Insight,
see�gure 4.6. Honda names this hybrid the Integrated Motor Assist
system, IMA, which includes the ICE, EM and transmission [24]. IMA
usesthe EM to assistthe ICE, which meansthat the ICE must be run-
ning during the whole drive in order to drive the vehicle and the EM
is only used when extra power is needed. The vehicle was intro duced
in early 2000 in the United States and it is not designed to reduce
emissionsas Toyota Prius, but to get best possible mileage. Honda
Insight is a \soft" hybrid, which meansthat it is the ICE which pro-
pels the vehicle primary and the extra power is provided with the EM
when needed.The Honda Insight hasa conventional �v e-speedmanual
gear box, but now is the car Insight CVT with continuously variable
transmission also available [24].

Figure 4.6: Honda Insight, the picture comesfrom [24].
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Honda Insight has a large improvement in the fuel economy owing
to the car's overall designwith for exampleair drag4 and lighter vehicle
(aluminium frame, smaller engine) that leads to that a smaller engine
can ful�l the requirements. The car usesa 3-cylinder 1.0-liter petrol
engine together with a 10 KW (and about 13 horse powers at 3000
rpm) EM [33]. The car is small, has a low weight and has only room
for two persons[24].

Comparison Toyota Prius versus Honda Insigh t

In table 4.1 a small comparison betweenToyota Prius and Honda In-
sight is made.

Characteristics Toyota Prius Honda Insight
Topology Complex Simpli�ed parallel
Design issue Reduceemissions Improve mileage
Petrol engine 1.5-liter 4-cylinder 1.0-liter 3-cylinder

70 hp at 4500rpm 67 hp at 5700rpm
Electric motor Max 40 (44) hp Max 13 hp
Weight 1255(1645) kg 862 kg
Drag coe�cien t 0.29 0.25

Table 4.1: Comparison between Toyota Prius and Honda Insight.
The valuesin parenthesis refer to the bigger europeanmodel of Toyota
Prius [24].

4.2 Hybrid Comp onents

In this section components necessaryfor modelling HEVs is described.
They are all developed in VehProLib.

4.2.1 In ternal Com bustion Engine
| VehProLib.Examples.MvemEngineFuelCutOf f

In for example the serieshybrid it is sometimesdesirableto be able to
cut o� the ICE and run the vehicle with only battery and EM. From
aspectsof modelling it meansthat the enginemust be able to run with
no fuel and thereby without producing driving torque. This is called
fuel cut-o� 5 and is implemented in the MVEM engine VehProLib.-

4Honda Insight has an aerodynamic drag coe�cien t of 0.25. With this it places
the vehicle among the best of the cars available today [33].

5 In an ordinary car, lik e the reference car, the fuel cut-o� behaviour does not
mean exactly the same as here in the HEV case. Here, in the HEV case, the fuel
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Engine.Examples. MvemEngi neFuelCut Off and the cylinder VehPro-
Lib.Engine.Cylin ders. MvemCyl ind er FuelCutOff . This model has
the MvemEnginewithout � -controller asa basis,becauseit is impossible
to control the � -value when the fuel masso w is reducedto zero. The
fuel cut-o� is made as a \fuel factor" as ingoing signal to the ICE,
which rescalesthe e�ects of the fuel. For example a fuel factor of 0.5
meansthat only half of the energyin the fuel is usedand thereforeonly
produces half of the indicated mean e�ectiv e pressureIMEP 6 in the
expressionB M EP = I M EP � PM EP � F M EP, whereB M EP is the
work actually produced by the enginewhen the friction work F M EP
and pumping work PM EP have beentaken into consideration. BMEP
is related to the produced work per cycle by B M EP = Wper cycle =Vd.
When total fuel cut-o� is wanted, the fuel factor is zeroand the engine
should produceno work, that is I M EP = 0 and there are only braking
torque from the friction and pumping work.

The ICE in a HEV should be able to be turned on and o� during
driving when required. Becausethe engine models are not modelled
to manage zero and negative speed, many simulation and modelling
problemsappear when trying to model the fuel cut-o� as to slow down
the enginespeed to zero and then spin up the engineagain when it is
neededto producea driving torque. The casewith low and zerospeedin
the enginemodels is not �nished, either is this thesis. It would require
much time and more detailed knowledgeabout the enginemodels and
Modelica. For example the air masso w per revolution should remain
nonzero in order to avoid problems when for example computing the
� -value. At zero enginespeed the massof fuel from the tank into the
cylinders, mf , is zero, but the mass of air in the cylinders, ma , has
to be nonzero. Another problem is the friction model. The friction
should behave like a singularity around the zero point and the model
should require reaching a certain enginespeedin order to overcomethe
friction threshold and give a driving torque. Ideashow to implement a
wider model of for example F M EP in the MvemEnginecan be found
in Modelica's own example of how friction is modelled in Modelica.-
Mechanics.Rotati onal. Example s.F ri cti on. The special casewhen
the angular velocity ! is zero is of great interest.

One solution to the problem with zero speed in the engine model

cut-o� shall simulate the behaviour of an engine which actually is turned o�, thereby
producing no driving torque and consuming no fuel, but maybe produce a braking
torque because of the friction and pumping work. In the reference car case, fuel
cut-o� means that when driving in for example a slope, it is desirable to turn o�
the engine and thereby consuming no fuel. When the torque reaches the lowest
possible value (approximately 800 rpm) where it is risk that the engine stops, the
idle controller controls the engine speed again and the engine is turned on.

6 I M E P = (Gross) indicated mean e�ectiv e pressure means the work delivered
to the piston over the compression and expansion strokes of the cycle, divided by
displaced volume Vd [14].
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that has not beenveri�ed in this thesis would be to have two di�eren t
ICE models to switch between during the simulation. One model for
the ordinary driving and a simple model, like a ywheel mass,for the
zero speedcase.

Another way, which is implemented in MvemEngineFuelCutOff , to
avoid the most di�cult complexity in the fuel cut-o� mode described
above is to keepthe engineaway from reaching zero speed. When the
main vehicle controller wants the ICE to run in fuel cut-o� mode, the
controller steers the torque to zero. The engine slows down because
the idle controller is uncoupled in this mode. When the speedreaches
for example 1 rpm, the speed remains constant, but the massof fuel
mf is set to zero. Thus the enginedoesnot stop, but it has a very low
speed, consumesno fuel and producesno torque. When the torque is
zero, the engine is disengagedfrom the driveline in order to simulate
the behaviour of having no e�ects on the vehicle drive. When the
vehicle controller wants a driving torque from the ICE again, a starter
motor speedsup the engineand the engineis connectedto the driveline,
\ignites" and starts to consumefuel again when it reachesa minimum
speed, in this work 100 rpm.

When the engine runs with fuel cut-o�, it should use no fuel and
the amount of consumedfuel per second _m f should be zero. In Mvem-
EngineFuelCutOf f the energy o w Qin becomeszero. By letting the
incoming amount of fuel into the cylinders be zero, no fuel will be
delivered from the tank when the fuel factor is zero. See�gure 4.7,
which shows a test of the behaviour of the MvemEngineFuelCutOf f
when starting from speedequal to 1 rpm.

Figure 4.7: Test of MvemEngineFuelCutOff when starting from speed
1 rpm.
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In �gure 4.8 the ICE speed during the test is plotted. The ICE
runs at fuel cut-o� until it reaches a certain speed, in this test 100
rpm, and the engine \ignites". Then the starter motor is disengaged,
the idle controller is activated and the ICE consumesfuel. First at
time 3 seconds,there is full gas,so at the beginning the idle controller
adjusts the speedto the idle speed800 rpm. At time 9 secondsthe gas
goesdown to zeroand the idle controller adjusts the speedagain to 800
rpm. Figure 4.9 shows the consumedfuel during the fuel cut-o� mode.
As desired, the ICE consumesno fuel when it is in fuel cut-o� mode.
At time 0.041 secondsthe engine has reached the speed 100 rpm, it
\ignites" and starts to consumefuel. This test shows that the Mvem-
EngineFuelCutOff managesto start from 1 rpm, the idle controller is
activated when the engineis in driving mode and the engineconsumes
no fuel in the fuel cut-o� mode.

Figure 4.8: Test of starting the MvemEngineFuelCutOf f . The engine
starts at speed1 rpm. At 100 rpm (approximately at time 0.041s) the
engine \ignites" and the idle controller adjusts the speed to 800 rpm.
At time 3 s there is full gas and at time 9 s, there is no gas, resulting
in the speed is controlled down to 800 rpm again. X-axis shows time
[s] and y-axis shows enginespeed[rpm].

In the fuel cut-o� mode before the start and stop phases,the speed
changesfast and the engine accumulates energy becauseof the mass
inertia (the acceleration and deceleration energies). This thesis does
not take this into account. As long as the start and stop phasesonly
occupy a maximum of 1 % of total driving time, this simpli�cation does
not a�ect the simulation results too much. If it is over 1 %, the model
needsa dynamometer that speedsup and down in order to model the
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massinertia.

During driving the ICE in fuel cut-o� mode, it is desirable to dis-
connect the ICE from the remaining driveline. In this thesis both dis-
connecting the EM and using a clutch between the ICE and EM have
been tested without success.The reasonis unfortunately not yet un-
derstood.

Figure 4.9: Test of starting the MvemEngineFuelCut Off . At the be-
ginning, the starter motor speedsup the engine,which is in fuel cut-o�
mode. At 100 rpm and time 0.041 s the engine changes to driving
mode and the engine starts to consumefuel. X-axis shows time [s],
y-axis shows consumedfuel per second[kg/s].

4.2.2 Con tin uously Variable Transmission

The CVT is like an automatic gear box which givesan in�nite number
of gears. The large advantage with this technique is that it is possible
to choosea gear ratio that makesthe enginework at its optimal com-
bination of speedand torque due to the environment [32]. In modelling
the HEV, there are two choicesof how to model the CVT. Either it
can be simple and just model the ratio betweenrequired ICE and wheel
angular velocity, or be more complex using a planetary gear. In this
section both ways are described. None of them are veri�ed in a vehicle
model.
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CVT
| VehProLib.Driveli ne. CVT

The CVT, named VehProLib.Drive lin e. CVT is based on the equa-
tion [32]

CV Tgear r atio =
wI C E ; r equir ed

wwheel; r equir ed

and the relations between rotational angle ' and torque T from the
ideal gear Modelica.Mechani cs.Rota tio nal.I deal Gear in Modelica
standard library

' I C E = CV Tgear r atio ' gear

0 = CV Tgear r atio TI C E + Tgear

wI C E ; r equir ed will be given by a look-up table and is chosen so the
enginehasaslow fuel consumptionaspossiblefor a giventorque. When
! wheel; r equir ed = 0 the gear ratio CV Tgear r atio has a default value of
0.

Planetary Gear
| Modelica.Mechanic s.Rot at ion al .Id ealP lan et ary

Toyota Prius has the Toyota Hybrid System, THS, and usesdouble
pinion typesof the planetary gears[9]. The term \double pinion types"
is still confusing,sinceit cannot be found in any literature. Instead the
CVT in this Modelica model of Toyota Prius is described with following
equations [18]

TE M =
1

1 + p
TI C E

Tgener ator =
p

1 + p
TI C E where p = 0:385

Tdr iv eshaf t =
�

1
1 + p

TI C E + TE M

�
�

wI C E =
p

1 + p
wgener ator +

1
1 + p

wE M

where � describesthe ratio of the reduction gear betweenthe ring and
the drive shaft, Tdr iv eshaf t = Tr ing � . The reduction gear is the sameas
the ideal di�eren tial in the �nal drive, where the gear ratio is the same
as� . p is the ratio betweennumber of teeth of the sun gearand the ring
gear. Compared to the equationsdescribing the ideal planetary gear in
Modelica standard library , Modelica.Mechanic s. Rotat io nal .I deal-
Planetary , the generator shall be connectedto the sun gear, the ICE
to the planet carrier and the EM to the ring gear in order to ful�l the
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equations above for Toyota Prius [24]. The connection between the
ratio for the IdealPlanetary and p is ratio = 1

p . The driving torque
To in Toyota Prius is according to [27]

To = (Td + TE M ) � where

Td = TI C E
p

1 + p

TE M and Td uctuate constantly during the drive in order to get an
optimal combination.

The planetary gear in Toyota Prius alsoacts asa CVT and the gear
ratio is chosen by changing the input from two of the three pinions,
that is the CV Tgear r atio and the gear wheel speed is determined by
the wheel speed! wheel .

4.2.3 Battery

The battery storesthe energyelectrically, suppliesthe EM with current
and is an important part of the vehicle. It must be e�cien t, be able to
chargecurrent enoughto drive the car an appropriate distanceand have
a long lifetime. The Nickel Metal Hydride battery, NiMH, is used in
both Toyota Prius and Honda Insight [24] and is alsothe most common
type of battery in HEVs today [32], therefore this thesis models this
type of battery. The advantagesof a NiMH battery is its high speci�c
power (stored energyper weight unit) and long lifetime.

In this section two models of a NiMH battery is described. The
�rst model contains the basic relations and behaviours according to
Str•omberg [32], the secondmodel is Hellgren's NiMH battery model in
Hevlib [13]. This model is more advancedand coversa greater part of
the complex characteristic behaviours. The battery model can be even
more complex if all the dynamics is captured in the model.

Noneof the modelshasa limit for the allowed SOC level. Therefore
the controller needsto take this into consideration and avoid the SOC
level to reach values outside the interval from 0 % to 100 %. Neither
the batteries have limits for the output current and voltage.

Table Battery
| VehProLib.HEV.Batt ery

VehProLib.HEV.Batt er y is a battery model which covers the funda-
mental behaviours of the NiMH battery and the decreaseof e�ciency
during discharging. It is basedon Str•omberg's master's thesis [32] and
can be seenin �gure 4.10. Input to the battery is the battery gassignal
from the driver, output is the battery voltage, current and the battery
state of charge, SOC. As �gure 4.10 shows, the battery is modelled as
a look-up table for the connection between SOC and battery output
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voltage with interpolated values from [16]. The e�ect of aging on the
e�ciency is not taken into account in the model.

Figure 4.10: The VehProLib.HEV.Batte ry . The battery is modelled
asa look-up table for the connectionbetweenSOC and battery output
voltage.

The SOC of the battery is described by the equation

SOC = SOCinit +
1

Qmax

Z

t
i (� )d�

where SOCinit is the initial SOC value, in the model 60 % according
to [32]. The minimum battery SOC before the battery need to be
charged is 20 %, the maximum battery SOC level is 80 % as default
values in this thesis. The battery is charged when the current i (� )
is positive. Qmax , the maximum charge, is calculated from a storage
capacity of 6.2 Ah to

Qmax = 6:2 � 60� 60 = 22320C.

The connection betweenthe battery charge Q(t) and SOC [15] is

@
@t

Q(t) = i batt

SOC =
1

Qmax
Q(t)
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The battery output voltage Ubatt is calculated by

Ubatt = Umax Sacc f (SOC)

from [32]. Umax is the maximum battery output voltage and Sacc is the
signal from the gas pedal. f (SOC) describeshow the SOC inuences
the battery output voltage by a look-up table. The battery voltage
hasa nonlinear dependencyof the SOC, described by a table according
to [16]. The table \Op en circuit voltage" with the 25� C data has been
used.

Figure 4.11: Test of the table battery in combination with the EM.

Test of the battery in combination with the EM is shown in �g-
ure 4.11. In the �rst test the EM circuit is closedand therefore the
motor producesa torque due to the battery voltage. The driver uses
the gasat time 10 secondsand as can be seenin �gure 4.12, there are
no current from the battery and no torque from the EM before that
time. The value of SOC alsoremainsunchanged,see�gure 4.13. When
there is full gas,the current and the torque becomevery high. The test
illustrates how the battery works together with the EM and no current
limiter has beenused. Becausethere are no braking current and brak-
ing torque in the test model for the battery in combination with the
EM, the EM reaches its speedand retains it. The current and torque
therefore sink to zero again after the high output.

Figure 4.14 shows a test where the battery is discharged and then
chargedagain. The changeof SOC is presented in �gure 4.15(a) where
it can be seenthat �rst, when the torque is zero, the battery is dis-
charged. When the torque is nonzero, the battery becomescharged.
The changein battery current can be seenin �gure 4.15(b). The bat-
tery is discharged when the current is negative and becomescharged
with positive current.
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Figure 4.12: Test of battery and EM with EM circuit closed. Before
time 10 s the driver does not use the gas pedal and therefore there is
no current from the battery and no torque from the EM. At time 10 s
there is full gas,this risesthe current and the torque to very high values.
After a while the values goes down to zero again becausethe engine
reaches its speedand there is no braking torque in the model. X-axis
shows time [s] and y-axis shows torque [Nm] for load.flange a.tau
and current [A] for Battery.i batt respectively.

Figure 4.13: Test of battery and EM with EM circuit closed. Before
time 10 s there are no change in SOC, becausethe driver does not
use the gas. At time 10 s there is full gas and the battery discharges.
X-axis shows time [s], y-axis shows battery SOC [%].
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Figure 4.14: Test of discharging and charging the battery. The torque
shall symbolize an ICE.

(a) The battery SOC. When the
producing torque is zero, the bat-
tery is discharged. With an \en-
gine torque" the battery charges.
X-axis shows time [s], y-axis
shows battery SOC [%].

(b) The battery current. Nega-
tiv e current discharges the bat-
tery at the beginning. Then the
positiv e current due to the pro-
ducing torque from the \engine"
charges the battery . X-axis shows
time [s], y-axis current [A].

Figure 4.15: Results of the test when discharging and charging the
battery. The torque component symbolizesan engineproducing torque.
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Ph ysical Battery

There is also a battery model which describes a NiMH battery more
completely, see�gure 4.16. The battery comesfrom Hellgren's model
Hevlib.component s.b uf fer s. buffe r NiMHbattery , developed in his
library Hevlib [13]. The model is a mathematical description of the
PanasonicNiMH battery (HHR650D) usedin Toyota Prius. Nonlinear
battery elementary charging and discharging characteristics and the
variation of SOC are modelled. This battery is charged with positive
voltage Vcb. U is the voltage in a single battery cell, I cellP os and
I cellN eg model the current in the cell from the two battery contacts. The
leakagecurrent is determinedby the resistanceRp. The inner resistance
R is SOC dependent | a nearly empty or almost fully chargedbattery
results in a very high inner resistancedue to the Rover ch parameter in
the model. The battery pack consists of modules and the number of
battery cellswithin each module de�ne the voltage of the battery pack.
The parameter SI Z E represents the size of the pack, becauseit sets
the number of modules in parallel. For a wider description, see[13].

Figure 4.16: Model of a NiMH battery from Hellgren [13].

To limit the output current (and output voltage) from the battery,
a limiter consisting of a PI-controller and a variable resistancecan be
added outside of the model, seesection 4.2.4.

The idea is to usethis battery as a complement to the former table
battery. Due to time requirements, the function of this battery hasnot
fully been investigated and tested. Unfortunately it is impossible to
change between the two di�eren t battery models without doing some
changesin the HEV modelsdeveloped in VehProLib. The table battery
is somewhat like an ICE with a \gas pedal" which gives a speci�ed
output battery current dependent of the gas. This physical NiMH
battery gives the amount of current and voltage which is determined
from the other parts of the test or vehicle model.
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4.2.4 Curren t Limiter
| VehProLib.HEV.Components.Cur rent Limi ter

In order to limit the output current from the battery a limiter is
desirable. As an example of a proper current limit, the battery by
Str•omberg [32] limits the current to � 80 A. Many approaches as if-
clausesand controllers have been tested, but an ideal current limiter
hasnot beenable to model in Modelica due to time requirements. The
wish is to just cut o� the current when it reaches its limits, but how
should the non-causality in Modelica be taken careof? An ordinary if-
clausehas beentested, but it has a prede�ned \inp ort" and \outp ort"
and how shall the problems be solved in Modelica when the current is
calculated from the output-side to the input-side?

The current limiter in VehProLib is modelled with a PI-controller
which controls a variable resistor VehProLib.HEV.Components .Vari -
ableResistor , see�gure 4.17. Becausethe limiter is built with a PI-
controller, it cannot control too fast changes,which is bad. But, ascan
be seenin �gure 4.18, the limiter managesto control the current from
a sine curve with amplitude 200A, when tested in a simple circuit. As
default values, the proportional parameter K p = 0:5 and the integral
parameter K i = 0, otherwise the PI-controller controls the current
worsedue to integrator wind-up.

Figure 4.17: The current limiter VehProLib.HEV.Components. -
CurrentLimiter with a PI-controller and a variable resistor.
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Figure 4.18: The current limiter managesto control the current from
a sinecurvewith amplitude 200A. The current is allowedto bebetween
-80 A and 80 A. X-axis is time [s], y-axis is current [A].

4.2.5 Electric Motor
| VehProLib.HEV.PMmotor

The electric motor, EM, is one of the two sourcesof power in an HEV
and it is supplied with energy from the battery. The EM also acts as
a large starter motor which spins up the ICE and the vehicle during
the start phase. Unlike the ICE, the EM provides full torque at low
speeds. It is, as in Str•omberg [32], modelled as a conventional DC-
motor with a permanent magnet7, see�gure 4.19. Input to the EM is
voltage UE M and current i E M from the battery and the booleanswitch
signal, output is torque Tem and rotational angle ' .

The equations describing the EM according to Str•omberg [32] are

TE M = i E M kE M

L E M
@
@t

i E M = UE M � RE M i E M � ! E M kE M

7Another name is permanent magnet synchronous motor [15]. The magnetic �eld
is created by a permanent magnet, in opposite of a \common" DC-motor where an
electric energy source creates the magnetic �eld. This type of EM is used in Toyota
Prius.
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Figure 4.19: The EM modelled as a DC-motor with permanent mag-
net.

Figure 4.20: Test of battery and EM with EM disconnected. At
time 10 s there is full gas, but becausethe motor is disconnected,the
circuit has no current and producesno torque. X-axis shows time [s],
y-axis shows torque [Nm] for load.flange a.tau and current [A] for
Battery.i batt respectively.
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kE M and ! E M is the EM magnetization and the actual EM speed
respectively. L E M and RE M are inner inductance and resistance. In
order to choosereasonableparameter values, [28] in combination with
data about Toyota Prius [17] havebeenused. The inner resistanceRE M

is varying and a function of SOC, for simplicit y a constant resistance
value is usedin this work. The EM magnetization kE M is chosenafter
tests of how to reach and control the predetermined working point in
the seriesHEV, seesection 5.1. kE M = 0:85 was required in order to
reach the working point of 105 Nm and 1250rpm.

After the synchronousDC-motor circuit there is an inertia in order
to try to model a�ects due to the motor mass like acceleration and
deceleration[32]. But it is desirablethat the EM doesnot tie too much
rotational energy, therefore the inertia is small with J = 0:01.

The EM can be switched o� with the ideal boolean switch. A true
value meansan opened switch and also an opened circuit in the EM,
thereby it is possible to disconnect the EM and run the ICE without
torque to or from the EM/generator. A false value means a closed
switch and circuit and the EM works as usual. Figure 4.20 shows the
battery and EM test result when the EM is disconnected,that is the
circuit is open. At time 10 secondsthe driver usesfull gas,but because
the EM is disconnected,there is no current in the circuit and the EM
producesno torque. In �gure 4.21 the battery SOC when the EM is
disconnectedcan be viewed. A reasonto the small variation in SOC
can be calculation error in the integration.

Figure 4.21: Test of battery and EM with EM disconnected.A reason
to the small variation in SOCcanbecalculation error in the integration.
X-axis shows time [s], y-axis shows battery SOC [%].
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4.2.6 Generator

The generator is an EM which converts mechanical energy to electric
energy. The EM works as a motor when the input is voltage and
current, like a generatorwhen the input is torque and rotational angle.

4.2.7 Converter
| VehProLib.HEV.Converter

The converter distributes the current between the EM, the generator
and the battery and is placed between the three components. The
positive electric pins have the samevoltage, asalsothe negativeelectric
pins. The currents are principially calculated according to i batter y =
i E M + i gener ator . This converter is ideal and has no losses.As can be
seenin �gure 4.22 the currents are calculated as follows

i batter y = � (i dr iv e + i char ge) (4.1)

i E M = i dr iv e + i extr a (4.2)

i gener ator = � (i char ge + i extr a) (4.3)

Modelica takescare of the positive and negative signs due to the o w
direction, but the negative signs in 4.1 was necessarywhen testing the
converter. The currents i batter y , i E M and i gener ator are the currents
delivered to or from the battery, EM and generator respectively. i dr iv e

is the current from the battery to the EM which drivesthe car according
to the driving requirements. i char ge is the current neededto spin up
the ICE through the generator. If the EM wants more current than is
available, it can get someextra current from the generator if the ICE
is on and chargesthe battery. Someof the charging current goesthen
directly to the EM instead of to the battery.

Figure 4.22: The currents in the converter to/from the generator,
battery and EM.
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Figure 4.23: The battery is connectedto the EM through the con-
verter and the generator is disconnected.

Figure 4.24: The currents o wing out from the battery
Battery.BatteryP os. i to the EM EM.BatteryPos.i . Becausethe
generator is disconnected, it does not add something to the current
sum. X-axis shows time [s], y-axis shows current [A] and SOC level [%]
respectively.

Figure 4.23showshow the battery is driving the EM with a negative
current and is discharging the battery. The converter is used and the
generator is disconnected. The current from the battery to the EM
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is shown in �gure 4.24 and also the battery SOC level. Becausethe
generator is disconnected,the current from it is zero. As can be seen,
the equation i batter y = i E M + i gener ator is ful�lled. The opposite signs
is becausethe current is o wing out from the battery into the EM
according to the Modelica sign convention. The sameresults are given
when the battery is directly connectedto the EM without a converter
betweenthem, as expected.

The results when the generator is connected to the converter is
presented in �gure 4.25. The torque in �gure 4.23 represents an engine
torque. First the generator works as an EM to spin up the inertia to
give the de�ned torque. After a while, the inertia has the required
speed and the generator can convert the torque to current to charge
the battery. Therefore the battery has a larger negative current at the
beginning (discharging the battery faster), and then a smaller negative
current becausethe generator can manageto deliver someenergy. As
can be seenin �gure 4.25, the current Battery.BatteryP os.i is the
sum of the currents EM.BatteryPos.i and Generator.Batter yPos. i .
A positive value meansthat current is o wing into the component, a
negative value describesthat current is o wing out.

Figure 4.26 shows a test when the MvemEngineis used. The engine
starts at 1 rpm and the generatorhasto spin up the engine. The results
are presented in �gure 4.27, comparethem to �gure 4.25.

The \gas inports" to the converter exist becausethe converter needs
to determine the current requirements from the EM and the generator
separately. The converter treats the current o w di�eren tly if only the
EM wants current from the battery or both the EM and the generator
wants current. The latter caseappeareswhen the ICE hasbeenturned
o� and then is spinned up by the generator at the sametime as the
battery propels the car forward. Looking at the �gures, it however
seemsasif the di�eren t distributing modesneverthelesshavebeentaken
care of. For example the generator spins up the ICE even if the gas
inports are the same. This has not beeninvestigated further.
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Figure 4.25: Testof the converter with battery and connectedEM and
generator. The battery current is the sum of the currents from the EM
and the generator, as expected. At the beginning the generator works
asa starter motor for the prede�ned torque and dischargesthe battery.
After a while the inertia hasreachedits speedand the generatorcharges
the battery. X-axis is time [s], y-axis is current [A].

Figure 4.26: Test of the converter with battery, EM and ICE.
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Figure 4.27: Test of the converter with an MvemEngineconnected
which starts at 1 rpm. The generatoracts asa starter motor and spins
up the enginebeforeit chargesthe battery. X-axis showstime [s], y-axis
current [A].



Chapter 5

Series HEV

The model of a seriesHEV presented in �gure 5.1 is made with hy-
brid components developed in VehProLib combined with models from
Modelica standard library . Seethe similarities betweenthe fundamen-
tal construction of the seriesHEV in �gure 4.1 and the vehicle model
shown in �gure 5.1.

Figure 5.1: The seriesHEV in VehProLib.

51
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5.1 Determining and Con trolling the
Working Poin t

In order to decide the working point for the ICE, Toyota Prius engine
size has been used in combination with the program ADVISOR1 to
decidethe point from collecteddata. In �gure 5.2 from ADVISOR you
can seethat every point over a fuel e�ciency of 0.45 is good. In this
thesis the ICE has been chosento do a 105 Nm torque at the engine
speedof 1250rpm. Figure 5.3 shows how to control the ICE in order to
reach the working point. The referencevaluesof the torque (105 Nm)
and speed(1250 rpm) are comparedto the actual valuesfrom the ICE
and the PID-controller controls the output signal so the desiredvalues
are reached. The PID-controller ful�ls the requirements with only P-
and I-part 2 and givesan output signal between0 and 1. Figures 5.4(a)
and 5.4(b) show the controlled ICE speedand torque.

Figure 5.2: Determination of the working point. The cross in the
�gure shows the determined working point with torque 105 Nm and
speed 1250 rpm. The data from Toyota Prius model from Japan are
collected and presented in ADVISOR.

1AD VISOR Advanced Vehicle Simulator simulates and analyses conventional,
advanced, ligh t and heavy vehicles in a MA TLAB/Sim ulink environmen t [12]. It
also provides collected measured data from existing vehicle models.

2A D-part could be used in this test, but when used in the HEVs, it may be
necessary to change the working point. An abrupt change in the reference value
gives a high derivativ e, which causesa large D-part and a bad controller. The D-
part makes the controller more sensitive to changes and when the system contains
abrupt and large changes, the D-part is undesirable.
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Figure 5.3: Model to test how to control the engine to a torque of
105 Nm and a speedof 1250rpm. The system controllers have P- and
I-part.

(a) Outcoming speed controlled
to a value of 1250 rpm. X-axis
shows time [s], y-axis shows en-
gine speed [rpm].

(b) Outcoming torque controlled
to a value of 105 Nm. X-
axis shows time [s], y-axis shows
torque [Nm].

Figure 5.4: Speed and torque from ICE controlled to the working
point 1250 rpm and 105 Nm. At time 5 s the ICE is in fuel cut-o�
mode and the PID-controllers do not a�ect the ICE.

During the test the generatorcircuit is closed,becauseotherwisethe
test would fail as described previously in section 4.2.1. It is however
desirablethat the ICE is disconnectedto the remaining driveline when
it is in fuel cut-o� mode.

As can be seenin �gure 5.5(a) the fuel factor changesduring the
test. The speed is �rst controlled to 1250 rpm becausethe fuel factor
is 1, see�gure 5.5(b). When the fuel factor changesto 0, the speed
decreases.The torque has the samebehaviour during the test. First
it is controlled to 105 Nm, then it is decreasingdue to the battery
discharging, as in �gure 5.5(c).
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(a) The fuel factor signal during
the test of controlling the ICE to-
wards the working point. A value
of 1 means that the ICE is run-
ning in normal mode with fuel
consumption, a value of 0 means
that the ICE is in fuel cut-o�
mode and no fuel is consumed. X-
axis shows time [s], y-axis shows
fuel factor signal.

(b) The ICE speed during the
test. The initial value is 1 rpm,
then the controller manages to
control the speed to the working
point 1250 rpm because the fuel
factor is 1. When the fuel factor
changes to 0 the speed changes
due to battery discharging. Next
time the fuel factor changes to 1,
the speed is controlled to 1250
again. Wen the ICE is in fuel
cut-o� mode, it is driv en from the
generator because it is not dis-
connected and the ICE becomes
some speed. X-axis is time [s], y-
axis is engine speed [rpm].

(c) The ICE outcoming torque
during the test. When the fuel
factor is 1 the torque is controlled
to 105 Nm. When the fuel factor
is 0, the torque is decreasing due
to the battery discharging. The
generator is not disconnected and
when the ICE is in fuel cut-o�
mode, some torque is produced
from the generator to the ICE. X-
axis shows time [s], y-axis shows
engine torque [Nm].

(d) The battery SOC. When the
fuel factor is 1, the ICE is running
and charging the battery . When
it is changed to 0, the battery is
discharging. X-axis is time [s], y-
axis is battery SOC [%].

Figure 5.5: The test sequenceof controlling the working point and
switching between fuel mode and fuel cut-o� mode. The generator
circuit is closedall the time and driving the ICE from behind when it
is in fuel cut-o� mode, giving the behaviour with ICE speedand torque
when the fuel factor is 0.
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The battery SOC level is presented in �gure 5.5(d). First the bat-
tery is charging becausethe ICE is running. When the fuel factor
changesto 0, the battery discharges.

The behaviour of the speedand torque when the ICE is in fuel cut-
o� mode can be explained by the closedgenerator circuit during the
whole test. When the ICE is in fuel cut-o� mode, it is driven from the
generator and sometorque and speedare received.

5.2 Con trol Strategy

The main control design for the seriesHEV is to let the ICE work at
the optimal combination of torque and speed, charge the battery and
propel the car by the EM. The ICE is only running when the battery
needsto be charged and is otherwise turned o�, which is done by the
fuel cut-o� function in this model.

The intendedcontrol strategy is asfollows. The limits of the battery
in the seriesHEV is 20% to 80% [31]. At the beginningof the drive, the
EM starts the vehicle. Becausethe initial SOC value is 60 %, the ICE
starts in fuel cut-o� mode with speed1 rpm. Both ICE and generator
is disconnectedto the driveline by the switch in the generator. When
the SOC level reachesthe minimum limit, in this thesis 20 %, the ICE
is turned on by the generator as starter motor and is controlled by
PID-controllers to the predetermined working point (here with torque
105 Nm and speed 1250 rpm). The ICE producesextra torque that
is converted to electric energy by the generator and can be stored in
the battery. This model of the seriesHEV has no regenerative braking
implemented.

The converter VehProLib.HEV.Converte r is a distributor between
the battery, EM and generator. The voltage between the components
is the same, but the current must be distributed di�eren tly accord-
ing to the driving conditions and requirements. When only the EM
is driving the vehicle, all current from the battery goes to the EM,
see�gure 5.6(a). When fuel cut-o� mode is wanted and the generator
spins up the ICE, current is distributed from the battery to both EM
and generator, as in �gure 5.6(b). When EM drives the car, but the
ICE producestorque to charge the battery, current from the generator
goes directly to the EM. Unused current is charging the battery, see
�gure 5.6(c). If the requirements are so high that the battery cannot
both spin up the ICE and deliver current to the EM, it is more impor-
tant to ful�l the driving requirements. The EM gets as much current
as possibleand if someis left, it goes to the generator. If the require-
ments are too high when the ICE chargesthe battery, somecharging
current goes directly to the EM and the battery charges slower, see
�gure 5.6(d).
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An extendedcontrol strategy would be to ful�l the EM driving re-
quirements when the SOC level is above a minimum value, for example
5 %. Below this, all necessarycurrent is usedfor the generator to spin
up the ICE so the battery can be charged again.

The driver controls the gear, the ordinary clutch before the gear
and the brakesas in the referencecar.

(a) Only the EM is driving the
vehicle and all current from the
battery reaches the EM.

(b) Fuel cut-o� mode is wanted
and the battery distributes cur-
rent to both the EM and the gen-
erator to spin up the ICE.

(c) The EM driv es the car with
current from the battery at the
sametime as the ICE via the gen-
erator charges the battery .

(d) During high driving require-
ments the charging current from
the generator is used directly by
the EM as an extra power source.

Figure 5.6: The distribution of the current betweenthe battery, EM
and generator in four di�eren t driving conditions and requirements.

5.3 Driving

Unfortunately the ICE in fuel cut-o� mode is not functioning as ex-
pected. In the HEV, the ICE should �rst be controlled down to zero
torque and thereafter the ICE should be in fuel cut-o� mode. It is
desirable that the generator which is coupled to the ICE is switched
o�, so the torque, if any (due to model and structural errors), should
be zero for sure. When this is tested in Modelica, the program crashes
and the reasonto this is not yet understood. Therefore this vehiclehas
the generator switched on during the whole drive.

Another problem, alsonot yet understood, is that Modelica crashes
when the torque is tested. The fuel factor shall only changeto 0 when
the torque has been controlled down to zero (or a small value), but
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Modelica cannot handle this condition in the if-sentence.
With all these problems with the components described so far in

this thesis and the lack of time, the control and driving is made as
simple as possible, just to test the behaviour and if the whole vehicle
can function and drive forward. With the ICE replacedby a torque, the
seriesHEV is driving forward ascan be seenin �gure 5.7. In �gure 5.8
the vehicle speed and clutch signal can be viewed. The velocity for
the seriesHEV trying to follow the NEDC driving cycle is shown in
�gure 5.8, where the vehicle speed can be compared with the NEDC
referencespeed. The components and parametersin the seriesHEV are
not yet sizedto ful�l the driving requirements as perfectly as possible,
but in �gure 5.8 you can seethat the vehicle is able to move forward
and follow the NEDC driving cycle fairly.

Figure 5.7: Test of the seriesHEV with the ICE replacedby a torque.



58 Chapter 5. SeriesHEV

Figure 5.8: The upper �gure shows the vehiclevelocity when the ICE
is replacedby a torque, the lower �gure shows the NEDC velocity. The
cuts depend on gear shifting. X-axis is time [s] and y-axis is velocity
[km/h].



Chapter 6

Parallel HEV

As with the seriesHEV, the parallel HEV in �gure 6.1 usesmodels
from both VehProLib and Modelica standard library . Compare to the
graphic presentation of the parallel HEV construction in �gure 4.2. The
aim when starting with this thesis was to model a parallel HEV too,
control it and compare the results with the seriesHEV. The expected
result is that the parallel HEV has a better e�ciency comparedto the
seriesHEV becausethe straightest power path is found in the paral-
lel topology and the seriesvehicle has more lossesdue to two energy
conversions [17]. The parallel HEV should therefore have the lowest
fuel consumption. The two vehicleswould yet be di�cult to compare
becausethey have di�eren t control strategies and the results would
maybe not be as clear as desired.

6.1 In tended Con trol Strategy

Unfortunately lack of time has made controlling the parallel HEV im-
possible. But in this section nevertheless the contemplated control
strategy will be shortly described.

For low speedsthe excluding strategy [32] would be used. It means
that the EM works alone at low speeds, for example at starts, stops
and slow driving in the city. The ICE is turned o� and saves fuel at
low speeds(where it also is lesse�cien t). At higher speeds,the mixed
strategy [32] is used. The ICE is running all the time and the EM is used
asan extra power sourcewhenneeded,for exampleat accelerationsand
high speeds.The ICE can be downsizedand consumeslessfuel, but the
vehicle still has the sameperformance level. The velocity limit where
the vehiclechangesthe strategy can for examplebe 30 km/h. The four
driving modesare accordingto Jonasson[17] pure EM mode, pure ICE
mode, EM operates and the ICE chargesthe battery and �nally ICE
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operatesand the EM provides it with additional peak power.
The EM is usedasa generatorwhen the braking energyis charging

the battery with the regenerative braking technique. It can alsoabsorb
power from the ICE and charge the battery when the output from the
ICE is larger than required to drive the vehicle [7]. In this parallel
HEV there is a CVT instead of an ordinary discrete gear box. The
ICE can for examplebe controlled to an optimal working point due to
the torque and speedcombination and if someextra power is produced,
it chargesthe battery.

Figure 6.1: The parallel HEV in VehProLib.
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Toyota Prius

Figure 7.1: A model of Toyota Prius in VehProLib.

Toyota Prius is also modelled with components from VehProLib
and Modelica standard library , see�gure 7.1. Compare to the com-
plex hybrid pictured in �gure 4.4. Sometimesit has beenhard to �nd
appropriate parameter values for Toyota Prius | other parametersor
scaledparameter values for the present enginesizehave beenused. It
has also been di�cult to separate component values for the smaller
japanesePrius and the larger european model. But, becausethe dif-
ferencesbetween the values are small and the remaining models are
modelled without available measurements, the thesis still models qual-
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itativ e behaviours. Table 7.1 shows the parametersthat has beenused
in the model of Toyota Prius.

�nal gear ratio = 5.182[9]
planetary gear ratio = 1/0.385 [18]
wheel radius = 0.29155m [4]
front area = 2.52 m2 [17]
coe�cien t of air drag = 0.29 [26]
massof vehicle = 1645kg [17]

BMEP max = 9:6536� 105 Pa from the equation
B M EPmax = 2� Tmax n r

vdtotal
[11]

Tmax = 115 Nm [17]
stroke = 0.0847m [3]
bore = 0.075m [3]
Vd = 0.001497m3 [3]
mechanical compressionratio r c = 13.0 [4]

RE M inner = 0.50 
 [17]
L E M inner = 0.050H [28]
JE M = 0.01 kgm2 [32]
Ubatter y = 273.6V [15]
Qmax = 22320C [32]
i batter y ;max = 80 A [32]

other constants according to [25]

Table 7.1: Parametersthat have beenusedin the Modelica model of
Toyota Prius.

7.1 In tended Con trol Strategy

The aim wasalsohere to model and control the Toyota Prius and com-
pare it to the two basetopologiesseriesand parallel HEV. It would be
very interesting to seeif the fuel consumption is better with the paral-
lel HEV than Toyota Prius! The parallel HEV is expected to be more
fuel-e�cien t becausethis con�guration has the straightest power path
and the lowest energylosses.But, lack of time hasunfortunately made
this investigation and development of the control device impossible.

The contemplated control strategy would be done according to [7].
The EM is usedaloneat startup and driving at light load and the ICE
is turned o�. At normal driving and accelerationboth the ICE and the
EM works together and propels the vehicle. At normal driving some
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of the energy goesdirectly to the gear box and somegoesthrough the
generator and EM to the gear box. At acceleration the sameenergy
o ws appear, but now alsothe battery contributes with someenergyto
the EM. The planetary gearsplits the ICE output betweenthe gearbox
and the generatordirectly. When the vehiclebrakesor decelerates,the
EM acts as a generator and chargesthe battery and the ICE is turned
o�. The battery can be charged during driving and the ICE provides
someextra power which goesfrom the generator to the battery. When
the vehicle stands still and the battery needsto be charged, all the
power from the ICE is transformed to electric energy in the battery.
The velocity limits betweenthesedi�eren t driving modesmay betested,
there are no speci�ed limits in the literature.





Chapter 8

Conclusions

8.1 Summary and Conclusions

In this section the modelling work will be summarized and the main
problems are shortly discussed. The languageModelica and the sim-
ulation tool Dymola will be discussedregarding to experiencesand
di�culties during the modelling work.

8.1.1 The Mo delling Work

In chapter 3 the components for the referencecar were developed. As
ICE the MvemEnginein VehProLib wasusedbecausethis enginemodel
is good enough when studying the qualitativ e behaviour and it also
givesa faster simulation. The Modelica standard clutch and standard
brake are used in the referencecar model. The manual gear box is
developed with somesimpli�cations according to Nobrant [25], for ex-
ample the samegear e�ciency and bearing friction for all gears. The
propeller shaft is sti� comparedto the elasticity in the drive shaft. No
model is neededfor the propeller shaft and the gear box and the �-
nal drive are directly connected to each other. The drive shaft is as
by Nobrant [25] modelled with the Modelica standard spring damper.
The wheel is accordingto Nobrant [25] modelled with rolling condition,
rolling resistance,longitudinal slip and longitudinal forces. The model
limitation is for example that no steering is covered, which makes the
vehicle unable to turn. A constant rolling resistancemodel gives the
most realistic fuel consumption, although it is still low. The chassis
is described as a sliding mass following Newton's secondlaw and ne-
glecting the gravitational force accordingto Nobrant [25]. The air drag
model is described by the braking force from the air drag, neglecting
the wind velocity becauseit hasa small inuence comparedto the vehi-
cle speed[25]. The driver is modelled as a PI-controller with reference
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valuesfrom the NEDC driving cycle [25]. The referencecar is modelled
with thesecomponents and it follows the NEDC driving cycle with sat-
isfaction. The small di�erence betweendesiredspeedand vehiclespeed
dependson gearshifting. When following the NEDC driving cycle, the
referencecar hasa too low fuel consumption | 6.34l/100 km compared
to an expected result of 7-8 l/100 km. A possible reasoncan be too
ideal models and that there are more lossesin the reality. The rolling
resistancecan for example still be too ideal and the neglected wind
velocity in the air drag model makesa larger di�erence than expected,
this has however not beenveri�ed.

Chapter 4 describesthe components necessaryfor modelling HEVs.
As ICE the MvemEnginein the referencecar is used,implemented with
a fuel cut-o� mode to be able to turn o� the ICE when desired. It is
implemented as a \fuel factor" which rescalesthe e�ects of the fuel.
In fuel cut-o� mode when the fuel factor is zero, the energy o w be-
comeszero. The problem with this fuel cut-o� mode is when the ICE
reacheszero speedbecausethe model is not developed to handle these
low speeds. This is avoided by setting the ICE speed to 1 rpm when
it reaches this limit. Another possibleway to avoid the problem with
the fuel cut-o� mode is to switch betweendi�eren t ICE models | the
\real" ICE model when driving normally and for example just an in-
ertia when driving in fuel cut-o� mode. This has not been veri�ed in
this thesis. Another problem with the ICE is when it is disconnected
from the remaining driveline. Both to disconnect the generator (open
the generator circuit) and to use a clutch between the generator and
the ICE have beentested, unfortunately without success.The problem
has not been investigated further. Instead of a traditional gear box, a
CVT is used. VehProLib has two choices,either a simple CVT based
on a quotient betweenrequired CVT speedand required wheel speed,
or the ideal planetary gearin Modelica standard library can be used. In
VehProLib there is a NiMH battery model. It is basedon Str•ombergs
battery model [32] and is basically a look-up table between SOC and
battery output voltage. The other NiMH battery model described in
the thesis is madeby Hellgren [13] and can be found in his Modelica li-
brary Hevlib . This model is a mathematical description of a Panasonic
NiMH battery. Both battery models have no limits for the SOC level
or output current and voltage. The output current can be controlled
by the developed current limiter, although it is not tested in the series
HEV. The battery basedon a look-up table is usedin the HEV models
becauseit is easyto grasp and also tested together with the EM. The
aim is to be able to switch between the di�eren t battery models, but
this has not been investigated in this thesis. The EM is modelled as
a synchronous DC-motor according to [32], which can be switched o�
with a boolean switch. The EM can also be usedas a generator.
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Chapter 5 describeshow the vehiclecomponents are put together to
a seriesHEV. Both Modelica standard models and models developed
in VehProLib are used. The working point is decidedfrom ADVISOR
to a torque of 105 Nm and a speedof 1250rpm. The control strategy
is to maintain the battery SOC level within 20 % and 80 %. When
the SOC level reaches the lower limit, the ICE is turned on, charging
the battery and turned o� again when the battery is fully charged. A
problem is however when the vehicle is driven with the ICE in fuel cut-
o� mode. The simulations take unreasonablylong time and the vehicle
doesnot move forward. When testing to replacethe ICE by a torque,
the vehicle can follow the NEDC driving cycle tolerably. The problem
with the ICE has unfortunately not been investigated further because
of the time limit.

In chapter 6 the parallel HEV can be seen, as the Toyota Prius
in chapter 7. The control strategies for these vehicles has not been
implemented and veri�ed.

The purposeof the thesis has only partially beenful�lled. The ve-
hicle components have beendeveloped accordingto VehProLib and the
referencecar follows the NEDC driving cycle satisfactorily. When de-
veloping the seriesHEV, someproblems with the ICE appear. When
replacing the ICE with a torque, the seriesHEV managesto follow the
driving cycle tolerably, but lots of work remains to solve the ICE prob-
lems and improve the control strategy. The referencecar can however
be used,both to show how the di�eren t components in VehProLib work
together and be an illustrativ e exampleof the function of a driveline in
an ordinary car.

8.1.2 Mo delica and Dymola

During this work, someexperiencesfrom the modelling environment in
Modelica and Dymola have beenmade. The Modelica languageis very
interesting and seemssimple to use. The idea with equation modelling
and to be able to reuseequations by \drag and drop" components in
new models is attractiv e | just describe your model with a certain
number of equations and then connect it with other models and simu-
late! To summarize,the non-causality, equationsdescribing the models
and reuseof the equations seemvery good to me.

The non-causality however causesproblems and makesthe simula-
tion results rather complicated to analyseand compare to each other.
A o w variable hasa positive sign when it o ws into a component and a
negative sign when it o ws out. This is of coursephysically correct and
a proper way to describe the o w direction. But when simulating, plot-
ting di�eren t variables and comparing them to each other, this makes
it di�cult. You have of courseto know the model very well in order
to analysethe results, but you also have to know at which end of the
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components the variable is \seen" and remember the signs. After an
intensework with Modelica and Dymola, I still not understand which
one of the positive or negative variable that is the \real one" and how
to be sure that variables have beenchosenthat is comparable to each
other due to the sign convention. My wish is improved simulation tools
that makes the simulation results easier to understand, for example
only show variable values comparable to each other (and show all the
information when asking for it).

The work hassometimesbeenvery confusingand frustrating due to
bugsand simulation problems in Dymola. The tools needto be re�ned
to achieve a simulation environment that is easyto work. The largest
problem with Dymola is its sparseerror messages.Often it for example
only says \D AE with 555 unknown scalars and 559 scalar equations.
Check of Model succesful." Every single submodel must be controlled
and no hint of where the extra, unnecessaryequations are situated is
given. It often requiresa lot of time to reducethe number of equations
and a good shareof luck is needed.

When di�eren t models are built without \kno wledgeof each other"
they may interact in a way that causesproblems. The idea with con-
necting models leadsto that the personwho makesthe modelling work
has to have great model knowledge. He or she shall have a detailed
knowledge about every single model and also a detailed knowledge of
how they interact with each other. This may sound like an ordinary
requirement in modelling work, but here you shall for exampleknow if
a certain variable is computed or indirectly de�ned and computed in
someother submodel or in the combinating process.When the models
becomelarger and more complex, it is hardly possible to be able to
know all this information.

8.2 Future Work

HEVs are very exciting and interesting and there is a lot more to do.
Unfortunately it requiresmuch more time than hasbeenavailable. The
aim with the di�eren t batteries was to have the table battery as a test
battery during the development and be able to replace it by the more
advancedphysical battery. Now there are di�erences betweenthe two
batteries that makes it impossible to use them in the same way and
be able to replace them by each other. The �rst thing to do is to
make them chargeand discharge in the samemanner. Next thing is to
control them similarly and then be able to replacethe table battery by
the physical battery.

One interesting thing to investigate is to add a supercapacitor in
the HEV in connection to the battery. The supercapacitor has higher
speci�c energyand can deliver higher power than an ordinary battery.
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It is an electrolytic capacitor-deviceand the energy is stored as elec-
trostatic charge [1]. The current from the battery is sometimessmaller
than required. Therefore you can add a supercapacitor that can de-
liver a higher current during a certain time when it is required and be
a \back up" and give extra \p ower" to the battery. It would be very
interesting to comparea vehiclewith just a battery with a vehiclewith
both a battery and a supercapacitor. It is possible to have a smaller
ICE and battery when the supercapacitor increasesthe performanceof
the car? Smaller components are positive becausethey give a lighter
vehicle with a reducedfuel consumption.

Another idea to work with, is to have di�eren t strategies when
charging the battery. Is it better to charge the battery only when
it has reached the lower limit or should it be chargecontinuously when
a good opportunit y appears? What happens to the fuel consumption
if the vehiclehas an \electric mode button" that makesthe driver able
to decideonly to drive with the EM, for example in cities or sensitive
environmental areas?

The fuel cut-o� ICE is special designedfor HEVs in this thesis.
First the problems with disconnectingthe ICE and driving in fuel cut-
o� mode have to be solved. A future work is to enlarge the fuel cut-
o� ICE with the behaviour that is characteristic for a conventional
vehicle with fuel cut-o�. Another thing to implement in the model is
a restriction of how often the ICE is allowed to turn on and o�. Is it
a better strategy to allow the engine to turn on (if required) after a
certain time after the latest turn o� ?

One more thing that I would like to do is to model other hybrid
cars, for example Honda Insight and Ford's Escape Hybrid and also
newer models of Toyota Prius. Which one of the cars seemsto have
the best topology? Is there a di�erence between an older version of
Prius and the newer one regarded to fuel consumption | progressor
negative development? The idea of comparing HEVs with each other is
very interesting, becausemany studies are made separately, but there
is a problem when you want to comparethem. Are they madesimilarly
or do they have main di�erences that may inuence the comparison?

An improvement of the referencecar model is to add an electric
starter motor to start the ICE. Other improvements are for exampleto
investigate the rolling resistancein the wheel model deeper and make
the vehicle able to turn. Further work is to treat the �v e gearsdi�er-
ently in the gear box and develop a driver that behaves more like a
human beeing.

Last but not least it is alsoimportant to investigatehow components
and models in VehProLib can be combined with other libraries, for
exampleAndreasson'sVehicleDynamics [19].
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Notation

Symbols used in the report.

Abbreviations

CV T Continuously variable transmission
DAE Di�eren tial algebraic discrete equation
EM Electric motor
EV Electric vehicle
H EV Hybrid electric vehicle
hp Horsepower
I CE Internal combustion engine
I M A Integrated motor assistsystem (Honda)
M VEM Mean value enginemodel
N EDC New european driving cycle
N iM H Nickel metal hydride
rpm Revolutions per minute
SOC State of charge
SULE V California's super ultra low emissionsvehicle standard
TH S Toyota hybrid system

Variables and parameters

A Vehicle front area
B M EP Brake Mean E�ectiv e Pressure
c Driv e shaft internal damping
c0 Parameter of wheel rolling resistance
c1 Speeddependent parameter of wheel rolling resistance
cD Aerodynamic drag coe�cien t
CV Tgear r atio Gear ratio for the CVT
� Reduction gear ratio
' gear Output gear rotational angle
' I C E ICE rotational angle
Fair Air drag force
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76 Notation

f f r 0 Wheel rolling resistanceat zero speed
f f r 1 Speeddependent component of the wheel

rolling resistance
Fr oll Wheel rolling resistance
F M EP Friction Mean E�ectiv e Pressure
f (SOC) How SOC inuences battery output voltage,

a look-up table
g Acceleration of gravit y
i batt Battery current
I cellP os Positive battery current in a single cell
I cellN eg Negative battery current in a single cell
i E M Input current to EM
I M EP Indicated Mean E�ectiv e Pressure
k Driv e shaft sti�ness
kE M EM magnetization
K i PI-controller parameter
K p PI-controller parameter
� Air-to-fuel equivalenceratio (normalized (A/F))
L E M EM inner resistance
m Vehicle mass
ma Mass of air in the cylinders
mf Mass of fuel from the fuel tank into the cylinders
_mf Mass of fuel per secondfrom the fuel tank

into the cylinders
mps Mean piston speed
p Planetary gear ratio betweennumber of teeth of

sun gear and ring gear
PM EP Pumping Mean E�ectiv e Pressure
Qin Energy o w into the cylinders
_Qin Energy o w per secondinto the cylinders

qLV H Lower heating value
Qmax Maximum battery charge
Q(t) Battery charge, time dependent function
R Battery inner resistance
r Gear ratio
r c Compressionratio
RE M EM inner resistance
Rover ch Extra resistancewhen battery is overchargedor

undercharged
Rp Resistancein NiMHbattery
� Air density
Sacc Gas pedal signal
SI Z E Sizeof the battery pack
SOC Battery state of charge
SOCinit Initial battey state of charge when simulation starts



Notation 77

T Torque
Tdr iv eshaf t Torque to drive shaft
Te Torque from ICE
TE M Torque from EM
Tgear Torque from CVT
Tgear box Torque from gear box
Tgener ator Torque from generator
TI C E Torque from ICE
To Driving torque in Toyota Prius
Tr ing Torque from planetary ring gear
Ubatt Battery voltage
Ucell Battery voltage in a single cell
UE M Input voltage to the EM
Umax Battery maximum voltage
v Vehicle velocity
V arR Resistancein variable resistor
Vd Displaced volume in one cylinder
Vd;tot Total displacedvolume in all cylinders
vs Wind velocity
vvehicle Vehicle velocity
! e Angular velocity from ICE
! E M Actual angular velocity from EM
! gear box Angular velocity from gear box
! I C E ; r equir ed Required angular velocity from ICE
! wheel Wheel angular velocity
! wheel; r equir ed Required angular velocity from the wheel
W Fuel masso w from tank
Wper cycle Work per cycle
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