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Abstract

The internal combustion engine (ICE) has been used in automotive vehicles without
any significant improvement in energy efficiency for over a hundred years. There are
several possibilities for developing a ‘greener’ and more powerful engine such as the
homogeneous charge microwave ignition (HCMI) system. In this thesis, the HCMI
system is analysed and investigated through simulation based ‘virtual prototyping’
in combination with an intelligent optimisation and a Computer-Automated Design
(CAutoD) framework. The intention is to analyse and develop designs which could be
used to transform the existing ICE ignition system to the HCMI system with minimal

modifications to the existing engine.

With the help of the finite element method (FEM), the microwave induced electro-
magnetic field in the engine cylinder is first simulated for ‘virtual prototyping’ using
a computer model. This then takes the prototyping methodology one step further, by
replacing the process of human tuning of the prototypes with a computer-automated

search process using computational intelligence.

To realise this, an interface between the FEM model and the CAutoD framework is
designed using the Application Programming Interface (API) of the FEM simulation
software. This connection facilitates a rapid exchange of data between the simula-
tion model and the search algorithm. Thus, rendering it possible to accommodate
a wider exploration or a higher simulation resolution for superior and more accurate

prototyping.

Another contribution of this thesis is the improvement of the search performance, in-
cluding the combination of deterministic and non-deterministic search algorithm as well
as using a new technique to solve optimisation problems without using the frequency
as an input variable. The knowledge gained from the analysis of nature-inspired algo-
rithms is used to perform a pre-evaluation and hence to provide a population which
guides a non-deterministic search towards potentially optimal directions for the global

maximum.
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A CAutoD system is then developed to optimise digital prototyping on various aspects
of the ignition device for the HCMI system. This helps deepen the understanding of
relationships between the characteristic outputs of a design, and the input parameters
that affect the performance of the device. The CAutoD system is first applied to a ba-
sic cylinder model, with one single antenna in the middle, to analyse the single variable
changes for the antenna designs. It is discovered that the inner antenna length has a sig-
nificant impact on the maximum electric field intensity inside the engine cylinder. Then
it is applied to the design process involving multiple variable changes for the global
optimum electromagnetic performance. The results are presented in multi-dimensional
graphs, which illustrate the relevant relationships between the different input variables.
For example, it is revealed that the resonance frequency is affected more by the piston
position than by the antenna length, which underlines the importance of the correct

and exact timing advance and control of the ignition event.

Subsequent to the extensive and systematic analysis of different antenna designs and
input variables, Computer-Automated Design (CAutoD) has been applied to various
designs to expand the understanding and virtual prototyping of the HCMI system.
The criterion for the best design is to first provide the highest possible electromagnetic
propagation performance within the cylindrical cavity by using the lowest microwave
input power. With this, the reflection of the microwave energy from the cylinder back
to the microwave source, under the geometric conditions of the cylinder and antenna
model, will also be minimised. During the search process, the default antenna model
was extended with an additional antenna, which leads to a dramatic decrease in the
field, once the additional antenna is introduced. This determines, that any antenna at
the outer shield of the coaxial cable and inside the cylinder head, interferes with the

electromagnetic propagation inside the cavity and lowers the propagation performance.

The results show that this field will break down the air-fuel mixture inside the cylinder
because the field strength is comparable to that, created by a spark plug. Hence, a
HCMI system can be designed to replace a spark ignition system without requiring

physical modifications to the engine cylinder.
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Chapter 1

Introduction

1.1 Current Challenges

Since its invention over a hundred years ago, the internal combustion engine (ICE) has
been used in automotive vehicles with the ignition principle mostly unchanged. There
have not been any significant improvements in energy efficiency or exhaust emission
ever since the system was introduced, despite the increased demand for ‘greener’ and

more powerful engines over the last few decades.

Currently, there exists two types of ICE ignition systems: the spark ignition (SI)
and the compression ignition (CI). The ignition device of the SI system contains two
electrodes with a small gap. A high discharge voltage generates the spark which ignites
the air-fuel mixture inside the engine cylinder. The ignition is initiated from the gap
between the two electrodes. The flame ball needs around 0.6 ms to grow to 25.4 mm
and then to turn into combustion and thus the combustion is unlikely to be thorough
(Taylor 1985; Jacobs 1996). These are the causes of low combustion efficiency and high
emissions for the SI system. The CI system improved the ignition and fuel efficiency
through a compression ignition; however the improvements are limited. Researchers
have been actively working on alternatives and solutions to improve the efficiency of an
internal combustion engine (ICE) and reduce emissions. Especially, at this time when
the number of vehicles on the road has increased rapidly, and with it fuel consumption

and harmful pollutants.



1.2 Existing Alternatives

Several possibilities to have been developed. One such example is the homogeneous
charge compression ignition (HCCI) engine. A HCCI system aims to auto-ignite the
homogeneous air-fuel mixture inside the engine cylinder at multiple locations simul-
taneously. Unfortunately, the closed-loop control of the system is difficult to realise,
since pressure and temperature need to be monitored and adjusted for the successful
initiation of combustion. The auto-ignition of the HCCI system leads to a much higher
heat and pressure inside the combustion cylinder, which requires modifications to the
engine and results in a faster wearing of the engine. So far, the HCCI has only been
demonstrated successfully in concept in the laboratory, but has not been a success on
the road (Epping et al. 2002; Johansson et al. 2008).

1.3 Objectives and Methodology of This Research

Furthering upon the idea of the HCCI system, this work focuses on the investigation
of a microwave ignition (MI) based ignition system and the homogeneous charge mi-
crowave ignition (HCMI) system. So far, the microwave ignition system has not been
implemented on the road either, and the development is ongoing (Gesche, Kiihn, and
Andrei 2008; Pertl and J E Smith 2009). The developing process requires fundamental
theoretical analysis and simulation studies of the electromagnetic field in the engine
cylinder, the reaction of the field to the homogeneously mixed air-fuel, the combustion
properties, the mechanical effects, the exhaust emissions, and the prototyping of the
ignition device and system. Unfortunately, the manufacture of physical prototypes is
expensive and time consuming. Hence, developing a software based virtual prototype
of the microwave ignition device is a critical step towards understanding and exper-
imenting with the HCMI, which is the main objective of this research. The HCMI
system combines the advantages of the SI and CI systems, as the ignition event is
straightforward to control and the air-fuel mixture inside the cavity will ignite simul-
taneously. Several papers have shown the potential of the HCMI methodology, but
the crucial dilemma of the HCMI is the generation of a sufficient electromagnetic field
strength inside the engine cylinder to break down the air-fuel mixture simultaneously.
To successfully build up resonance inside the engine cylinder, a very precise ignition
timing, supply frequency, and emitter geometry is mandatory. The microwave emitter
is called an antenna during this work. Each of these can be analysed using intelligent
computer-automated search for optimum system parameters. For this reason, the vir-
tual prototype model can be modified easily and offers the opportunity to run several

different designs of microwave ignition devices over a short period of time at a mini-



mal cost in comparison with a physical prototyping process, if the simulation tool is
validated. Hereinafter, a series of simulations can then be carried out to analyse the
influences of HCMI parameters to the electromagnetic field strength inside the cavity.
In this way, it is possible to understand more about the electromagnetic performance
inside the engine cylinder. The simulation method to analyse the virtual engine cylin-
der is the finite element method (FEM). The first step in the prototyping process is
to change only a single input variable of the simulation model to understand the rela-
tionship between said variable, the maximum electric field intensity inside the cylinder,
the resonance frequency, and the bandwidth of the microwave signal. By applying a
computer-automated search and using computational intelligence, the simulation model
of the microwave ignition device can be analysed systematically in practical time and

be modified automatically for the best performance.

1.4 Thesis Outline

Chapter 2 gives an overview about the commonly used ignition systems for ICEs and
summarises the existing problems in order to illustrate the potential of a microwave
ignition system. In chapter 3, the main focus lies on the design stage of the com-
puter aided cylinder model of an internal combustion engine. This cylinder model is
the foundation of all further investigations. Furthermore, the necessary components
for the generation of a Computer-Automated Design system are outlined. Primary to
any simulation, this chapter also validates the finite element method software package
COMSOL Multiphysics for use in this thesis. Chapter 4 simulates and analyses the
microwave distribution inside different cylinder models with various microwave igni-
tion antenna designs. Following the extensive analysis using existing search methods,
chapter 5 develops new search techniques to avoid the high influence of the resonance
frequency on the propagation performance. These search techniques render it possible
to solve optimisation problems with a minimum frequency range or even without using

the frequency as an input parameter of the search process.



Chapter 2

Background and Literature Review

2.1 Ignition Principles

Modern petrol vehicles are fitted with an engine design which was derived from the
Otto engine. The Otto engine was developed and designed in Germany, by the engineer
N. Otto in 1876 (Taylor 1985). Although the principle of an ICE was described and
patented by Barsanti and Matteucci in 1854 and some years later by Rochas in 1862,
but Otto was the first engineer with the ability to successfully build the four stroke
engine (Rajput 2005; Starikovskaia 2006). Today’s modern petrol engines have exactly
the same four strokes proposed by Otto (illustrated in Fig. 2.1). The process is divided
into the following: the intake stroke, the compression stroke, the power stroke, and the
exhaust stroke (Taylor 1985).

The four stroke cycle starts with the intake stroke which moves the piston from

Top Dead Centre (TDC) to Bottom Dead Centre (BDC) inside the engine cylinder.
Concurrently, the inlet valves open, the exhaust valves close, and the air-fuel mixture
is sucked in to the cylinder due to the piston motion and the resulted depression inside
the enclosed cavity. Once the intake stroke finishes, the compression stroke starts and
the inlet valve closes. The piston moves in the opposite direction back from BDC to
TDC. The air-fuel mixture inside the cylinder compresses and the pressure rises to
its maximum of eighty bars (Taylor 1985). After that pressure rises, the power stroke
starts and provides external usable energy. This stroke, also called the combustion
or ignition stroke, is the main criteria for defining the engine’s efficiency. Now the
compressed air-fuel mixture ignites and drives the piston back from TDC to BDC.
The resulted energy of the combustion will be transformed and temporarily stored in

the flywheel of the engine. The inlet valves as well as the exhaust valves remain closed
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Figure 2.1: Four stroke cycle (Britannica Encyclopaedia Online 2011)

during the combustion while the pressure reaches its maximum.

The last and fourth stroke, the exhaust stroke, removes the used gas from the engine
cylinder. The piston moves again from BDC to TDC and the used gas will be pushed
out of the cavity through the open exhaust valves (Rajput 2005). The exact position
of the piston in the cylinder is expressed by the crank angle degree or the length to
TDC.

In the following, the piston position is always measured in mm instead of degree. It
describes the distance between the piston and the cylinder head, which is known as

distance to TDC. Figure 2.2 shows this relationship.

The rod length is described by [, r is the crank radius, « is the crank angle, and x
is the distance between the piston and the crank centre. The piston position to TDC
can also be expressed as the angle by the approximate proportional relationship to
the cosine of the crank angle. The reciprocating motion created by the continuously

rotating crank and the connected rod can be simplified as a harmonic motion.

r=14r-cos(a) (2.1)

d=h—(l+7r-cos(a)) (2.2)
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The distance to TDC is marked by d, and h is the total height of a single engine
cylinder. A standard 90 mm cylinder, requires a range of +10° before and after TDC.

This range is equivalent to a variation of the distance to TDC of approximately 0 mm

to 5 mm.
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Figure 2.3: Pressure against cylinder position (Rajput 2005)

Figure 2.3a shows the theoretical pressure-volume diagram of the four different strokes
of an Otto engine. The piston volume can also be converted directly into the piston
position, this is shown on the x-axis and the cylinder pressure on the y-axis. ‘1’ shows
the intake stroke, ‘2’ the compression stroke, ‘3’ the power stroke, and ‘4’ the exhaust
stroke. The combustion energy turns into mechanical usable energy during the power
stroke. Unfortunately, approximately only 30 % to 35 % of the combustion energy can
be used as effective power to move the vehicle. The other 65% to 70 % appear as

losses, which are mechanical, exhaust gas, and thermal losses of the combustion engine



(Jacobs 1996; U.S. Department of Energy 2013). The real pressure-volume diagram
appears to be considerably different to the theory, shown in Fig. 2.3b.

Engine Losses
70%

Idle Losses
3%

Parasitic Losses
5%

Drivetrain Losses

5%
Power to Wheels
17%

Figure 2.4: Fuel economy (U.S. Department of Energy 2013)

The energy losses of the engine depend on the driving style, therefore it is important
to know the driving cycle used to determine the efficiency. Figure 2.4 shows the energy
distribution of an ICE for a combination of city-highway driving. Approximately 14 %
of the potential fuel energy reaches the wheels of the vehicle during city driving, this

value increases to 26 % for highway driving.

The diagram plots the exact losses of the process related to the vehicle during combined
city-highway driving. As can be seen, the main loss occurs due to the engine which
means the engine has a huge impact on the overall efficiency. The other losses, not
related to the engine, occur as drive train, transmission, idle (stop and go traffic), and
parasitic losses such as power steering. Therefore, the potential of improving the fuel

efficiency of an ICE with advanced engine technologies is enormous.

There are a number of different ignition systems available on the market, each with its
advantages and disadvantages. Some systems like the spark ignition (SI)- or compres-
sion ignition (CI) system have been successfully used for decades in personal vehicles.
Other systems, such as the laser ignition (LI) system, are more theoretical concepts
and first field tests have partially demonstrated their insufficient ability to increase
the performance significantly in comparison to the well established ignition systems

(further discussion of the LI in section 2.5).

A completely new idea is the homogeneous charge compression ignition (HCCI) sys-
tem. This system is still under active research and development and could have the
potential to replace the common SI system. The priority of the homogeneous charge
microwave ignition (HCMI) system is to increase the overall engine efficiency and yet
being financially and economically attractive. Each system will be further described

and discussed in the following sections. These reviews will focus on their individual
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weaknesses and illustrate their potential to increase their performance and efficiency.

2.2 Spark Ignition

The SI system is one of the most commonly used systems in the world. Typically,
the SI system transforms about 30 % of the combustion energy into usable mechanical
energy. This is known as fuel efficiency (Jacobs 1996; Kutlar, Arslan, and Calik 2005;
U.S. Department of Energy 2013). This low efficiency is based on the fact that the
combustion of the air-fuel mixture is initiated by a spark at a single point inside the

combustion chamber (see Fig. 2.5).

IGNITION POINT —

FUELAND AIR
MIXTURE

Figure 2.5: Spark ignition (Jalopnik 2007)

The spark plug is connected to the ignition coil which converts the battery voltage of
12V into the necessary voltage needed to generate a reliable strong spark. The plug
of a SI system requires two main components: the centre electrode which supplies new
free electrons and the ground electrodes which collects the electrons. Once the spark

is generated, it ignites the air-fuel mixture inside the engine cylinder.

Free electrons and ions participate in the random thermal movement of molecules. If
an electric field exists in gas, the charged particles will accelerate in the field and gain
extra kinetic energy. As a result of this additional kinetic energy, electrons would
bounce off a gas molecule and hence the gas is ionised. The gap between the two
electrodes of a common spark plug is within the range of 0.9mm to 1.8mm. The
required discharge voltage proportionally rises due to the distance between the two
electrodes. The prolonged use of the spark plug widens the gap incrementally as
the electrode wears, thus a higher discharge voltage is required which heightens the
probability of misfiring. The discharge voltage ranges between 10kV to 25kV but also

depends on other factors such as the Air-Fuel Ratio (AFR), compression pressure, air-



fuel mixture temperature, electrode temperature, and humidity. The discharge voltage

also rises proportionally to the compression pressure.

The AFR of the mixture affects the discharge voltage. In fact, there is clear tendency
for the discharge voltage to be higher for a leaner air-fuel mixture. Vice versa, a leaner
air-fuel mixture needs a lower discharge voltage and therefore this combination is more
likely to cause misfire inside the cylinder. The last major factor which affects the
discharge voltage, is the temperature of the air-fuel mixture. The discharge voltage
drops down with a rising temperature, therefore a lower engine temperature increases

the possibility of misfire during combustion.

The ignition process is divided into two phases: the first phase builds the flame core
and the second phase includes the quenching effect, which contains the absorption of
the heat and extinguishes the flame inside the engine cylinder. The gap between the
electrodes can determine the relationship between these phases. If the plug gap is
wider, the flame core is bigger and the quenching effect smaller in order to obtain a
reliable ignition. In case the gap is too wide, a substantial discharge voltage would be
required. If the discharge voltage exceeds the operation range of the coil, a reliable

generation of a spark would become impossible.

The high voltage impulse is generated by the ignition system and applied between
the two electrodes of the spark plug, the insulation between these electrodes breaks
down. The current flows from the centre electrode to the ground electrode and an
electrical spark is generated. The spark triggers the ignition and the combustion of the
compressed air-fuel mixture inside the combustion chamber. The discharge process is
extremely short, within just about a single ms and yet extraordinarily complex. The
general role of the spark plug is to supply a reliable and strong spark between the
two electrodes at a specified time, to trigger the combustion of the compressed air-fuel
mixture. When the combustion is initiated by the spark, the air-fuel mixture inside
the cylinder cannot ignite simultaneously. The time from the start of ignition until the
flame ball grows to 25.4 mm is about 0.6 ms (Taylor 1985; Jacobs 1996).

Once the supplied voltage exceeds the dielectric strength of the air-fuel mixture, the
matter becomes ionised between the gap of the two electrodes. The recently ionised
mixture becomes a conductor and allows the electrons to flow across the gap between
the centre and ground electrode of the spark plug. As the flow of electrons surges
across the gap, the temperature of the spark channel rises to 60000 K. The intense
heat in the spark channel causes the ionised mixture to expand rapidly and to produce

a small explosion, which is know as the start of ignition.



The high pressure and resulting heat inside the engine cylinder forces the gas in the
combustion chamber to react. The spark plug initiates a small fireball in the spark
gap which burns the gas. The dimension of the fireball mostly depends on the exact
composition of the mixture inside the combustion chamber but also on the level of
combustion turbulences at the time when the spark was initiated. The correct ignition
time advance is essential for the general engine performance, and therefore needs to be
optimised. A too small ignition timing advance would lead into a delayed combustion
and dramatically decrease the usable power of the engine. A too large timing advance
would result in misfiring and the combustion energy would be used to push the piston
back before reaching TDC. This also decrease the ignition performance and overall

engine efficiency.

2.3 Compression Ignition

The CI system is used in diesel engines, developed by R. Diesel in 1893. The philosophy

behind this design was to invent an engine that has a higher efficiency than the ordinary

SI engine (Moon 1974).
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Figure 2.6: Compression ignition (Jalopnik 2007)

The diesel ICE is based on compression. In contrast to the gasoline powered SI engine,
the CI system uses highly compressed hot air instead of a spark to ignite the fuel
inside the engine cylinder. While the piston moves from BDC to TDC the air inside
the combustion chamber will compress and the pressure increase. The pressure inside
the combustion chamber is significantly higher in comparison to a SI engine. The
ignition will occur when fuel is injected into the combustion chamber near TDC. Due
to the high pressure and temperature the fuel ignites once it comes into contact with
the pre-compressed air inside the engine cylinder. To optimize the burning process
and reduce pollutant emissions, researchers are currently trying to develop the HCCI

system.
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2.4 Multi-Spark Ignition System

The multi-spark ignition system is another possible solution to the reduction of fuel
consumption and pollutants. This system replaces the common spark plug of a SI

system with a cylinder head which is fitted with at least three spark plugs.

3

Figure 2.7: Multi-Spark ignition

IGNITION POINT

FUELAND AIR
MIXTURE

IGNITION POINT

FUELAND AIR
MIXTURE

A multi-point ignition system makes it possible to initiate the ignition at multiple points
inside the engine cylinder simultaneously. Theoretically this system should increase the
engine efficiency but can also cause misfiring during the combustion (J. A. Davis 1989;
Schaus 2003).

2.5 Laser Ignition

Laser ignition is another type of a one point ignition system. The procedure for chang-

ing a spark ignition system into a laser ignition system is to replace the spark plug

IGNITION POINT
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Figure 2.8: Laser ignition
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with a laser plug. Once the laser beam is generated, it induces the air-fuel mixture
breakdown at its focal point. The ignition efficiency improvement by using a laser
ignition system instead of a spark ignition system is negligible because it is still only

initiates the ignition at a single point (Bradley et al. 2004).

2.6 Homogeneous Charge Compression Ignition

The aim of a HCCI system is to achieve a more efficient ignition than the common
SI and CI systems. The advantage of the HCCI is a volume ignition and not a single
point ignition like for the SI system. HCCI combines the homogeneous charge (spark

ignition) of a SI engine with the stratified charge (compression ignition) of a CI engine.
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Figure 2.9: Homogeneous charge compression ignition (Jalopnik 2007)

With HCCI systems it is possible to save up to 30 % on fuel consumption compared to
traditional SI engines. A HCCI engine can operate on most kind of fuels such as gaso-
line, diesel, and the majority of alternative fuels, like Compressed Natural Gas (CNG)
or Liquefied Petroleum Gas (LPG) (Epping et al. 2002). Through the homogeneous
mixture the auto-ignition occurs at multiple locations simultaneously throughout the
cylinder. The result of a homogeneous air-fuel mixture is a cleaner combustion and a
lower emission. The peak temperature is significantly lower than it would be during
a typical spark ignition and the NOx level is negligible (Warnatz, Maas, and Dibble
2006).

The control of the system is difficult since pressure and temperature need to be mon-
itored and adjusted at any time of the process. The constantly changing engine load
requires a close loop system which is elementary to adjust the exact position of the
inlet and outlet valves, to control pressure and heat inside the engine cylinder to obtain
ignition. The auto-ignition of the HCCI system brings a much higher peak pressure

inside the engine cavity, which results in a faster wearing of the engine.
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2.7 Microwave Ignition

The microwave ignition (MI) system was first proposed and patented in 1974 by M.
Ward. This patent describes a microwave transmission line and a microwave emitter,
which transmits microwave energy into the engine cylinder. The microwave resonance
inside the combustion chamber generates a strong electric field. This field breaks down

the injected air-fuel mixture inside the cylinder (Ward 1974).
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Figure 2.10: Microwave ignition

The MI system is a relatively new approach combining the aforementioned advantages
of the spark ignition system as well as the compression ignition system to make a
significant impact on the fuel consumption of the engine and the pollutant emissions. A
MI system works as a multipoint ignition system, shown in Fig. 2.10. It is comparable
with the HCCI (section 2.6) but its main disadvantage, the complex control of the
ignition event, is eliminated with the MI system. The control of the ignition event is
theoretically as simple to achieve as for the common SI system. Most of the issues occur
through the constantly fluctuating resonance frequency inside the combustion chamber
of the engine. This project will model one single engine cylinder and simulate the
electromagnetic field proportion inside this cavity. To build various physical prototypes
is time consuming and expensive, so to save costs and time, virtual prototyping has
been developed and used to obtain the best possible electromagnetic field propagation

performance.

Figure 2.11 shows the basic concept of a MI system. A control signal (ignition event)
triggers the microwave generation which builds an electric field. The microwave signal
is then transferred to the engine cylinder through the transmission line (for the engine
application is a coaxial cable). A MI system provides a volume ignition and starts
the breakdown of the air-fuel mixture at multiple points throughout the combustion
chamber, like a HCCI or CI system.
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Figure 2.11: Microwave ignition concept

To initiate the breakdown of the homogeneous mixed air-fuel inside the engine cylinder
a strong electric field is required. For a spark plug the gap between the two electrodes
is around 1 mm to 2mm and the applied voltage on the electrodes between 15kV to
25kV. Employed these two values, the used electric field intensity between the two

electrodes is approximately 1 x 107V /m.

Existing experiments have shown that the equivalent electric field intensity for the
microwave breakdown of the air-fuel mixture is slightly lower than 1 x 107 V/m for the
spark ignition. The minimum required electric field intensity of this process is around
777 x 103 V/m and will be simplified as 1 x 10° V/m in this thesis (Hagen, Venot, and
Wiesbeck 2001).

2.8 Critical Review of Existing Research on Mi-

crowave Ignition ICEs

Since Ward’s initial idea in 1974, several patents and research papers have been pub-
lished and submitted in this area. All of these publications and ideas can be separated
into two groups. The first group uses the engine cylinder as a resonator as described in
section 2.7 (Katsuhiro, Endo, and Takezaki 1981; Ward 1991; Schleupen 2002; Schmidst,
Linkenheil, et al. 2003; Schmidt and Ruoss 2003). The second group wants to develop
an independent resonator and then ignite the air-fuel mixture inside the cylinder (Man-

ning and P 1995; Pertl and J E Smith 2009).

DeFreitas patented an ignition apparatus for a combustion device which included a
microwave energy source (DeFreitas et al. 1997). The microwave energy was transmit-
ted into the combustion chamber at a fixed resonance frequency. This is not suitable
for an engine where the movement of the piston continuously changes the natural fre-
quency of the cavity. The main challenge is to design a system that is independent of

engine cylinder geometry or can adapt easily to the given circumstances (Ward 1991;
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Katsuhiro, Endo, and Takezaki 1981; Schleupen 2002; Schmidt and Ruoss 2003). In
response to this challenge, researchers at the West Virginia University developed a
Quarter Wave Coaxial Cavity Resonator (QWCCR) (Pertl and J E Smith 2009). The
QWCCR works as an independent resonator and was developed with the aim to replace
the spark plug without any mechanical change to the engine cylinder. The QWCCR
creates a strong electric field generated inside the resonator and then ignite the air-
fuel mixture inside the combustion chamber. Unfortunately, with the QWCCR the
ignition occurs just around the centre electrode of the resonator, which dissipates the
advantage of using the microwave ignition system. Comparable to the QWCCR, a RF
plasma ignition device for ICE with a frequency range from 800 MHz to 1500 MHz was
developed by Smith (James E Smith, Stile, and Thompson 1997) in 1997. In 2002,
Schleupen (Schleupen 2002) patented an ignition device for a high frequency ignition.

In 2003, Schmidt and Ruoss published a patent for a plug which was designed to re-
place the common spark plug without any mechanical changes to the engine cylinder
(Schmidt and Ruoss 2003). Dana Corporation demonstrated in 2005 a technology
which uses pulsed microwave energy to initiate engine combustion, also called At-
moPlas(TM). AtmoPlas(TM) combines microwave source feeds with short microwave
pulse which flow into the engine through a modified spark plug. Ignition occurs at
an atmospheric pressure and with a plasma temperature of around 1200 degrees Cel-
sius (no known upper practical level); nevertheless there has not been any detailed
information on AtmoPlas(TM) published (Dana Corporation 2005).

Micro Wave Ignition GmbH (MWI) published several patents for a MI system be-
tween 2003 and 2005 (V. Gallatz 2004; A. Gallatz and Hirsch 2010). In 2006, MWI
was planning to build a prototype in cooperation with different vehicle manufacturers
within two years. They had an ultimate goal of supplying every new vehicle with their

technology within ten years (V. Gallatz, Hirsch, and Tarasova 2010).

Makita and Ikeda patented 2010 an apparatus for ignition or plasma generation (Makita
and Tkeda 2010). The purpose is to eliminate the need for resonance in the combustion
chamber. The past research shows the feasibility and advantages of an MI system.
The potential of using a volume based ignition for the combustion efficiency and fuel
consumption is high but at present, there has not been a working MI system successfully

realised.

Potts experimented in 2000 with partially ionised plasma generated by microwaves
with the frequency of 2.45 GHz. Various working gases where employed, including air,
nitrogen and noble gas at pressures up to 2 x 105 Pa. The partially ionised plasma can
be sustained inside a high-Q cavity within various gases at pressures up to approxi-

mately twice atmospheric, using 1.4kW of microwave power at 2.45 GHz (Potts and
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Hugill 2000). The article by Starikovskaia (2006) summarized the results and obser-
vations of researchers over the previous decades (Starikovskaia 2006). They confirmed
the existence of the artificial initiation of chemical chains by low temperature plasma
from gas discharges. Unfortunately, all the results were obtained by experiments and
needed further investigation into the “class-by-class” impact on ignition and combus-
tion. When a certain class of particles is separately injected into a system, it will
ensure a deeper understanding of chemical kinetics under ignition by non-equilibrium
plasma. In relation to this project, Starikovskaia article shows that a plasma assisted
ignition is possible but for the development of a new ignition model insufficient details

are provided.

The study by Yasar (2001) reported the preliminary analysis of an integrated plasma-
enhanced ignition and combustion model for SI as well as for a Laser Induced Spark
Ignition (LISI) combustion chamber. Yasar focused on developing a new ignition sub-
model. The KIVA-IIT program was used for this investigation in combination with the
expanded equation-of-state (EOS) tables. The ignition temperature obtained in the
plasma-enhanced simulation was significantly higher (70 %) than the temperature of a
classic ignition (Yasar 2001). Liu in 2005, showed that using transient plasma or pulsed
corona discharge provided a shorter ignition delay time and pressure rise times (J. Liu
et al. 2005). In these experiments, a high-voltage electric pulse generator provided an
average pulse of 60kV peak voltage and a suitable time pulse. The plasma occurred

during the formative phase of an arc discharge and persisted for around 50 ns.

Jimenez (2007) produced a simulation of low pressure plasma discharge typical of a
DC magnetron sputtering process that used a Monte Carlo-fluid-Poisson hybrid model
(Jimenez, Ekpe, and Dew 2007). The densities of the plasma electrons and ions and
the electrical potential of the discharge space were calculated by using COMSOL Mul-
tiphysics. Although this simulation model included the effects of gas heating, it made
gross assumptions for the electrical conductivity of the process gas. In turn, these
assumption make it useful for illustration purposes but not for building a physical and

chemical model.
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Chapter 3

Simulation Based Methodology

The design of a microwave ignition device for ICEs requires several steps. First, models
need to be made of the engine cylinder and the electromagnetic field distribution inside
the cavity simulated. For this purpose, the finite element method (FEM) simulation
software COMSOL was employed. The combustion cylinder will work as a resonator
for the MI system. The FEM simulation software calculates the microwave propagation

throughout the cylinder as well as the resonance condition of the enclosed cavity.
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Figure 3.1: Microwave ignition concept

In order to optimise the given model, the software COMSOL has an optimisation
toolbox but does not possess sufficient equipment to optimise complex systems such
as adjusting the used search algorithm. In the past, COMSOL was connected with
MATLAB by using the MATLAB Live Link extension to exchange data between the
simulation model and algorithm. Unfortunately, this tool combination possesses the
problem of a slow communication speed between both components. It makes it imprac-
tical to run a Genetic Algorithm (GA) optimisation with a large number of evaluations

to gain sufficient results for a particular antenna design.

To address this problem a new framework was designed focussing on communication
speed. The Java Application Programming Interface (API) of COMSOL was utilised

to combine the FEM simulation software with variable algorithms. The use of this
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newly designed CAutoD has many advantages and can solve the given problems with

a higher simulation and search resolution to obtain more accurate results.

3.1 Microwave Resonance in a Cavity

The Electromagnetic (EM) field can be seen as a combination of an electric field and
a magnetic field while the electric field is produced by stationary charges and the
magnetic field by moving charges with a current. The microwave breakdown in the
combustion chamber of an ICE is caused by the electric field. In correlation with this
breakdown of the air-fuel mixture, the electric field also induces plasma in the engine

cylinder.

The following Maxwell equations are used to describe the EM field inside a combustion
chamber (Seely and Poularikas 1979).

VeD=p (3.1)
VeB=0 (3.2)
V><E——aa—i3 (3.3)
VxH:J+%—? (3.4)

where D is the electric displacement field in [C'//m?], p is the electric charge density in
[C/m?], B is the magnetic flux density [T], F is the electric field intensity in [V/m)],
H is the magnetic field intensity in [A/m], and J is the current density in [A/m?].

In a regularly shaped cylinder under practical boundaries, Eq. (3.1) to 3.4 can be used
to solve the electric field distribution. The resolution of these equations depends on the
primary propagation mode, while this mode depends on the shape of the enclosure and
its dimensions. For most real engine cylinders the boundary conditions are complex

and in combination with the irregular geometric shape of the combustion chamber,
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the calculation becomes very complicated. The use of computer simulations is the
most effective way to resolve this particular problem thus this project utilises the FEM
simulation software COMSOL.

Resonance is mandatory in any MI system in order to breakdown the air-fuel mixture
inside the cylinder. Resonance occurs when the system achieves a suitable configuration
of frequency and geometric dimensions. Microwave resonance occurs at a frequency
greater than 1 GHz. The resonator is usually a metallic enclosure and the energy in

the resonator is generated from an electric and magnetic field.

A cylindrical cavity can have two different types of resonance: transverse magnetic
(TM) and transverse electric (TE) mode. The dominant mode is T'Mpy9, when a

cylindrical cavity matches the following condition (Seely and Poularikas 1979):

d
Z <9 3.5

where d is the depth of a cylinder and a is the radius of the cylinder. The microwave

energy can be applied by using different methods to the cavity shown in Fig. 3.2.

Cavity

Cavity

Aperature Waveguide Cavity

(a) (b)

Figure 3.2: Coupling methods

The microwave energy can be coupled into the cavity by a small opening in the walls
(Fig. 3.2a), a coaxial cable with a probe shape antenna (Fig. 3.2b), or a coaxial cable
with a loop antenna (Fig. 3.2c). To implement a MI system on existing engines, with
the aim of making the least modifications to the engine, requires that the coupling
apparatus can fit into the engine cylinder without any modification to the cylinder
body. Therefore the solution shown in Fig. 3.2b is the most suitable coupling method
for a HCMI system. Another important aspect and a major reason for optimising the
microwave coupling efficiency into the combustion cylinder is the impedance match
between the output of the coaxial cable, using Eq. (3.6), and the input of the resonator
(Seely and Poularikas 1979). If the input impedance of the cavity matches the output
impedance of the coaxial cable, the microwave energy can be transmitted into the

resonator with minimum reflections and the optimum efficiency.
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60 . b
In - (3.6)

7 =

where Z is the impedance of the coaxial cable, €, is the relative permittivity, a the
radius of the centre core of the coaxial cable, and b the outer radius of the coaxial

cable.

The resonance frequency of a regular shaped cylinder can be calculated with Eq. (3.7)

for T'M,,n, propagation mode and by using Eq. (3.8) for T'E,,,, propagation mode.

o= g (22 (22 o

S =

If the dominated mode in a cylinder is the T'My;p mode, Eq. (3.7) can be simplified to
the following:

c- Xo
= - 3.9
oo = g (3.9)

where c is the speed of light, Xg; the first root of the zero order Bessel function, r the
radius of the cylinder, and ¢,, u, respectively the permeability and permittivity of the

material inside the cylinder.

3.2 Plasma

The definition of plasma dates back to 1928 (Langmuir 1928). Plasma is similar to gas
but the ions and electrons are fully or partially separated and a certain portion of the
particles need to be ionised. Scientists have found that more than 99% of all materials

in the universe are plasma (Gurnett, Bhattacharjee, and Zita 2006).

Each ordinary gas atom has an equal number of positive and negative charges. This
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means each atom is electrically neutral if the positive charges in the nucleus are sur-
rounded by an equal number of negatively charged electrons in the atomic shell. By
supplying an external energy such as electromagnetic waves, gas can become plasma.
To create plasma a significant number of atoms needs to release some or all of their
electrons. The remaining parts of those atoms are left with a positive charge and the
detached negative electrons are free to move. Those atoms and the resulting electrically
charged gas is now ionised. The gas becomes plasma after enough atoms are ionised to
significantly affect the electrical characteristics of the gas. The plasma is electrically

conductive and therefore responds strongly to EM fields.

Plasma can be induced by different methods: direct current (direct current plasma),
electromagnetic waves with frequencies around kHz (radio-frequency plasma), electro-
magnetic waves with frequencies around MHz (microwave plasma), and electromag-
netic waves with frequencies around PHz (laser plasma). The most common methods
of producing plasma are Direct Current (DC), resonance frequency (RF), and mi-

crowave.

The synergy between the charged particles and the neutral particles are important
in determining the behaviour of the plasma. The wide spectrum of plasma types,
characteristics, and behaviours are attributed to the type of atoms along with the ratio
« of ionised particles to neutral particles, as well as the particle energies. A large and

growing number of applications exploit these different features.

Plasma is separated in to classes and fundamentally defined by its temperature and
its number density. For an ignition system, combustion represents a burning process
which leads to a plasma class characterised by a flame with a maximum temperature

of 5000 K and a density up to 1 x 1017 electrons/m?3. The degree of ionisation, « is
defined as:

n;

n; + ng

(3.10)

o =

where n; is the number density of ions in [em ™3] and n, the number density of neural

atoms in [em™3].

Plasma induced by microwaves has a noticeable advantage over plasma generated by
direct current or radio-frequencies. The degree of ionisation, the ion density, and the
level of dissociation are higher using microwave induced plasma in comparison with
the other methods (Qiao et al. 2003). Therefore microwaves have a stronger capacity

to dissociate electrons from their atoms.
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ICE air-fuel mixtures consist primarily of Ny, Oy, NO, NOo, CsHg, CO, COo, H50,
and non-combusted fuel feedstock (Qiao et al. 2003; Starikovskaia 2006). The associ-

ated plasma is then obtained as follows:

Oy+e¢ - 0Oe+0e+ec (3.11)
Oe+HC — RO,RO5,0OH e ... (3.12)
NO + Oe — NOye (3.13)

NO + ROy — NOy + RO (3.14)

where R is an organic species and e denotes radical species. Ozone is formed as an

intermediary of the reaction described below (Qiao et al. 2003):

Oe+0; = O3 (3.15)

Equations (3.11) to (3.15) describe the ignition process of a common petrol internal
combustion engine. Below, the chemical equations of the different fuel types (Eq. (3.16)
propane, Eq. (3.17) methane, Eq. (3.18) pentane) and their chemical reaction during
the combustion (Lackner, Winter, and Agarwal 2010).
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The pressure inside a cylinder affects the breakdown voltage. Paschen’s curve can be
used to determine the breakdown voltage of a gas (Paschen 1889). At higher pressures
and gap length, the breakdown voltage is approximately proportional to the product
of the pressure and gap length. This approximation is only valid over a limited range

of the curve.

B-p-d
= 1
C 1@ d) (3:19)
%
E—= (3.20)

To express the breakdown voltage as electric field intensity Eq. (3.20) can be used.
After inserting Eq. (3.19) into Eq. (3.20), Eq. (3.21) can be applied for an immediate

evaluation of the electric field intensity.

B-p

E=——r
C+1In(p-d)

(3.21)

where p is the pressure in the cylinder, d the gap between the two electrodes, B a

constant depending on the used material, and C' can be calculated by using Eq. (3.22).

C=ln|——— (3.22)

where A is a constant depending on the used material and y the secondary ionisation

coefficient.

3.3 Finite Element Method Simulations of Electro-

magnetic Fields

FEM is a numerical engineering tool developed in the 1960’s by the nuclear power and
aerospace industries. It was developed in order to find usable, even just approximate,

solutions to problems with many complex variables. The FEM analysis is a numerical
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technique for finding approximate solutions to partial differential equations. For the
past half century, FEM has been widely utilised in different disciplines for example,
the design and development of commercial products. The analysis has also become an

indispensable technology in the design and modelling of complex engineering systems
(Rao 2005; G. Liu and Quek 2013).

During the research process of this project the FEM simulation software COMSOL was
used to design and develop a representative model of a MI system and engine cylinder.
Initially, the research started by modelling the irregularly shaped cylinder of an ICE.
The changing geometry of a running engine affects the propagation performance of a
MI system more than for a SI system, since the resonance condition is crucial for a
clean and complete combustion. The simulation of the electric field finds the solutions
to the Maxwell equations by applying certain boundary conditions. Due to the major
impact of the cylinder’s geometry on the resonance conditions, it is very difficult to find
the correct solution by using a FEM simulation software with parameters and through
“trial and error”. Therefore it is essential to combine the electric field simulation into

a CAutoD system to search for the optimum solution for the given problem.

The simulation of the EM field propagation performance inside the combustion chamber
is the essential part of this research. The EM field inside the cavity is generated by a
microwave source and the resonance condition of the irregularly shaped cylinder needs
to reach a maximum electric field. In the past, the major problem during the design
process was the search resolution of the simulation, due to the slow communication
speed between the simulation and the optimisation search algorithm. It was impossible
to simulate enough points in an acceptable time scale for a reliable observation of the
results. It is also important to respect the practical boundaries during the design of a

HCMI system, e.g. the material thickness cannot be assigned to a negative value.

3.4 Simulation Environment

The implementation of a CAutoD optimisation search for the HCMI system requires
different connected software components. The idea of a CAutoD system is to go one
step further than the trial and error method and improve the general search perfor-
mance and investigation details. The required parts are the FEM simulation model of
the engine cylinder, enabled by using COMSOL, and the optimisation algorithm. The
used optimisation algorithm is implemented using the MATLAB optimisation toolbox.
It is necessary to find a universal communication platform between the optimisation

algorithm and the simulation model. The optimisation algorithm needs to be able

24



to communicate with the simulation model to exchange data and perform a detailed

search.

3.4.1 COMSOL Multiphysics

COMSOL Multiphysics is a well established FEM simulation software on the market
and can be used for a wide range of applications (Pepper and Heinrich 1992). In
the past, COMSOL Multiphysics was widely used in many different research areas,
due to the basic program being supplemented by commercial extensions to adapt to a
particular area. For the modelling process of a HCMI system, COMSOL Multiphysics
has been used and applied to simulate the electromagnetic field propagation inside
the combustion chamber of an ICE (Comsol 2011b; Comsol 2012). To implement a
CAutoD system it is critical to connect the optimisation search with the simulation
model. COMSOL Multiphysics offers several ways to interact with other software
products, such as the commercial MATLAB Live Link extension or the use of the Java
API. The use of the MATLAB Live Link is easy and straight forward but brings
disadvantages like a slow communication speed. Therefore the Java API was chosen
and implemented for the optimisation search with a view to a faster and more efficient

communication between the simulation model and optimisation search.

3.4.2 MATLAB Live Link and Java API

To evaluate COMSOL Multiphysics models in connection with other software tools,
the use of the MATLAB Live Link extension is one possible solution. This connec-
tion between MATLAB and COMSOL Multiphysics is realised by using the COMSOL
server (Comsol 2011a). There are some advantages by using this method such as the
immediate presentation of the results during the search process or after the simulation.
The MATLAB Live Link extension also provides some practical MATLAB functions
for example, the plotting of the model geometry or simulation results with just a single
command. Furthermore, available functions like “mphnavigator(model)” are effective
for examining the implemented model details and for debugging purposes. In any case,
these advantages are not important for the implementing a CAutoD system. The com-
munication speed between both software products is the crucial issue for a CAutoD
system. Unfortunately the communication speed of the MATLAB Live Link extension

is unreasonably slow and often takes some seconds for just one single evaluation.

Another way to communicate with the FEM simulation software is the access of COM-
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SOL models via the Java API. To implement the simulation model a fundamental
and deep knowledge of the model structure is necessary before using this method.
It requires a runnable COMSOL installation with all mandatory extensions for the
calculation of the model but no additional extension is needed, like for example the
MATLAB Live Link. The implementation is based on Java without any graphical
interface but for the evaluation of the simulation model, Java offers advantages and
disadvantages. The communication rate is significantly faster compared to the MAT-
LAB Live Link extension and the implementation more flexible but more complex.
During the implementation of the simulation as Java model, it is possible to choose
between the use via the COMSOL server or as a standalone application. The first
option does not offer any significant advantages compared to the described MATLAB
solution but the second option, to implement a standalone application, increases the
communication speed. This advantage makes a standalone application as a way of im-
plementation indispensable. A CAutoD system requires thousands of evaluations and
thus through the use of the Java API’s rapid communication speed the total simulation

time decreases noticeably.

Aforementioned, this way of implementation requires a wider knowledge of the pro-
gramming language Java along with the ability to read and understand the COMSOL
API documentation. Through the gained flexibility for the model implementation and
the significantly increased simulation and communication speed, this method has more

advantages than disadvantages for the designing of a CAutoD system.

3.5 Validation of Simulation

A FEM simulation software is required for the calculation of the electric field intensity
inside a cylindrical cavity. This divides up the complicated equations of the electric
field distribution calculation into small elements which can be solved in relation to
each other. Especially for complex multidimensional geometries it is required to apply
a suitable mesh to the model and solve it with an FEM simulation software. The mesh
used for the validation process is shown in Fig. 3.3 and contains 240 elements. Due
to the regular cylinder dimensions and the correlated linear behaviour of the field this
value could be further decreased and still deliver sufficient results. For the advanced
simulations with irregular shaped cylinder models in chapter 4 and chapter 5 a mesh

with 465 elements was established to be suitable to deliver stable results.

To validate the FEM simulation software for the particular application of modelling

a HCMI system engine cylinder, a sequence of test simulations is required. Once the
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Applied mesh

mm

Figure 3.3: Applied mesh to the validation

validation is completed the FEM simulation software can be used for further modelling.
In this thesis, the COMSOL Multiphysics modelling and simulation software is used to
calculate the electric field distribution inside the combustion chamber (Comsol 2011b).
In order to validate these simulation methods, the resonance frequency and electric
field propagation performance inside a regularly shaped cylinder will be simulated and

the response compared with the theoretical results.

Electric Field at 2.294851GHz
T T

20—

mm

Figure 3.4: Electric field inside a cylindrical cavity

Figure 3.4 exemplifies the geometrical dimensions of the model used for this simula-
tion. It is modelled in a two dimensional axis symmetrical pattern. The centre of
the cylindrical wave guide is shown on the left side and according to the figure during
the resonance condition, the electric field reaches the maximum near the centre of the
cylinder. In accordance with the theory, the wavelength inside a cylindrical cavity can
be calculated with Eq. (3.23) below. After converting the wavelength into a equivalent
frequency, Eq. (3.25) can be used to calculate the resonance frequency of a cylindrical

cavity (Sequeira 2011).
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A= -~ (3.23)
C
__Po1-C
f= (3.25)

where 7 is the radius of the cylinder, ¢ is the speed of light, and the variable p,,,
is determined by the propagation mode inside the cavity. In this case, the T'My;q is
present and so the first root of zero order Bessel function will be used. According to the
simulation result obtained by using COMSOL Multiphysics, the resonance frequency
of this cavity in T'My;o mode is 2.294 851 GHz. To compare the simulation result with
the theory, the resonance frequency of this cylindrical cavity in T'My;9 mode using

Eq. (3.25) is 2.29502 GHz.

Electric Field Propagation — Simulation Vs Theoretical Solution
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Figure 3.5: Compare the electric field propagation performance
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The second part of the validation process is to simulate and analyse the microwave
propagation performance throughout the combustion chamber. This simulation’s pur-
pose is to show that the distribution of the electric field inside the cavity is valid and
can give reliable values throughout the cavity. The same model, as in the first part of
the validation process, is used and the result is shown in Fig. 3.5. The illustrated field
in this figure is measured at the top of the cavity while the excitation of microwave
was assigned to the cylinder at the bottom. It can be seen that the electric field near
the symmetrical axis is the strongest and that the amplitude of the field drops down

by increasing the distance to the centre.

To compare the simulation with the theory, the propagation of the electric field at the
top of the cavity is calculated by Eq. (3.26). Ej is the initial electric field intensity,
r the variable in horizontal direction, and a is the total radius of the cylinder. Jj
represents the zero order Bessel function and can be calculated by the infinity series
in Eq. (3.27) (Stegun, Abramowitz, and Miller 1965). By comparing the two lines in
Fig. 3.5 it is demonstrated that the simulation and theoretical results of the electric

field distribution inside the cylindrical cavity are almost identical.

3.6 Search and Optimisation

The different search methods used in this thesis have been widely employed in various
fields for many years. In consideration of the electric field signal characteristics inside
the resonance cavity of an ICE, it can be useful to combine different search algorithms.
One possible way it to generate a more suitable initial population for the GA. In partic-
ular, this shows that combining deterministic and non-deterministic search algorithms
within one single optimisation search helps to find the strongest electric field intensity

for a given HCMI system simulation model.

3.6.1 Trial and Error Based Simplex Search

The Nelder—-Mead (NM) simplex method is a posteriori and deterministic search algo-

rithm. This method makes it possible to search and calibrate several design parameters
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at once. During hardware experiments, it is difficult to calibrate several parameters
at the same time by using an automated search method. Proposed by Nelder and
Mead in 1965, the Nelder-Mead simplex method (also called the Downhill Simplex
Method), is a non-linear optimisation algorithm which minimises an object function in
a multi-dimensional space (Nelder and Mead 1965). This method uses the concept of
simplexes, which are a special polytope N +1 vertices in N dimensions. Some examples
of simplexes are a line segment in one-dimensional space, a triangle in two-dimensional
space, and a tetrahedron in three-dimensional space. The method finds a locally opti-
mal solution to a problem with N variables if the objective function varies smoothly
(R. L. Haupt and S. E. Haupt 2004).

Although the NM simplex method is a local search method, it still has some advantages
over other search methods. For example, the NM simplex method works without cal-
culating the function derivatives of the particular search points and achieves significant
improvements of the function value at a very early stage of the search process. The NM
algorithm only requires a few function evaluations per iteration. In comparison to the
Evolutionary Algorithm (EA) search method, the NM algorithm requires less function
evaluations to find a solution, potentially saving a great amount of time. Conversely,
an EA based or Particle Swarm Optimization (PSO) search algorithm is far less likely

to find local extrema.

EA and NM searches have been used to find the right design parameters for the op-
timum electric field propagation inside the cylindrical cavity of a HCMI system. The
performance of the NM algorithm is inadequate if the search includes the frequency as
a parameter, or if the correct starting point is not chosen for the individual optimisa-
tion problem. The NM search requires a rough knowledge of the solution range along

with multi-optimisation searches.

3.6.2 Evolutionary Algorithm

The EA is a non-deterministic search method, with the basic idea proposed in the
1960’s by several computer scientists, to solve practical non-linear problems. Similar
to Darwin’s theory of evolution, the EA includes three steps: selection, crossover, and
mutation. These three steps mimic the natural evolution of the human being and have

been employed in various fields of research.

The EA begins with the creation of a random population with a defined number and
size of individuals. Each individual of the population is then evaluated. The eval-

uation function or fitness function is provided by the programmer and ascribes each
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individual a score, depending on how well they perform at the given task. After the
evaluation process two individuals are selected. The selection process can be based on
their individual fitness value or just on a random selection. The selected individuals
apply the crossover and mutation steps in order to generate new offspring. This pro-
cedure continues until a suitable solution has been found or the maximum number of
evaluations are completed (L. D. Davis 1999; Spears 2000; Ghanea-Hercock 2003).

The most common type of selection method is the “roulette wheel selection”. This
method provides a selection probability of each individual based on the individual’s
fitness value. The higher the fitness, the higher the chance of selection. Another way
is the selection of two random individuals and eliminating the individual fitness value
from the selection process (L. D. Davis 1999; Deb 2001).

During the crossover process two individuals are selected and a new individual will be
created. There are multiple ways to perform the crossover of two individuals but the
most common way is a single point crossover. For this the parents are separated at
one point and then both children take one part of each parent (shown in Fig. 3.6) (Deb
2001).

Parent 1 Parent 2
1001101]{0011100 1001101{1000111
Child 1 Child 2
0101001(1000111 0101001{0011100

Figure 3.6: One point crossover

The crossover step can also include that some children are directly copied from their
parents. The whole crossover process can be improved by developing another split
and crossover process. The mutation process is applied by each individual of the
population. Some individuals are changed by the crossover step, while others remain
the same. Mutation assures that the individuals are not all homogeneous as they were

before, crossover occurred.

Before Mutation After Mutation

1001101|0011100 1001101|1010111

Figure 3.7: Mutation

The mutation procedure (Fig. 3.7) loops all the genes of every individual. If one gene
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is selected for mutation, the value will be replaced by a new value (Spears 2000). This
thesis will utilise various implementations of the GA such as from the MATLAB genetic

optimisation toolbox.

3.6.3 Heredity Algorithm

The Heredity Algorithm is an attempt to improve the overall performance, especially
the convergence speed in comparison to the original Genetic Algorithm in section 3.6.2.
As shown in chapter 5 the GA is known to be very efficient at of finding the global op-
timal solution for complex multidimensional optimisation problems. Prior to Darwin’s
theory of evolution by natural selection, Lamarck proposed a multifaceted theory of
evolution. The idea behind this theory is the speculation that specific organism char-
acteristics are inheritable by its offspring. Lamarck proposed this with the meaning
that organisms can pass specialised characteristics, which are required to survive in
the given environment, on to its offspring. This is known as Lamarckian evolution
or Lamarckism (Dawkins 1996). A typical Deoxyribonucleic acid (DNA) of organisms
can have hundreds of millions of genetic variations. The physical characteristics of a
phenotype are the result of combined interactions between many components of the
DNA. Although discredited in biology, the implementation in intelligence algorithms
has proven that Lamarckian evolution is an effective concept for improving convergence
characteristics (Mitchell 1997; Ross 1999).

Ross (1999) gave an example of Lamarckian evolution: “If a horse developed espe-
cially adept leg muscles for negotiating mountainous terrain, Lamarckian evolution
suggests that its offspring would inherit similarly muscular legs. Lamarckian inher-
itance of acquired characteristics maintains that the acquired development of strong
legs, through years of exercise in a mountainous environment, will influence the actual
genetic makeup of the horse. This altered genetic information is inheritable by the
horse’s offspring. This contrasts with the Darwinian tenet that a horse that is genet-
ically predisposed to having muscular legs will probably have offspring with a similar

genetic tendency” (Ross 1999).

Based on Lamarck’s theory of evolution, the Heredity Algorithm (HA) implements
this alternative idea of how organisms can evolve through learning from one generation
to another. The newly proposed algorithm in this section needs several benchmark
functions to analyse, validate, and measure the performance against the existing GA
optimisation method. The search algorithms used are non-deterministic optimisation
methods and therefore must be executed several times in order to obtain realistic

and representable results. Each benchmark function shown in Table 3.1 was executed
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100 times for every optimisation algorithm; each time with the exact same individual
algorithm configurations. To generate the final results for the graph’s the average of

all available simulation results were used.

Table 3.1: Test functions

Test function Dimensions Search Space
filz) =302 22 10 -100, 100]

. 2
folw) = S04 (Xim o) 10 100, 100]
fs(x) = o0 (|2 4 0.5])° 10 -100, 100]

Table 3.1 shows the different benchmark functions used in this section. Each bench-
mark function is executed in multiple dimensions for both algorithms. The algorithms
applied comparable settings like a population size of 101, a fixed generation count of
50, and the limits mentioned in Table 3.1. To obtain comparable results, it is required
to keep the number of generations constant. The selection function for all the chromo-
somes is identical for both algorithms and the number of evaluations is fixed for each
generation as well as for the whole search process. The termination criteria to end the
optimisation search is defined by the number of generations and the equivalent number
of evaluations. In the application to a HCMI system, it is ideal to have as few function
evaluations as possible, due to the slow evaluation of the FEM simulation model. This
is the reason behind a convergence speed being the main criteria and objective of the
HA design.

Figure 3.8 shows the most suitable and mean score for the whole population over 50
generations by using the first benchmark function. In Fig. 3.8a the blue line represents
the convergence speed of the best score within the population by using the GA, whereas
the green line shows the convergence speed by using the HA. The demonstrates that the
best score converges faster within the first 20 generations. Figure 3.8b illustrates the
mean score over 50 generations for both algorithms, the HA converts significantly faster
than the GA within the first 10 generations. In Fig. 3.9, the performance comparison of
the second testing function is shown. It can be seen in Fig. 3.9a, that the convergence
speed of the best score for the first 15 generations is slightly faster for the HA in
comparison to the GA although they have the same starting conditions. Figure 3.9b
displays the mean score for 50 generations for both algorithms. After 5 generations,
the HA had already reached the same value as the GA after 15 generations. This
confirms the same tendency as the first testing function and a noticeable advantage of
employing the HA over the GA. Figure 3.10 shows the performance comparison for
the third and last testing function in this section. The convergence speed for the best
score in Fig. 3.10a, and the mean score in Fig. 3.10b, establishes the advantage of the
HA in comparison to the GA.
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The HA is very similar to the GA and to better understand the process of the algorithm
improvement Fig. 3.11 was created. The process can be explained as the following: At
first the best score inside the whole population will be picked as reference. Based on the
used selection method, two parent chromosomes are going to be selected to generate a
new child. Then the algorithm will use the relative score of each chromosome compared
to the best score in the population, to decide how many genes should be kept. Therefore
this process is similar to the natural process proposed by Lamarck; the strongest will
survive. The HA search will then pick variable genes of the weaker chromosome and
overwrite the same amount of genes in the stronger chromosome. In this way, the
crossover process is dynamic and aids in the improvements of the convergence speed

of the optimisation problem as shown.

This section, used three testing functions (Table 3.1) to compare the convergence per-
formance of the Heredity Algorithm and Genetic Algorithm. The advantage of using
the HA over the GA is significant, it can has been determined that the convergence
speed is faster throughout all the benchmark functions. Regardless of this early success,
this area requires more investigation than done in this thesis. The further research will
be included as a separate article from a journal paper with more tests and benchmark

functions.

3.7 CAutoD Framework and Simulation Software

A CAutoD system can be applied to any random simulation problem. This will com-
bine the computational intelligence of the search algorithm and the simulation model.
The results from the simulation model will be obtained by using a Computer-Aided
Design (CAD) system. The algorithm will execute several design parameters to find
the most suitable solution for the given problem. This process can be computationally
intensive and if multiple simulations need to be carried out the execution time can

grow exponentially.

The software COMSOL was used to design a CAD system of the combustion chamber
of an ICE. The combustion cylinder will work as a resonator for the MI system. The
FEM simulation software calculates the microwave propagation throughout the cylin-
der as well as the resonance condition of the enclosed cavity. Figure 3.12 illustrates
the system design used and the relationship between the simulation and search algo-
rithm. The FEM simulation software calculates the electric field distribution inside
the engine cylinder for the given search parameters. After each evaluation, the search

algorithm will predict based on the previous results, new parameters to achieve the
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To optimise the CAutoD design it is important that both algorithms, the simulation
and optimisation algorithm, are chosen carefully and thoroughly investigated for pos-
sible improvements. Section 3.6 describes the advantages and disadvantages of the
the different search algorithms and their usability for the practical application of this
project. In chapter 4, various algorithms are used to perform multiple evaluations on
one particular cylinder design with variable antenna designs in order to discover the

best propagation performance for the MI system.

Theoretically, a CAD model with ten variables could be solved without an optimisation
algorithm by calculating all possible combinations but the calculation time would be
inefficient. For example, if every calculation needs one second and 10'° steps, the
entire process would require more than 300 years. The first step is to generate the
initial parameters and transfer them to the simulation. After the simulation receives
the parameters, the objectives are calculated and transferred back to the automated

search algorithm.

At this point, the search algorithm needs to check for the stopping criteria for the
search. If the criteria does not match, new search parameters need to be generated
and the simulation process must to be restarted. The differences between the variable
optimisation searches are mainly in the generation of the search parameters and the

variable termination criteria.
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3.7.1 FEM Solver

For the investigation of the microwave propagation performance inside the combustion
chamber of an ICE, a flexible software is required to cover the whole spectrum of
possible alternations. Therefore, during this project, the simulation software “FEM
Solver” was developed to combine the advantages of using the COMSOL Java-API
with different optimisation techniques like the MATLAB optimisation toolbox or the

individual designed search algorithms.

3 FEMSolver = ]

Init ModelUtil.?
Init MATLAB.?

Choose source file folder [Filesl: files
C:~FEM Solver~files

85 _HAntennal<{@.8.8.25,.18.8>_HAntenna2<A.8,.8.25.8.8> _femconf
S5 _HAntenna2<@.8.8.25,.8.8>_Mntenna2{d.8.8.25,.5.8>.fenconf

Continue with the listed 2 files or reload [Enter or (»>17

Figure 3.13: FEM Solver

The software (Fig. 3.13) can perform different simulation requests by using the most
suitable simulation mode. The simulation results are saved as a comma-separated
values (CSV) file, which can be directly read by for example MATLAB, to interpret
and compare the results of different simulations after the search. Additionally, for each
simulation the software creates a meta file which keeps all relevant simulation settings
to reproduce the search process at a later stage. The structure of the meta and the CSV
file depends on the performed kind of simulation. During the optimisation simulation,
a backup file will be created after every evaluation to give an overview of the search
progress as well as to backup the data in case of any unexpected problem. The solver
can be extended by new COMSOL simulation models for different antenna designs

without changing the source code or recompiling the software itself.

3.7.2 Simulation Modes

The range frequency mode simulates a defined spectrum of frequencies for a fixed

set of parameters. The aim of this simulation mode is to gain knowledge of the electric
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field intensity signal characteristics inside the combustion cylinder. Unfortunately, the
quality of the results strongly depends on the search resolution. As shown in section 4.2,
resonance occurs at a very narrow frequency range around the natural frequency of the
cylinder. A successful run of this simulation mode requires an approximate estimation
of the resonance frequency in order to successfully determine a suitable frequency range

without missing the global extrema.

The resonance frequency search mode helps to find the resonance frequency of a
given cylinder model. In contrast to the range frequency search, this mode uses a
deterministic search algorithm to find the characteristic points of the signal rather than
to apply a defined frequency range to the model and to analyse the results afterwards.
The first step of this search mode is to calculate the FEigenfrequency of the given
geometry with the FEM simulation software by supplying a starting value but without
any input signal. On this way a frequency almost identical to the resonance frequency
of the model will be obtained. The found Eigenfrequency will be used as a starting
value for the single variable simplex optimisation search (more details in section 4.3.7).
The calculated starting value will make it possible to find the resonance frequency
of the cylinder model within a few iterations. The algorithm used in this mode is the
“fminsearch” method provided by the MATLAB optimisation toolbox which was ported
to Java in order to use the COMSOL API. Additional to the resonance frequency,
this search mode can determine the bandwidth of the electric field intensity signal by
running another deterministic search after finding the maximum electric field intensity.
This search mode is used in sections 4.3.2, 4.4.1 and 4.4.2.

The surface search will obtain all required data to build a surface plot for the under-
standing of the relationship between multiple inputs. It is useful to gain information
about the output signal characteristics depending on multiple input parameters. On
this way, it is possible to understand the relationships of the variables and to acquire
a wider knowledge of the system within the search range. During the implementation
the following needed to be considered: If the search range covers an antenna length
of 5mm to 25 mm with a resolution of 0.1 mm and a piston position between 0.5 mm
to 5mm with the same resolution, the number of parameter pairs are 9000. Each of
these 9000 parameter pairs would require several hundreds of evaluations and the sim-
ulation mode would require several days of calculation for one single search. This is
impractical and was therefore never used in other research papers. To solve this prob-
lem the performance between the Eigenfrequency and the resonance frequency of the
cylinder was analysed in section 4.3.7. The Eigenfrequency is not exactly, but nearly
identical to the resonance frequency of the cylinder. This advantage can be used to
minimise the simulation time for this search mode by using the Eigenfrequency instead
of locating the resonance frequency by applying a deterministic search. Therefore just

one single evaluation is required to reach a frequency close enough to the resonance
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frequency of the cylinder which generates a representable electric field intensity for the
given configuration. The use of the Eigenfrequency improves the simulation time to
less than a few hours which makes this simulation mode and this kind of representation
practical and useful in the illustration of the important relationships between multiple
variables. After the simulation is finished, the data needs to be analysed and processed

by MATLAB to generate a three dimensional surface or a contour plot.

The different search modes presented up to this point are essentially static and re-
quire assistance in the improvement of the propagation performance of the antenna
design. The Nelder—Mead optimisation mode is implemented by utilising the NM
Simplex Search algorithm of MATLAB to find the maximum electric field intensity us-
ing a various number of parameters. This optimisation search works without boundary
conditions, therefore a well defined starting point is mandatory, to obtain a sufficient
field strength. It is also important to validate the found solution for a feasible real
world application. The settings for this optimisation mode are the maximum number
of evaluations and iterations as well as the function and variable tolerance. In order to
accelerate the execution time it is possible to use the frequency as a normal input vari-
able or as a combination of Eigenfrequency and single frequency simulation to perform
the optimisation of the problem. The performance of both searches will be compared

in chapter 5.

The Genetic Algorithm optimisation mode implements a non-deterministic search
technique. The advantage of the GA mode is that it fully supports boundary conditions
during the search. On this way, it is possible to avoid for example a negative length
for an antenna which might give mathematically the best solution but not a practical
solution for a real world application. In order to provide similar results, as achieved
with the NM search algorithm, more evaluations are required but the chances of finding
the global maximum are superior using the GA technique. The total evaluation time
of the GA optimisation mode is in average fundamentally higher than the NM mode,
but will eventually produce more favourable results. The algorithm used for this mode
is also provided by the MATLAB optimisation toolbox and ported to use within the
newly developed framework for communication with COMSOL via the API.

40



Chapter 4

Simulation and Analysis of

Microwave Distribution

Virtual prototyping is a technique used in the process of developing and producing a
novel product. It involves using a CAD and CAutoD software to validate and predict
the results of an idea before building a physical prototype. In this project virtual
prototyping uses the FEM simulation software COMSOL Multiphysics to design a
single combustion chamber and incorporates this model into a CAutoD system. Using
this method makes it possible to assemble different antenna designs in order to find the
best suitable solution for the optimum propagation performance inside the enclosed
cavity of an ICE within a relatively short time. Effective virtual prototyping now
incorporates the computer model of the given problem with an algorithm which is
applied to the simulation model in order to find the most suitable design for the given

parameters.

The most favourable design of a HCMI system needs to match two principal parameters.
The first parameter is to provide the maximum electric field propagation performance
inside the engine cylinder of the ICE. This will potentially result in a more complete
combustion and therefore lead to fuel saving along with an improvement of the engines
efficiency. The second parameter is the consideration of economic and financial factors,
this will have the most impact on the successful design and implementation of a HCMI
system. The most economical antenna design would require minimum modifications
to the existing engine cylinder of an ICE. Considering both parameters, it would
be possible to improve the general engine performance and efficiency with minimal
physical modifications to the engine cylinder of a SI system as well as at minimum

financial expense while upgrading an existing system.
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A HCMI system requires a microwave generator, the microwave energy will be trans-
ferred via a transmission line into the combustion chamber of the ICE. This can be
realised with several coupling methods, here used coupling mean, a probe antenna
(illustrated in Fig. 3.2b), will fit into the spark plug hole of an ordinary SI cylinder
head. The antenna type of this HCMI design would require minimum physical mod-
ifications to the engine cylinder of the existing SI system and therefore matches the

aforementioned economical criteria.

Prior to the virtual prototyping of the antenna model and the search for the optimum
design in terms of electromagnetic field propagation, it is required to evaluate the
used approximated cylinder model of the ICE. Section 4.1 shows the evolution from
a regularly shaped cylindrical cavity to the used approximated cylinder model for
the virtual prototyping in chapters 4 and 5. Aforementioned, the used microwave
coupling apparatus will be designed to replace the ordinary SI plug and must fit in
the existing opening at the cylinder head. Both components, the geometric model of
the cylinder and the microwave coupling apparatus, are designed with the FEM based
simulation software COMSOL Multiphysics and analysed for different behaviours. The
main research focus of this project is the optimisation of the electric field intensity inside

the combustion chamber prior to combustion occurring.

As discussed in section 3.1 T'Mgyyo is the dominant resonance mode inside the engine
cylinder of an ICE. The natural frequency of the cylinder changes while the piston
moves up and down. Once this happens, and the supplied frequency is fixed, the
resonance inside the cavity will be weakened or completely disappear. This summarises
the flaw in all previous MI designs and needs to be further investigated to gain a wider
understanding of the elements contributing to this phenomenon. Some possible factors
affecting the natural frequency of the resonator are the piston position, the air-fuel

mixture, the cylinder dimension, and the coupling mean dimensions.

4.1 Geometry Models of Engine Cylinders

A four stroke Otto engine cylinder primarily consists of the cylinder head, the cylinder
body, the inlet and outlet valves, the spark plug, and the moving piston. The typical
cylinder diameter varies and ranges between 80 mm and 100 mm while the diameter of
the cylinder head is approximately 10 mm smaller. During the simulations, in order to
investigate the electromagnetic field propagation performance inside the combustion
chamber, the inlet and outlet valves are completely closed. T