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Abstract

The Enduro and Cross Motorcycle’s market is very competitive in concern to innov-
ation technologies and products, since every year the most important manufacturers
launch new improvements to its models, increasing power, handling and perform-
ance. For the last years, AJP Motos, Lda., have been tried to play a role in this
market with singular solutions in their products. They are building an image about
producing high performance enduro and cross motorcycles for everyday usage.

To understand the philosophy of AJPTM  we can take a look at the model
PR5™. We can easily distinguish this motorcycle from other competitors by its
frame, made from aluminium, with an exclusive design. It was made with the goal of
lowering the centre of gravity, by placing the fuel tank under the driver’s seat. Despite
representing a market niche, AJP™ products are now riding in 4 continents, receiving
positive reviews from pilots and magazines. In order to increase the satisfaction
from clients, AJPT™s collaborators keep pushing the models to a higher level of
performance, what requires more powerful engines.

For this company, it is not easy to produce their own engine or even go to the
market and search for a high performance engine, so that its still possible to keep
their model’s competitive price. Nevertheless, AJPTM knew that the performance of
an engine is highly influenced by the quality of the combustion inside the cylinder,
which in its turn depend on the admission of the air and fuel, as the exhaust of the
combustion gases, as well as its timing. Therefore, the idea was to increase the power
of the engine by improving its Valve Train System.

For many decades, motorcycle producers have been trying to increase the per-
formance of valve train systems in 4-stroke engines, because its response affects the
performance of the motorcycle. Some companies have invented their own solutions
(for example: Ducati™ with the Desmodromic™ or Honda™ with the Unicam™),
while others use the standard ones (Single or Double Over Head Camshaft).

The AJP Motos, Lda. solution, Innercam™ | is not yet ready for market be-
cause of its short life working time. As so, the goal of this thesis is to create a model
that is able to describe the Dynamic behaviour of the mechanism in order to predict
vibration responses of specific degrees of freedom. The results obtained in previ-
ous works were given, some weaknesses and strengths analysed in order to produce
knowledge and development in this Engineering subject.
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Resumo

O mercado das motos de Enduro e de Cross é muito competitivo no que toca a in-
ovacao e desenvolvimento, uma vez que todos os anos as principais marcas lancam
novos melhoramentos aos seus modelos, aumentando a poténcia e manobrabilidade.
Nos ultimos anos a AJP Motos Lda., tem tentado marcar posicao neste mercado at-
ravés de inovagoes e opgoes singulares. Estao assim a construir uma imagem de marca
fabricando modelos de Enduro e Cross para o dia-a-dia, sem perder competitividade
em pista.

Para perceber melhor a filosofia da AJP™  analisemos o modelo PR5™. Po-
demos distinguir facilmente a marca através do design exclusivo do quadro, feito em
aluminio, que permite alocar o depésito de combustivel por baixo do assento, baix-
ando o centro de gravidade do conjunto. Apesar de representar um nicho de mercado,
as motos AJPTM estdo atualmante a rodar em 4 continentes, somando boas criticas
de pilotos ou algumas revistas especializadas. De modo a aumentar a satisfacao dos

PTM

clientes, os colaboradores da AJ continuam a desenvolver a performance dos seus

modelos, obrigando ao recurso a melhores motores e mais poténcia.

Dado o pequeno volume de negocios da empresa, ¢ muito dificil o desenvolvi-
mento de um motor préprio, mas também nao é facil encontrar no mercado motores
performantes a um preco competitivo. Contudo, a AJP percebe que a resposta de
um motor depende, consideravelmente, da qualidade da combustao dentro do cilin-
dro, que por sua vez depende da qualidade do ar/combustivel admitido e da eficiente
limpeza do cilindro. Deste modo, a solucao encontrada foi de aumentar a poténcia do
motor, melhorando o sistema de abertura de valvulas (em portugués frequentemente
denominado de arvore de cames).

Durante as ultimas décadas, os fabricantes de motos tém tentado melhorar
a performance das arvores de cames nos motores a 4 tempos, uma vez que a sua
resposta influencia a performance do veiculo. Algumas grandes construtoras invent-
aram os seus proprios sistemas (por exemplo: a Ducati™ tem a Desmodromic™ e
a Honda™ usa a Unicam™)

standardizadas (arvore de 1 ou 2 veios a cabega).

, enquanto que outras continuam a usar versoes mais

A solucdo da AJP Motos, Lda., Innercam™, ainda nido estd pronta a ser
produzida devido ao seu curto tempo de vida util (provocado por elevado desgaste).
Ao passo que, o objetivo desta dissertacao é criar um modelo capaz de descrever
o comportamento dinamico do mecanismo, de modo a prever as respostas, nomea-
damente a nivel de vibracgoes, em determinados graus de liberdade. Os resultados
obtidos em trabalhos anteriores foram fornecidos e os seus pontos fortes e menos for-
tes analisados, de modo a produzir algum conhecimento e desenvolver este ramo da
Engenharia.
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Nomenclature

Symbol Units Description
sub 7 or e Indication for Intake or Exhaust sub-system
a mm Length for vector AC
b mm Length for vector AB
r_(t) mm Length for vector OC_
S mm Exterior radius of the roller
lift mm Positive displacement of a valve
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Angle between rocker’s local referential and global
Angle between E and global referential

Angle between valve’s local referential and global
Angle between O? and global referential

FRF of type receptance of DoF j in relation to DoF k
Angle between CT_> and global referential

Origin of the global referencial

Centre point of the roller

Centre of rotation for the rocker arms

Contact point on the tappet

Contact point between roller and the camshaft
Centre of gravity

Speed of rotation of the referential i relatively to j
Third derivative of a variable

Mass for a specified body

Inertia matrix for a specified body

Torsor of quantity of acceleration in a specified point

Rate change of momentum for a specified body

Rate change of angular momentum for a specified body

Acceleration of rotation of the referential ¢ relatively to j

Reaction force at the origin
Reaction force at point A
Contact normal force at [
Contact tangential force at [
Gravity

Given torque at the camshaft



Symbol Units Description
1 rate Coefficient of friction
E: N-m Spring force
Is rate Static coefficient of friction
It rate Dynamic coefficient of friction
Vs m-s1 Stiction transition velocity
V4 m-s 1 Friction transition velocity
R, or R, mm Geometry radius of bodies in contact
Ag or Ay mm~—1 Geometrical parameters of contact in Hertz Theory
k, Cq Cys - Dimensionless parameters of contact
E Mpa Young Modulus
v - Poison rate
Eeq Mpa Equivalent Young Modulus
ay min Hertz contact half-width
) mm Hertz contact penetration
ke N-mm™! Contact stiffness
Ceq N-s- mm~!  Equivalent damping coefficient
13 - Rate of damping
W, rad - s~ Natural frequency of vibration
Wy rad- st Natural damped frequency of vibration
Phi rad Phase angle
Amp mm or rad  Amplitude of vibration in a DoF response
a(w) m-N~! FRF receptance for a 1 DoF system
{u} - Eigenvector
{P} - Normalized Eigenvector
a;j(w) m- N1 FRF receptance in DoF i, for a solicitation in DoF j
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List of Acronyms

Acronym Meaning

DOHC

xii

OHC

OHV
Dol
FFT
FRF
FEA

Over Head Camshaft
Double Over Head Camshaft
Over Head Valves

Degree of Freedom

Fast Fourier Transformation
Frequency response function

Finite Element Analysis
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1. Introduction

This thesis was proposed to be a continuity of the work done in last two years, during
other thesis projects. It is a part of my curricular program in the Integrated Master

degree in Mechanical Engineering, at Faculty of Engineering from University of Porto
(FEUP).

Firstly, a new concept for a Valve Train System was proposed by AJP Motos
S.A., the InnerCam, in order to increase the performance of its engines. A preliminary
Dynamic Analysis was done, as well as some experimental tests and benchmarking
tests. Three different sets of the InnerCam were produced, tested and the results were
analysed. Some failure diagnosis were done, revealing that problems of lubrication,
high wear, and temperature caused the undoing of those sets. Also some power loss
was identified at high speeds, like it happened in the standard OHC. [11]

For that reasons a more deep dynamic analysis was proposed, including a
multibody vibrational study to understand in which way the high speed affects the
behaviour of the each part, and if that behaviour can generate vibrational important
forces in the contacts that generate the identified wear.

In a second work, an analytical dynamic model was developed in order to obtain
new curves for the dynamic parameters (like accelerations and forces). Maximum
values were identified and the influence of speed and acceleration of the engine was
characterized in graphical results. [§]

The third work T am presenting is meant to be a vibrational study on the
behaviour of the InnerCam™. Some previous results will be confirmed using the
software MatLab™ and SolidWorks™ and thereafter a new model will be presented
in MSC Adams™, multi-body dynamic’s software. The results of that model are to
be confirmed with analytical vibrational models with multiple degrees of freedom.



1. Introduction

1.1. Thesis outline

On chapter 2, a theoretical contextualization will allow the reader to understand the
importance of the valve train system in the engine and get to know different concepts
used in motorcycle industry.

On chapter 3, the InnerCam™ system will be presented as the AJPTM’s solu-
tion.

On chapter 4, a Kinematic model will be presented and its parameters char-
acterized in equations and graphical results for position, velocity, acceleration and
Jerk.

On chapter 5, a Dynamic model will be studied, detailing each body and present-
ing some results.

On chapter 6, the model built in MSC Adams™ will be explained to detail and
every options taken to introduce the parameters, as well as some considerations for
its weaknesses and approximations.

On chapter 7, the results obtained in the 1st MSC Adams™ model will be
presented and discussed.

On chapter 8, some analytical vibrational models are studied and its free natural
modes characterized.

At last, on chapter 9, an improvement to MSC Adams™ model is discussed,
considering the results obtained from the vibrational models and a new set of results
is presented.

1.2. Thesis Aim

The main goal it was expected to reach was to understand the reasons for the failure
of the InnerCam™ valve train system, through the vibrational analysis.

It is sought to evaluate the potential of this system, and if possible to propose
solutions to improve its dynamic behaviour.

Min treating multi-

A secondary aim is to explore the software MSC Adams™
body dynamic systems, by the usage of different embed resources in both model-
ling and Post/Processor interfaces. For instance, is intended to identify its user-

friendliness and quality of results.



2. Theoretical contextualization

In the last years motorcycle producers have been replacing the compact two stroke
engines for new small four stroke engines. There are many different economical,
marketing, environmental or engineering reasons for that, between which is that 4-
stroke engines became easier and cheaper to produce, but also much more powerful
than before. They are used to be more fuel efficient (less emissions and taxes) and
reliable. Besides they are more complex than 2-stroke ones, have more components,
then heavier, slower speeding up, but also cannot handle so well the high regimes.

While in a 2-stroke engine the intake and exhaust system interact with the
combustion chamber through lateral windows, which are opened and closed by the
piston, in a 4-stroke engine we have a set of valves, which require a proper system to
open and close them, allowing the admission of air/fuel mixture in the cylinder, and
the exhausting of combustion leftover gases.

Vela

Vilvula de Vilvula de
admissio escape + iclo tedria
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Pistao 7
valvula de escape
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Figure 2.1.: Scheme of a single- Figure 2.2.: p-v diagram for a 4-
cylinder Otto engine [I] stroke Otto cycle 2]
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As the name says the 4-stroke petrol engine cycle can be divided in 4 main
steps:

e intake -> in the first stroke the piston begin in the top dead centre and the
intake valve(s) opens, then as the piston goes down, the air/fuel mixture fills
the free volume;

e compression -> with all the valves closed, the piston goes up, compressing
the fluid inside and giving it energy;

e combustion -> the piston is again in the dead top centre position and a spark
plug ignites the compressed mixture, causing its combustion and pushing the
piston down. This is called the motor stroke, because it’s the only that provides
energy to the crankshaft;

e exhaust -> all the volume of the cylinder is full with the leftover gases from
the combustion, with no usable chemical energy. So the exhaust valve(s) opens,
and as the piston goes up, the exhaust gases leaves the cylinder;

e the cycle goes on and on.

Important also to state that there is a crucial very short moment when both
exhaust and intake valves are partially opened at the same time, between exhaust
and intake strokes. This moment can be called 'the cleaning’, because the intake
flow is used to push the left exhaust gas out of the chamber. An economical, low
power engine may not need this to work properly, but in high performance engines
this really makes the difference. In 2-stroke engines this step is responsible for the
high consumption. [2]

The timing of the valves is one of the most important variables to the engine’s
power, so that an accurate and fast valve train system makes the difference in a high
performance engine. For that reason is not difficult to find in motorcycle magazines
some highlights on the cylinder head, when comparing different models.

The AJP Motos S.A. produces leisure off-road motorcycles with a brand stand-
ard of being easy to ride for a beginner. However, even a beginner will soon or latter
demand for more power and AJP™needed a good performance engine for its top
motorcycle. So, instead of install a new bigger engine, they decided to produce some
changes in the existing one.

2.1. Valve Train System

A valve train system is a mechanism that provides the correct opening of the valves
of the engine. There are different types of concepts, using different components, but



2.1. Valve Train System

usually the following body-parts can be found:

e camshaft: the rotational speed from the crankshaft is transmitted to the cam-
shaft through gears, belts or chains, in a reason of % (in each cycle the crank-
shaft makes two revolutions). The camshaft has lobes and its profile defines
the impulse transmitted to the valves;

e rocker-arm: this body-part may, or not, exist and is responsible for transmit-
ting the impulse from the camshaft to the valve;

e valves: component that opens and closes the windows between the intake or
exhaust canals and the cylinder;

e springs: each valve has one. Are commonly used to store mechanical energy,
provided by the camshaft to open the valve(s), and recover it back to close
them.

A perfect assembly of all the components is crucial to provide the well func-
tioning of the engine. For instance, if the camshaft is not precisely aligned with the
crankshaft, it may result in a serious damage to the connecting rod or piston (due
to the combustion wrong timing), failure on the valves, or the undoing of the hole
engine.

The main kinds of valve train systems used nowadays in the motorcycle industry
are presented in the following sub-sections.

2.1.1. Over-Head Camshaft (OHC)

Figure 2.3.: Over Head Camshaft valve train system [3]
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This system, presented in Figure [2.3] also called Single Over-Head Camshaft,
is defined for having one camshaft over the cylinder whose lobes are responsible for
acting both the intake and exhaust valves. It always require a rocker arm to transmit
the impulse from the lobes to the valves.

Some of its advantages are the compactness and simplicity of assembly and
calibration because there is only one camshaft to positioning relatively to the crank-
shaft. That means that the valves will always open in the correct time relatively to
each other.

The major disadvantage is that the springs used needs to have a large stiffness,
in order to provide the correct closing time of the valves, as so it has to beat the
inertia of the valves and the respective rocker arm. Anyway, there is always a loss of
power at high speeds because valve floating and bouncing effects are more probable
to occur than in the DOHC system.

This is most used in small engines that don’t require high regimes like road
motorcycles or scooters.

2.1.2. Double Over-Head Camshaft (DOHC)

Figure 2.4.: Double Over Head Camshaft valve train system [3]

As the name says this type of valve train system is characterized by having 2
camshafts over the cylinder, one for the intake valves and one for the exhaust valves,
as shown in Figure [2.4] Ergo, there are no rocker arms ’delaying’ the movement of
the valves.
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The biggest advantage is the good response at high regime speeds, which are
very important in enduro or cross markets, in which AJP Motos, S.A. competes.

On the other hand, a DOHC system tends to be less compact and heavier than
the OHC, which can be an impediment for some smaller models. Also the calibration
of the system is more complex because each camshaft is independent, as so, the groups
of valves can move independently.

In the 250cc enduro or cross motorcyles the DOHC is used by some reference
brands like Yamaha™ or Suzuki™ or Husqvarna™ in its standard models.

2.1.3. Desmodromic

The Desmodromic Valve train is used by Ducati’™. "The word ’Desmodromic’
derives from two Greek words: ’desmos’ (controlled, linked) and ’dromos’ (stroke,
course, track); in mechanics, it is used to refer to mechanisms which have a con-
trol for movement in one direction and another special control for movement in the
opposite direction (’closure’ or 'return’)." [4] Over the last century there have been
various Desmodromic valve train concepts. The first one documented was created by
Arnott in 1910. In Figure [2.5] we can notice many similarities comparing to AJP’s
InnerCam system.

Figure 2.5.: Arnott’s Desmodromic concept, 1910 [4]

"Today, 'Desmodromic’ commonly refers to the typical valve control system of
our motorcycles: it is currently used on all Ducati’s manufactured Twin-cylinders and
is an exclusive system. In practice, the opening stroke and closing stroke of exhaust
and intake valves are controlled in this system, while normally, closure is obtained
as a result of spring recovery." [4]. Tt consists of a single camshaft over the cylinder
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with 2 rocker-arms per valve, where one is responsible to push it and the other to
pull it back. The Ducati’s DesmodromicT™ (Figure [2.6)) is considered brand image in
its motorcycles, due to its high performance and fast response.

=]

Distrbwrzxone Lk.:imnlmuiu:.l_‘-

Figure 2.6.: Ducati’s Desmodromic™valve train system [4]
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2.1.4. Other Valve Train mechanisms

The Unicam™ system is also a brand image, but for HondaT™’

s motorcycles. It
has a single camshaft actuating the admission valves exactly like in a common DOHC
system. At the same time that camshaft also actuates a rocker-arm, transmitting the

impulse to the exhaust sub-system.

The Over Head Valve (OHV) system is composed by a camshaft engaged
to the crankshaft and a push-rod transmitting the movement from the lobes to the
corresponding rocker-arm, which in its turn actuates the valve(s). The OHV system
is still used in North-America, also as a reason of tradition. We can find it in Harley-

™

Davidson'™ models by the name of Twin-Cam (in 2-cylinder engines), for example.

Nevertheless, this solution is becoming obsolete because of the inefficiency of
the combustion inside the chamber at medium/high regimes, due to the inertia forces
of the push-rods and rocker-arms that cause delay in the valves lift. However it has as
pros, the simplicity of assembly and reliability, because the distribution is transmitted
through gears, instead of chains or geared belts.

) :

Rocker Arm /_\L — £ | /

ﬂ / Inlet Valve
9 W

Exhaust Valve /

Camshaft

m [3]

Figure 2.8.: View of a Harley-Davidson™™ Twin cam engine [6]
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2.2. The AJP PR5™standard 250cc engine

The engine that equip the PR5 motorcycle is a 250cc produced by a Chinese company
called Zongshen™. Its specifications are described in the Figure

It is a water-cooled, 6-speed engine providing a consistent value of binary among

a large range of regime.

This is important in Endure motorcycles, because they

usually work at low regime and requires high binary to keep it going through the

obstacles and rocky
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Figure 2.9.: PR5™250cc engine - specifications [7]
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2.2. The AJP PR5™standard 250cc engine

2.2.1. NC250’s Cylinder Head

The Zongshen™™’s engine uses a 4-valve OHC (Over Head Camshaft) valve train
system. This concept consists of a single camshaft with two lobes, where each lobe
touches a rocker-arm, which provides the onrush of a pair of valves, as shown in
Figure 2.3]

Analysing the valves, we can notice that the intake valves have larger diameter
that the exhaust ones. Actually, the power output of an engine is greatly affected by
the amount of air it can draw in. Therefore, the size of the valves employed greatly
affects the point at which peak power occurs. For instance, the larger the valves, the
further up the regime range peak power occurs. So, usually, racing modified engines
have larger seat valves than common ones, allowing the engine better 'breathing’.

Once the required intake valve size has been established, the general practice
is to make the exhaust valve in a relation between .80 and .90 of the diameter. The
reason why the exhaust valve does not need to be as large as the intake one is because
the gases are forcibly expelled by the movement of the piston whereas the inlet has
to draw in air, with the minimum drop in pressure, from a pressure source which is
not very high to start with, unless the engine is super or turbocharged. [12]

This engine is mostly used in road motorcycles, therefore it is not prepared to
reach high regime speeds. AJP™ technicians tried to push the regime further by
recalibrating the electronic central unit, but a problem emerged on the valve train
system. What happened was that the valve’s springs were too soft to overcome the
inertia of the valves. For instance the rotational speed might also became closer to
spring’s natural frequency, causing a floating effect. As a result the valves didn’t close
completely. [IT]

In order to explain the importance of the high regimes, let’s introduce the
definition for the volumetric efficiency (V E) as the ratio between normal atmospheric
pressure and the pressure that exists within the cylinder when it has filled during
admission stroke at the particular regime concerned. Assuming we have a perfect
engine with maximum V' FE, it would have power directly proportional to the rotational
speed, so that we would have infinite power at infinite regime. Instead, what happens
is that the volumetric efficiency drops off as the rotation rises. For instance at peak
power rotational speed, we can assume, V' F is dropping as fast as regime increases.
It is crucial, then, to keep our volumetric efficiency at high levels to take good profit
from high regimes.

At the same time, if the valves don’t close properly another effect is that the
compression ratio also decreases, which also reduces the output power, as well as the
thermal efficiency. For instance, if the intake or exhaust valve are not fully closed
when the combustion starts, the air will escape from the chamber, so less amount of
gas causes less pressure, considering the same control volume.

11
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As a final result this valve float’ behaviour on the valve train system causes a
big drop in the output binary, and consequently in power as well, when we overcome
the maximum power regime of the engine. [12]

In order to solve this problem, AJP Motos S.A. decided to redesign the valve
train system in order to push the engine to higher rotational speeds, fulfilling the
costumers demand for a more powerful, but yet small engine.

12



3. InnerCam™

3.1. The camshaft

The PR5™ motorcycle is the model equipped with the NC250 engine from Zongshen™
and the power it develops is low, comparing to the best-selling motorcycles in the
market. It was thought that the power drop at high rotation speeds was due to
valve floating effects in the valve train system. As so, AJP™ decided to develop a
new concept of a valve train system, using only one camshaft, that could solve this
problem by reducing the inertial forces during the lift movements.

Figure 3.1.: Isometric view of the InnerCam™"s draw from Solid Works™

13



3. InnerCam™

The InnerCam™ system is the solution developed by AJP Motos S.A. to push
the performance and the efficiency to a top level. The difference between this and a
OHC common valve train system is that the inertia of the rocker arms doesn’t affect
the return of the valves. In other words the movement of the rocker arms is fully
dependent on the profile of the camshaft (once it moves along an exterior and interior
cam), and consequently the spring only has to pull back the valve, requiring a lower
spring stiffness. On the other hand, the spring also pushes the rocker arms to roll
along the exterior surface of the cam due to its initial pre-load. This topic will be
discussed later, because there are some issues in this contact, particularly the wear
developed in just few hours of working, this being the main weakness of the system.

Comparing to a DOHC valve train system, the accuracy of the lift in the

InnerCam™

is expected to be about the same. However a DOHC system is larger
and also heavier in a way that it could affect the manoeuvrability of the motorcycle.
This is very important for AJP Motos S.A. because their brand image is precisely
the good manoeuvrability of its motorcycles, achieved by a low centre of mass and

light components.

Last year it was found that the power problem was a consequence of a deficit
in the fuel injection system at high regimes. After changing the fuel pump and re-
dimensioning of the admission canals as well as the valve’s lift profile (for a better
thermodynamic efficiency), it was possible to increase the power to values up to 35
horsepower (using the original Over Head Camshaft valve train system). This means
that the engine being used has the potential to compete with other best selling mo-
torcycles in the market. However as the wear problem of the InnerCam™™
and the engine performance increased, AJP Motos S.A. can have an ’important card
to play in the market’.

is reduced

What has been tried to find out in this study is the noise, vibration and harsh-
ness of this new valve train system, in order to understand where, kinematic and
dynamically, we can reduce the wear of the InnerCam™ by changing its inertia,
stiffness or damping conditions.

3.2. Main components

3.2.1. The camshaft

As explained before, the InnerCam™ system has the lift accuracy of a DOHC system,
but the compactness of the OHC system. This is achieved by an innovative camshaft
(Figure with 2 surfaces commanding the movement of the rocker arms.

The more important surface is the inner one (considered the one with larger

14



3.2. Main components

(a) Perspective view (b) Top view

Figure 3.2.: Camshaft’s draw

diameter), because the springs of the valves force the rocker arms to follow it, due to
the pre-load imposed. Although, because of the rolling friction between the surfaces,
and mainly at high speeds, the rocker’s roller will occasionally touch the outer profile
too (considered the one with smaller diameter), particularly when the cam has to force
the rocker arms to return to the default position (area marked in red, considering the
clockwise rotation). At low speeds, the spring by itself can beat the inertia of the
rocker arms.

This component is machined from a block of an alloy steel 3/ CrNiMo 6,
provided by F. Ramada™ and submitted to a quenching thermal treatment. Its
corresponding technical sheets can be consulted in the Appendix A.

In order to ensure the balancing of the camshaft to the centre of rotation (very
important to avoid significant vibration responses) a hole in the camshaft was pro-
jected and an aluminium part was added (the one in white).

3.2.2. Rocker-arms

The rocker arms are fixed by a pin rod with centre in the point A, according to the
Figure [3.3] in a way that it can only, and only, rotate along an axis that crosses A
and is normal to the front view. Otherwise, it would also translate, because that axis
is not a main axis of inertia (as will be seen later).

15



M

3. InnerCam?

1

L

I

r———-

Left

Figure 3.3.: Different views of the rocker arms in their relative positions
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4. Kinematic Analysis

A kinematic analysis was already performed in previous works, besides some import-
ant steps were not achieved. The main goal of this current thesis is to study the
vibration, noise and harshness of the InnerCam™ system, therefore in this chapter
it will be presented a kinematic study on the mechanism, developing the equations
which describe the movement of all bodies, instant velocity, acceleration and the third
derivative, called Jerk (variation in acceleration, which gives us an idea of impulse,
or harshness of the mechanism).

As already performed in previous work, this kinematic analysis will be simplified
to a 2D, OXY system, as there are no translational movements along the ZZ axis,
but also because the only rotational axis are perpendicular to the mentioned plane.
However, it is important to point out that there should be a special care for the
dynamic equilibrium, because the rocker arms have no main inertia axis parallel to
Z 7 axis.

In Figure [4.1] we can take a look at the nomenclature used for the equations
developed below. Notice that the soft red indicates the components belonging to the
exhaust part and the soft blue to the ones belonging to the intake part (as we can
see, the admission valve is larger).

Table 4.1.: Table of geometric distances and angles at stationary position

Parameter units
a| 32| mm
b |34 | mm
Bo,exn | 10 | °©
Bo,adm | 10 | °
Go,exn | 20 | ©
Po,adm | 19 | °
p |17 |°

17



4. Kinematic Analysis

M

Figure 4.1.: 2D representation of the InnerCam™’s mechanism

4.1. Fourier approximation for lift curve

In previous works the lift of the valves had been defined by a frame function including
a polynomial curve. Firstly, in [I1], the full lift movement was assigned to only one
polynomial 6th degree curve. But secondly, in [§], the lift movement was divided in
two curves (opening and closing movement), making it a 4 frame polynomial function
that revealed a discontinuity in the middle of the lift, but also in the beginning of the
opening movement, as we see in Figure [4.2] This kind of analysis can only perform
one cycle, as the approximation function is derived, in each frame separately and the
discontinuity of the function is noticed in its derivatives.

18



4.2. Importance of derivatives

Lift — A[6]
8 T T

|
—&— Measured lift values
Gaussian Equation
Polynomial Equation []

Lift [mm]

B[rad]

Figure 4.2.: Polynomial approximation curve [§]

To solve that problem a new approximation function is proposed, using a Fourier
periodic function [I3]. It has the advantage of being a continuous function in all
domain. Therefore, it is possible to represent any number of cycles and manipulate
the related variables the same way.

To perform it, the Matlab™ Curve Fitting tool was used. For the exhaust valve
lift, a 8 degree Fourier approximation was applied, while for the admission valve lift,
due to convergence problems, a 7™ degree approximation was preferred. The Fourier
approximation function is presented in Equation as well as its coefficients in
Table and the graphic, representing two full cycles of the Valve Train System in
Figure [4.3]

n

ft) = aO+Z[ak-cos(k-w-0)+bk-sin(k:-w-Q)] (4.1)
k=1

4.2. Importance of derivatives

In some literature (namely at [I4]) it is possible to find out how the derivatives of
displacement shall be interpreted. Notice that the shape of those derivatives will

19



4. Kinematic Analysis

Table 4.2.: Table of coefficients for Fourier series

exhaust admission
agp 1.663 1.854
ap —1.801 —1.923
b1 2.352 —2.651
a —0.5166 —0.6903
b2 —1.987 2.093
as 0.9201 0.9718
b3 0.431 —0.2961
ay —0.234 —0.1248
by 0.06263 —0.1196
as 0.02973 —0.01894
b 0.14 —0.1801
ag —0.1384 —0.1441
be —0.1202 0.1131
ar 0.09954 0.07039
b7 | —0.0008081  0.02667
ag | —0.02514 -
bs 0.01082 -
w 0.9987 1
SSE | 0.009841 0.006798
R-square 1 1
Adjusted R-square 1 1
RMSE 0.01221 0.01243
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4.2. Importance of derivatives

Valve Lift
lifte(t)
Lifti(t)

/mm

0 0.005 0.01 0.015 0.02 0.025

Figure 4.3.: Fourier lift approximation periodic functions along two full cycles

be influenced by the approximation method applied. For instance, in this case of
the Fourier method it will appear an harmonic noise related to higher frequency
harmonics (which, when derived, have a large increase in amplitude).

The first derivative of position, velocity "represents the slope of the displacement
diagram at each angle #. This derivative although it may now seem a practical value,
is a measure of steepness of the displacement diagram." [I4]. It is also related to the
advantage of the cam system can give an idea of pressure angles.

The second derivative, acceleration, is compared to the radius of curvature of
the cam, in an inverse relation. For instance, "as the acceleration becomes large,
the radius of curvature becomes very small, the cam profile at that position becomes
pointed, a highly unsatisfactory condition from the point of view of contact stresses
between the cam and follower surfaces." [I4]. This derivative also gives an idea of
the shape of the interaction forces between bodies (calling the Newton’s second law).

At last (usually the 4*® derivative is not considered in valve train system ana-
lysis), the third derivative, jerk, is the rate of change of the acceleration and, it is
known that it should be controlled when choosing the detailed shape of the displace-
ment diagram.
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4. Kinematic Analysis

4.2.1. Jerk, the third derivative of position

Let’s start by relating the jerk to Newton’s second law. For instance, "if the net
external force isn’t constant, a system of constant mass will move with a jerk. That
jerk is directly proportional to the time rate of change of the force and inversely
proportional to the mass." [15]. As so, at each of the abrupt changes of acceleration,
the jerk of the follower tends to be infinite.

Some applications of the information token from this derivative are, for instance,
the design of roads and rail tracks or elevators, which require pattern levels of comfort
(the bigger the jerk in a certain point, the bigger will be the variation in acceleration
and the more the human body will notice it).

In a biological way, it is known that the human ear as a sense of jerk, which
helps the body equilibrium, activating fast brain responses. It is the main cause of the
adrenaline that human body frees, when experiencing brief periods of weightlessness
or inversion, as for example in a roller coaster. These kinds of sensations generate
intense mental activity, which is why people enjoy doing them. They also allows to
keep people focused during possibly life ending moments, which is why the ability to
sense jerk is vital to your health and well being. Jerk can be both frightening and
exciting.

Jerk is also important to consider in manufacturing processes. In mechanical
engineering, jerk is considered, in addition to velocity and acceleration, in the de-
velopment of cam profiles because of tribological implications and the ability of the
actuated body to follow the cam profile without chatter. Jerk must be often con-
sidered when the excitation of vibrations is a concern. A device that measures jerk
is called a "jerkmeter". [16]

In this InnerCam™ the jerk should give information about the shocks and
impulses occurring during the cycle of the camshaft.

22



4.3. Kinematic relations for the exhaust sub-system

4.3. Kinematic relations for the exhaust sub-system

Looking back again to Figure the kinematic relations will be established in the
following equations.

4.3.1. Body 1 - Camshaft

We,10 =4 0 (42)

/re + COS ae
Ce = { e - COS e (4.3)

sl

®

Te * COS Qg — Te * Qe + SIN Qe
— ’ . . .
v, 10 = OCe = { 7o - Sin e + T * e+ COS Qe (4.4)

0

Te+ COSQ — 2T * Olg * SIN Qe — T * Qg * SIN QYg — T oéezcosae
ac, 10 = OCe = { T - sin (e + 27 - Qg * COS Qe + T + Qg + COS Qe — T * a2 sin
0

(4.5)

Te * COS (g — BT * Qe SIN Qe — 3T * G - SIN (e — 3T - 0262 - COS Qe

N

\
7
Jerkc, 10 = OCe = { 74 - sin e + 37 + e COS e + 37 - Al - COS Qe — 3T - a2 - sin o,

0

Te O SIN Qe — 3Te * Qg * (g * COS e — Te * Olp + SIN Qe
—Te Qg - COS Qg — 3Te - Qg * Qe + SIN Qe + T + (g + COS Qe (4.6)
0
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4. Kinematic Analysis

4.3.2. Body 2 - Exhaust Rocker-Arm

0
we20 =14 0 (47)
Be
Point C
a - sin fe
—
ACe = § —a - cos fe (4.8)
0
a- Be - cos P
_;% .
o260 =AC. =< a-f, - sin B, (4.9)

0

. )
a-fe-cosfe—a-fe -sinf,
L ) -
ac,20 = ACe =< a- B -sinfBe +a- B - cosfe (4.10)

0

e . . . o 3
. a-fe-cosfe—3a-Pe- Be-sinfe—a-fBe -cospfe
JerkC’mQé =ACe =4 a- ﬁe -sin B + 3a - Be : Be oS fe —a- 663 -sin B, (4'11)
0

Once defined the vector OC, and AC, we are now able to determine the values
of two unknown time dependent variables: radius r.(t) and the angle a.(t) between
OC, and the XX axis. Knowing that the points O and A are fixed in the main

referential, as so, according to the Figure 4.4) and remembering Equations and
(4.8

T'e * COS (U 15 a - sin [,
OC, = 0A, + AC, — Te COSQe p = 4 —35 ¢ + < —a - cos e (4.12)
0 0 0
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4.3. Kinematic relations for the exhaust sub-system

Y2

Yo A (15,35)

X2

C
a

0] ' X0

Figure 4.4.: Scheme of the sum of the vectors in the points O, A and C' for the
exhaust sub-system

Qe — tan_l (CL ) Sin(ﬁe) + 15

a - cos(fe) + 35
= a - Sin(ﬁe) + 15 ¢ (413)
r
‘ cos(a)
Point B
Being ¢6 = ¢e,0 + 66 - 56701
b - cos ¢,
—
ABe § —b - sin ¢, (4.14)
0
—b- Be - Sin @,
= .
vB, 20 = ABe = § —b - 3 - cos ¢e (4.15)
0
—b- Be -singe —b- 662 * COS P
aB.20=AB, =14 —b-f,-cosde+b- . -sin o, (4.16)

0
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4. Kinematic Analysis

—b-Be-singe —3b- P e cospe +b- B - singe
Jerkp, 20 = ABe = § —b - ﬁe - COS ¢ + 3b - Be . Be -singe + b - Bes - COS Qe (4.17)
0

4.3.3. Body 4 - Exhaust Valve

Veab = (Wotd; VG, 40) (4.18)

— \ \
Wea0 =0 A VG40 = UB. 40 = UD, 40% (4.19)

*considering the rigid body translation movement

b (cos e - Sin p + sin ¢, - cos p) - sin P

s

OBe 40 = { b(cos ¢ - sin p + sin @ - COS p) - COS P (4.20)
0

Lift(t) = —b(cos ¢ - sin p — sin ¢ - cos p) (4.21)

Ve,slippering = ‘b <¢.e - Sin @ - cos p + Qée * COS Qe - Sin p) ‘ (4.22)

4.4. Kinematic relations for the intake sub-system

4.4.1. Body 1 - Camshaft

wi10 = § 0 (4.23)

—Ti - COS Oy
O?i =q Ti-cosq; (4.24)
0
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4.4. Kinematic relations for the intake sub-system

—7; - cosag + 1 ay - sinay
VC; 10 = OC; = T - SINQy + T - Q- COS QY
0

(4.25)

— 7% - COS v + 27 - @ - sin a4 7y - A - sin a4 Te - A% cos

Cm = (ﬁ = Q7 -sinoy + 27 -y - cos a; 1y - 6y - cos g — 1y - G2 sin a
0
(4.26)
—¥i - cos o + 37 - i sin o + 37 - d; - sin a4 37 - dy? - cos ay
el
Jerke, 10 = oC; = Vi esin oy + 37 - a; cos i + 31 - G - cosa — 315 - a2 - sina; p +
0

4.4.2.

Point C

—71; - 0y - sinag + 3r; - G - i - cos oy + 1 - Q- SIn oy

—7i QG - COSQy — 3Ty - QY - Qv - sin oy + 1y - Qv - COS (4.27)
0
Body 3 - Admission Rocker-Arm
0
@ish =14 0 (4.28)
bi
—a - sin §;
ﬁ =4 —a-cosf (4.29)
0
 (ca ot
VC;,30 = ﬁ = a- BZ - sin 3; (4.30)

0
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4. Kinematic Analysis

. .9
) —a-fi-cosfBi+a- B -sinf;
ac, 30 = AC;i =< a-B;-sinfB; +a- ;i -cosp; (4.31)
0

aea . . . .3
—a- fi-cosfi+3a-fi- fi-sinfi+a- B -cosp
Jerke, 30 =AC; =< a-f;-sin B +3a-fi - f; - cos fi — a- @'3 - sin f3; (4.32)
0

Once defined the vector OA@ and m the same way we did for the exhaust
sub-system we can determine the values of two unknown time dependent variables:
radius r;(t), and the angle a;(t) between (ﬁ and the XX axis. Knowing that the
points O and A are fixed in the main referential, as so, according to the Figure [4.5]

and remembering Equations and [4.29;

Y2

A (-15,35) YO
)

\ O XO

Figure 4.5.: Scheme of the sum of the vectors in the points O, A and C for the
intake sub-system

—Te + COS (e —15 —a - sin fe
OC, = 0A, + AC, — Te COSQe ¢ =14 —35 9+ —a-cosfe p (4.33)
0 0 0
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4.4. Kinematic relations for the intake sub-system

B 1 (a-sin(B;) + 15
G = tan”! (a -cos(f;) + 35)

— a-sin(f;) + 15 (4.34)
Te =
cos(ay)
Point B
Being ¢; = ¢i0 + 3; — Bio:
—b - cos ¢;
s
AB; = q —b-sing; (4.35)
0
b- B - sing;
y .
vB, 20 = AB; = { —b- 3; - cos ¢; (4.36)
0
) b-pB;-sing; +b-05; -cosaop;
N — . .9 .
ap; 20 = AB; = —=b- i -cos¢; +b- [ -sing; (4.37)
0
b-Bi-sing; +3b-3;-B;-cosp; —b- B -sing;
Jerkp,a0 = AB; = { —b- B -cosdy; +3b- ;- f; -singi +b- i - cos ¢ (4.38)
0
4.4.3. Body 5 - Admission Valves
56 = (Di50; UGr00) (4.39)
% N \
m =0 A VG;,50 = UB;,50 = UD;,50% (4.40)

*considering the rigid body translation movement
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4. Kinematic Analysis

b (cos ¢; - sin p + sin @; - cos p) - sin @;

s
OB; 50 = { b(cos ¢; - sin p + sin @; - cos p) - cos ¢; (4.41)
0
Lift;(t) = —b(cos ¢; - sin p — sin ¢; - cos p) (4.42)
Vj slippering = ‘b <gz§Z - sin ¢; - cos p + gzﬁZ - COS @; - sin p) ‘ (4.43)

4.5. Model results

The set of results produced had in consideration the position of each parameter con-
sidered in the previous equations. This parameters are followed by the corresponding
derivatives, giving information about the velocity, acceleration and Jerk. Those eval-
uated results are, keeping in mind that each plot presents the results for both intake
and exhaust sub-systems:

e Valve Lift
e Distance r (length of vector OC')
e Angle alpha
e Angle beta
e Point C
— X component
— Y component
e Point B
— X component
— Y component

In the figures presented it was considered a speed of 4200 rpm in the camshaft,
corresponding to a 8400 rpm regime in the crankshaft. However, this set of results
was repeated to other speeds (5100 and 12000 rpm engine regime), in order to identify
the maximum values at each speed and verify the evolution of the parameters with
the engine speed
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4.5. Model results
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Figure 4.6.: lift, lift, lift, lift profiles at 4200rpm (in the camshaft)
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Lenght of the vector OC
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Figure 4.7.: r, 7, #, T profiles at 4200rpm (in the camshaft)
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Angle a between the vector OC and the xx axis
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Figure 4.8.: «, &, &, & profiles at 4200rpm (in the camshaft)
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Rotational angle (3 of the rocker arms
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Figure 4.9.: 53, 3, 3, § profiles at 4200rpm (in the camshaft)
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4.5. Model results

Velocity of point C along the XX axis
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Figure 4.10.: Derivative profiles for the point C along XX axis at 4200rpm (in the

camshaft)

35



4. Kinematic Analysis

Velocity of point C along the YY axis
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Figure 4.11.: Derivative profiles for the point C along XX axis at 4200rpm (in the
camshaft)
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4.5. Model results

Velocity of point B along the XX axis
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Figure 4.12.: Derivative profiles for the point B along XX axis at 4200rpm (in the
camshaft)
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Velocity of point B along the YY axis
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Figure 4.13.: Derivative profiles for the point B along XX axis at 4200rpm (in the
camshaft)
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4.6. Discussion of results

4.6. Discussion of results

The set of results presented was repeated for other 2 different speeds (2550 and 6000
rpm). In order to compare those simulations, the maximum (absolute) values were
obtained for each plot using MatLab™ data cursor function, so that it would be
possible to get an idea of the evolution of the kinematic behaviour with the increase

of speed.
5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
Lift| 2721 2917 4482 4804 6403 6863 | mm.s~!
lift | 1.945 1.771 | 5276  4.805 | 10.77  9.805 | 106 mm.s2
Lift| 2773 2311 | 1239 10.33 | 36.12  30.11 | 10° mm.s™3
Table 4.3.: Maximum values for lift derivatives at different speeds
5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
Bl 91.27  90.02 150.3 148.3 | 2147  211.8 | °s!
Bl -5720 -5.217 | -15.53 -14.15 | -31.70 -28.89 | 10% 2.5~ 2
3| -8133 -6.766 | -36.3¢ -30.23 | -105.9 -88.13 | 107 .53
Table 4.4.: Maximum values for § derivatives at different speeds
5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
7| 2916 2875 4803 4736 6862 6765 | mm.s~!
7| 1.945 1.771 5.276  4.805 10.77  9.805 | 10 mm.s—2
#2773 2311 | 1239 1033 | 36.12  30.11 | 109 mm.s3

Table 4.5.: Maximum values for length of vector OC, r, derivatives at different
speeds

4.7. Comparison of results with previous work

Some differences can be identified between these results and the ones obtained in
previous works, for example [8]. The Fourier approximation method revealed to be
accurate in all time domain till the first derivative of position. In the acceleration
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4. Kinematic Analysis

5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
-16.85  -19.29 | -27.75 -31.77 | -39.65 -45.38 | °.s7!
5720 -5.217 | -15.53  -14.15 | -31.70 -28.89 | 10% ©.s72
-8.133  -6.766 | -36.34 -30.23 | -105.9 -88.13 | 107 °.s73
Table 4.6.: Maximum values for o derivatives at different speeds
5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
Vioo | 2901 2749 4778 4529 6862 6765 | mm.s~!
—
agroo | -1.813  1.652 | -4.918  4.481 | -10.04  9.145 108 mm.s—2
— 9 -3
jerkcgo -2.610 2173 | 9.711  -11.66 | -34.00  28.31 | 10° mm.s
Table 4.7.: Maximum values for derivatives of movement in point C along XX axis

at different speeds

5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
U%QQ 417.5 399.1 687.7 657.3 982.5 939 | mm.s™!
ayc 90 | -0-3304  -0.2959 | -0.8964 -0.8027 | -1.829 -1.638 108 mm.s—2
—
jerk% 90 | -0.6056 -0.5165 | 2.706  -2.308 | -7.889  6.729 102 mm.s™3
Table 4.8.: Maximum values for derivatives of movement in point C along Y'Y axis
at different speeds
5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
Vg 2{) 1257 -1266 2071 -2086 2959 22979 | mm.s~!
—
ap o | 0.8413  -0.7714 | 2.282  -2.093 | 4.658 -4.271 108 mm.s—2
Jerkp o0 | -1.249 1.066 | -5.580 4.762 | -16.27 13.88 | 109 mm.s~3
Table 4.9.: Maximum values for derivatives of movement in point B along XX axis

at different speeds

and jerk plots, the high frequency harmonics became more evident, at stationary
positions. However, the curves present no discontinuities in all domain and it’s now
possible to plot more that one cycle in the same plot and get a better idea of period-

icity.
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4.7. Comparison of results with previous work

5100 rpm 8400 rpm 12000 rpm
exhaust intake | exhaust intake | exhaust intake | units
Voo | 2849 2803 | 4696 4617 | 6703 6596 | mm.s”!
@G gy | -1.826 -1.656 | -4.954 -4.491 | -10.11  -9.166 | 10° mm.s~
jerkg o | -2.577 2142 | -11.51  -9.570 | -33.57 -27.90 | 107 mm.s~?

Table 4.10.:

Maximum values for derivatives of movement in point B along Y'Y axis
at different speeds

In the exhaust sub-system results, it is possible to notice a difference in the
27d and 34 derivatives for an angle around 2 rad or, at this speed, 4200rpm, for
t ~ 0.0045 s. The reason for that contrast maybe the polynomial approximation
when derived.

Notice that the amplitude of the derivatives does not correspond, because in this
work, the derivatives took into account a rotation speed of 4200rpm, at the camshaft,
while in [8] the derivatives were calculated in relation to the angle (in radians).
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5. Dynamic Analysis

According to the kinematic results obtained in the previous chapter, a new dynamic
model was developed. The differences between previous works is that the all mech-
anism was analysed as one. As so, the dynamic equilibrium of the first body (the
camshaft) was calculated, considering the interactions between both the intake and
exhaust rocker-arms. That way the InnerCam™ will be treated as a single system,
not separating the intake or exhaust sub-system.

5.1. Inertia properties

The inertia and mass properties of each element were determined using the software
SolidWorks™’s functionalities. Those values can be consulted at Appendix (take
in consideration that the indicated axis may not correspond to the ones used in this
calculations). The global and local coordinate systems used in this calculation were
the ones represented in the Figure 4.1} which is recommended to be analysed again.
The values presented here were obtained from the .STEP files provided by AJP Motos
S.A. . The global mass of each body is presented in the table [5.1]

Table 5.1.: Mass properties of each body part
Body no. Body name mass /kg Center of mass /mm
1 Camshaft 0.324 (0.034, —0.0663, 0.141)
2 Exhaust Rocker | 0.127 10.725, —-7.311, —22.115)
3 Intake Rocker 0.127 —10.869, —7.333,30.184)
4
5

Exhaust Valve | 0.024 0, —68.232,0)
Intake Valve 0.028 0,—71.643,0)

~~ I~ —~

43



5. Dynamic Analysis

5.1.1. Body 1 - Camshaft

The inertia matrix presented bellow is taken at the origin referential and, for that
reason, the main inertia moments, I, and I, are considerably large, because of the
distance between the centre of mass and origin referential along 77 axis.

1527.596 —0.293  1.378
(1] = | —0.293 1527.992 —0.773 kg - mm? (5.1)
1.378  —0.773 116.348

=y —
TglA (Ql; KG1) (5.2)
0
. .
Q1 =m1-0G1 =10 (5.3)
0
%
— P
Ka, =[I] x o= K¢, (5.4)
Izzl (9

5.1.2. Body 2 - Exhaust Rocker-arm

The inertia matrix presented bellow is taken at the origin referential of the rocker-arm
body-part, which corresponds to the centre of rotation.

115.842 —5.385  14.857
[I5) = | =5.385 131.741 —30.445|  /kg-mm? (5.5)
14.857 —30.445 63.375
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5.1. Inertia properties

A_GQJL‘ : Be ’ COS(ﬁe) + A—GQy ' Be ' Sin(ﬁe)

— T _
AGy =  AGay - Be - sin(Be) — AGay, - Be - cos(Be) (5.8)
0
K,

— —

Ka, = [I] x Q0 = { K¢, (5.9)
122,2 : ﬁ

Ka = Ka, + AGy x Qb (5.10)

5.1.3. Body 3 - Intake Rocker-arm

The inertia matrix presented bellow is taken at the origin referential of the rocker-arm
body-part, which corresponds to the centre of rotation.

160.783 —5.199  48.025
[I35] = | =5.199 178.055 —32.585 kg - mm? (5.11)
48.025 —32.585 (4.918

PLEQ—
794 (Qg;KAi) (5.12)
@:mg.@zmg.{@+@x,4—ag+@x(mx@)] (5.13)

~AGs, - B; - cos(8;) — AG3, - B; - sin(B;)

|

AGs = AGs, - f; - sin(B;) — AGsy - B; - cos(f3;) (5.14)
0
— —
KG3 = [[3] X Qg() = K?és (515)
Izz,3 : ﬁ
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5. Dynamic Analysis

\ \ \ _>
Ky, = Kg, + AG3 X Q3 (5.16)

5.1.4. Body 4 - Exhaust Valves

The inertia matrix presented bellow is taken at the centre of mass of the valve, with
directions of the local referential.

26.174 0 0
=] 0 0631 0 kg - mm? (5.17)
0 0  26.174
A= —
Tg4 (Q4;KG4> (5.18)

—lift, - sin(p)

Q1 =myq-OGy = § —lift. - cos(p) (5.19)
0
Ko, =[x Q=10 (5.20)

5.1.5. Body 5 - Intake Valves

The inertia matrix presented bellow is taken at the centre of mass of the valve, with
directions of the local referential.

28.970 0 0
)= 0 1121 0 /kg - mm? (5.21)
0 0 28970
T
el (Q5; KG5) (5.22)

lift; - sin(p)
Q5 =ms5 - OG5 = § —lift; - cos(p) (5.23)
0
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5.2. Equations of equilibrium

KG = {]5] X Q5() =0 (5.24)

5.2. Equations of equilibrium

Considering that all the bodies have the translation according to ZZ axis blocked
by other exterior components, we can assume that the third component of the forces
is not important in the dynamic equations of the system. For the same reason the
rotation along the XX and Y'Y will be considered null in this analysis.

Notwithstanding it is important to re-mention that the rocker arms have no
main inertia axis along zz direction (see equations [p.5] and [5.11]). As so, those bodies
will tend to move against the camshaft in that direction. That phenomenon will also
not be considered in this analysis, because there is no information about the way
those bodies are fixed and how can they move through that direction. Some results
will be plotted latter in a next chapter.
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5. Dynamic Analysis

5.2.1. Body 1 - Camshaft

Figure 5.1.: Scheme for dynamic equilibrium on the Camshaft

T e —y
RO+Fc,e+Ft,e+FC,i+Ft,i+m1'72621 (5'25)
— = — — =\ =
M, + O x (Fc,e + Ft,e> + 07 x (Fcﬂ- + Fm-> ~ Ko (5.26)
X
. o)
Ro = Ryo (5.27)
cos(ae + ve) —sin(ae + Ye)
— —
Fc,e = Lce- Sin<ae + 'Ye) ; Ft,e = Fc,e Y COS(Oée + ’Ye) (528)

cos(Ae) — - sin(Ae)
—
Fee+ Fre=Fee- 4 sin(Ae) + p- cos(Ae) (5.29)
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5.2. Equations of equilibrium

—cos(a; + i) —sin(a; + ;)
— —
Fei=Fei-§ sin(a;+7vi) ¢; Fii=Fei- - —cos(a; + i) (5.30)

—cos(A;) — p - sin(N;)

— =
Fei+ Fri=Fei-§ sin(A) — p-cos(\;) (5.31)
0
7 =14 —9.807 (5.32)
0
cos(a) cos(Ae)
—
OI, = OC, + CI, = 1¢ - { sin(ae) p +5- 4 sin()e) (5.33)
—cos(ay) —cos(A;)
071. — O?Z + 072 =1 q sin(a;) p+s-q sin(\;) (5.34)

5.2.2. Body 2 - Exhaust Rocker-arm

—_— = = = —
Ra, —Fee— Fio+ Fpet+ma- g =Q) (5.35)
mxm—QX(ﬁ,ﬁﬁ,e):K—é (5.36)
— R%e
Ry, = Ri‘{le (5.37)
sin(fe) cos(Ae)
— — =
Ale = ACe + Cele = a - § —cos(Be) ¢ + 54 sin(Ae) (5.38)
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5. Dynamic Analysis

Figure 5.2.: Scheme for dynamic equilibrium on the exhaust rocker-arm

Figure 5.3.: Scheme for dynamic equilibrium on the intake rocker-arm

5.2.3. Body 3 - Intake Rocker-arm

— = = = —
Ru,—F.i—Fi+Fpi+ms- ¢ = Qs (5.39)
e — =\ =
AB; x Fp; — AL x (Fei + Fij) = Ka, (5.40)
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5.2. Equations of equilibrium

Ae
Ra ={RY (5.41)
—sin(5;) cos(Aj)

fﬁi = ﬁ + Cﬁ =a-{ —cos(f;) ¢ + 84 sin(\) (5.42)

5.2.4. Body 4 - Exhaust and Intake Valves

Figure 5.4.: Scheme for dynamic equilibrium on each valve

IFBell =2 [[Frell =2 |Qa (5.43)
IFgill =2 [Fiil =2-[Qsll (5.44)

Notice that there are 2 exhaust valves and 2 admission valves and, for that
reason, the spring forces and quantities of acceleration are multiplied by 2.

ol



5. Dynamic Analysis

(cv¢)

50O+ 50 = (d)s00 P07 + (d)s00 Uy + Var + Tar + Gy

§0 + 80 = (d)us Uy — (d)urs g + Var + Ty +

1011 -z = (I*2/ull - g2 +808) & — *%

POl -z = (IPrfull - vz +80%) & — 4

7

vy = ( (2 . € ? . € € ¥9 (%) T L L2 1
23 Q g)uss - EDy + (*g)soo gﬁvmsiﬁ+ﬁvx@ A@Ew gV + (d)s00 g@v L

M@ =b0.¢Sw — AQVwOO wdﬁN + :‘fﬂvaU 1 — Afﬂvgi o _ fﬂm

50 = (s 9y — [(")uss - of — (*)so0 —] 2 =

21 = (Copms - Foy + (oo S ) B — (g + ) x v ((0)ws - Gy (0)soo- 7y

)

m@ =0 8w — (0)800 2% + [(°\)s00 - 1f 4 (2 )uis] 22y — Vag

G0 = (d)us %y + [(°x)urs - 11 — (°x)s00] 22 — Vg

Oy — (19 10 I EN] 2 z w
2 = (M + W) X SO+ (T4 + 7)) X YO+ v
§O =0 Tw — [(7)ms - of — (7 )uis] #27 + [(7)s00 - o 4 (Y )uis] 27 + Gog

20 = [()ws - 11 — ()s00 =] ¥ + [(y)urs - o — (°()s00] 727 + Qg
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5.3. Results

5.3. Results

The system of equations presented in the previous page is non-linear, with no sym-
bolic solution. Due to problems of convergence it was not possible to solve it using
MatLab™ solvers, for instance. Nevertheless, some attempts were made in order to
geometrically define the time dependent functions of the angles of contact between
the camshaft and rocker-arms, without any success. That way the system of equa-
tions can be solved linearly, even dismissing the last 2 ones related a full system
equilibrium.

As so, in order to obtain some appreciable results, a rough but sensible approx-

imation was made:
A=« (5.46)

With this consideration the system of equations becomes solvable. The results
for the variables in analysis are presented in the following plots. Notice that there
are some fictional oscillating forces, resulting from the Fourier approximation made
in the definition of the lift curve.

At last, the coefficient of friction adopted was:

p=0.15 (5.47)
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5. Dynamic Analysis

Required torque at the camshaft

——— M (¢)
o — . — y mean |1
_1 -
_2 -
£
<
_3 -
_4 - -
_5 - -
0 180 360 540 720
Camshaft rotation angle /°
Figure 5.5.: Required torque to rotate the camshaft
Reaction force in origin O, Y component
Ry (1)
O - -
£ -100r 1
-200} b
0 180 360 540 720
Reaction force in origin O, X component
o(t)
500 b
£
O - =
_500 i 1 1 1 I_
0 180 360 540 720

Camshaft rotation angle /°

Figure 5.6.: Reaction forces at the origin referential applied to the camshaft
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5.3. Results

Amplitude of contact force between camshaft and exhaust rocker—arm

0 180 360 540 720

Amplitude of contact force between camshaft and intake rocker—arm

0 180 360 540 720
Camshaft rotation angle /°

Figure 5.7.: Contact force between the camshaft and rocker-arms, normal compon-
ent

Reaction force in point Ae, Y component
O T T T T

-100

IN

-200

-300

0 180 360 540 720

Reaction force in point Ae, X component
600 T T T T

0 180 360 540 720
Camshaft rotation angle /°

Figure 5.8.: Reaction forces at point A applied to the exhaust rocker-arm
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5. Dynamic Analysis

Reaction force in point Ai, Y component
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Reaction force in point Ai, X component
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Figure 5.9.: Reaction forces at point A applied to the intake rocker-arm

Contact force in the tappet
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Figure 5.10.: Contact forces in the tappets, component in the direction of the valve
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5.4. Interpretation of results

5.4. Interpretation of results

First of all, it is clear that the high frequency harmonics of the Fourier approximation
are visible in every plots presented behind. For instance, when deriving a sinusoidal
function against time, the frequency value will multiply the amplitude of the respect-
ive sinusoid function. As a consequence of this mathematical behaviour, there will
appear some considerable fictional harmonic forces that don’t exists in reality.

For this reason, and for what the plots show, the Fourier approximation may
not be the most appropriate one to calculate the dynamic behaviour of the system.

5.4.1. Motor momentum required

According to the theory of cam dynamics, used in usual valve train systems (which
requires a cam with lobes actuating a valve or a group of valves) explained in [14]
(chapter 16), "the energy required to drive the follower in the forward direction is
recovered when the follower returns. This recovery is accomplished by the springs
energy storing", ignoring the presence of any dissipation forces.

M as determined in previous

This shall be the same way in the InnerCam”
works [8]. However, in the current study, in which it was made an approximation for
the angle of contact A, the motor momentum of the camshaft, considering no-friction
condition (p = 0), is equal to zero in all time domain, as it is demonstrated bellow.

Remembering Equation [5.26] and Figure 5.1}

— — = — —  —
My, = 0L x (Foi+ Fi) - 0T, % (Fei+ i) (5.48)

Which can also be written as:

OC? + s - cos(Ae) cos(Ae) — p - sin(Ae)
—
My = — < OCY + s -sin(Ae) ¢ X Fee S sin(Ae) + p - cos(Ae) p —
OC? — s - cos(\) —cos(A;) — p - sin(N;)
= OCY +s-sin(N;) p X Fei § sin(\;) — p - cos(A;) (5.49)

For instance, developing the vectorial product of the contact force between the
camshaft and the exhaust rocker-arm, considering ¢ = 0 and A\, = a,, and equating
it to zero:
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5. Dynamic Analysis

(OC? + 5-cos(Ae)) - sin(Ae) — (OCY + s - sin(\e)) - cos(Ae) =0 (5.50)
< tan(Ae) = oc: (5.51)
‘o0 '

Which is always true for A\, € [0; %]

The same way for the vectorial product of the contact force between the cam-
shaft and the intake rocker-arm, considering 1 = 0 and \; = q;:

(OCF — s - cos(N;)) - sin(A;) + (OCY + s -sin(\;)) - cos(A;) = 0 (5.52)
ocY
& tan(\;) = ~ocr (5.53)

Which is also always true knowing that, despite \; being positive, it is located
in the 2" quadrant of the trigonometric circle.

Analysing the Figure 5.5 it is now known that the motor momentum, that is
represented, only depends on the friction forces, and as so it is highly related to the
coefficient of friction, p. The average value obtained is equal to 1.477 N.m. Notice
that this value is positive, because the direction of the displacement 6 is negative (or
clockwise), being the opposite direction of the representation of M, in Figure

It is also stated in literature that the required torque curve "consists of a double-
frequency component, whose amplitude is a function of the cam velocity squared,
superimposed on a single-frequency component whose amplitude is independent of
velocity". In this case, there is a 4'"-frequency component which can be observed in
the middle of the two positive peaks from exhaust and intake sub-system.

In order to prove the influence of the harmonics in previous results, another
Fourier approximation function was determined in a 4% degree. The resultant lift
curves and motor momentum plots can be analysed in Figure The average value
is still near zero and shape of the plot curve is also similar, without the influence of
high order harmonic frequency.

Notice that the maximum lift position is higher, despite its shape is correct.
The average value for the required torque, 1.443 N.m, is almost the same, when
comparing to the 8" degree approximation.
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5.4. Interpretation of results

Valve Lift
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Figure 5.11.: Resultant lift and torque for a Fourier 4" degree approximation func-

tion
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5. Dynamic Analysis

5.4.2. Other results

When comparing exhaust related plots to the intake ones it is noticeable a small
difference in the amplitude of high frequency harmonics, which is larger in the intake
sub-system.

In Figure it is observed that the shape of the curves is similar for both
intake and exhaust rocker arms. At stationary position the values for the contact
forces are related to the pre-load of the spring (balancing the momentum equation of
the rocker-arms).

At the beginning and ending of the lift movement the amplitude is positive, but
near maximum lift position, there is an area where this contact force is negative, which
means that the rocker-arm will contact against the outer surface of the camshaft (the
one with smaller diameter). This phenomenon means that the spring pre-load may
not be enough to beat the inertia of the rocker arm. Although, an increasing of this
pre-load also means that the average required torque will increase too.

In relation to Figures 5.8 and they correspond to what is expected from
the equilibrium diagrams and there are no remarkable phenomena to comment.
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6. Vibration Analysis

In order to proceed to the MSC Adams modulation is required the development of
some analytical dynamic models, in order to identify some natural frequencies and
check up the behaviour of some body parts, namely the valves and rocker arms.

The first model in this chapter will be the most simple, but also maybe the
most important that hasn’t been analysed yet. Is the 1 Dol system composed only
by one valve and spring. With it T will be able to predict the speed for which the
detachment from the rocker-arms occurs.

A second model with 3 DoFs, for exhaust and intake sub-system separately,
includes the movement of the rocker-arm and valves in free regime in order to identify
the natural frequency and modes of vibration.

Some modal analysis were already done in [IT], using a FEA software ANSYS™,
in which the body’s natural frequencies of vibration where identified. Finally, this
results will be compared to the ones obtained in the dynamic models.
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6. Vibration Analysis

6.1. Valve/Spring system

6.1.1. Exhaust valve

Figure 6.1.: Dynamic system for the exhaust valve movement

Equation of equilibrium, in a no load condition:

ma - lifte + ceqe - lifte + k- lifte =0 (6.1)
Being,
)
myg = 0.024 kg
& = 0.05 62)
Ceqe = 2469 N -s- m~1
k= 25400 N -m™!

\

It’s possible to determine the natural damped frequency of vibration:

W = 1028.8 rad-s!
{ i (6.3)

wga = 10275 rad-s~?

With these parameters it is possible to define the response of the lift in free
regime, for a given initial condition of displacement, x, and velocity, Z:
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6.1. Valve/Spring system

107 T T T T T
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ACD
3
=
o]
10°} 1
1076 L L L L L
0 500 1000 1500 2000 2500 3000
0 T T T T
o —1F _ﬁﬁ B
£
S -2} i
-3k ! ! ;
0 500 1000 1500 2000 2500 3000
w/rad.s™?

Figure 6.2.: FRF of type receptance for the exhaust valve system

ze(t) = Amp - e Ewnet . cog (wd@t — CD) (6.4)

Building a parallelism with the lift of the valve, let’s assume the initial condi-
tions as:

{xo,e = 0.00947 m N { Amp = x0c (6.5)

1 ® = 0.0500 rad

Toe=0m-s~

Using this free regime response to initial conditions, can be determined the time
interval between the maximum lift position and the stationary position, z.(t) = 0.002,
can be determined. That way, it is possible to calculate at which speed is predicted
the detachment between the valve and rocker-arm.

zo(t) =0.002 mm =  t=0.001355 s (6.6)

To obtain the Frequency Response Function (FRF) in terms of amplitude and
phase, we can use the following formulation. Being w the frequency of solicitation:

1
(k — w2 -me) — jwee

a(w)e = (6.7)
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6. Vibration Analysis

6.1.2. Admission valve

Figure 6.3.: Dynamic system for the intake valve movement

Equation of equilibrium, in a no load condition:

ms - lifti + Ceq,i lifti +k-lift; =0 (6.8)
Being,
ms = 0.028 kg
& = 0.05 (6.9)

Ceqi = 2.6668 N -s-m™1
25400 N -m~!

o
I

It’s possible to determine the natural damped frequency of vibration:

Wni = 9524 rad-s!
’ (6.10)

wg; = 951.2 rad- st

With these parameters it is possible to define the response of the lift in free
regime, for a given initial condition of displacement, zg, and velocity, zg:

zi(t) = Amp - e Swnit . cog (wdﬂ-t — @) (6.11)
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6.1. Valve/Spring system

Building a parallelism with the lift of the valve, let’s assume the initial condi-
tions as:

x0,; = 0.01003 m N Amp = w0 (6.12)
® )

0 =0m- s = 0.0500 rad
Using this free regime response to initial conditions, the time interval between
the maximum lift position and the stationary position, z;(t) = 0.002, can be determ-

ined. That way, it is possible to calculate at which speed is predicted the detachment
between the valve and rocker-arm.

zi(t) =0.002m =  t=0.001477 s (6.13)

To obtain the Frequency Response Function (FRF) in terms of amplitude and
phase, we can use the following formulation. Being w the frequency off solicitation:

1
a(w); = 5 ‘ (6.14)
(k —w? - m;) — jwe;
10_3 T T T T T
107 1
3
=
o]
10°F 1
1076 L L L L L
0 500 100 1500 2000 2500 3000
0 T T T T
- -1f 1
& |
-3t ‘ ‘ ‘ ‘
0 500 o0 1500 2000 2500 3000

w/rad.s™?

Figure 6.4.: FRF of type receptance for the intake valve system
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6. Vibration Analysis
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Figure 6.5.: Response of the 1 DoF valve’s systems after a displacement solicitation
equal to the maximum lift

6.2. Interpretation of Valve/spring system results

With the analytical model studied in the previous section, it is possible to determ-
ine the response of the valve’s lift in a free regime condition. Extrapolating to the
InnerCam™ system, it is equivalent to the instants when a valve detaches its respect-
ive rocker-arm. Let’s be the ’limit rotation speed’, the on at which the detachment
occurs.

Knowing that the time the rocker-arms take to return from maximum lift pos-
ition to a stationary position corresponds to a given angle 8, on the camshaft, from
the lift curve (Figure 4.3), equal to:

O1i fiback,e = 205 — 133 = 72° = 1.2566 rad (6.15)
O frback.i = 316 — 235 = 81° = 1.4137 rad '

A full rotation cycle of the valve train corresponds to 27 rad. Therefore, that
"limit rotation speed’ for the exhaust valves can be obtained by the following calcu-
lations:

2 * pi
Tiime = ———— x 0.001355 s = 0.0068 6.16
e = 19566 rad ° ° (6.16)
Wiim,e = 8856 rpm (6.17)
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6.2. Interpretation of Valve/spring system results

The same way, for the intake valves we obtain:

2%

Ty = —=*P 0.001477 s = 0.0066 6.18
lime = 14137 rad iy ° (6.18)

Wiim,i = 9140 rpm (6.19)

Summing up, we conclude that the detachment of the valves (or floating effect),
only occurs for engine speeds bigger than approximately 17700 rpm (considerably
higher than the usable range of regimes).

6.2.1. ldentification of resonance harmonic frequencies

Converting the values of the natural frequencies of those two systems, from rad - s~
to Hz, we can compare them to the result plots obtained in the MSC Adams model.

{wd,e = 163.53 Hz (6.20)

wq; = 151.40 Hz
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6. Vibration Analysis

6.3. Exhaust sub-system, 3 DoF'’s

Figure 6.6.: Dynamic model for the exhaust sub-system, 3DoF’s

This model is composed by three body parts. The stiffness properties of the
springs are related to the valve’s spring or to the flexibility of the exhaust rocker-arm.
The contact rigidity was ignored, because it is dependent on penetration, geometry
and consequently not well known. The 3 DoF’s are:

e (3. - the rotation angle of the exhaust rocker-arm, from stationary position;
o [ the displacement of the exhaust valve under the straight arm;
e ., the displacement of the exhaust valve under the oblique arm.

The stiffness properties of the springs, k, is already known - 25400 N -m~!. The
other springs represent the flexibility of the rocker arm under bending solicitation.
This property was calculated using FEA Analysis tool from SolidWorks™ (a more
specialized software could be used, however the limit of 1000 elements in its student
versions available was not enough to reproduce the geometry) and the corresponding
results can be consulted in Appendix @] Therefore, the values of k. s and k., can be
determined, by:

L SR S 1079 L6 1070 1 (6.21)
k27s,roller k2,s,pin k2,s 1000 1000 k’2,5 ’
kos=1.1111-10" N-m™* (6.22)

68



6.3. Exhaust sub-system, 3 DoF'’s

rLo, .t 1 25 1079 L 13 107 1 (6.23)
k2,o,roller k2,o,pin k270 1000 1000 ]{7270 '
koo =06.25-10° N.m™! (6.24)

6.3.1. Lagrangian dynamic equilibrium

The dynamic equilibrium equations for this system were determined using the Lag-
rangian method, from generalized coordinates, of kinetic total energy, potential en-
ergy variation of the system (in relation to equilibrium position) and work produced
by non-conservative forces (like damping). In this case, the damping coefficient was
considered to be low, comparing to the influence of the stiffness.

Being T', the kinetic energy and V', the potential energy:

1 )
T2 = §J2,zz . Be (625)
1 —
Vo= sms-g- (Acsr - 463" (6.26)
-2
Tas = 5mma - les (6.27)
1 ne 1 2
Vis = Shas - (les — 0.034 - B1)" + Sk les (6.28)
-2
Tio = 5ma-leg (6.29)
1 n2 1 2
Vio = gkao- (leo — 0.034- BL)" + 5k leo (6.30)
1 .2 -2 -2
T [JZZZ B+ ma - (ze,s + ey )} (6.31)

1

V=3

2 2
[1@75 (les —0.034- B 4 kg - (lep — 0.034- ) + k- (2, + zg’o)} (6.32)
It is known, from [I3], that the Lagrange equations can be written as:

~F, (6.33)

i oT _ oT n oV
dt \ 9gy Oqn oqn
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6. Vibration Analysis

The equilibrium equations, in free regime, can be written in the following matrix

form:
Jo.. 0 0| |8 my-g- AGy” —0.034%ky s —0.034%ke,| [ 5.
0 mg 0| Slespt | —0034%kas  kos+Ek 0 les ¢ =0
0 0 ma| |leo —0.034%ks,, 0 koo + k leo
(6.34)

Eigenproblem

Let’s assume that the solution for the system of homogeneous differential equations
is of the type:

Be u
les ¢ = § ug ¢ cos(wt — @) (6.35)
le7o u3

, where {u} represents any eigenvector (which must be non-zero, in order to obtain
the non-trivial solutions). Now, replacing in the equilibrium equations [6.34} the
eigenproblem is obtained:

[[*] — w?[m]] {u} = {0} (6.36)

|[[K] = w?[m]]| =0 (6.37)

From the solution of this equation, the natural frequencies of vibration can be
obtained:

w1 = 0 w1 = 0
wy = 16170 rad-s ' = wo = 2573 Hz (6.38)
w3 = 21540 w3 = 3428

Notice that the first natural frequency is equal to 0, which represents a rigid
body movement of all degrees of freedom.

Replacing this eigenvalues the Equation [6.36] one at each time, the eigenvectors
are determined, through the set of Equations[6.39] which can be assembled in a matrix
of eigenvectors.

ugr  0.034% - kys
uy,  kos+k—w2-my
Usy 0.034% - ko, (6.39)

uty koo +k — w2 - my
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6.3. Exhaust sub-system, 3 DoF'’s

1 1 1
[u] = [u1|ug|ug] = [0.0012 0.0026 —2.2267 (6.40)
0.0012 —4.4801 —0.0014

This vectors can be normalized through the following expression:
{ <1>} _ {“}
),

1255517 1.4407  2.8981
= [®] = [®1|®o|®3] = | 0.1448  0.0037 —6.4533 (6.42)
0.1446 —6.4545 —0.0041

(6.41)

The same way as in the spring/valve systems, it is useful to determine the FRF
of type receptance. In this case, as there are 3 DokF’s, it will be represented the
contribution of each harmonic, separately, because the FRF’s are obtained by its
sum:

3
ajr(w) =) i (6.43)
—1 (w? - w2) + j26rwrw

,where the value of &, will be considered equal to 0.02 (a common value for no damped
dynamic systems), in order to obtain numerical consistence in the plots.

The FRF accelerance is obtained from the receptance by multiplying it for

'—w?’. This function is more interesting to analyse because it gives us an idea of the

quantities of acceleration of the bodies.

For that reason, the accelerance responses are presented in the following Figures,
while the receptance responses can be consulted in Appendix
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6. Vibration Analysis
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Figure 6.7.: FRF of type accelerance for direct solicitation in DoF [,
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6.3. Exhaust sub-system, 3 DoF'’s
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Figure 6.9.: FRF of type accelerance in Dok [, , for crossed solicitation in DoF 3.
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6. Vibration Analysis

6.4. Intake sub-system, 3 DoF’s

Figure 6.10.: Dynamic system for the intake sub-system, 3DoF’s

This system is similar to the one presented before, but is associated to the intake
sub-system. The 3 DoF’s are:

e [/ - the rotation angle of the intake rocker-arm, from stationary position;
e [; s the displacement of the intake valve under the straight arm;
e [; , the displacement of the intake valve under the oblique arm.

The flexibility of the rocker arm under bending solicitation was calculated using
FEA Analysis tool from SolidWorks™.,

1 1 1 25-100° 6-107° 1
1 — — + - 6.44
k3,s,roller kS,&pin kS,s 1000 1000 ]{3375 ( )
k3s = 1.1765-10" N -m~* (6.45)
LR S SN 2.5-107° N 16-107% 1 (6.46)
k3,o,roller k3,07pin kS,o 1000 1000 k’370 '
k3o = 5.4054-10% N -m™! (6.47)
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6.4. Intake sub-system, 3 DoF’s
6.4.1. Lagrangian dynamic equilibrium

The energy equations for this system are similar to the exhaust one. The final Lag-
range equilibrium equations, in free regime, can be written in the following matrix

form:
J3.. 00 Bl my-g-AG3" —0.034%ks s —0.034%k3,| [ B!
0 ms 0| Slisp+ | —0034%kss  kss+k 0 lis¢ =10
0 0 ms| |l —0.034%k3., 0 k3o + k Lio

Eigenproblem

The same way it was done for the exhaust sub-system, using the condition:

[[+] = w?[m]] {u} = {0} (6.49)

, we obtain the natural frequencies of the system.

w1 = 0 w] = 0
wy = 13930 rad-st = wy = 2217 Hz (6.50)
w3 = 20530 w3 = 3267

As in the exhaust sub-system, the first natural frequency is equal to 0, which
represents a rigid body movement of all degrees of freedom.

The matrix of Eigenvectors is

1 1 1
[u] = [u|uglus] = [0.0012  0.0021 —1.1973 (6.51)
0.0012 —2.5486 —0.0010

The normalized vectors are:

124.0421  2.3445  4.9875
= [D] = [@1]P2|P3] = | 0.1431  0.0050 —5.9713 (6.52)
0.1427  —5.9751 —0.0049

The FRF accelerance functions for this system are presented in the following
graphics and the receptance in Appendix
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6. Vibration Analysis
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6.4. Intake sub-system, 3 DoF’s
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6. Vibration Analysis

6.5. Body parts modal analysis

In previous work, Thesis [I1], a modal analysis was performed for 3 body parts: cam-
shaft and rocker-arms. A set of first natural frequencies of vibration were identified
for each one in order to compare them with the regime of the engine. Those results
are gathered in the following tables.

Mode Frequency /Hz Engine speed /rpm

1 0.0 0.0
2 3856.3 462756
3 4640.0 556800

Table 6.1.: Exhaust rocker-arm natural frequencies [11]

Mode Frequency /Hz Engine speed /rpm

1 0.0 0.0
2 3297.5 395700
3 4457.3 534876

Table 6.2.: Intake rocker-arm natural frequencies [11]

Mode Frequency /Hz Engine speed /rpm

1 0.0 0.0
2 3376.0 405120
3 3544.9 425388

Table 6.3.: Camshaft natural frequencies [11]

It was concluded that the natural frequencies of vibration were too high to cause
any impact. However, notice that the frequency of solicitation (variation of f, for
instance) is considerably higher than the engine speed, corresponding to a ratio of
To55g for the exhaust sub-system and {7fz=, as determined in Section

For instance, at 8400rpm (engine’s crankshaft speed), the frequency of solicit-
ation will be: 21000.6rpm and 18666.9rpm (analogously to the reasoning explained
in [6.2)), for exhaust and intake system, respectively.
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7. Modelling the InnerCam™ in
MSC Adams™

The software Adams™, from MSC, is widely used in Multibody Dynamic analysis. Tt
is considered one of the most important tools for automotive and aerospace industries
to evaluate and measure the complex interactions between disciplines including mo-
tion, structures, vibration, actuation and control to better optimize product designs
for performance, safety, and comfort. Some interesting study examples in valve train
systems can be seen in References [17] and [I§].

It was purposed the use of this software to accurately measure the system in
study, in order to understand correctly the dynamic behaviour of all the parts at
different speeds, including a vibration analysis of the system response to different
solicitations. This software also provides results for a numerical analysis of the contact
and friction problem, producing enough data to determine the dynamic solution for
the contact problem between the camshaft and the rocker arms.

In this chapter I will explain the modelling of the InnerCam™’s system in

the Student Version of MSC Adams™ software, which can be downloaded from the
MSC’s website after authorized registration. This step took a long time to be ready
and, due to lack of time available for learning and testing the software’s capabilities,
there were made some considerations in order to make progress with the work and
produce results.

The default units system selected was the one named as MMKS (Milimiter,
Kilogram, Newton, Second, Degree, Hertz) and the earth gravity vector oriented
according to Y axis direction.

7.1. Considerations

The bodies have no stiffness properties, because that would require a finite element
mesh assigned to them, but unfortunately there was only a student version available,
which has many limitations working with flexible bodies (for instance, the limit of
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7. Modelling the InnerCam™ in MSC Adams™

1000 elements in a meshed body). Therefore, Adams/Flex tool cannot perform a
mesh assignment to the majority of the parts in this problem.

In this modelling analysis rigid bodies were used, which means that MSC Adams
interprets it in a way which there are interference between the bodies (they have no
physic boundaries). Therefore, some contact forces must be computed independently
and characterized with stiffness and damping parameters.

The use of rigid bodies have another implication in vibration analysis. Basically,
it will not be possible to identify the real natural frequencies or shapes of vibration,
because the only flexibility degrees of freedom in the system are associated with
contact and spring force’s stiffness.

Another simplification adopted is located in the coupling between the rocker-
arms and the camshaft. In InnerCam™ prototype there is a roller providing the
contact between the rocker-arms follower and the camshaft profile, which is respons-
ible for the reduction of friction. In MSC Adams™, the model built doesn’t include
this roller. Therefore, the contact between the rocker arms and the camshaft occurs
in pure sliding condition, and consequently no friction forces were characterized in
this contact.

Further in this chapter it will be introduced the spring forces that were applied
between the valves and the fixed body. Accurately the springs should be introduced
in the model as a part with mass and stiffness properties, because the inertia of the
valve plays an important role in the dynamic behaviour of the system. Neverthe-
less this version/package of MSC Adams™ does not include a toolbox to introduce
springs (or even designing a spring, I wouldn’t be able to mesh it), instead there is
an alternative to apply a spring force, according to a certain direction, between two
points of different parts. Anyway, since the material of the spring is Titanium, its
specific mass is low, therefore it is not so important, comparing to the rocker-arms.
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7.2. Geometry Construction

7.2. Geometry Construction
A STEP file was provided by AJP Motos with the assembly of the InnerCam™
mechanism within 7 parts, to know:

e Camshaft

Admission rocker-arm

Exhaust rocker-arm

e 2 Admission valves

2 Exhaust valves

Figure 7.1.: InnerCam’s Camshaft (SolidWorks™ view)

Figure 7.2.: InnerCam’s Admission Rocker-arm (SolidWorks™ view)
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7. Modelling the InnerCam™ in MSC Adams™

Figure 7.3.: InnerCam’s Exhaust Rocker-arm (SolidWorks™ view)

Figure 7.4.: InnerCam’s Admission Valve (SolidWorks™ view)

This file was imported to SolidWorks™ as an assembly of the mechanism,
from which each individual part was recognized geometrically into features. Mass
properties were also identified and can be consulted in the Appendix B.

In order to build the dynamic model in MSC Adams™, two more parts were
designed to add the system, namely a washer and a fixed body (which pretends to be
a body in which the valves will be coupled through a bushing and the springs fixed).

After all the parts have been kinematically assembled in SolidWorks™ and
every position and angles defined, each one of the parts was exported to Parasolid
format (.x_t). This choice is justified because: "Adams can use Parasolid to de-
termine geometrical aspects of the 3D contacts that occur during simulations. It is
an exact boundary-representation geometric modeler, which means that objects have
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7.2. Geometry Construction

Figure 7.5.: InnerCam’s Exhaust Valve (SolidWorks™ view)

Figure 7.6.: InnerCam’s spring
washer  (Solidworks™ Figure 7.7.: InnerCam’s fixed body
view) (Solidworks™ view)

exact surfaces. Curved surfaces are truly curved and do not consist of polygons. Be-
cause surfaces are not divided in smaller parts, their representation is as accurate as
possible. The simulation times are relatively high when using Parasolid." [9]

Having this in mind, each part was imported to MSC Adams™, separately,
and its local coordinate referential was moved (in relation to the Global one assigned
to the Ground part, by software’s definition) and rotated according to its equilibrium
position. Important to refer that each valve was assigned with its corresponding
washer in a separate part (therefore, 4 different parts with 2 bodies each). The full
list off parts is as follows.
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7. Modelling the InnerCam™ in MSC Adams™

Figure 7.8.: Innercam’s assembly model in MSC Adams?
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7.2. Geometry Construction

Table 7.1.: List of parts in Innercam’s MSC Adams™ model

Name | bodies  position /mm  orientation /° | Comments
Camshaft 1 (0;0;0) (0;90;0)
Fixed body 1 (0; —34; 87.5) (0;0;0)
Ground | none - - Global referential
Rocker _adm 1 (—15;35;50) (80.5;0;0)
Rocker _exh | 1 (15;35;95)  (98.5;180;0)
Valve _adm_o 2 (—47;24;103.5) (107;0;0) Admission Valve un-
der the oblique arm
Valve _adm_s 2 (—47;24;70.5) (107;0;0) Admission Valve un-
der the straight arm
Valve exh o 2 (47; 24;102.5) (73;0;0)
Valve exh s 2 (47;24;71.5) (73;0;0)
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7. Modelling the InnerCam™ in MSC Adams™

7.3. Boundary conditions

The kinematic relations in this software can be applied as joints, primitives or con-
strains. However, by the lack of learning time, it was only possible to correctly use
joints in this model. This is a way to define the degrees of freedom (DoF) each part
can move through (in relation to the global coordinate system or other part’s local
coordinate system).

The DoFs defined by this joints are rigid, which means that the model cannot
move or vibrate in other directions, but the one allowed by indicated vector.

There were used 2 different types of joints:

e Revolute - this constraint allows the part to only rotate according to 1 chosen
direction, that way, the part only has one degree of freedom:;

e Cylindrical - this constraint allows the part to move in two degrees of freedom
according to the same direction, in other words, the body can translate or rotate
along the same, and only the same, defined common axis.
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7. Modelling the InnerCam™ in MSC Adams™

7.4. Contact Forces

Since rigid bodies are being used in this modelling, the coupling between the camshaft
and the rocker-arms or the tappet contact between the rocker arms and the valves
has to be defined by contact forces. These forces parameters, like contact stiffness,
damping, penetration depth, or friction, had to be determined using Hertz contact
theory.

There are two available contact force calculation methods: impact or restitution.
In the impact method, if a contact between two bodies is defined, then a contact
force will emerge as the geometry of the two bodies begin to overlap (or penetrate).
Considering the following variables:

e Contact normal force, No or F},

e Contact stiffness, K¢

e Penetration depth, g or d

e Penetration distance, ¢

e Maximum penetration distance, d,ax
e Maximum damping coefficient, ¢,,ax
e Force exponent, ef

That way, the Contact Normal Forces are calculated according to:

dg
NC’ = KC 'gef +5tep(9707075max7cmax> T
~— ———r R dt

Contact Normal Force Stiffness contribution g

(7.1)

Damping contribution

The value identified as ey is called Force Exponent and it is recommended to
be more than 1, so that the slope of the spring force is continuous even when passing
from the non-contact domain to the contact domain. According to the reference [9],
this value can be equal to 2.2 for hard metals (which is the case of hardened steel
used).

On the other hand, using the restitution method, a coefficient of restitution e is
defined (where 1 corresponds to perfectly elastic collision and 0 perfectly inelastic).
Also a 'penalty’ p is required, which has damping units (force under velocity), but is
not associated with a material property, it should be a big value that will not sacrifice
numerical robustness instead.
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7.4. Contact Forces

Compression-only spring force from Compression-only damping force
one-sided IMPACT function from one-sided IMPACT function
Al =flg) C=f(q)
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f > :
Qo- | Qo q Qo -d o q

Figure 7.9.: Graphs of the two force parameters of the IMPACT function

dg
Na=p-e- -2 7.9
C =D € It ( )

Summing up, the restitution method suffers less from numerical damping and
may be more appropriate when energy loss is a key parameter. However, the impact
method is more robust and considerably less sensitive to error tolerances. Considering
this, the impact method was chosen for this study because it allows the use of Hertz
Contact Theory for determine the parameters required.

In order to accurately obtain the stiffness coefficient and penetration in the
contact the idea was to use an iterative method, once that stiffness would depend
on the contact force which has a static and a dynamic component. That way, the
static solution was used to perform the first step of the iteration and the resultant
Normal Contact Forces obtained performing a simulation in MSC Adams™ at the
speed of 5000rpm. Both solutions are time dependent, because the contact radius of
the camshaft is not constant. The contact model used is described bellow.

For the damping coefficient, as indicated by Adams/solver Help, it was selected
a value corresponding to 1% of the respective stiffness. Looking back at Figure [7.9)
on the graphic at the right, the maximum damping coefficient, C),,., is associated
to a penetration depth, d. Then, for a penetration value smaller that d the damping
tends to zero, and for a value bigger than d, the damping tends to Cpqz.

This contact constraint also provides a tool to define the friction conditions.
There is only one predefined calculation method, to know: Coulomb’s friction. This
require 4 parameters to be fully characterized:

e Static coefficient, ug

e Dynamic coefficient, pg
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7. Modelling the InnerCam™ in MSC Adams™

e Stiction transition velocity, v

e Friction transition velocity, vg

Recording the Coulomb’s friction theory, this parameters are defined according
to the curve in Figure [7.10]

Coefficient of Friction vs. Slip Velocity
Hs

Wy W 0 Vs Wy

Coefficient of Friction

“He
Slip Velocity

Figure 7.10.: Coulomb’s friction MSC’s curve - Coefficient of Friction vs Velocity

191

7.4.1. Contact between Camshaft and Rocker Arms

~3

Figure 7.11.: Diagram representing the bodies in contact (Solidworks™ view)

In order to determine the parameters of this contact force, it is considered that
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7.4. Contact Forces

rz,2=-26* [mm]

w2=m

Figure 7.12.: Representation of the Figure 7.13.: Representation of the
cam’s contact in Oyz cam’s contact in Oxy
plane plane

“x,1=600 [mm]

the roller has a big contact radius, non infinite, in Oyz plane (10 times bigger than
in Oxy plane (according to the Figure [7.11). This way it is possible to determine
a penetration depth and thereafter obtain the stiffness of the contact, according to
[19]. We can check the geometry of the contact in Figures and

Noticing that the radius of the camshaft surface is not constant, therefore the
stiffness of contact will depend on the angle 6 of the camshaft every instant. For
the first step of iteration, an average stiffness value was determined using the static
solution for the problem, i.e. considering the load applied by the spring.

1 1 1 1
Rz,eq 2 (Rz,l Rz,2> e ( )

Note: the symbol * means that this value depends on the radius of the cam
profile which is not constant.

1 1 1 1
= - + = Ryeq = 1200 mm 7.4
Rw,eq 2 (Rw,l Rxﬂ) o ( )
Being,
Ay = — A By—— (7.5)
i Rm,eq i Rz,eq .
then,
4 k = 0.064x
ZH 77k = {0, = 0.313% (7.6)
By
Cs = 0.398%

Equivalent Young modulus:
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7. Modelling the InnerCam™ in MSC Adams™

1 1—v2  _1-0.29
=9 =9 & Eoy=114641 MP &
Feq E 210000 « ¢ (7.1

As explained earlier, the first iteration considers the static solution, so the
normal force depends on the stiffness of the spring. Being so,

34
Fn =508+ 3 25.4 - Lift (7.8)
Fy 5
a=C 7.9
“ (AH+BH)'Eeq ( )
Fn
S=0s——2 1
Ogﬂ —— (7.10)

By definition, the stiffness of the contact is a result of the contact force Fiy
against the penetration depth 0. Therefore,

ko = =X (7.11)

The average values were determined in order to produce a first iteration on the
software MSC Adams™:

kc adm =~ 6.55e4 N - mm ™1

(7.12)
kc adm ~ 5.48¢4 N - mm ™1

Because in this model there is no rollers in the contact between the rocker arms
and the Camshaft, a friction coefficient wasn’t considered, as the relative movement
is full slip.
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7.4. Contact Forces

7.4.2. Contact in Tappet joints

r=co
/T'I=m

Figure 7.14.: Representation of the tappet’s contact in a plane perpendicular to
Y'Y axis

For the first step of iteration, an average stiffness value was determined using
the static solution for the problem, i.e. considering the load applied by the spring.

1 1 1 1
= - + = R,cqg =8 mm 7.13
Rz,eq 2 (Rz,l Rz,2> sed ( )
1 1 1 1
== = Ryeo =38 7.14
Rl’,eq 2 <Rx,1 * Rm,?) el i ( )
Being,
Ay = = A By—— (7.15)
" R eq " Rzeq .
then,
A i
Iy = ¢ Cy = 0.909 (7.16)
By
Cs = 2.356
Equivalent Young modulus:
1 1—v2  _1-0.29
=2 =2 & Feog = 114641/ M P 717
Feq E 210000 a [MFPa (7.17)
Fn =50.8425.4- Lift (7.18)

The average values were determined in order to produce a first iteration on the
software MSC Adams™:
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7. Modelling the InnerCam™ in MSC Adams™

kc adm ~ 1.90e4 N - mm ™!

7— 7.19
KCradm ~ 1.86¢4 N -mm~ (7.19)

Using the Coulomb friction’s model from the MSC’s software, the following val-
ues were considered for all 4 tappet contacts (which occur in pure sliding condition),
according to [9)]:

us = 0.16
Hd = 0.15

vs = 0.1 /m-s71
1

(7.20)

| va =10 Jm - s~

7.4.3. Tappet clearances

Another useful tool from this software is the ability to interpret the clearances in the
dynamic analysis. This characteristic of contact between bodies is crucial in the well
functioning of a system, when it is subjected to considerable variations of temperature
or sources of vibration.

The values for this clearances were given by AJP Motos S.A. and are equal to
0.05 mm for the exhaust valves, and 0.08 mm for the admission valves.
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7.5. Spring forces
7.5. Spring forces

™™

For each valve a spring force was applied. In MSC Adams*™*, a spring force is defined

by 2 specific points, each one belonging to a different body. That way, it is possible
to indicate the direction and points of application of the force.

The parameters that characterize this type of force are:

Stiffness - 25.4 N - mm ™1

e Damping - 0.254 N - s - mm ™! (first model)

Pre-load - 50.8 N

Length at preload (Default)

The damping coefficient was defined using the same logic as before, 1% of the
stiffness, since the real damping coefficient of the bushing contact in the InnerCam™
was not known. No calculation had been done before in the vibrational damping
properties of the system, as so, this value was set to have a previous idea of the

results.

Notice that the spring pre-load, in this model, is only transmitted to the tap-
pet contact. However, in the real model, the valve seat plays an important role in
the interactions between bodies and a part of that spring force is also transmitted
to the valve seat. Actually, according to [20], [2I] and [22], there are big impacts
occurring when the valve is unseating and seating, but specially when seating. That
phenomenon is then one of the main sources of vibration. It is known that this inter-
action is very sensitive to contact parameters and geometries. By that reason that
improvement was left to a future work, with more information available about the
valve seating.

7.6. MSC Adams™ results - model validation

In order to validate the model described in this Chapter, some simulations were made
during the process of model formulation, in order to properly characterize the system
and correct errors. At last, it was found that the final simulations ended up by having
some non-proportional numerical noise.

The amount of noise is influenced by the number of iterations (the simulation
was performed with 2,000,000 iterations per second, and took 4h 03m 27s of cal-
culation time) and also depend on the clearances applied in the tappet contacts (as
analysed in [23]). Nevertheless, it is possible to apply a ’low pass’ filter, in order to
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7. Modelling the InnerCam™ in MSC Adams™

obtain a more smooth curve.

Since the main goal of this chapter is to validate the model, the simulation was
performed for a speed of 4200 rpm at the camshaft, during two full cycles in the
engine. It is expected that these results will be more accurate, but also more floating
than the analytical ones, due to the presence of clearances, parameters of contact
(including stiffness and damping) and a more accurate measure of asymmetric inertia
parameters on the bodies.

To be considered is also the fact that in the analytical dynamic calculations
the position of the valves was introduced as granted (i.e. there is no possibility of
valve floating or bounce effect). In this Adams™ simulations this is not so, therefore
the real contact forces in the tappet can be determined and its detachment can be
observed, or not.

7.6.1. Lift response at 4200rpm (camshaft)

In Figures [7.15] [7.16] and [7.17] we can clearly identify the detachment of valves from
rocker-arms. That phenomenon happens because the frequency of the rocker-arm’s

movement is larger than the natural damped frequency of the valve/spring system.
As so, we observe a time length of around 0.006 s for the exhaust valve/spring system
of free movement and 0.008 s for the admission one. In order to understand better
that phenomenon the next chapter it will be studied the vibrational response of this
system in the frequency spectrum of the engine.

Valve's lift displacement from valve seat

8.0
7.0/
6.0
50]
40]
3.0]
201
1.01
0.0

1.0 : - : - -
0.0 0.005 0.01 0.015 0.02 0.025 0.03

Time (sec) 2015-05-25 10:45:19

Length (mm)

| —Exhaust valve's lift
| —Admission valve's lift

Figure 7.15.: [Adams_ 1| Valve’s Lift displacement from valve seat

The other plot results can be observed at Appendix [E.T}
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7.7. Main modifications to the model

Spring force
800.0 pring
] —Exhaust spring
o] —Intake spring
600.0
S 500,07
® 4000
5 4
o 300.01
[&) 4
_
S 200.07
100.0+
0.0
-100.0
0.0 0.005 0.01 0.015 0.02 0.025 0.03
Time (sec) 2015.05-25 10:45:19

Figure 7.16.: [Adams_ 1| Force actuated by springs in exhaust and admission valves

Clearance distance
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Figure 7.17.: [Adams_1| Distance between valves and rocker arms

7.7. Main modifications to the model

The parameters that were found to cause conflict in the resulting plots were the
damping in the contact and spring forces for being too high. As seen in Chapter
it is recommended in the software’s manual to use a value of 1% of the stiffness
parameter. Although, in other references, as [9], the conclusions point to the fact
that some experienced users admit that the maximum damping coefficient should
be smaller. As so, a new ratio of 0.01% of the stiffness parameter is indicated as
promising.

A new model was run at the same speed and same conditions as the previous
one, but only changing the damping coefficients from a ratio of 1% to a ratio of 0.01%.
Although, this model’s results, which can be consulted in Appendix showed up
to be inconclusive, mainly in FFT plots.

For that reason, a new ratio of 0.1% was selected.
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7. Modelling the InnerCam™ in MSC Adams™

7.7.1. Damping in spring forces

This parameter was determined according to the results obtained for the 1 DoF
valve/spring dynamic model.

In that models, the damping values were determined considering a equivalent
coefficient of damping equal to 5%. Those values can be taken from Equations
and [6.91

& = 005
Ceqe = 2469 N -s- m~1 (7.21)
Ceqi = 2.6668 N -s- m~1

| k= 25400 N m~1
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8. MSC Adams - Refined Model

After some conclusions comparing the results of the first model produced in MSC
Adams in Chapter [7] with the ones obtained for the analytical solutions in Chapters
and [0} incompatibilities were found. Therefore, some improvements were applied
to the initial properties in the Adams model.

In this model, three different test were made at three different speeds (5100
8400 12000 rpm at the crankshaft), in order to understand if the harmonic frequencies
obtained from the FFT’s are around the same values independently of the speed and
build some conclusions with that.

These simulations were run with the same number of iterations. Some noise
were identified in the resultant plots. In the next chapter it is explained the way
those plots were filtered using MSC Adams™ Post /Processor tools.

8.1. Filtering of results

It shall be clear that the noise identified did only happen for acceleration and force
results, particularly related to the contact between bodies. MSC Adams™ has in-
tegrated 2 kinds of filter functions: Transfer functions and Butterworth filters (which
was developed by The MathWorks™ | Inc. and creates a cutoff frequency filter). The
software also provides two methods for Fast Fourier Transform (FFT):

e Analog filtering - transfer the time signal into frequency domain through
FFT, multiply the resulting function by the filter function and perform an
inverse FF'T;

e Digital filtering - operates directly on the time signal. The filtered signal at
a certain time step is a linear combination of previous input and output signals,
with the discrete transfer function defining the coefficients.

According to the MSC Adams Post/Processor manual, the digital low pass
Butterworth filter was chosen, once we wanted to cutoff the isolated outliers which
can be seen as very high frequency values. This filter is characterized by 2 parameters,
to know:
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8. MSC Adams - Refined Model

e Order - as explained in Figure the ploted results will benefit from a high
order filter, because we want to fully eliminate the outliers;

e Scaled cut-off frequency - This frequency is dependent on data frequency,
as so to choose the more appropriate one, firstly, it was selected a very small
value, and after all, picked the smallest value which ensured numerical stability.

Ideal Frequency Response for a Butterworth Filter

Gain dB 90° Corner Mote that the higher the
0 . J 1st-order Butterworth filter order, the
Maximally flat y / Ind-order higher the number of cascaded
0 ’/;" 7 Sdoides stages there are within the filter
/ / ate. design, and the closer the filter
-10 ! becomes to the ideal “brick wall”
response.
20 In practice however,
Ideal Butterworth's  ideal frequency
301 “Brick wall” response is unattainable as it
Response produces excessive passhand
40 ripple.
50
60
01 03 1 3 10 3 ©H2

Mormalised Frequency

Figure 8.1.: Influence of the Butterworth order in a filtering process [10]

After some trials, three different filters were selected and compared, so that it
could be reached to a final choice. The process resulted by analysing the plot results
in two different scales: a global one (in full time domain, Figure and another
zoomed (6times in a random, representative interval from time domain, Figure .
All the filters were applied with a phase angle set to zero, so that the peaks and the
valleys of the waves match in time with the original plot.

6t order one with scaled fre-

Comparing the filters it was decided to use the
quency cutoff of 5 x 1073 (represented in green in the plots). The 8th order filter
tends not to absorb some outliers, revealing to be too influenced by them. On the
other hand, the 5% order filter is not sensitive enough to represent correctly the zero

values and the amplitude of the peaks.
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8.1. Filtering of results

Butterworth filter influence
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Figure 8.2.:

Different results from 3 filters of various orders (full time domain)
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Figure 8.3.: Different results from 3 filters of various orders (zoomed in)
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8. MSC Adams - Refined Model

8.2. Improved model results

The following plots in this chapter represents the F'F'T' transformations for the res-
ults being presented. The solutions obtained are time dependent and are represented
in time domain. However, due to its shapes, it would be convenient to get a repres-
entation in frequency domain, in order to identify the most important harmonics of
response.

The FFT allows us to make that transformation from time domain to frequency
domain, and MSC Adams Post/Processor has a tool to perform it easily.

In this section, follows the resultant plots for some variables in time domain
and the respective frequency domain on the right.

8.2.1. Regime: 5100 rpm

Exhaust valve lift
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o~ w i
:3 0.0 I|||_ i '_lnuul il o 1 L b 1000.0
w ]
E -5.0E+006 i
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s Time (sec) Adams: Frequency (Hz) Adams'

Figure 8.4.: [Adams 01 rpmb1] Exhaust valve’s lift, acceleration in the centre of
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8.2. Improved model results

Admission valve lift
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Figure 8.5.: [Adams_ 01 rpmb1| Admission valve’s lift, acceleration in the centre
of mass (filtered) and corresponding FFT

Reaction force at origin, Y
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Figure 8.6.: [Adams 01 rpmb1| Reaction forces at origin point in the camshaft

(filtered), with FFT plot
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8. MSC Adams - Refined Model

Angular acceleration of exhaust rocker-arm
5.0E4007 = 10E+0073
N . o ]
% 2 5E+007 € 10E+006]
0 B
B -1 5E-0m8 g.
3 @ 1.0E+005;
T _25E+007 — E
© b ]
-5.0E+007 * : : : : 10000 : —! ‘ !
0.0 001 002 003 004 005 %.0 15000 30000 45000 60000
Time (sec) s Frequency (Hz) =i =
Angular acceleration of exhaust rocker-arm
5.0E+00% = 1.0E+007
& . o
% 2.5E+007 B 4 0E+006
[:] B
3 -1 5E-0L8 g.
3 & 1.0E+005
T _25E+007 —
© &
- + T T T T T T T T 1
>-08 OO?O.D 001 002 003 004 005 10000'%.0 15000 30000 4500.0 60000
Time (sec) 5 Frequency (Hz) &

Figure 8.7.: [Adams_01_rpmb51] Angular acceleration of the rocker arms (filtered),
with FFT plot

Contact camshaft/intake rocker arm, Y
40000 = 100.03
5 P
3 200007 El
£ é_ 10.04
3 001 @
) -
L. [T
[T
-2000 : : : ‘ 1. : : :
%.0 0.01 002 003 004 005 %.0 1500.0 3000.0 4500.0 6000.0
Time (sec) Qg s Frequency (Hz) &
Contact camshaft/intake rocker arm, X
4000.0 S 100 O?
5 PR
% 20000 S
£ E_ 10.04
8 S
o =
L. [T
[T
-2000 : : : ‘ 1. : : L -
% 0 0.01 002 003 0.04 %.0 1500.0 3000.0 4500.0 6000.0
Time (sec) 2 Frequency (Hz) i

Figure 8.8.: [Adams 01 rpmb1] Contact forces between the camshaft and intake
rocker-arm (filtered), with FFT plot
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8.2. Improved model results

Contact camshaft/exhaust rocker arm, Y
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Figure 8.9.: [Adams 01 rpmb1| Contact forces between the camshaft and exhaust
rocker-arm (filtered), with FFT plot
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Figure 8.10.: [Adams_01_ rpm51| Contact forces in the tappets (filtered), with

FFT plot
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Admission valve lift Exhaust valve lift
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Figure 8.11.: [Adams 01 rpm5I1| Clearance distance in the tappet contacts
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8.2.2. Regime: 8400 rpm

8.2. Improved model results
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Figure 8.12.: [Adams_01] Exhaust valve’s lift, acceleration in the centre of mass
(filtered) and corresponding FFT
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Figure 8.13.: [Adams_01] Admission valve’s lift, acceleration in the centre of mass
(filtered) and corresponding FFT
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Reaction force at origin, Y
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Figure 8.14.: [Adams_ 01| Reaction forces at origin point in the camshaft (filtered),
with FFT plot
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Figure 8.15.: [Adams_01] Angular acceleration of the rocker arms (filtered), with
FFT plot
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Contact cam/intake rocker-arm, Y
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Figure 8.16.: [Adams_ 01| Contact forces between the camshaft and intake rocker-

arm (filtered), with FFT plot
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Figure 8.17.: [Adams_ 01| Contact forces between the camshaft and exhaust rocker-

arm (filtered), with FFT plot
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Admission valve, tappet contact
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Figure 8.18.:

|[Adams_ 01| Contact forces

in the tappets (filtered), with FFT plot
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Figure 8.19.: [Adams_ 01| Clearance

distance in the tappet contacts




8.2. Improved model results

8.2.3. Regime: 12000 rpm
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Figure 8.20.: [Adams 01 rpm120| Exhaust valve’s lift, acceleration in the centre
of mass (filtered) and corresponding FFT
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Figure 8.21.: [Adams 01 rpm120] Admission valve’s lift, acceleration in the centre
of mass (filtered) and corresponding FFT
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Reaction Force at the Origin, Y
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Figure 8.22.: [Adams 01 rpm120] Reaction forces at origin point in the camshaft
(filtered), with FFT plot
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Figure 8.23.: [Adams 01 rpm120] Angular acceleration of the rocker arms
(filtered), with FFT plot
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8.2. Improved model results

Contact camshaft/intake rocker-arm, Y
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Figure 8.24.: [Adams 01 rpm120| Contact forces between the camshaft and intake
rocker-arm (filtered), with FFT plot
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Figure 8.25.: [Adams 01 rpm120| Contact forces between the camshaft and ex-
haust rocker-arm (filtered), with FFT plot,
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8. MSC Adams -

Refined Model

Admission valve tappet contact
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Figure 8.26.: [Adams_01_rpm120| Contact forces in the tappets (filtered), with

FFT plot
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Figure 8.27.:
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8.3. Discussion of results

8.3. Discussion of results

8.3.1. Results related to the lift of the valves

Let’s start to analyse the position of the valves during the 2 cycles by comparing the
exhaust and admission lift profile with the clearance distances, in order to identify
some bouncing effects.

At the lower speed of 5100 rpm, see Figures and [8.11] there are no
significant events to report.

At 8400 rpm, see Figures[8.12] [8.13|and [8.19] it is possible to identify some minor
effects in the exhaust valves immediately before the unseating movement. Whereas

in the admission valves we can observe a more common phenomenon after the seating
of the valves.

At the higher regime, 12000 rpm, see Figures[8.20] [8.21] and [8.27] the amplitude
of the bouncing is noticeable in the lift profiles, reaching values around 0.2 to 0.3
mm. In the intake valves the bouncing effect happens during a bigger portion of the
cycle than at lower speeds, as expected. In the exhaust valves, the bouncing occurs
before and after the lift movement.

There is another possible cause for this phenomena, visible in clearance plots, in
addition to the contact impulses and body accelerations. The body geometries were
imported to MSC Adams™ in Parasolid format which is characterized by having
perfect surface continuity conditions. Although it was also said that the InnerCam™
draw was received in .STEP format and interpreted by SolidWorks™™. Tt is left
opened the possibility of imperfections in the geometry surfaces and curves, due to

format conversions, that may cause noise in the calculations.

In concern to the harmonic frequencies in the FFT plots, obtained from the
acceleration in the centre of mass of the valves, it’s possible to identify 3 or 4 bands
from the frequency spectrum with bigger amplitudes at low/medium regimes. At
12000 rpm the number of important harmonics is higher, which may occur because
other DoF’s may be solicited.

Comparing the FFT results, in intake spectra the resonance frequencies usually
appear as a single higher value, while in exhaust spectra the resonance frequencies
appear in a band of multiple values. Those frequency band’s values were identified
zooming the plots using Adams Post/Processor tool, and can be consulted in the
following tables.

This results leads to a conclusion that in this model, the resonance frequency
values increase with the regime speed. It is also clear that at 12000 rpm there are
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8. MSC Adams - Refined Model

Engine speed: 5100rpm

Harmonic no | Intake freq. (Hz) Exhaust freq. (Hz)
1 80 — 300 80 — 300
2 1480 1200; 1400; 1950
3 2680 2600; 2850; 3000
4 4280 4000 — 4250

Table 8.1.: Valve CM acceleration - resonance frequencies at 5100 rpm regime

Engine speed: 8400rpm

Harmonic no | Intake freq. (Hz) Exhaust freq. (Hz)
1 200 200
2 2200 — 2500 2000; 2220; 2520
3 4350 — 4900 4050; 4260; 4700

Table 8.2.: Valve CM acceleration - resonance frequencies at 8400 rpm regime

Engine speed: 12000rpm

Harmonic no | Intake freq. (Hz) Exhaust freq (Hz)

1 300 — 600 300 — 600

2 1500 1300

3 — 2200

4 4600 3700 — 4300

5 — 5200

6 6100 6300

7 7200 7100

Table 8.3.: Valve CM acceleration - resonance frequencies at 12000 rpm regime

more quantity of excited harmonics.
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8.3. Discussion of results

8.3.2. Analysis of other results

Contact forces between camshaft and rocker-arms

Engine speed: 5100rpm

Harmonic no | Intake freq. (Hz) Exhaust freq. (Hz)
1 0 0
2 1500 1300; 1500
3 2720 2720
4 4210 4160

Table 8.4.: Contact force between camshaft and rocker arms (Y component) - res-
onance frequencies at 5100 rpm regime

Engine speed: 8400rpm

Harmonic no | Intake freq. (Hz) Exhaust freq. (Hz)
1 0 0
2 2440 1900; 2200; 2500
3 4450 4050; 4280

Table 8.5.: Contact force between camshaft and rocker arms (Y component) - res-
onance frequencies at 8400 rpm regime

Engine speed: 12000rpm

Harmonic no | Intake freq. (Hz) Exhaust freq (Hz)
1 0 0
2 300 — 800 1300
3 3300 — 3500 3070 — 4420
4 6350 — 6600 6100 — 6700

Table 8.6.: Contact force between camshaft and rocker arms (Y component) - res-
onance frequencies at 12000 rpm regime
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8. MSC Adams - Refined Model

Engine speed: 5100rpm

Harmonic no | Intake freq. (Hz) Exhaust freq. (Hz)
1 0 0
2 1500 1180; 1300; 1560
3 2660 — 2820 2600; 2850; 3000
4 4290 4040; 4160: 4480

Table 8.7.: Contact force between camshaft and rocker arms (X component) - res-
onance frequencies at 5100 rpm regime

Engine speed: 8400rpm

Harmonic no | Intake freq. (Hz) Exhaust freq. (Hz)
1 0 0
2 2250 — 2530 2160; 400
3 4380; 4550 4260; 4490

Table 8.8.: Contact force between camshaft and rocker arms (X component) - res-
onance frequencies at 8400 rpm regime

Engine speed: 12000rpm

Harmonic no | Intake freq. (Hz) Exhaust freq (Hz)
1 0 0
2 300 — 600 1300
3 3500 — 4300 3270
4 5500 — 5600 5580
D 6300 — 7350 6050

Table 8.9.: Contact force between camshaft and rocker arms (X component) - res-
onance frequencies at 12000 rpm regime

118



Contact forces in the tappets

Engine speed: 5100rpm

8.3. Discussion of results

Harmonic no

Intake freq. (Hz) Exhaust freq. (Hz)

1

2
3
4

0 0
1480 1190 — 1570
2670; 2800 2560
4210 4000 — 4250

Table 8.10.: Contact force in the tappets - resonance frequencies at 5100 rpm regime

Engine speed:

Harmonic no

1

2
3
4

8400rpm
Intake freq. (Hz) Exhaust freq. (Hz)
0 0
430 430
2280 — 2420 1900; 2500
4400 4050; 4250

Table 8.11.: Contact force in the tappets - resonance frequencies at 8400 rpm regime

Engine speed:

Harmonic no

N O Ut = W N

12000rpm
Intake freq. (Hz) Exhaust freq (Hz)
0 0
300 — 600 300 — 600
1060 — 1300 1500
2200 —
3680 — 4300 3200 — 4000
5550 4600
6250 — 7050 6100

Table 8.12.: Contact force in the tappets - resonance frequencies at 12000 rpm re-

gime
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8. MSC Adams - Refined Model

Angular acceleration of the rocker arms

Engine speed: 5100rpm

Harmonic no

Intake freq. (Hz) Exhaust freq. (Hz)

1

2
3
4

80 — 260 80 — 260
1480 1200; 1350; 1560
2680 2600; 3020
4300 4160

Table 8.13.: Angular acceleration of the rocker-arms - resonance frequencies at 5100

rpm regime

Engine speed: 8400rpm

Harmonic no

Intake freq. (Hz) Exhaust freq. (Hz)

1
2
3

120 — 420 120 — 420
2320 — 2530 1950; 2250; 2520
4400; 4556; 4700 4060; 4270

Table 8.14.: Angular acceleration of the rocker-arms - resonance frequencies at 8400

rpm regime

Engine speed: 12000rpm
Harmonic no | Intake freq. (Hz) Exhaust freq (Hz)
1 190 — 600 190 — 600
2 3300 — 3500 3200 — 3600
3 55000 — 5600 —
4 6280 — 6500 6100
5 9600 9200

Table 8.15.: Angular acceleration of the rocker-arms - resonance frequencies at
12000 rpm regime
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8.3. Discussion of results

8.3.3. Interpretation of results

Generally, comparing the results from the different speeds, its evident that at any
speed there are no considerable detachment events occurring in the lift of the valves.
The amplitude of the accelerations and forces increase with the speed of the camshaft.

In relation to harmonics, we can highlight some results and comparisons:

e In plots related to contact forces, there is always a harmonic at zero Hz, which
in this case is not related to rigid body movement (because the speed is not
zero), but maybe associated with the pre-load of the springs;

e In acceleration FFTs, there is allways a first harmonic related to rigid body
movement and the quantity of acceleration of the bodies, which analytical res-
ults can be found in previous chapters;

e It is possible to find harmonics around the same values in every plots. For
instance, at 2550 rpm in the camshaft, for the intake sub-system the harmonic
frequencies are around 1500 Hz, 2700 Hz and 4250Hz;

e For the exhaust sub-system, at 2550 rpm in the camshaft, the harmonic fre-
quencies appear within an interval with average values around 1400 Hz, 2700
Hz and 4160 Hz;

e At 4200 rpm in the camshaft, for the intake sub-system the harmonic frequencies
are around 2400 Hz and 4400 Hz;

e For the exhaust sub-system, at 4200 rpm in the camshaft, the harmonic fre-
quencies appear within an interval with average values around 2250 Hz and
4250 Hz;

e At the highest speed of 6000 rpm in the camshaft, some common values for the
intake sub-system are 3500 Hz or 6500 Hz, while in exhaust sub-system we find
1300 Hz, 6100 Hz and the interval between 3200 and 3700 Hz.

The vibration of any DoF depends on two parameters: stiffness and mass. The
equivalent mass is always definite positive and depends on the mass of the bodies. On
the other hand, the equivalent stiffness is definite semi-positive and, in this model,
only depends on the contact forces properties. That way, different contacts will lead
to different harmonic responses.

The most important harmonic frequencies in FFT plots for each parameters,
tend to have higher values as regime increase (in other words, the peaks move to the
right). This can be explained because the contact forces are defined with a Force
Exponent, e, equal to 2.2, which means that the stiffness of contact is not constant,
depending on the penetration at each instant.
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8. MSC Adams - Refined Model

Looking at the quality of the plot’s data, namely to the FF'T ones, they are
more unclear for the last simulation at 6000 rpm at the camshaft. It’s possible to
identify more harmonic frequencies being excited, namely at speeds near to 10000 H z
(for that reason the domain of the plots had to be necessary bigger than for the other
speeds).
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8.4. Camshaft’s MSC Adams analysis

8.4. Camshaft's MSC Adams analysis

Contact forces in ZZ direction
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Figure 8.28.: [Adams 01| Contact forces between the camshaft and rocker arms,
along the Z direction (no filter)

In Figures and we could see the forces applied to the camshaft in
the contacts within the rocker arms along the axis perpendicular to rotation direction.
Till now I’ve only analysed results excluding any force effects along zz direction, as
mentioned in Chapter [5

Using the potentialities of MSC Adams™ | it was possible to check if the asym-
metry of the rocker arms has importance in the resultant forces of contact in the
camshaft. The conclusions can be taken, analysing Figure [8.28]
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8. MSC Adams - Refined Model
8.4.1. Camshaft’s misalignment influence

In order to understand the importance of the displacement between the centre of
rotation and centre of mass of the camshaft, an analysis was ran only with this

component rotating at the same speed of 4200rpm. The resultant forces at the center
of rotation were obtained.

Reaction force at the origin referential
10.0

— X component
—Y component

3757

0.03
-2.51

Force (newton)

8.751

-15.0 " " . . .
0.0 0.005 0.01 0.015 0.02 0.025

Time (sec)

Figure 8.29.: Reaction force at the centre of rotation for the camshaft isolated sys-
tem

It is possible to conclude that the camshaft shall be enough equilibrated, because
the amplitude of the forces resulting from the centre of mass displacement are not so
important when compared to the amplitude of the other forces like contacts or springs,
and so on. Although, a future analysis should be done considering the flexibility of
this body part.
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9. Conclusions and future work

9.1. Conclusions

The results obtained with the different analytical models developed during this work
lead to the following conclusions:

e The new analytical kinematic model reinforced the results obtained in previous
work and the Fourier approximation for the lift curve showed good behaviour
till first derivative, in the opposite to acceleration and jerk plots that were
affected fictitious harmonics;

e In the dynamic analysis, it was found that the results were considerably affected
by high frequency harmonics from the Fourier approximation, meaning that the
polynomial approximations made before have better results in this calculations;

e The pre-load of the springs are not enough to avoid the 'negative contact force’
between the rocker arms and the camshaft (in other words, to avoid the rocker-
arms bouncing between inner and outer camshaft surfaces);

e because of the large diameter of the cam inner profile the average value for the
required torque in the camshaft is considerably high (around 1.45 N.m);

e The vibration analysis to the valve-spring system showed that the InnerCam™

is ready to work till 17700 rpm regime keeping the original designed lift for the
valves, and guaranteeing good thermodynamic conditions to the combustion
cycle;

e The natural frequencies of vibration for the intake and exhaust sub-system were
identified in the range of 2217 to 3428 Hz;

e The most important harmonic identified by FRF was the zero one, correspond-
ing to the rigid body movement.

Also during this thesis there are presented the results obtained with the MSC
Adams™ software, considering different properties in the model, and different speeds.
In order to help some future works, I present also some conclusions in concern to
future analysis with this software:
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9. Conclusions and future work

First off all, some limitations in the student version didn’t let me to introduce
correctly some important properties to the model, like flexibility or influence of
other components that were not part of the given draw;

The values of damping coefficients should be studied in the real prototype
(namely in bushings), because it is proved that this parameter highly affects
the behaviour of the model,;

The rigidity of the body-parts used in the model didn’t allow me to compare
the results to the analytical vibration models in what concern for example to
natural frequencies of vibration;

The contact forces introduced to the model, as a way to define geometrical
interference between bodies, may not be very accurate because some paramet-
ers are chosen from experience and common sense, and others depend on the
variable geometry of contact (instead, if the components can be transformed to
flexible bodies, this parameters are calculated automatically).

In concern to the results obtained from the simulations in MSC Adams™, with

the defined model, at different speeds, we can present the following assumptions:
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The lift movement of the valves occurs properly, as it was expected from ana-
lytical vibrational valve/spring system;

There are important harmonics being excited in frequencies much higher than
the rotation speed of the camshaft;

The contact forces in the camshaft are very impulsive and showed that in spe-
cific points of the cycle the contact occurs against the outer surface of the
camshaft, suggesting that there is high frequency vibration harmonics acting in
this contact, which may lead to wear problems;

The non axis-symmetry of the rocker arms may cause inconvenient contact
interactions between rocker-arms and camshaft, justifying the wear shapes that
appeared in the tested camshaft in previous works;

The frequency of the harmonics identified by FFTs should have origin in contact
stiffness (which is not constant) and, maybe for that reason, are variable with
the speed.



9.2. Future work

9.2. Future work

In order to produce accurate and correct conclusions, some changes should be made to
the model in software MSC Adams™  and that model should be validated by instru-
menting a prototype of the InnerCam™ . The suggestions I leave for the computer
model are:

e A professional license of MSC Adams should be used, in order to create flexible

™

parts of some components of the InnerCam™™, namely to camshaft, rocker

arms, and valves;

e A more complete and detailed draw of the InnerCam™ is needed, including

more body parts as bushings, valve seats, camshaft’s supporting rollers and
rocker-arm’s supporting pins;

e It is important to take some precautions when converting formats between
different software to guarantee the continuity of the surfaces (the PARASOLID
format is recomented).

In what concerns to the instrumentation of the prototype I also leave some
suggestions:

e The purpose of this test would be to correctly validate the system, so the

TM>

InnerCam*™’s camshaft can be actuated by an electric engine;

e One important measurement would be the acceleration of the valves (which is
easy to instrument);

e Those measured results could be directly compared to the computer model ones.

At last, taking in consideration the application of the InnerCam™ system,
which is a 250cc 4-stroke engine to run a motorcycle, and since it was found that
an important weakness of the engine was the petrol pump, it would be interesting
to study the dynamic behaviour of the original OHC' valve train system to find out
what is its limit regime (whose information and models about similar systems can be
easily find in literature). With that study AJP Motos S.A. would be able to make an
informed decision about the interest of applying considerable resources in developing

a concept that may not be so significant to the performance of the PR5™ model.
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A. Alloy steel 34CrNiM o6

A.1. Technical sheet
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A. Alloy steel 34CrNiM o6

. Marca: FR3
F. RAMADA, ACOS EINDUSTRIAS, S.A. FICHA TECNICA Do Ago Cor: Laranja
Designacgdo: Aco de constru¢do Ligado
Copia Nao Controlada
1 = QUALIDADE E NORMAS EQUIVALENTES
Num. Do Material EURONORM AISI DIN AFNOR
1.6582 34 CrNiMo 6 4337 34 CrNiMo 6 35NCD6
2 = ESTADO DE FORNECIMENTO:
Temperado e Revenido
3 = CARACTERISTICAS MECANICAS:
Rm Rp0,2 % A
(MPa) | (MPa) | (1,=5dy)
Maximo 1400 - -
Minimo 700 490 9
4 = COMPOSICAO QUIMICA
Elemento . .
Quimico (%) C Si Mn Cr Mo Ni P S
Maximo 0,38 0,40 0,80 1,70 | 030 | 1,70 | 0,035 | 0,035
Minimo 0,30 - 0,50 1,30 0,15 1,30 - -

5 = CERTIFICADOS ACOS (segundo a norma EN 10204:2004)

2.1- Certificado de conformidade
2.2- Relatorio de ensaio

3.1- Certificado de inspec¢iio (+)

(+) Em casos especiais quando previamente acordado

O O®

Elaborado por: Paulo Duarte

D1008-0
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A.2. Thermal treatment applied

A.2. Thermal treatment applied

FICHA TECNICA DO AGCO

Marca: FR3

Cor: Laranja

Designagao: Aco de construc¢do Ligado
Copia Nao Controlada

1 = QUALIDADE E NORMAS EQUIVALENTES

Num. Do Material EURONORM AISI DIN AFNOR
1.6582 34 CrNiMo 6 4337 34 CrNiMo 6 35NCD6
2 = ESTADO DE FORNECIMENTO:
Temperado e Revenido
3 = CARACTERISTICAS MECANICAS:
Rm Rp0,2 % A
(MPa) | (MPa) | (1=5dy)
Maéximo 1400 - -
Minimo 700 490 9
4 = COMPOSICAO QUIMICA
Elemento . .
Quimico (%) C Si Mn Cr Mo Ni P S
Méximo 0,38 0,40 0,80 1,70 0,30 1,70 0,035 0,035
Minimo 0,30 - 0,50 1,30 0,15 1,30 - -

5 = CERTIFICADOS ACOS (segundo a norma EN 10204:2004)

2.1- Certificado de conformidade
2.2- Relatério de ensaio
3.1- Certificado de inspeccido (+)

(+) Em casos especiais quando previamente acordado

@eO®

Elaborado por: Paulo Duarte
D1008-0

Aprovado Por: José Oliveira Revisao: 07 Data de emiss&o: 17-12-2008
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B. Mass Properties, SolidWorks™

B.1. Body 1 - Camshaft

Mass properties of Camshaft_new
Configuration: Default
Coordinate system: -- default --

Mass = 0.387 kilograms
Volume = 64716.671 cubic millimeters
Surface area = 26666.526 square millimeters

Center of mass: ( millimeters )

X =0.104
Y = 56.948
Z = 0.004

Principal axes of inertia and principal moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass.

Ix = (-0.006, 1.000, -0.006) Px = 116.334
Iy = (-0.880, -0.002, 0.476) Py = 273.068
Iz = (0.476, 0.008, 0.880) Pz = 273.781

Moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

Lxx = 273.224 Lxy = -0.904 Lxz = -0.294
Lyx = -0.904 Lyy = 116.344 Lyz = -0.868
Lzx = -0.294 Lzy = -0.868 Lzz = 273.615

Moments of inertia: ( kilograms * square millimeters )
Taken at the output coordinate system.

Ixx = 1527.596 Ixy = 1.378 Ixz = -0.293
Iyx = 1.378 Iyy = 116.348 Iyz = -0.773
Izx = -0.293 Izy = -0.773 I1zz = 1527.992

Figure B.1.: Inertia and mass properties of the camshaft

135



B. Mass Properties, Solid Works™

B.2. Body 2 - Exhaust rocker-arm

Mass properties of Exhaust_rocker
Configuration: Default
Coordinate system: -- default --

Mass = 0.127 kilograms
Volume = 16279.379 cubic millimeters
Surface area = 9636.892 square millimeters

Center of mass: ( millimeters )

X =-7.311
Y =10.725
Z=22.115

Principal axes of inertia and principal moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass.

Ix = (-0.335, -0.588, 0.736) Px = 25.263
Iy = (0.728, -0.658, -0.194) Py = 56.516
Iz = (0.598, 0.470, 0.649) Pz = 62.189

Moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

Lxx = 55.032 Lxy = 4.571 Lxz = -9.915
Lyx = 4.571 Lyy = 46.951 Lyz = -15.259
Lzx = -9.915 Lzy = -15.259 Lzz = 41.984

Moments of inertia: ( kilograms * square millimeters )
Taken at the output coordinate system.

Ixx = 131.741 Ixy = -5.385 Ixz = -30.445
Iyx = -5.385 Iyy = 115.842 Iyz = 14.857
Izx = -30.445 Izy = 14.857 Izz = 63.375

Figure B.2.: Inertia and mass properties of the exhaust rocker-arm
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B.3. Body 3 - Intake rocker-arm

B.3. Body 3 - Intake rocker-arm

Mass properties of Intake_rocker
Configuration: Default
Coordinate system: -- default --

Mass = 0.127 kilograms
Volume = 16337.947 cubic millimeters
Surface area = 9188.967 square millimeters

Center of mass: ( millimeters )

X =-7.333
Y = 10.869
Z = 30.184

Principal axes of inertia and principal moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass.

Ix = (0.159, 0.860, 0.485) Px = 33.409
Iy = (-0.693, -0.252, 0.675) Py = 40.838
Iz = (0.703, -0.443, 0.556) Pz = 53.496

Moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

Lxx = 46.902 Lxy = 4.958 Lxz = -4.378
Lyx = 4.958 Lyy = 37.829 Lyz = 6.220
Lzx = -4.378 Lzy = 6.220 Lzz = 43.011

Moments of inertia: ( kilograms * square millimeters )
Taken at the output coordinate system.

Ixx = 178.055 Ixy = -5.199 Ixz = -32.585
Iyx = -5.199 Iyy = 160.783 Iyz = 48.025
Izx = -32.585 Izy = 48.025 Izz = 64.918

Figure B.3.: Inertia and mass properties of the intake rocker-arm
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B. Mass Properties, Solid Works™

B.4. Body 4 - Exhaust Valve

Mass properties of Exhaust_valve
Configuration: Default
Coordinate system: -- default --

Mass = 0.024 kilograms
Volume = 3136.218 cubic millimeters
Surface area = 2534.265 square millimeters

Center of mass: ( millimeters )

X = -68.232
Y = 0.000
Z = 0.000

Principal axes of inertia and principal moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass.

Ix = (1.000, 0.000, 0.000) Px = 0.631
Iy = (0.000, 0.000, -1.000) Py = 26.174
Iz = (0.000, 1.000, 0.000) Pz = 26.174

Moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

Lxx = 0.631 Lxy = 0.000 Lxz = 0.000
Lyx = 0.000 Lyy = 26.174 Lyz = 0.000
Lzx = 0.000 Lzy = 0.000 Lzz = 26.174

Moments of inertia: ( kilograms * square millimeters )
Taken at the output coordinate system.

Ixx = 0.631 Ixy = 0.000 Ixz = 0.000
Iyx = 0.000 Iyy = 140.062 Iyz = 0.000
Izx = 0.000 Izy = 0.000 Izz = 140.062

Figure B.4.: Inertia and mass properties of the exhaust valve
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B.5. Body 5 - Admission Valve

B.5. Body 5 - Admission Valve

Mass properties of Admission_valve
Configuration: Default
Coordinate system: -- default --

Mass = 0.028 kilograms
Volume = 3530.488 cubic millimeters
Surface area = 2881.365 square millimeters

Center of mass: ( millimeters )

X =-71.643
Y = 0.000
Z = 0.000

Principal axes of inertia and principal moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass.

Ix = (1.000, 0.000, 0.000) Px = 1.121
Iy = (0.000, 0.000, -1.000) Py = 28.970
Iz = (0.000, 1.000, 0.000) Pz = 28.970

Moments of inertia: ( kilograms * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.

Lxx = 1.121 Lxy = 0.000 Lxz = 0.000
Lyx = 0.000 Lyy = 28.970 Lyz = 0.000
Lzx = 0.000 Lzy = 0.000 Lzz = 28.970

Moments of inertia: ( kilograms * square millimeters )
Taken at the output coordinate system.

Ixx = 1.121 Ixy = 0.000 Ixz = 0.000
Iyx = 0.000 Iyy = 170.314 Iyz = 0.000
Izx = 0.000 Izy = 0.000 Izz = 170.314

Figure B.5.: Inertia and mass properties of the admission valve
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C. FEA Analysis, exported from
SolidWorks™

C.1. Body 2 - Exhaust rocker-arm

Madel name: martelo_vak ula_escape
Shudy name: Simuldionxpress Study
Piot type: Static displacement Dizplacement
Defarmation zcale; 76 4584
URES (mm)

7 .G28e-002

l 7.176e-002

. B.523e-002

. 58T e-002

. 5.19e-002

 wrw

_ 4.566e-002

. 3.914e-002

. 3.262e-002

. 2609e-002

- 1.837e-002

1.305e-002

ZL'Y E 523e-003

1.000e-030

Figure C.1.: Displacement of the pins in relation to rotation center. The applied
force has an amplitude of 1000 /N
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C. FEA Analysis, exported from SolidWorks™

Model name: martelo_vakula_escape
Shudy name: Simuldionxpress Study

Piot tyvpe: Static displacement Displacement
Defarmation scale; 36.9215

IRES (mm)

1.615e-001

l 1.451e-001

_ 1.346e-001
- 1211e-001

. 1.07Te-001

- T

. 9.422e-002
| B07Ge-002
. 6.730e-002
. 5384e-002
. 4 038e-002

2 F92e-002
ZL'Y 1 F46e-002

1.000e-030

Figure C.2.: Displacement of the pins in relation to rotation center. The applied
force has an amplitude of 1000 /N
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C.1. Body 2 - Exhaust rocker-arm

Modd reme: marteb _vavula_escape

Study rame: SHmuldion® press Study

Plaot type: Static daplacement Displacement

Deformation scake: 131 861 URES (mm)

4495e-002

I 41 Z3e-002

. 37 48e-002

. 3374e-002

. 2899e-002

. 25Me-002

. 2Z249e-002

. 1574e-002

. 1493e-002

- 1123e-002

497 e-003

3.7 49e-003

1 000e-030

Figure C.3.: Displacement of the pins in relation to rotation center. The applied
force has a total amplitude of 1000 /N
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C. FEA Analysis, exported from SolidWorks™

C.2. Body 3 - Intake rocker-arm

Model name: martelo_vakeula_1 _sdmizsto
Study name: Simulation=press Study
Fiottype Haic dieplacement Dizplacement

Deformaion scale 77 6904
URES (mm]

¥ 86 Te-002

l 7.211e-002

. B.556e-002

. 5.900e-002

_ 5.245e-002

- T

. 4.589e-002

. 3.933e-002

. 3.278e-002

. 2522e-002

- 1.867e-002

1.311e-002
YﬁJ B 556e-003
1.0002-030

Figure C.4.: Displacement of the pins in relation to rotation center. The applied
force has an amplitude of 1000 /N
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C.2. Body 3 - Intake rocker-arm

fodel name: martelo_vakula_1 _admiaa@n:l
Study name: Simulstion®press Study
Piottwoe Haic diplacement Dizplacement
Deformaion scale 300518
URES (mm]

2.024e-001

l 1.856e-001
. 1 .637e-00

- 1.518e-001

_1.330e-0M

v w

~ 1.181e-001
- 1.012e-001
. 5.4358-002
. 6.748e-002
. 5.061e-002

3.3742-002
YﬁJ 1 587e-002

1.000e-030

Figure C.5.: Displacement of the pins in relation to rotation center. The applied
force has an amplitude of 1000 /N
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C. FEA Analysis, exported from SolidWorks™

Model name: martelo_vabk ula_1 _admissi‘ln
Study name: Simulationzpress Study
FPiottype Haic dieplacement Dizplacement

Deformaion scale 135634
URES (mm)

4 F35e-002

l 3.992e-002

. 3.629e-002

. 3.266e-002

_ 2.903e-002

T

. 2.540e-002

217 e-002

_1.814e-002

- 1.452e-002

- 1.08%e-002

7 258e-003
TﬁJ 3.6202-003
1.000e-030

Figure C.6.: Displacement of the pins in relation to rotation center. The applied
force has a total amplitude of 1000 /N

146



D. Vibration analysis results for
the 3 DoF’'s model

D.1. Exhaust sub-system

D.1.1. FRF's of the type receptance

10 T T
1% harmonic contribution
s 2" harmonic contribution
. 10 1 3" harmonic contribution |
lZ. Total
el
S 10 .
~~
3
o
o 10 1 R
10_8 I //\
0 1000 2000 3000 4000 5000 6000
g 2f ]
£ of -
S -2f i
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.1.: FRF of type receptance for direct solicitation in DoF [,

D.1.2. FRF’'s without the contribution of rigid body harmonic
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D. Vibration analysis results for the 3 DoF’s model

10 T T T T T
1% harmonic contribution
1072} 2" harmonic contribution |-
—— 3™ harmonic contribution
T 107 Total
_ i
£
Z 10°F 1
\-/‘_'
UN
= 10° :
10—10 | |
0 1000 2000 3000 4000 5000 6000
g N\ .
= 0OF
& _of ]
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.2.: FRF of type receptance in DoF [, ; for crossed solicitation in DoF [,

10 T T T T T
15" harmonic contribution
102 } 2" harmonic contribution|.
34 harmonic contribution
- » Total
Z 10
£
3 10°
\—/‘_'
™
E -8
10
10—10 _
0 1000 2000 3000 4000 5000 6000
3 ~_ -
£ of ]
& _of ]
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.3.: FRF of type receptance in Dok [, for crossed solicitation in Dok [,
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D.1. Exhaust sub-system

10 T T T T T
T
=
ge}
c
~~
3
&
—
=1 d
2" harmonic contribution
3rd harmonic contribution
Total
10_9 | | | | |
0 1000 2000 3000 4000 5000 6000
B2 |
= 0 i
o RVanE _
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.4.: FRF of type receptance for direct solicitation in DoF f,, without first

mode
10° .
107 |
10
Z an harmonic contribution| i
% 10° L 3" harmonic contribution ]
< Total
o
= 1070 .
10711_ i
10_12 | | | | |
0 1000 2000 3000 4000 5000 6000
g 2 N\ 7
= o}
8 -2 :
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.5.: FRF of type receptance in DoF [, ; for crossed solicitation in DoF' f.,
without first mode
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D. Vibration analysis results for the 3 DoF’s model

10
10~
7
2 _
c 10°°
< nd . . .
-~ 2" harmonic contribution
é -9 3rd harmonic contribution
5 10 " ¢ 3
™ Total
i=2
10—10_ i
10_11 | | | | |
0 1000 2000 3000 4000 5000 6000
B o -
= 0of
& -of .
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.6.: FRF of type receptance in Dok [, for crossed solicitation in DoF f.,
without first mode

N

10 T T T T T
10* | -
T
2
o~ 10° f ]
0
B .o
= 10 R
3 —4 d
= 10 2"% harmonic contribution| |
|
< 3™ harmonic contribution
10 Total ]
10_8 | | | | |
0 1000 2000 3000 4000 5000 6000
35 o -
= 0 4
o f AVan !
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.7.: FRF of type accelerance for direct solicitation in DoF f., without first
mode
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D.1. Exhaust sub-system

10 T T T T T
T
Pz
o 100 b -
'n
=
~~
3
<<‘§1 10 2" harmonic contribution| |
- 3rd harmonic contribution
Total
10_10 | | | | |
0 1000 2000 3000 4000 5000 6000
g 2f N\ ]
= o}
8 -2f :
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.8.: FRF of type accelerance in Dok [, ; for crossed solicitation in DoF f.,
without first mode

10 T T T T T
T
zZ
o 100 b -
'n
£
~
3 .
5 10
™ d . I
<< 2" harmonic contribution
—— 34 harmonic contribution
Total
10_10 | | | | |
0 1000 2000 3000 4000 5000 6000
g ~ -
= 0ot
8 o} ]
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.9.: FRF of type accelerance in DoF [, , for crossed solicitation in DoF f.,
without first mode
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D. Vibration analysis results for the 3 DoF’s model

D.2. Intake sub-system

D.2.1. FRF's of the type receptance

10 ‘ ‘
15" harmonic contribution
Z”d harmonic contribution
-2 rd . . .
. 10 3™ harmonic contribution |7
|
z Total
3
£ 10t -
3
pa
= w0 /A
10_8 1 1 1 1 Il 7
0 1000 2000 3000 4000 5000 6000
3 2 1
= of -
S -—2f i
0 1000 2000 3000 4000 5000 6000
w /Hz

Figure D.10.: FRF of type receptance for direct solicitation in DoF ;

D.2.2. FRF’s without the contribution of rigid body harmonic
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D.2. Intake sub-system

10 T T T T T
1% harmonic contribution
1072 } 2" harmonic contribution| |
— 3@ harmonic contribution
4 Total

-1
|0(21(w)| /m.N
o

10
107k |
0 1000 2000 3000 4000 5000 6000
B2 O\ '
< Or
& —2f -
0 1000 2000 3000 4000 5000 6000
w /Hz

Figure D.11.: FRF of type receptance in DoF [; ; for crossed solicitation in DoF f;

10 T T T T T

15 harmonic contribution

1072 } 2" harmonic contribution||

—— 3" harmonic contribution
Total

-1
|a31(w)| /m.N

0 1000 2000 3000 4000 5000 6000

g7 S\ __
< O i
& _of ]

0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.12.: FRF of type receptance in Dokl [; , for crossed solicitation in DoF f;
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D. Vibration analysis results for the 3 DoF’s model

-1

|0(11*(u))| /rad.N

10 ¢ 2'"d harmonic contribution 3

—— 3" harmonic contribution

Total
10_9 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
g '
< 0 B
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.13.: FRF of type receptance for direct solicitation in DoF ;, without first

mode
10 . . . . .
107° | 1
T
=z
£
= 10°} p -
3 2"% harmonic contribution
c&' 34 harmonic contribution
- 10—10_ Total |
10_12 | | | | |
0 1000 2000 3000 4000 5000 6000
g 7 O\ ]
= 0O
& _of ]
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.14.: FRF of type receptance in DoF [; ; for crossed solicitation in DoF f;,
without first mode
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D.2. Intake sub-system

10 T T T T T 3
2" harmonic contribution |

10° | 3" harmonic contribution |-
Total

-1
|0(31*(oo)| /m.N

10 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
g O\ |
< Or
& —2f -
0 1000 2000 3000 4000 5000 6000
w /Hz

Figure D.15.: FRF of type receptance in Dok [; , for crossed solicitation in Dok 3,
without first mode

10 T T T T T
10° | 1
7
P
o~ o10° f .
0
Q] . o
£ 10 i
3
= 10} 1
:: nd . . .
< 2" harmonic contribution
- -6| rd ; bt E
10 3" harmonic contribution
Total
10_8 | | | | |
0 1000 2000 3000 4000 5000 6000
3 2 1
= 0 -
0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.16.: FRF of type accelerance for direct solicitation in DoF f;, without
first mode
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D. Vibration analysis results for the 3 DoF’s model

10
T
Z
o 107t -
'
e
~
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q:&' 1077 2" harmonic contribution| |
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10_10 ] ] ] ] ]
0 1000 2000 3000 4000 5000 6000
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£ ol
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0 1000 2000 3000 4000 5000 6000

w /Hz

Figure D.17.: FRF of type accelerance in Dol [; ; for crossed solicitation in Dol
B;, without first mode
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Figure D.18.: FRF of type accelerance in DoF [;, for crossed solicitation in DoF
5;, without first mode
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E. MSC Adams™ results

E.1. Model with damping ratio of 0.1, at 4200 rpm

Contact Force between the camshaft and the intake rocker arm, ¥ component
30000.0
—  20000.0
-
f=]
13
k]
£ 1000001 M
Li1]
: ) h
(=]
- 0.0 |||||uuvMﬁ“'i| ﬂlfv" Pre=t—
-10000.0
0.0 0.005 0.01 0.015 0.02 0.025 D_UIS B
o ol Time (sec) 2015-05-25 10:45:19 r 5 :
Contact Force between the camshaft and the intake rocker arm, X component
6000.0
— 40000
-
j=)
=
(]
£ 2000.01
o
o
& 0.0 MR UL UL, MMAL MM”
I R LA L LAV RRLARLEM LR LIV Wy T
-2000.0
0.0 0.005 0.01 0.015 0.02 0.025 L, 003
'>"f;ti.,_z‘._ea:-i Time (sec) 20150525 10:45:19 ', ” | :

Figure E.1.: [Adams_ 1] Contact forces between the camshaft and the intake rocker-
arm (filtered)
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E. MSC Adams™ results

Contact Force between the camshaft and the exhaust rocker arm, ¥ component
30000.0
—  20000.01
=
11 -
=
(15}
£ 10000.01 H l “ l
[iH]
8 3
£ 0.0 .”_|_ IJ“(L M“l““[ ].J.I | _.uxll. i |I|ML lu |lll“ “.lll.l I
-10000.0
0.0 0.005 0.01 0.015 0.02 0.025
MSC;XSG"WRI'E Time (SEC) 2015-05-25 10:45:19
Contact Force between the camshaft and the exhaust rocker arm, X component
5000.0
—  3000.01
=
=] 4
=
[1H]
PR ] 1 ]
18]
P w1 1
% -1000.01
-3000.0
0.0 0.005 0.01 0.015 0.02 0.025
Msc;Xsmman: Time (sec) 2015-05-25 10:45:19

Figure E.2.: [Adams_1] Contact forces between the camshaft and the exhaust
rocker-arm (filtered)
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E.1. Model with damping ratio of 0.1, at 4200 rpm

1950.0 Contact force between camshaft and rocker-arms along ZZ direction
. B825.01 J h ﬂ h
c
i | i Jii
§ 00 \ h]‘\l " ’ M “‘I NRJ ML lﬂ M n J ,I ‘
3 - L vuwww I
5}
(TR
-625.0 7
—Exhaust rocker-arm
—Intake rocker-arm
-1250.0 : \ : : :
0.0 0.005 0.01 0.015 0.02 0.025 0.03
Time (sec) 2015-05-25 10:45:19 e

Figure E.3.: [Adams_1| Contact forces between the camshaft and rocker arms,
along the Z direction (no filter)
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E. MSC Adams™ results

Reaction Force at global Crigin, Y component
20000.0
—_ 7500.0
: ly
'g 0.0 "f!lllllhll!l e
£ -5000.0
18]
2
(=]
% 175000
-30000.0 -
0.0 0.005 0.01 0.015 0.02 0.025
MSC A Seltware Time (sec) 2015-05-25 10:45:19
Reaction Force at global Origin, X component
3000.0
~ soppl b N hﬁi
= %0g81h i} i i e -
-g -
(15}
L. -2000.01
18]
E 4
(=]
Y- _4500.01
-7000.0
0.0 0.005 0.01 0.015 0.02 0.025
MSC%Soilwarc Time (sec) 2015-05-25 10:45:18

Figure E.4.: [Adams_ 1] Reaction forces in the Origin of the referential (filtered)
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E.1. Model with damping ratio of 0.1, at 4200 rpm

Force Reaction in origin, Y component

Innercam_slip

30000.0 80.0
5§ 150000 600
8 )
£ 0.0 = 40.0
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-30000.0+——+—————— L —— 0. - - :
%.0 0.0050.010.0150.020.0250.03 %.0 2500.0 5000.0 7500.0 10000.0
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Force Reaction in origin, X component
2500.0 60.0
= .I.hh LAl LI ||I|| LA Liig 45.0
e 1179 11 g
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£ -2500.0 — 30.0
2 :
S -5000.01 15.0
7500.Q4————— 0.0- - - :
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MSEA Sottare Time (sec) Adigms WIS A Sarurare Frequency (Hz) 5‘33.';‘3&

Figure E.5.: [Adams 1| FFT Transformation for Reaction force in the origin
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E. MSC Adams™ results
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Figure E.6.: [Adams 1| FFT Transformation applied to the spring forces
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Figure E.7.: [Adams 1| FFT Transformation applied to the tappet’s contact forces
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E.1. Model with damping ratio of 0.1, at 4200 rpm
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Figure E.8.: [Adams 1| FFT Transformation for the angular acceleration of intake

rocker-arm
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Figure E.9.: [Adams_ 1| FFT Transformation for the angular acceleration of ex-
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E. MSC Adams™ results
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Figure E.10.: [Adams_1| FFT Transformation for the contact force between the
camshaft and intake rocker-arm
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Figure E.11.: [Adams 1| FFT Transformation for the contact force between the
camshaft and exhaust rocker-arm

164



E.2. Model with damping ratio of 0.001, at 4200

E.2. Model with damping ratio of 0.001, at 4200 rpm
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E. MSC Adams™ results
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Figure E.14.: [Adams 001] Reaction forces at origin point in the camshaft

(filtered), with FFT plot
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Figure E.15.: [Adams 001| Angular acceleration of the rocker arms (filtered), with

FFT plot
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E.2. Model with damping ratio of 0.001, at 4200 rpm
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Figure E.16.: [Adams_001] Contact forces between the camshaft and exhaust
rocker-arm (filtered), with FFT plot
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Figure E.17.: [Adams_001] Contact forces between the camshaft and intake rocker-
arm (filtered), with FET plot
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E. MSC Adams™ results
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Figure E.18.: [Adams_001]| Contact forces in the tappets (filtered), with FF'T plot
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Figure E.19.: [Adams_001] Clearance distance in the tappet contacts




	Abstract
	Resumo
	Keywords
	Table of contents
	Table of Figures
	List of Tables
	Introduction
	Thesis outline
	Thesis Aim

	Theoretical contextualization
	Valve Train System
	Over-Head Camshaft (OHC)
	Double Over-Head Camshaft (DOHC)
	Desmodromic
	Other Valve Train mechanisms

	The AJP PR5™standard 250cc engine
	NC250's Cylinder Head


	InnerCam™
	The camshaft
	Main components
	The camshaft
	Rocker-arms


	Kinematic Analysis
	Fourier approximation for lift curve
	Importance of derivatives
	Jerk, the third derivative of position

	Kinematic relations for the exhaust sub-system
	Body 1 - Camshaft
	Body 2 - Exhaust Rocker-Arm
	Body 4 - Exhaust Valve

	Kinematic relations for the intake sub-system
	Body 1 - Camshaft
	Body 3 - Admission Rocker-Arm
	Body 5 - Admission Valves

	Model results
	Discussion of results
	Comparison of results with previous work

	Dynamic Analysis
	Inertia properties
	Body 1 - Camshaft
	Body 2 - Exhaust Rocker-arm
	Body 3 - Intake Rocker-arm
	Body 4 - Exhaust Valves
	Body 5 - Intake Valves

	Equations of equilibrium
	Body 1 - Camshaft
	Body 2 - Exhaust Rocker-arm
	Body 3 - Intake Rocker-arm
	Body 4 - Exhaust and Intake Valves

	Results
	Interpretation of results
	Motor momentum required
	Other results


	Vibration Analysis
	Valve/Spring system
	Exhaust valve
	Admission valve

	Interpretation of Valve/spring system results
	Identification of resonance harmonic frequencies

	Exhaust sub-system, 3 DoF's
	Lagrangian dynamic equilibrium

	Intake sub-system, 3 DoF's
	Lagrangian dynamic equilibrium

	Body parts modal analysis

	Modelling the InnerCam™ in MSC Adams™
	Considerations
	Geometry Construction
	Boundary conditions
	Contact Forces
	Contact between Camshaft and Rocker Arms
	Contact in Tappet joints
	Tappet clearances

	Spring forces
	MSC Adams™ results - model validation
	Lift response at 4200rpm (camshaft)

	Main modifications to the model
	Damping in spring forces


	MSC Adams - Refined Model
	Filtering of results
	Improved model results
	Regime: 5100 rpm
	Regime: 8400 rpm
	Regime: 12000 rpm

	Discussion of results
	Results related to the lift of the valves
	Analysis of other results
	Interpretation of results

	Camshaft's MSC Adams analysis
	Camshaft's misalignment influence


	Conclusions and future work
	Conclusions
	Future work

	Bibliography
	Alloy steel 34 CrNiMo 6
	Technical sheet
	Thermal treatment applied

	Mass Properties, SolidWorks™
	Body 1 - Camshaft
	Body 2 - Exhaust rocker-arm
	Body 3 - Intake rocker-arm
	Body 4 - Exhaust Valve
	Body 5 - Admission Valve

	FEA Analysis, exported from SolidWorks™
	Body 2 - Exhaust rocker-arm
	Body 3 - Intake rocker-arm

	Vibration analysis results for the 3 DoF's model
	Exhaust sub-system
	FRF's of the type receptance
	FRF's without the contribution of rigid body harmonic

	Intake sub-system
	FRF's of the type receptance
	FRF's without the contribution of rigid body harmonic


	MSC Adams™ results
	Model with damping ratio of 0.1, at 4200 rpm
	Model with damping ratio of 0.001, at 4200 rpm


