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Chapter 1

Introduction

Actuation systems were developed in aeronautics, manufacturing and robotic fields
and the most arguments discussed to improve the performances were the different
methods for modeling the control system and also the approaches of fail safe design.
Generally can be used three different types:

e Electro-Mechanical Actuators, also called EMA;
e Hydraulic Systems:

— Valve controlled circuits: also called EHS, Electro-Hydraulic servo valve
actuators;

— Hydrostatic trasmission circuits: also referred to EHA, Electro-Hydraulic
Actuators.

In the following section a more detailed analysis is provided for each system,
together with a state of the art review.

1.1 Electro-Mechanical Actuators

Electro-Mechanical Actuators could be used in automatic clutch actuators (see
[10]) but were developed also in comparison to EHA system for aeronautic appli-
cations, in 2000 a EMA equipped F-18 flight-test [17]. The EMA solution consist
in a brushed/brushless electric motor connected to a gearbox that could adapt
the speed and torque of the system to the load and also transform motion from
rotational to linear. It has a major advantage, it avoids oil contamination. This
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1 — Introduction

kind of advantage, in automotive or aeronautic applications, is not a deal brake,
but in food processing application could be a decisive factor.
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Figure 1.1. Electro-Mechanical system [10]

In figure 1.1 is shown a crank shaft mechanical system used to transform a rotation
into a linear displacement. This system is far from efficient and it could be replaced
for example with: a proper designed cam or a gear box and ball screw. In general
high damping factors lead to a low performance system.

1.2 Linear EHS

EHS is still an important system for industrial applications; as for EHA systems
these were developed with the evolution of fly-by-wire (FBW) technology to con-
trol flight surface actuation since 1970 [15] and [18]. These solution were developed
using fixed displacement pump, Anderson [2] analyzed an EHA system with va-
riable displacement pump.

The component that characterizes the system under consideration is the servo
valve, which is controlled by the control unit to direct the flow to the actuator,
be it linear (double-acting cylinder) or rotational (hydraulic motor with fixed or
variable displacement). The flow is produced by a fixed displacement pump that
is keyed on an induction motor.

This system, that is based upon the use of valves, got the weakness to produce
pressure drop, and therefore power loss, when the valve is activated. This kind of
actuation has five different designs 1.2:

1. Fixed displacement pump at constant supply pressure: this is the plant
with lower efficiency with the relief valve put into the circuit for emergency
reasons, the loss area is, indeed, huge;
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1.3 — Linear Electro-Hydraulic Actuators
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Figure 1.2. Generic EHS system

2. Fixed displacement pump pressure match: an load sensing circuit is added
to the first system in order to have the pressure matching, loss area shrinks;

3. Pressure-compensated (could be fixed or variable) variable displacement pump:
the pump is needed to provide a more efficient power source and it supplies
fluid at flow rate matched to the system requirements;

4. Variable displacement pump power match (could be fixed or variable): in
this kind of plant the only loss is due to the pressure drop in the directional
valve, because the system is built using a variable displacement pump with
power match;

5. Fixed displacement pump with bleed-off: the last design produces a flow
excess, as the input pressure is matched totally to the pressure needed to
actuate the load.

Taking into account the energy losses shown in figure 1.2, the fourth and fifth solu-
tions are the most efficient. These plants are, indeed, compact and easy to control
because there are less component that can introduce dynamics in the system.

1.3 Linear Electro-Hydraulic Actuators

In contrast to the configurations EHS is useful to consider the linear EHA (Electro-
Hydraulic Actuators) solutions that are characterized by being constituted by a
hydraulic cylinder connected to a pump in a closed circuit, without any servo
valves. There is also an electric motor (brushless in general) that controls the
hydraulic pump. You can have, moreover, two configurations:
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1 — Introduction

e EHA-SM (Servo Motor) driven by a controlled brushless electric motor;

e EHA-SP (Servo Pump) driven by an induction motor and a brushless motor
that is connected to a gearing to change the displacement of the pump.

The work of [11, 12] these system are analyzed in detail. In detail, [11] takes into
account the EHA system from an industrial point of view after a deep analysis of
the design methodology and validation. Instead [12] shows a deep review about
the comparison between the EHA system and the EHA system.

Electric Motor / Hydraulic Linear Actuator

A
S

= /
Hydraulic Pump with | ';?’drlai:lelz - .

_ fixed displacement H lic Rotational
/ Regulation ydraic'fua::?ma

Figure 1.3. EHA system scheme, with principal components

The spread of high performance brushless motors, together with the inverters,
makes them a very good option to have easily configurable system with excellent
performances in terms of controllability.

The fixed displacement gear pumps are a good choice even if their volumetric
efficiency decreases at low speed, but these pumps allow small size together with
high speeds and high pressures. Closed hydraulic pipelines are used, moreover, to
allow a highly configurable system. The absence of a tank involves the need to
preload all the hydraulic circuit with a bias pressure, in order to prevent cavitation
on the branch of low pressure, which can be each of the pipelines depending on the
flow direction. The pre-charge pressure is ensured by an accumulator connected to
the hydraulic pipelines through non-return valves, which are designed to make pass
the fluid only in the direction from the accumulator to the circuit and block the
reverse flow. Relief valves must be provided to protect the hydraulic components
in case of excessive pressure. The closed circuit is devoid of a system for the
heat exchange for the fluid, already present in the classic hydraulic circuits to
the mere presence of a reservoir, therefore, for each individual application, it may
be necessary to provide a heat exchanger, with the purpose of controlling the
temperature of the fluid.



1.4 — Overview of the Technologies and Field of Study

1.4 Overview of the Technologies and Field of
Study

In this section the strong points of each system are analyzed to find the best
possible technology in the present field.

e Oil contamination; EMA system are indeed the best solution if contami-
nation is not an option;

e Reliability and maintenance: EHA-EHS could be rearranged to be safer
than a EMA system, enabling the possibility to work even if a trouble-
shoot occurs (patent), also having filter in the system leads to have less
maintenance than a electromechanical system;

e Packaging: it is possible to mount a EHA-EHS system with more freedom,
having a better flexibility over an EMA plant;

e Power and volume density: power to weight ratio on EHA-EHS system
are 5 times bigger than that of the electromechanical system, moreover the
power to volume ratio expected is 15-20 times bigger (see [17]);

e Dynamic Behavior.

In general hydraulic systems have the edge in most fields, but in order to choose
the best solution it is important to consider the aim of the project . In [I, 18]
works it is possible to find more detailed information about the differences and
strong points of this technologies.

The aim of the thesis is to find the best solution, for a clutch actuation system,
with high performance. Of course, it is useful to recall some solutions proposed to
fulfill this task. First we can consider the solution adopted by Sila Holding, which
is based on an electromechanical system. This configuration is rather complicated
and cumbersome undoubtedly, also the opening times are high. The system is
very similar to the solution presented by Moon and all. [10], differs only for the
presence of an eccentric which replaces the connecting rod-crank mechanism.

In opposition to this solution we can consider the system developed by Magneti
Marelli (see [9]) that can be identified as an EHS system. The latter, in fact, is
characterized by implementing the clutch through a first proportional three-way
two-position solenoid valve disposed upstream of a first set of two on-off solenoid
valves, and a second proportional pressure solenoid valve disposed upstream of a
second set of two on-off solenoid valves. Said valves are normally controlled by an
electronic processing unit in accordance with the signals from sensors mounted on
the vehicle and by the driver’s controls. The pressurized fluid for driving the actua-
tors is supplied by an electro-hydraulic power unit, that consists of a motor-driven
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pump with a reservoir. An overpressure valve is provided for limiting excessively
high pressure due to anomalous operation. That system has high performance but
is characterized by a certain constructive complexity, for the presence of a large
number of components.

A third option for the system is proposed in the patent [3], which describes a plant
type EHS Bleed-Off used to implement a clutch and a method for calibration of
the pressure sensor taking into account the depression produced by the pump. A
bleed-off system, as seen previously (section 1.2), besides being efficient is also
simple to build and control.

Also Honda motor patented a hydraulic clutch actuation [6], where an on-demand
variable displacement pump and a purge valve connected between the pump and
the piston are controlled by an electronically unit to provide the right pressure to
the clutch actuator.

Such systems may have an improved performance by improving the control tech-
nology, this choice is widely used and an example can be found in the patent [16].
One goal of this work is to make the control less sensitive to the parameters of
the vehicle on which it is used. More solutions were focused on the control: [/]
considers the control of a pneumatic actuation system with particular attention at
the travel comfort, instead, [3] work is about the control of a hydraulic plant.

1.5 Thesis Aim

From the previous sections, it’s clear that the various systems used for the imple-
mentation over time have advantages and disadvantages, and that under certain
conditions the choice may fall on one or the other solution. It then becomes ne-
cessary to define the scope in order to understand which path to take.

This thesis builds on the analysis of a automatic system for automotive automa-
tic clutches. In this field of study there are some constraint to take into account
and through them it is possible to find the best technological solution. As shown
in previous sections the EHA systems were used in the past because they ha-
ve high power to volume ratios, however, in recent times, they were replaced by
electromechanical systems in order to avoid oil contamination. The system under
consideration is characterized as electromechanical, electric motor brush DC, as
well as a reduction system very complex.

The system was modeled using the Bond-Graph technique [5, 13, 1], treated in the
chapter 2, which allowed the drafting of the dynamical system equations, in state
space form. In fact the system itself is quite complex due to the fact that multiple
dynamic domains were taken into account. The Bond-Graph technique was born,
indeed, for the purpose to write equations about multi physics problems. The first
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1.6 — Thesis Outline

domain analyzed is electric (electric motor), then the mechanical properties of the
motor, and gearbox are taken into account (inertia, damping factors, reduction ra-
tios) and in the end the hydraulic fluid characteristic are modeled as fluid stiffness
and viscous damping. The result is a unique model where all the dynamics are
represented, with constitutive equations. The model was drafted with Lamberto
Fusi’s help [7]. These Matlab&Simulink equations, implemented through the ana-
lysis of the system, have allowed the identification of key parameters and design
issues (see chapters). Starting from this situation, we proceeded to identify the
main problems of the project, then alternative solutions have been proposed to
improve performance and reduce power consumption and system complexity.

The solutions proposed are three:

1. Electromechanical system with reuse of the original engine with a gear ratio
change and as a result of the inertia of the system;

2. Electro-mechanical system with new high efficiency motor and gearbox, high
power system;

3. Electro-hydraulic system with high-performance design of the circuit routing
and support of fluid valves.

The objective of the first two systems is to test the EMA system with minor
changes and understand how these modifications can improve the performances.
The hydraulic system, instead, aims to make the system much more compact
and lightweight while maintaining or improving the performance level. In order to
keep low complexity and high efficiency the EHS Bleed-Off configuration is chosen.

1.6 Thesis Outline

Chapter 1 describes the state of the art in EMA, EHS and EHA system and the
evolution of such actuation with respect to the field of application. The chapter
describes, moreover, the patents filled by companies which apply EHA and EHA
systems in the transmissions field. It contains, also, the thesis objectives.
Chapter 2 provides a brief introduction on the Bond-Graph technique, the chap-
ter explains the characteristics of the Bond-graph components and how to connect
them in order to model the whole system.

Chapter 3 reports the characteristics of the SILA prototype and the modeling
phase. All the equation are drafted and the final State Space model is defined.
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Chapter 4 reports the numerical validation of the model and also the parameter
identification to perform the experimental validation. In this phase the data col-
lected from SILA were fundamental.

Chapter 5 describes the electro-hydraulic model and its equations.

Chapter 6 reports the prototypes design. In this chapter the most important steps
taken are explained, components choice, design of the housing, safety concerns. In
the first part the project key points are exploited and the electro mechanical solu-
tions are described in detail; in the second part the hydraulic system is introduced.
Chapter 7 shows the results obtained during the experimental campaign conduc-
ted with the three prototypes. Also a description of the final test rig is proposed.
Chapter 8 demonstrates the identification procedure followed in order to find the
unknown parameters of the model.

Chapter 9 reports the conclusions reached through experimentation and the com-
parison between the different solutions emphasizing the advantages and disadvan-
tages of each.

10
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Figure 1.4. Energy losses in various EHS designs




1 — Introduction

12



Chapter 2

Bond graph

2.1 Brief Introduction on Bond graph

The Bond graph technique [5, 13] is a graphical tool that allows to observe the ex-
change of power within a physical system in order to analyze its behavior. In 1959
Prof H.M. Paynter had the revolutionary idea of graphically modeling a system in
terms of power, connecting the elements of the physical system with appropriate
joints and constraints. This depiction of the exchange of power was called Bond
Graph. Bond Graph theory was improved by many researchers and extended to
the modeling of hydraulic systems, mechatronics, electronics. This approach can
represent a system using symbols and lines. Nowadays, from the graphic represen-
tation is possible to extrapolate the equations, in a systematic manner, through
appropriate algorithms. A determining factor in the choice of technique Bond-
Graph is that this technique allows the modeling of complex mechatronic systems,
in which there are dynamic electrical, mechanical and hydraulic. In this chapter
sections the main features of the Bond-Graph will be discussed in order to simplify
the understanding of the mathematical models presented later.

2.2 Power Variables

The language of Bond Graph has the ambition to become a general method for
describing interacting systems of power. The power exchange between the ele-
ments is defined using two variables: the Effort and Flow, which have different
interpretations depending on the energy domain. The advantage of bond graph

13



2 — Bond graph

consists in the possibility of building a single graphical representation of the sy-
stem even if it consists of the interconnection of different energy domains. In table
2.1 shows the physical parameters considered effort and flow, depending on the
energy domain.

Energy Domain P Effort Flow
Linear Mechanics F- F =dP/dt | v=dgq/dt
Rotational Mechanics | T - T =dPy/dt | w=df/dt

c-

D

e -

€l

Electric | e=d\/dt | i=dQ/dt
Hydraulic p=d?/dt | Q=dV/dt
General e=dP/dt | f=dq/dt

—~|Q[

Table 2.1. Effort and Flow in different energy domains

The power and always defined by the product of two quantities:
e Intensity or e (effort): voltage (e), force (F), torque (T), pressure (p)

e Flux or f (flow): current (i), linear speed (V), angular speed (w), volume

flow (Q)

So, in general, the power and calculated as:

P=e-f (2.1)

This is the basis for defining the language of the Bond-graphs (diagrams of bond).
This principle and used by many computer codes based on block diagrams, such
as “Sym-mechanics” or “Power system toolbox” in Matlab environment, where a
single thread of connection determines a power exchange.

2.3 Bond Graph Element: 1-Port

The single port element is an element which is connected to the system with a
single power exchange, within the Bond-graph theory it is represented by a single
link. Four variables are the base of the system: effot (e), flow (f), the integral in
time of the effort (p) and the integral in time of the flow (q).

Electrical domain: the physical components have two terminals (leads) that
allow you to transfer electrical power.

e Resistance;

14



2.4 — Element R

e Inductance;
e Capacity.
Mechanical domain:

e Mass and Inertia: the interface for the exchange of power is respectively
point of contact force-torque-mass or inertia.

e Ideal Spring (mass not involved): the displacement difference between the
extremes of the spring determines the force F generated and the work done.

e Ideal Damper (mass not involved): the same principle being presented for
the ideal spring, but the strength is determined by the difference in speed
between its extremes.

2.4 Element R

The resistor element is characterized by an equation that links statically the flow to
the effort. Usually this element is used to represent a dissipation of energy:

e Damper (either linear or rotational) in mechanical domain;
e Resistor in electrical domain;

e Restriction in hydraulic domain.

HR

The half arrow element R represents an output produced by the incoming flow
f and the effort e. In the constitutive relation, moreover, time does not appear
explicitly, so the behavior is time-invariant. The R components is characterized
by the absence of hysteresis and define a unique curve, on the chart e - f. The
relationship between effort and flow is not necessarily linear.

e=R-f (2.2)

Power =e-f=R- f? (2.3)

The component R is dissipative, the only way to regain the energy previously
supplied to the component would go back in time.

15



2 — Bond graph

2.5 Element C

The element C is a dynamic element which stores and transfers energy without
any loss. The symbol that represents this element bond is C.

e Spring (either linear or rotational) in mechanical domain;
e Capacity in electrical domain;

e Accumulator in hydraulic domain.

=G

The C component represents a static relationship between the effort variable and
the displacement q.

q:/;f-dt (2.5)

e:K/t f-dt (2.6)

The component C is conservative since the energy involved is time-independent,
but it is related only on the initial and final generalized displacement q.

2.6 Element I

This is the second element in single port that can store and give back energy in a
bond graph, and it is called inertia.

e Mass and Inertia in mechanical domain;
e Inductor in electrical domain;

e No loss restriction in hydraulic domain.

16



2.7 — Sources of Effort and Flow

— |

The characteristic equation links the momentum p with the flow f at any point in
time

f=2p 2.7
p:/t e-dt (2.8)
f:%/_tooe-dt (2.9)

For these components there is a static relationship between the variables f and P,
not necessarily linear (one example is the inductor when the ferromagnetic material
is in a state of saturation), or intrinsically linear (masses that move at speeds far
from speed of light). The component I is conservative, the energy depends only
on the initial state and the final one. In fact, if a force is applied to a mass, it
accelerates, vice versa if it brakes, the kinetic energy from the motion of I will be
fully refunded, regardless of the time needed to accelerate the mass.

2.7 Sources of Effort and Flow

The ideal source of effort (S.) sets e independently of f. This is true in case of
ideal components, instead real components will have a limited generated power;
it means that beyond a certain amount of power, the constitutive relation will be
no more valid. In the electrical domain is the ideal voltage. In the mechanic field
there are not equivalent components, but an example may be the force of gravity
which imposes a force regardless of the speed of the mass.

The only possible causality for these components is to impose the effort e over the
system, the flow f, instead, will be defined by the system.

The flow source is the component dual of S., since it imposes imposes a flow that
is independent of the effort. The sources of effort are represented by the symbol
Sc, while Sy is used to symbolize that relating to the flow.

17



2 — Bond graph

Sf——
Se —A

2.8 Junction Nodes

In the bond graph theory there are only two types of junctions: “1” and “0”; The
combination of these joints with components identifies a physical system. In the
case of a junction the characteristic equation is like:

The positive signs of the flows are defined by the arrows of the elements of the
Bond-graph. In general, normal components will have incoming power, on the
contrary, sources will have outgoing power. Even in the Bond-graph language, the
junction can not accumulate nor dissipate energy, so all the energy/power will be
managed by the components connected to the junction itself:

Junction Parallel (Zero)

=0 ——=

)

The sum of the flows in the node is equal to zero and the power input to the
node will be equal to the output. In general, the powers involved depend only
on the components connected to the node and the node (system analyzed at low
frequencies to high frequencies may also have radiated energy).

e; for each i-th component connected to the node is identical.

Zﬁj ;=0 (2.10)

B; takes the values “1” or “-1” depending on whether the outgoing and incoming
power.

Junction Series (One)

18



2.9 — Standard Elements: 2-Port elements

The sum of the efforts in the node is equal to zero. The flow in input is equal to
the flow in output.
fi for each i-th component connected to the node is identical.

> Bire; =0 (2.11)

B; takes the values “1” or “-1”7 depending on whether the outgoing and incoming
power.

2.9 Standard Elements: 2-Port elements

There are only two kinds of standard elements with two doors, called “Tran-
sformer” or “Gyrator”. Within the Bond-Graph technique these symbols are
represented by TF and GY, respectively, the transformer and the gyrator.

2.9.1 Transformer

The transformer element does not create or store energy. In general, the component
TF connects entities of the same type between input and output, through its
constitutive relation.

FH—TFH—
—ATF —4 .

The equations relating the flow in the effort in input to those in output are
represented by the following system:

€in = T * €Eout (212>
fout =T:- fzn

The input power is equal to the power in output:

P@'n = €in * fzn Pout = €out * fout (213>

19



2 — Bond graph

from (2.12) and (2.13) it is possible to write down (2.14):

1
Pout:_'ein'T'fin%Poutzein'fin:Pin (214)
T

Examples of this kind of component:
e Gearbox or Lever in mechanical domain;
e Electrical transformer;

e Linear actuator or pump in hydraulic domain.

2.9.2 Gyrator

In Bond-Graph the gyrator element is represented by GY. This element makes a
link between flows and efforts using constant values.

I - GY —
A GY | -

As in the case of the transformer, the gyrator does not store energy.

K.
€in fout (215)
Cout = K- fzn
Pin = €in * fzn Pout = Cout ° fout (216)
from (2.16) and from (??) it could be found (2.17):
1
Pout:K'fin'_'ein_>Pout:€in'fin:Pin (217)

K

2.10 Causality Analysis

Having defined the characteristics of the system in terms of components 1 or
2 ports, and connections, you must define the causality imposed by them, to
understand the input and output variables.

20



2.10 — Causality Analysis

1. Identify mandatory causalities (Sources).

2. Consider the propagation of causalities depending on the characteristics of
nodes in which the components are connected. For example, in the case
of a generator, when connected to a node 0, the causalities on the other
components are defined.

3. Where, however, it is not possible to propagate the causality, it is necessary
to impose additional causality (i.e. the presence of states) to conservative
components, one at a time, spreading the causalities imposed up to where
it is possible. For example if there is an inductive component on which
impose the causality. By doing so it will force the flow on node on which it
is connected. This will be propagated by the node to the other components.

At this point, having defined the components that make up the system and ha-
ving them connected by appropriate joints, it is possible to write down the equa-
tions of the states. These result from the node equations and equations defined
characteristics of the components having the proper causality of the same.
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Chapter 3

Electro-Mechanical System

3.1 Introduction

Sila Holding Industriale is an Italian company with 1800 employes all over the
world: Italy, Brasil, India etc. Its core business is automotive gearbox components,
but it has a R&D department based in Italy that proposes and develops innovative
systems. One of the ideas was to develop a robotized gearbox with an Electro-
Mechanical actuation.

This implementation consists of three blocks, electrical, mechanical and hydraulic,
the first is composed by a DC motor with brushes, the output shaft of the electric
motor is bound to the mechanical system which consists of a reduction and a
eccentric. The cam is driven by the reduction and it moves a piston, called master,
the hydraulic fluid is compressed in such a way as to allow the movement of the
hydraulic piston (slave), mechanically connected to the clutch lever. The aim of
the company was to have the prototype analyzed (see figure 3.1) and to find some
clues to improve it.

The goal of the project was to evaluate this prototype, to find any weakness and
improve its performances. In the following sections every part is analyzed and
modeled using Bond-Graph techniques. The resulting model is used, therefore in
order to discover the issues of the design and to produce an improved system.
The following sections describe the various parts of the model and introduce the
equations that rule the system dynamics.
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Figure 3.1. Prototype SILA Holding Industriale
3.2 Gyrator: DC Motor

The electric motor used by SILA Holding Industriale is a DC brush motor which
is controlled in position. We can, therefore, assume that the motor has a current
input, it is therefore possible to neglect the electrical dynamics in the characteristic
equations.

{T =K1
(3.1)
EF=K- -w

Where T is the torque generated by the electric motor, I the current flowing in
the motor, E the electromotive force and w is the angular velocity of the rotor;
the constant K is a matter of the motor used.

As described in the chapter 2 the torque T and the electromotive force E are
considered to be efforts, while the current I and speed w are flows. Among the
basic Bond-Graph elements this component, can be modeled with the gyrator,
that binds the flow to the effort and vice versa.

€in = K- fout (3 2)
Cout = K- f'm ‘
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3.3 — Equivalent Inertia

3.3 Equivalent Inertia

The mechanical properties of the electric motor, left out in the first part of this
chapter, are modeled along with those of the reduction system in this section.
The first step was to take into account the inertial components with respect to the
rotor speed, multiplying the inertial value to the correspondent reduction ratio. If
the shafts are considered infinitely rigid connection, only one of the inertia com-
ponent connected via a gearbox can be a state of the system, the other, therefore,
depend on it. The gearbox is made up of a worm wheel which drives a second
gear in PVC that is tied to the output shaft and the eccentric. The ratio between
the worm wheel and gear output is equal to 38:1 (7). This value is used to write
the following equations, where J;, is a total inertial equivalent, for a more detailed
explanation see appendix A.1.

1
Jin = JDCmotor + JWheel + ; . (JGearbox + JShaft + JCam) (33)

3.4 Transformators: Gearbox and Actuators

Actuators and gearboxes are dedicated to the transformation of effort and flow
without altering the power, in particular the actuators are responsible for changing
the energy domain. The SILA Holding solution is to use two linear actuators with
cylindrical chamber section but with slight different values of diameter, and their
task consists in generating a hydraulic power from mechanical one and vice versa.
It identifies itself as the master actuator which generates a hydraulic pressure
operated by the eccentric, while the slave receives the pressure generated by the
master and operate the clutch lever. In the Bond Graph model two TF elements
(trasformators) are used to model the actuators and gearbox. The first TF is
directly related to the eccentric, and it turns the linear speed of the cam in a
hydraulic flow, while the latter turns the hydraulic flow in linear velocity. The
input-output relationship of the transformation is (3.4)

€in = K - €out

{fout = Kfzn

Master Actuator
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ein = [N]
fm - %
o [{ é l — K = [m? (3.5)
fout |:m?3:|
Slave Actuator
ein = |7
fin = [m_ -~ K = {%} (3.6)
Cout = [N] m
fout = [%]

3.5 Hydraulic Fluid

The hydraulic fluid is modeled under the hypothesis that there is air dissolved in
the circuit, as it implies a deformability dynamic change. The circuit is equipped
with a system to evacuate the air, so the above assumptions can be taken. The
fluid in the system introduces two physical effects: energy storage and power loss.
The compressibility of the fluid is considered as a C component which stores and
releases energy. The power dissipation due to viscosity of the fluid is represented
as a R component. In the hydraulic bond graph is modeled as in Figure 3.2.

—0—>

J

C<d1—R
Kf Cf

Figure 3.2. Hydraulic system model

The node 0 shown in 3.2, is used to introduce fluid model in the system. A
variation of the fluid volume 6V causes a pressure change §P.

AP =K;-AV (3.7)
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t
6—Kf~/pdt (3.8)
0

Since the difference in volume is the integral of the compressibility of the hydraulic
fluid flow, it is modeled as an element C which has the stiffness value K;. K is
proportional to the oil bulk modulus B4 and inversely proportional to the total
volume Vi, of the hydraulic circuit.

Bfluid ﬁfluid
K, = = .
d Wine lline ' Aline (3 9>

Where Aj;,. represents the section of water pipes and [j;,. is the length of the
pipes. The damping effect is modeled considering a reduction in pressure, related
proportionally to the change in hydraulic flow.

SP.(t) = C; - 5Q (¢) (3.10)

Looking at the equation (3.10), the coeflicient C'; is meant to be a R component,
because it multiplies a volume flow rate.

3.6 Modeling Inertia and Load

The slave actuator, driven by hydraulic fluid, and the clutch lever share the same
speed. From the Bond Graph point of view this means that they are connected by
a series node (1). The weight of the thrust bearing can be modeled with an item
I. The slave actuator load modeling can not be done with a single port element,
as its characteristic 3.3 is highly non-linear. To obtain a dynamic similar to the
real load, the non linear spring is approximated by a linear one (item C) and a
source of effort: the aim of the source of effort is to correct the force generated by
the linear spring in order to obtain the desired force.

3.7 Bond Graph Scheme

Once you have identified the components, the Bond-Graph technique is used to
model the system through the table 3.1. The first step, before proceeding to the
construction of the table, is to identify the flow and the effort shared among the
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Clutch Spring Characteristic
800 T T T T T

700

600

Force [N]
B (41
o o
o o

()

o

o
T

200+

100~

0 . . \ . . , .
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Displacement [m]

Figure 3.3. Characteristic load Slave Actuator

components; secondly, the common variables over the junction nodes 1 and 0 have
to be defined. The resulting Bond-Graph scheme is shown in Figure 3.4

Jouk
Out Motor Hydraulic ’ 0
| sin | u
DC Motor -F, .F G
1 2 4 7T 8 12 b 14 ‘S
S H=GY —A1——=TF——+0 ATF—A1RH°M€
Tin Gy ﬁ\ '\i TF -E‘ TEf 5 ge U
C R C 1 1D fin e
—11—R R
Kin Zin A
% i Cout

Figure 3.4. BondGraph Scheme of the original sistem.

The engine is represented as a source of flow connected to a gyrator, it is connected
to the remaining part of the Bond-Graph through a node 1, the flow over this node
is the angular velocity of the motor rotor. The inertia, friction and stiffness are
rotating at the same angular speed of the electric motor.

The angular speed is transformed, then, by the cam in a linear speed with an a
TF. This is given as an input to the fluid system, and transformed again, through
another TF in linear speed to actuate the clutch spring. Here, to model the non
linear load, as explained in section 3.6, there are a linear spring (C) and an source
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3.8 — Equations of the System

of effort S.. These are connected to a 1 node together with an inertial component
I (the mass of the thrust bearing) and R component that deals with the piston
viscous friction.

3.8 Equations of the System

The Bond graph method greatly simplifies the procedure for the preparation of
the equations system, in particular the procedure to arrive to a model variable
state becomes almost systematic. It begins with the construction of a table which
shows all the characteristic equations of the individual components

‘ N. ‘ Component ‘ IN ‘ ouT ‘ Equation ‘

1 St e fi fr =1

1-2 GY GQZK'flfQZK'el
3 I €3 I3 e3 =ps f3=1/Jin - p3
5 R fs €5 es =R fs

4-7 TF 64:T'67f7:7"f4

8-12 TF €3 =T - €12 f12 =T- fg

10 R fio | e el = R- fi0

11 C fiu| en fii=qu en=Ky-qu

13 I e | fis e13 = pi13 f13 = 1/ Jout - P13

14 C fia | ewu fia = qia e1a = Kout - Qs

15 R fis €15 e15 = R+ fi5

A 1 fo=fs=fa=fsea=e3s+es+es
B 0 er=es=¢eg fr= fs+ fo
C 1 fo = fi1 = fio €9 = e+ en

D 1 fi2 = fis = fia = fi5 = fi6 €12+ €16 = €13 + e1s + €15

Table 3.1. Collection of the characteristic equation of the original sy-
stem with Bond-Graph

Through the states identified in table 3.1 it is possible to get the matrices [A],
[B], [C] and [D]. These are the four matrices that describe the dynamic model by
means of input variables, states and obviously outputs.

The following equations represent the four states that describe the system dyna-
mics, in appendix A.2 is presented the equations drafting:

. Cm + C 7'2 K n1C
ps = Kl — —flp:a — —f(hl + = D13 (3.11)
Ji T 7_2<]0ut
. 1 1
= — 3.12
qd11 Jmp3 py JOutp13 ( )
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. 1 f out 7_2

From (A.11),(A.13),(A.18),(A.20) it is possible to obtain the state vectors:

x = ¢ (3.15)

Gt K, 4 0 ]
Jin T Jout
| 0 0 0
O I 16
D nkyp Sl g,
| 0 0 Tor 0
K, 0 00
s [500 .

A system state variables is characterized by a system like this:

{{a‘:} = [A]{z} + [B] {u} (3.18)

{y} = [Cl{z} + D] {u}

To complete the system modeling the matrix C and the matrix D have to be found;
this is only possible after identifying the outputs of the system. The following
variables have to be known in order to identify the system response:

1. Motor Speed;
2. Slave Actuator Speed;
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3.9 — Non-linear load

3. Slave Actuator Force.
The speed of the electric motor is identified from the flow f3 which is subject to
the state ps

1

fs= Ip:s (3.19)

With regard to the slave actuator speed, this coincides with the fi3

1
J out

fiz = D13 (3.20)

The spring of the clutch is defined from effort ey, therefore on the table 3.1

€14 = Kourqia (3.21)

at this point from equations (3.19), (3.20), (3.21) it is possible to write down C e
D

00 5= 0
C=1|5-0 0 0 (3.22)
0 0 0 Koy
0 0
D=0 0 (3.23)
0 0

3.9 Non-linear load

In the previous paragraph it has been said that the load, which is non-linear, is
modeled using Bond-Graph with a linear spring and a source of strength. In this
section we analyze how the correction is made to obtain the desired characteristic.
As seen in figure 3.4 the characteristic slave force/displacement is identified by an
element C connected to the node 1, which identifies the slave actuator speed. This
node is connected, also, to a source of effort S., this does not exist in the physical
system; the source consists in correcting the linear force component C in order to
obtain the characteristic shown in Figure 3.3.
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€12 + €16 = €13+ €14 + €15 (3.24)

where ey is the effort generated by the source (see image 3.6) and ey4 is the linear
spring force (image 3.5):

€12 = €14 — €16 + €13 + €15 (3.25)

With this technique, the junction 1 receives the non-linear load (3.3) as a difference:
€14 — €16 = Fslave-

Linear spring
2000 T T ‘ ‘ T

1800 ]

1600 - ]

1400 ]

1200 a

Force [N]
=
(=]
o

800 a

600 - a

400 §

200 §

0 1 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Displacement [m]

Figure 3.5. Slave load modeling, linear feature
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Force to produce to simulate non linear load
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Figure 3.6. S, characteristic
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Chapter 4

Model Validation

4.1 Introduction

The construction of a mathematical model is not only writing down the dynamic
equations, but, above all, it is to verify that the resulting model reflects reality as
closely as possible.

To do so the unknown parameters must be found or guessed, in order to match
the experimental data with the numerical ones.

Various techniques could be used to find the aforementioned parameters, some of
those were used during the characterization process and they will be explained in
the present chapter.

4.2 Steady Gain Control

The first step taken to verify that the model represents the SILA holding system
was to check that the overall ratio between input and output was correct. The
transfer function between the torque of the motor and the slave actuator force is
shown in figure 4.2, the stationary gain is equal to the overall ratio: 9.33-103 (79.4
aB)).

The overall ratio calculated with the convention [in]/[out] is equal to 9.35-103.
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Bode Diagram
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Figure 4.1. Frequency response of the system (Damping neglected)

4.3 Equivalent Mechanical Model

A feasible choice is to only two inertial elements, to simplify the model: one that
represent the input inertia and it combines Motor, Gearbox and Cam, this solution
leaves the thrust bearing as second mass of the system. These two masses are con-
nected using elements with a determined stiffness. If we neglect damping elements,
the scheme shown in Figure 4.2 is the equivalent mechanical system.

Fluid
Kf Kout
M AN Mour AN A——
Clutch
Tfl T2

Figure 4.2. Mechanical equivalent of the original system

The inertia input is transformed into a mass by dividing the value for the total
ratio squared (4.1).

M, = (4.1)




4.4 — Natural Frequencies: Bond-Graph and Mechanical Model

The stiffness of the fluid is multiplied by the square of the area of the slave actuator,
to obtain its mechanical equivalent.

Ky, = K;- A2

slave

(4.2)

Parameter ‘ Unit ‘ Value

M, kg] | 5.37-10°
K; [X] | 8.57-10°
Mot kg] | 3-107"
Kour [X] | 12-10°

Table 4.1. Equivalent model parameters

4.4 Natural Frequencies: Bond-Graph and Me-
chanical Model

From figure 4.2, the mechanical equivalent is a 2 DOF system, this means that it
has two modes of vibration at two distinct frequencies.
The pulsation that characterizes the oscillation is given by (4.3):

Kout
=% 4.3
“ Mm + Mout ( )

To calculate the pulsation see eq. (4.4):

Kf + Kout
=\ 4.4
“ Mout ( )

The values obtained using this approach have to be compared to those obtained
using the Bond-Graph model. To obtain the natural frequencies of the model (the
damping factor is neglected) an analysis of the eigenvalues of A is performed.

Table 4.2 shows that the natural frequencies are close.
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‘ Mechanical Model ‘ Bond Graph Model

Mode 1 [Hz] 0.75 0.744
Mode 2 [Hz] 856 856

Table 4.2.  Comparison of natural frequencies of the two models
4.5 FEnergy Analysis and Modal Displacements

In the previous section are described modes of vibration of the mechanical equiva-
lent model and the frequencies at which the oscillations occur, a further verification
of the model is to analyze where the energy is concentrated within the system. Wi-
thin the system there are two elements which can store elastic potential energy E,
while the two masses possess their own kinetic energy U (see (4.5)).

1 1
U=3K lz|°  E= 57 |v]? (4.5)

The eigenvectors A of the matrix A correspond to the movements of the modal state
variables; these are momentums and displacements. If the momentums is divided
for its speed the masses are obtained, at this point it is possible to calculate the
energies associated with each element. From the geometric theory this 2 DOF
system has four modal states or eigenvalues (v), therefore the eigenvector matrix
must be Agp4:

Av = Mo (4.6)

Both the kinetic energy that the potential were then normalized with respect to
the total energy of the system related to every eigenvalue.
2 2
Etotfn = %Jm‘vznfn| + %Jout‘voutfn|
(4.7)
2 2
Utotfn = %Km}xznfn‘ + %Kout‘xoutfn{
v and x are the eigenvectors representing the speed and the displacement, respec-
tively, with respect to the masses and stiffness of the system for every eigenvalue.
The final step is shown in eq. (4.8) and it represents the normalization of the
energy component.
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1
Mout

Eni = gr 100 By = 570100
(4.8)
1 %Kout
UKf - Utotfn 100 EKOM - m 100

The same calculations are repeated for both frequencies with the following resul-
ts:

‘ Mm ‘ Mout
Frequence 1 (0.7Hz) | 99.9946% | 0.0054%
Frequence 2 856Hz 0.0054% | 99.9946%

Table 4.3. Kinectic energies

Table 4.3 shows that at the frequency 2, the kinetic energy is almost entirely
concentrated on the mass of the clutch thrust, while the inertia of the motor and
gearbox has little energy, while the frequency 1 most of the energy kinetic energy
is contained in the vibration of the inertia on the crankshaft, but this does not
mean that the mass of the thrust bearing does not move. To analyze the latter
condition is observed normalized eigenvectors, since the frequencies are complex
conjugate eigenvectors 4 will be 4, but identical two by two, so we consider only
2.

‘ Jm ‘ Jout

Frequence 1 (0.7Hz) 1
Frequence 2 (856Hz) | 3.4-1074 | 1

Table 4.4. Modal displacements normalized to the maximum in line

The table 4.4 points out how the first natural frequency of the masses are moving
in the same way, only the value of the kinetic energy can be misleading because
of the mass equivalent of J;, and J,,, there are four orders of magnitude of diffe-
rence.

In table 4.5, for the first mode, it is to see how much of the potential energy is
stored by the output spring (K,,). This is due to the fact that the two inertia
move, as if they are rigidly connected, on the spring of the clutch. The second
order, however, can be represented with the equivalent mass M;, fixed and the
mass M, that oscillates between springs Ky and K.
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‘ Kf ‘ Kout
Frequence 1 (0.7Hz) | 1.36% | 98.63%
Frequence 2 856Hz 98.63% | 1.36%

Table 4.5. Potential Energies
4.6 Experimental Data Validation

In the previous sections of this chapter, the model was validated using eigenvalues
and eigenvectors and with the frequency response analysis. In order to further
refine the mathematical model a parameters identification has to be performed.
To do so Simulink is used (see figure 4.6), this is a graphic tool to deploy the
system starting from the model state variables.

i

. = AxtBu s slave "
y= CtDu 7

Ingresso in corrente
State-Space h
Radis -= mis KK

N moalla lineare .
Caratteristica Molla a tazza
| mis master
/_/<-‘ Integratare! = Integratare2

rad/s motore

]

a

)=

..

P

Spostamento master/slave

[

Andamento Reale Grafico

Figure 4.3. Simulink diagram used for simulation

The mathematical model is contained in a single block which requires the matrix
[A], [B], [C], [D]. The inputs and outputs of the block state-space are created
automatically based on the size of the matrix [B], [C], [D]; especially writing the
matrix [B] and [D] the inputs of the system are needed, while the matrix [C]
dimension is defined choosing how many outputs are useful to fully understand
the system behavior.

The nonlinearity of the spring is created by an appropriate Simulink blocks that
have the task of generating a force that corrects the characteristic of linear spring
(see section 3.9) The correction of the load should vary depending on the defor-
mation of the linear spring, this deformation corresponds to the actuator slave
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4.6 — Experimental Data Validation

displacement. The look-up table in figure takes as input the displacement of the
slave and it gives in output the clutch load. The outputs of the State-Space are
speeds and forces, to obtain the displacement of the actuator is enough to integra-
te in time its linear velocity. This parameter is fundamental, in fact it is used to
compare the numerical value from the model with the experimental performance.
In figure 4.6 there are many Scope elements, they have the task to store temporal
trends of physical quantities of interest.
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155 25 255 'as '35s las lass

Figure 4.4. Current trends and positions provided by SILA Holding Industriale

The mathematical model takes into account the power dissipation by friction,
such as the hydraulic fluid viscous friction and the friction of the master and slave
cylinders. The values of these parameters, however, are not known and the target
of the analysis is to approximate the behavior of the numerical model to that of
the real system shown in figure 4.4. The first simulation, which does not take into
account the unknown friction (eccentric reducer and contact-actuator master), was
the first attempt, the result is shown in figure 4.5:

From figure 4.5 the behavior of the model, in red, it differs greatly from that of
the real system in black. This is due to the fact that the mathematical model
receives an input current signal (blue one on the bottom graph) similar to the
current actually provided to the existing system. The reason why the slave actuator
displacement in the numerical system is so big is due to the fact that the torque
produced by the electric motor is more than enough to overcome the resistant force.
The latter is smaller than the real one that could be described by the following
equation (4.9) that describes a 1 DOF equivalent system.
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Figure 4.5. Top:Evolution in time of the slave displacement, all the damping
parameters are equal to zero; Bottom: input current of the system

mi +ct +kr = Fio (4.9)

From (4.9) the second term is equal to zero, when damping is neglected, so the
displacement x with the same F},; has to be bigger. One solution may be to con-
sider the viscous friction of the piston master, but the difference from the case
without friction is minimal. The simulation are not yet comparable with experi-
mental data. In order to identify the correct value of friction, various simulations
are performed. In a empirical way, by gradually increasing the value of viscous
friction on the engine, the result obtained is an attenuation of the actuator slave
displacement.

In figure 4.6 the displacement is consistent with the experimental data, even if the
model takes too long to accelerate, this is probably due to a too high input inertia.
Since the inertia of the gearbox and the eccentric were obtained by importing CAD
drawings into SolidWorks, there might be some importation error or some mistake
during the inertia calculation. To obtain the correct value of inertia the total input
inertia has to be decreased of about 25% with respect to the theoretical value. The
result is shown in 4.7

Having carried out the model validation, the model itself was used for dynamical
simulations in order to design the high performance system, choosing the best
solutions on market.
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Figure 4.6. Top: Evolution in time of the slave displacement; Bottom:
input current of the system

0 T T T
T = Experimental
' -0.005+ == Numeric H
=
[
£ 001t .
o
S
& -0.015 -
a =
0.02 | . |
0 0.5 1 15 2
Time [s]
50
= o
€
o
3 -50F 8
-100 1 L 1
0 0.5 1 15 2
Time [s]

Figure 4.7. Top: Evolution in time of the slave displacement, identified system:;
Bottom: input current of the system
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Chapter 5

Electro-Hydraulic Model

5.1 Introduction

The model of the hydraulic system is quite similar to the electromechanical one,
this is due to the fact that they share some parts:

e Electric Motor;
e Fluid system:;
e Clutch spring, bearing.

The difference is due to the presence of a hydraulic pump that substitutes the
master cylinder and the gearbox. The pump is modeled using a TF element.
The system itself, as said in chapter 1 has the goal to be an high performance
actuator with great power to weight ratio. To do so, the whole system consist
of more components, like a relief valve to take into account safety issues and a
electro-valve used to ensure the irreversibility of the system.

The hydraulic scheme and the mechanical one are shown in figures 5.1 and 5.2.

5.2 Bondgraph Model and Equations

The modeling procedure starts from the electric motor which introduces a source of
flow connected to a gyrator, the input current is converted into torque, while the
voltage is converted in speed. The output of the gyrator represents the mechanical
part of the engine, so here it is connected a node 1, which represents the speed of
rotation. The overall inertia in input (permanent magnet rotor inertia plus pump

47



5 — Electro-Hydraulic Model

Clutch Actuation

Figure 5.1. hydraulic scheme of the system
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Figure 5.2. Mechanical Scheme of the electro-hydraulic system
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inertia) and the friction, that has to be identified during experimental stages, are
related to the speed of rotation, then these are to be connected with the gyrator
GY. This modeling is equivalent to that performed for the electromechanical sy-
stem, reference is made, therefore, to the procedure reported in chapter 3. The
hydraulic pump introduces a change of physical domain, the item TF (7 equals
the displacement of the pump) that identifies the mechanical part is interposed
between the engine and the hydraulic fluid. The slave actuator, also, has the task
of changing the domain then it was inserted a TF after the modeling of the fluid.
The output of the TF is connected to a node 1 which represents the linear velocity
of the actuator. The inertia of the thrust bearing and the load characteristic of
the actuator are connected to the last TF. The pattern resulting bond graph is as
follows:

Jout
Brushless motor = Out Motor Hydraulic ’

|J|'n
S, H>GY " A1—>TF—>0—"ATF
Iin Gy K\i I -E’ TR
C R c&i1ER
Hin Cin

e
O

N
..7:‘
hsQ == O

=]

&
-
=
o
=

-
3D

A

Kr cr Cout

Figure 5.3. Bond Graph Scheme of the electro-hydrostatic system

Once the scheme is defined and the various nodes are identified, it is possible to
write down the equations related to each component, for readability it was decided
to put them on a table.
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‘ n° ‘ Component ‘ IN ‘ ouT ‘ Equation
]. Sf €1 fl fl = I,m
1-2 GY 62:K'f1f2:K‘€1
3 I €3 /3 es=ps fs=1/Jin - p3
5 R fs es es=R-fs
4-7 TF es=T1-€r fr=11-f4
8-12 TF es =Ty €12 fro="To- f3
10 R fio | ew e =R f10
11 C fu | en fu=aquen =Ky -qu
13 I eis | fi3 e13 = Dis fizs = 1/ Jout - D13
14 C fia | ewu fia = qua €14 = Kous - qua
15 R fis €15 e1rs = R fis
A 1 Jo=fi=fi=fsea=es+es+es
B 0 er=eg=¢e [1= fs+ fo
C 1 fo=fi1= fioeg = eio +en
D 1 Ji2= fi3 = fiu = f1s = fi6 €12 + €16 = €13 + e1s + €15
Table 5.1. Equation of the bondgraph system

From Table 5.1 it has to identify those equations that contain a derivative, since
these equations contains information on system states. The result is a model in

state variables:

{2} = [A]-{z} + [B] - {u}

(5.1)

As for the electromechanical model also for the hydraulic model the state equations

are needed to build the A, B, C and D matrices.

equation drafting can be found.

In appendix A.3 a detailed

) Cin + Cs12 K C

Py = Ky — = 0y g+ gy (5.2)

Ji T 7_2Jout

) T1 1
= - 5.3
i = P b (5.3)
Cout + C—)
G ot + 74
= Krqn — ~ Koutqu + F, 5.4
P13 TQJmP3 + T1 8 rq11 T P13 outqis + (5.4)
. 1 (5.5)
q1a = Joutp13 .
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From equations (A.26),(A.28),(A.33),(A.35) it is possible to obtain this state vec-

tor.

— c -
_Gntd K _n 0
i],m T Jout
. 0 0 0
A = I” o 5.7
T(]Ci'n O c Jout 20 0 ( )
TGy _ Coutt7{Cy
TJin Tl Kf t{out Kout
0 0 . 0
- out -

K, 00 0
B_[o 01 0} (58)

A system state variables is characterized by a set of equation like the following;:

{@} = [A]{z} + [B] {u}
{{y} = [C]{z} + [D] {u} (5.9)

must still write the matrix C and the matrix D, this is only possible after identi-
fying the outputs of the system. As you come out of the same system we described

in earlier in this chapter:
1. Motor Speed;
2. Slave Actuator Speed;

3. Clutch Spring Force.
The speed of the electric motor is identified by the flow f3 which is related to the

state ps

! (5.10)

fs= Ip:a

With regard to the slave actuator speed, it is the fi3
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1

5.11
Joutp13 ( )

fi3 =

The force of the spring clutch is identified by the effort e;4 and then from the table
5.1 it can be obtained,

e1s = Koutqua (5.12)

at this point using the equations (5.10),(5.11),(5.12) it is easy to write the matrices
CeD.

00 5= 0
C=1|5-0 0 0 (5.13)
0 0 0 Kou
00
D= 00 (5.14)
00

The resulting model, implemented in Matlab&Simulink will be used to choose the
components to build the prototype actuator.
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Chapter 6

Prototypes Design

6.1 Present System

In order to understand the design procedure, it is fundamental to clarify the
weaknesses of the prototype produced by FISE. In fact the design of the im-
proved prototypes started from the present system and its construction (in figure
6.1):

Figure 6.1. Present System from SILA Holding
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The mathematical model described in chapter 3 was used to analyze the current
system and understand what might be the problems that limited its performance.
The analysis shows that the system present weaknesses both from the mechani-
cal point of view and from the electrical point of view. First, with regard to the
electrical domain, the low efficiency of the electric motor FISE (n = 50%) is un-
doubtedly a determinant limiting factor. Moreover, this electric motor has some
problems also from the mechanical point of view, a high inertia, solved through
the choice of a new system. A possible solution is to use a new electric motor,
more performant, linked to a new reduction system (see section 6.3). The SILA
Holding Industrial has required, for cost containment, to foresee the re-use of the
system FISE, in order to do this it was verified that another major problem of
the system was the high transmission ratio due to the screw-nut system and worm
wheel. The configuration with the re-use of the FISE motor will be described in
detail in section (6.2).

The reduction system certainly has some problems. In the first place it is charac-
terized by having a very high reduction value of 1/38, this value was determined
at the SILA Holding to ensure non-reversibility of the system. This condition al-
lows to maintain in a position to disengage the clutch without providing torque
through the electric motor, using the internal friction of the gearbox. The non-
reversibility of the system was not considered essential during the design of the
improved system, it is preferred to focus on performances improving. In addition,
a more efficient system allows to use less energy to maintain the clutch opened.
Consequently both the high-performance system is the system with re-use of the
motor FISE have benefited from the use of a planetary reduction systems, which
are characterized by a high efficiency also because the reduction ratios were redu-
ced.

Furthermore, as regards the mechanical systems we proceeded to some workings
on the cam to be able to accommodate the shaft of the reduction gears and the
bearing, this component was machined also to reduce its rotational inertia. The
new solution is shown in figure 6.3 and it’s the same for the two electromechanical
systems. The inertia is 25 % lower than the original cam.

Cam Cam Modified
Inertia [kgm?| | 4.821075 3.49107°

Table 6.1. Cam Inertia (Computed using Solidworks®)

On completion of the introduction of electromechanical systems, we introduce the
solution electro-hydraulic, which is characterized in the replacement of the system
for reducing mechanical system with a hydraulic pump as well as a set of compo-
nents such as valves for the control and safety, and a hydraulic circuit. This system

54



6.1 — Present System

Figure 6.3. Modified Cam, with

Figure 6.2. Cam i
lower Inertia

is presented in detail in section 6.4. The three solution are the following:

1. Electromechanical solution with the FISE electric motor;

2. Electromechanical solution with high performances;

3. Electro-hydraulic solution.

The design of the systems listed above follows a few key points that were agreed
with the company Sila Holding. First the improved system must be lighter and
smaller that the previous version, during the market analysis to find electric mo-
tors and gearbox the weight of the components had to be taken into account. Also
the material of housing structures was in mainly aluminum. The clutch actuator,
moreover, must be mounted into the engine room where the available volume is
minimal. Particular attention has been paid to the compact design of containment
structures and the choice of components with high power to volume ratios.
Having designed three prototypes during the test campaign, in order to optimize
the comparison between the systems, it will be necessary to establish a common te-
st rig to which connect the various models. Also, to avoid dead times it was thought
to favor the ease of assembly and disassembly. Therefore decomposable supports,
with easy access, were produced for the electromechanical solutions.
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6.2 Electromechanical with FISE Motor

The first solution was to use the FISE electric motor working together with a new
planetary gearbox. The choice of the reduction system, as mentioned above, is
based on the efficiency and the reduction ratio. As regards efficiency, the choice is
definitely focuses on the planetary gears (see 6.4). Epicyclic gearing or planetary
gearing is a gear system consisting of one or more outer gears, or planet gears,
revolving about a central, or sun gear.

Planetary gearhead

Figure 6.4. Planetary gearbox example

Advantages of planetary gears over parallel axis gears include high power density,
large reduction in a small volume, multiple kinematic combinations, pure torsional
reactions, and coaxial shafting. Disadvantages include high bearing loads, inacces-
sibility, and design complexity. The planetary gearbox arrangement is an enginee-
ring design that offers many advantages over traditional gearbox arrangements.
One advantage is its unique combination of both compactness and outstanding
power transmission efficiencies. A typical efficiency loss in a planetary gearbox
arrangement is only 3% per stage. This type of efficiency ensures that a high pro-
portion of the energy being input is transmitted through the gearbox, rather than
being wasted on mechanical losses inside the gearbox. Another advantage of the
planetary gearbox arrangement is load distribution. Because the load being tran-
smitted is shared between multiple planets, torque capability is greatly increased.
The more planets in the system, the greater load ability and the higher the torque
density. The planetary gearbox arrangement also creates greater stability due to
the even distribution of mass and increased rotational stiffness.

As regards the reduction ratio we have investigated the relationship between total
engine torque input and the force acting on the slave cylinder. The minimum
reduction value capable of ensuring the opening of the clutch has been identified
in 1/11. A reduced 7 can also reduce the size of the system. The 7 final value is
defined by the products on the market, the system more similar to that ideal one
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6.2 — Electromechanical with FISE Motor

is produced by the MAXON company: GP 42 (see 6.5). In the table the main

characteristic of the motor and the gearbox are shown 6.2.

Electric Motor

Gearbox

Name FISE Brushed Motor | Planetary Gearhead GP42C
Speed [rpm] 500 8000*
Max Torque|[Nm] 12 4.5
nvax [ 52.1 90
Weight [g] 1000 260

Table 6.2.

Motor and Gearbox Characteristics

Ceramic Version

[2]

o
o

@28 -0.03
@12 -0.02

20

ML x6_tief/deep
My 100NCM max.

[&[go.2]n

Planetary Gearhead GP 42 C 42 mm, 3- 15 Nm

Technical Data

Planetary Gearhead straight teeth
Qutput shaft stainless steel
Bearing at output preloaded ball bearings
Radial play, 12 mm from flange max. 0.06 mm
Axial play at axial load 0mm

The characteristics of the selected gear have been used to simulate the behavior
of the system through the Simulink model. The results obtained are shown in
the figure and show how this configuration allows to obtain improved performance

6.6.

The components of the new system are now defined, at this point the final part is
about designing an housing structure. This structure should preferably have the
following characteristics:

e Compact

e Easy assembly: in order to achieve this objective the mechanical compo-

1 N M issible axialload o 50N
__L AN T lax. permissible axial loa
S 1} o _C% Max. permissible force for press fits 300 N
<, N = Sense of rotation, drive to output =
Recommended input speed < 8000 rpm
0 % Recommended temperature range -40 ... +100°C
150 6411-A1.25%2.65 0.4 Number of stages 1 2 3 4
0 Max. radial load,
29.5 -1 L1 max. 12 mm from flange 120N 150N 150 N 150 N
M1:4
Figure 6.5. Key components

nent is composed by four parts mounted together using screws;

e Capable to accomodate different system versions: this is explained in

the related section (see section 6.2);

Max speed allowed
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Performances
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Figure 6.6. Numerical simulation of the system with FISE motor and Maxon
gearbox (7 = 1/12); Opening time: 140 [ms]

e High precision assembly: centering pins are used to achieve a axial
precision near 10 [um] (see section 6.2);

e Modularity: this structure can be used with little differences by the two
electromechanical systems.

In order to have a compact system, the design of the housing started from an
aluminum billet. The first solution is shown in figure 6.7. The component had to
connect, with maximum precision, the system parts; this choice is due to the fact
that one important issue was to achieve collinearity of the gearbox, the cam and
the bearing. From an experimental point of view, however, is more advantageous
to have a prototype easy to assemble and disassemble. Consequently it was deci-
ded to break down the original component into four parts (as shown in figure 6.8),
which are connected with each other through a series of screws. The accuracy is
then guaranteed by the reference pins. The end result leads to the axial tolerance
of less than two hundredths of a millimeter.

The modular issue is solved modifying only one of the parts of the structure, the
one where the gearbox will be fixed with screws. The exploded view of the com-
plete test bench (fig. 6.9) shows all the parts of the system, and it stresses also
the need to have a precise construction.
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6.2 — Electromechanical with FISE Motor

Figure 6.7. Original Alumi- Figure 6.8. Support composed of
num Billet four parts, easier to assemble

o

Figure 6.9. Exploded view of the whole system
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Figure 6.10. Electromechanical System with FISE Motor
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6.3 Electromechanical System: Maxon Motor and
Gearbox

The second solution was to use a new motor-gearbox with high performances
in order to have a reference point for the electromechanical system. The FISE
electric motor and the gearbox are substituted with a new motor-gearbox from
Maxon. The motor was chosen from the DC Brushed Maxon solutions with less
than 250 [W] of nominal power, this was a specification given by SILA Holding
Industriale. The system is characterized by having a high torque-to-weight ratio.
The parameters of this electric motor (resistance, inductance, inertia, etc.) were
used to simulate the clutch actuation with different reduction ratios. Doing so it
was possible to adjust the transmission ratio required to ensure high performance.
The best opening time was obtained with 7 = 1/4. The solution compatible with
the motor RE 50 was the gearbox Maxon GP 52. A planetary gear, to ensure high
efficiency and high torque capacity.

The specification are listed in table 6.3.

Electric Motor Gearbox
Name Maxon RE50 (Brushed Motor) | Planetary Gearhead GP52C
Speed [rpm)] 5680 60007
Max Torque[Nm] 8.92 6
NMmAx [%] 94 91
Weight [g] 1100 460

Table 6.3. Motor and Gearbox Characteristics

Using the characteristic parameters of these systems, we proceeded to simulate
the behavior of the system, to predict the maximum achievable performance. The
result is shown in figure 6.11

As said for the previous system, the various components have been modeled using
CAD software and the system in figure6.12 was obtained.

2Max speed allowed
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Performances
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Figure 6.11. Numerical simulation of the system with the Maxon motor-gearbox
(7 =1/4.3); Opening time: 75 [ms]

Figure 6.12. Electromechanical System with Maxon Motorgearbox
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6.4 Electro-Hydraulic System

The first chapter of the thesis introduces the field of study of electro-hydraulic
systems, with particular attention to EHS and EHA systems. These systems are
characterized to have more performance than electromechanical systems with the
same size and weight. For these reasons, as well as the fact that the center of the
LIM-CSPP Polytechnic of Turin has a long tradition of electro-hydraulic applica-
tions, we proceeded to design a system for implementing EHS clutch actuation.
The key points of the design are:

1. Performance equivalent to or higher than the electromechanical system;
2. More compact and lightweight;
3. Simple construction.

To achieve the aforementioned goals a hydraulic circuit with a limited number of
elements is designed, to which were added the components necessary to achieve a
high level of security. The components necessary for the engage of the clutch slave
cylinder are: Electric motor, pump, circuit and oil tank. The scheme of the final
system is shown in figure 6.13

1. Brushed DC Electric Motor: this technology was chosen in order to
lower the overall cost of the system;

2. Rigid coupling: light and compact;

3. Hydraulic Pump: the pump displacement is very important, in fact it
determines the total ratio between input torque and force over the clutch;

4. Electro-valve: the choice was driven by the working power consumption
(the lower the better), working pressure and dimensions;

5. Slave Cilinder;

6. Relief Valve; compact body;

7. Oil Tank: At this stage no further study was performed;
8. Circuit housing.

In figure 6.13 is shown the hydraulic diagram of the system implementation, as it
is known to be associated with the EHS system called Bleed-Off. The operation
of the actual system, however, differs from this classification because the system is
controlled directly by acting on the electric motor, via an electronic control unit.
The operation of the system is the following, when the system receives a signal to
disengage the clutch the controller switches the electric motor, which is connected
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Figure 6.13. Hydraulic Scheme

to the hydraulic pump. The latter provides a flow in order to move the clutch
actuator in finite time, less than 100 [ms]. The sizing of the system was done in
order to have a disengage time lower than that of the electromechanical solution
(section 6.3). The electric motor then provides enough torque to overcome the
inertia of the elements along the line of implementation (pump, fluid actuator)
and move the clutch spring. The presence of the pressure relief valve is due to the
fact that it was necessary to protect the circuit in case of overpressure (even if this
condition is difficult to find given the characteristics of the system.)

The servo valve on the other hand has been inserted with a specific purpose, to pre-
vent the continuous operation of the electric motor thus safeguarding the thermal
point of view. In fact, the solenoid valve is actuated when it becomes necessary to
keep the clutch position, avoiding that the electric motor produces a maintenance
torque for a long time. The valve will be used, therefore, as an ON-OFF. Being
normally open it will allow fluid to flow in both directions. The moment the clutch
is disengaged, if this condition must be maintained for a few tens of seconds (for
example at traffic lights) the electro-valve is closed; the fluid trapped between the
valve and the slave maintains the pressure level, except for some leakage. The
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leakage itself, it is not a problem because in case of pressure drop, the electric
motor could be operated to maintain the right pressure level.

This prototype shares with the electro-mechanical system the slave cylinder. Sila
used a DOT 4 brake oil as the hydraulic fluid, in order to do minor modification
to the test rig the same oil is used.

In fact, hydraulic components use, in general, Buna or Viton soft gaskets (O-rings,
etc..). All specification are indicated with hydraulic oil, with a viscosity of 46 [cSt]
at 40 [°C], changing the fluid (and hence surface tension) and also the viscosity,
it change the leakage and operational behavior. The system will use what is com-
monly called “brake fluid”, which actually has little to do with the normal oil and
definitely have to take into account the different viscosity of hydraulic oil reference.
The material for the soft seal for these fluids is the EPDM, it could be said that
from the point of view of the demonstrator Viton can be used, but if wearing has
to be taken into account probably a further study must be done.

In table 6.4 are shown electric motor and pump specifications. This two compo-
nent were defined using the numerical model in order to provide the right torque
(motor) and the right rate flow (pump). Otherwise, the rigid coupling and the
valves were defined by their overall dimensions.

Motor Hydraulic Pump
Name Maxon RE40 24 [V] (Brushed Motor) Name Marzocchi UK 0.5 D 1.60
Speed [rpm] 75830 Max Speed [rpm] 5000
Max Torque [Nm] 2.28 Max Pressure [bar] 190
nvax [%] 91 Displacement [cm®/rev] 1.25
Weight [g] 480 Weight [g] 900

Table 6.4. Motor and Pump Characteristics

The parameters of the electric motor and the pump are introduced in the numerical
model in order to find out the opening time. The model takes into account both
the electrical characteristics (resistance, inductance) and mechanical (inertia) of
the electric motor, while as regards the pump, the parameters considered are the
displacement, the damping and inertia. Some parameters were found in the data
sheet, others were guessed in order to run the simulation.

In figure 6.14 is shown the behavior of the numerical model (red) with respect
to the actual SILA prototype. In fact a this point of the analysis all the viscous
friction parameters are unknown, they must be guessed.

To build the prototype the components cited above are needed, this part of the
project was about finding the best solution in terms of performances, dimensions,
weights and costs.

First step was to find a coupling in order to connect the electric motor and the
pump. From the design point of view it is important to choose a low inertia
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Figure 6.14. Top: Hydraulic system performances, dotted black line is
the open clutch displacement, the modeled hydraulic system opens in 70
[ms]: Bottom: Input voltage

coupling with a axial degree of freedom, in order to avoid problems due to non-
coaxiality between the motor and pump shafts. The component selected is the
Panamech MULTI-BEAM BC24.

Looking at the scheme in figure 6.13 two valves have to be selected: an electro-
valve and a relief valve for safety.

Consider the waiting at the traffic light, a very onerous condition, in which the
system must maintain the clutch engaged for a period of time which can be of
several minutes. In the event that it were the electric motor to provide power
to maintain the clutch spring compressed, it is clear that there would be a high
energy consumption. In this condition becomes essential to have a valve, which
when operated allows the pressure management. For this task has been selected
the valve, shown in figure 6.15, with its coil, figure 6.16. This two components were
small enough to maintain compact the overall dimensions of the system. The total
weight of the valve and the coil is 290 [g], and the power needed by the system is
20 [W].

In order to design a safe hydraulic system the circuit needs a relief valve. In this
case the pressure maximum value is defined by the mechanical constraints of the
clutch actuation. The force acting on the slave is due to the compression of the
spring, its maximum value, in the case of a small car clutch, is about 800 [N]

that gives 80 [bar]. Nonetheless a compact relief valve is considered, see image
6.17.
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Figure 6.15. Atlantic Fluid Tech: CEBP 040 NAFN, Max pressure: 350 [bar]
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Figure 6.16. Atlantic Fluid Tech: COIL M7, Voltage: 12 [V], Current: 1.62 [A]

6.5 Mechanical Assembly

All the aforementioned components must be housed and connected following the
key features pictured in section 6.1. The present section describes the solution
adopted. In order to have a light and compact component the first consideration
to be done is to have an aluminum billet where drill the circuit. In fact this
solution, in figure 6.18, is useful, furthermore, to reduce the gap between the
motor and pump shafts. The overall dimension are defined by the components
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Figure 6.17. Atlantic Fluid Tech: Relief Valve, Weigth: 50 [g]

and the thickness of the walls to withstand the hydraulic pressure during the
opening procedure.

The material chosen for its mechanical properties and the containment of the
weight is ERGAL 7075 T6.
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Figure 6.18. Housing
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Figure 6.19. Assembly Rendering
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6.6 CFD Analysis

The hydraulic component (fig. 6.18) that houses the main circuit is very important
to keep the system compact, however it is very important to check this design in
order to avoid problems during test. To do so, a CFD analysis is done; the tool
chosen is Comsol Multiphysics.

This tool is a powerful software that is able to compute multi physics problems such
as Thermal Fluidodynamics, Electrochemistry and Electromagnetics simulations.
For this analysis the Comsol CFD tool is chosen.

The model is built using the exact geometry imported from Solidworks using a
STEP file.
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Figure 6.20. Imported model on Comsol

Using the model shown in figure 6.20, the first step was to choose the study to
perform: Single-Phase Laminar Flow, Stationary. The characteristics of the DOT
4 brake oil, used by SILA, were approximated using a standard material in the
Comsol library: Transformer Oil

The fluid domain is created using the command Cap Faces, that is able to identify
the circuit. The mesh of the system is made using default configuration for Comsol,
taking into account the analysis that must be performed.
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The results are shown in figure 6.23 where it is possible to see that the pressure
drop from the Inlet to the outlet of the circuit it is small. It must be underlined
that the circuit diameter is kept constant where possible.
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Figure 6.23. Oil Pressure in the circuit
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Chapter 7

Experimental test and Results

The final part of this thesis focuses on the analysis of results obtained through
a series of experimental tests carried out on prototypes built according to plans
explained in previous chapters.

The test bench is characterized with minimal changes to accommodate the three
prototypes. They, as mentioned above, are designed to be interchangeable, having
the common flow toward the slave cylinder which controls the clutch actuation.
The test bench is equipped with the hydraulic connection between the master (in
the case of electromechanical systems) and the slave, which moves the actuator.
The latter works on a linear spring (see image 7.2) that simulates the load given
by the spring of the clutch that works on the slave cylinder. From previous tests
carried out at the company Sila, the load applied in limited wear condition is about
800 [N]. The test bench is as in figure 7.1.

Figure 7.1. Test bench with the FISE electric motor

The main components are:
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1. Fise Motor with gearbox, cam and master cilinder;
2. Slave;

3. Linear spring (58 [N/mm]|) and potentiometer.

Figure 7.2. Linear Spring connected to the slave

The design of this bench test led to have interchangeable systems with an easy
mounting and un-mounting. As you can see in figure 7.3 it is possible to sub-
stitute only the bottom part of the system avoiding to purge twice the hydraulic
part.

Figure 7.3. Maxon System bottom part
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7.1 — Electromechanical Systems

7.1 Electromechanical Systems

The goal of the project was to achieve clutch opening times lower that 200 [ms],
so in order to check the performances, the EMA systems were fed with duty cycle
of voltage in open loop. The results shown in the following pictures are about the
maximum performance of each one.

7.1.1 Electromechanical System: FISE

Starting with the FISE electromechanical system, it was important to understand,
also the system power consumption. In fact as the voltage is known it is important
to take into account the current value. In figure 7.4 is shown the experimental
result, it is important to notice that improved system is, indeed, faster that the
previous version. This is due to the fact that the torque provided from the FISE
motor was more than enough and the reduction ratio was too high. This could
be important to have a non reversible system, but in this case the damping factor
was too big and the overall performances were low. In figure 7.4 is shown also the
current produced by the electric motor in order to keep the clutch position. The
FISE solution needs 35 [A] and it is obvious that this value is too high and that
involves a waste of energy is not negligible. A possible solution is the use of a
magnetic brake.

e Same Electric Motor;
e Gearbox with lower ratio and lower inertia;

e Low inertia cam.
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E Performances

= s ‘

c

= —— Duty Cycle

g 0 l_l_ = Displacement
S N Open Clutch |
g

o -10F \ / :
S .15 \ / 7
S .20 ‘ : I

§ 20, 15 2 25 3
§ Time [s]

0
< -50¢ 1
€
£ -100 1
=
© 150f 1

-200 : * '
1 15 2 25 3
Time [s]

Figure 7.4. Top: Open Clutch is set at 12 [mm], the system opens in 148 [ms]
following the voltage DC; Bottom: the current has a peak near 200 [A], but the
holding current is about 35 [A]. Maximum voltage: 13.5 [V]
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7.1.2 Electromechanical System: Maxon

The FISE motor could provide a solid performance, but in order to open the clutch
in less than 100 [ms] it is necessary to use an electric motor with low inertia and
high efficiency. During the design stage a lot of motor were analyzed but the best
solution was the Maxon RE 50, an DC motor with high torque and efficiency. In
order to meet the speed and torque specification of the clutch actuation the electric
motor was combined with a gearbox (GB 52) with reduction ratio: 4.3.

The opening times achieved by this system are shown in figures 7.5 and 7.6:

E Performances
= 10 * | ‘ |
c
[
& =
g 0
&
E Duty Cycle
S 10 = Displacement
< \ ........... Open Clutch
(]
2 -20 ‘ : | ‘
8% 25 3 35 4 45
s Time [s]
0 I ! |
< 20 |
T
o
8 -40F |
-60 ‘ ‘ ‘ ‘
5 25 3 35 4 45
Time [s]

Figure 7.5. Top: Open Clutch is set at 12 [mm], the system opens in 105 [ms]
following the voltage DC; Bottom: the current has a peak near 60 [A], but the
holding current is about 23 [A]. Maximum voltage: 13.5 [V]

Images 7.5 and 7.6 show that the Maxon system has high performance. The
opening procedure takes less than 100 [ms]. Another important consideration
can be drawn from the analysis of the holding current patterns. The value of
the latter is around 20-25 [A], allowing energy consumption lower than the FISE
configuration.

The RE 50 motor could work with 24 [V], but the tests are performed using the
voltage delivered by the car battery (more likely situation).
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Performances

AN
-10F \ — Duty Cycle

= Displacement

Voltage [V] - Displacement [mm]

........... Open Clutch
-20F 1
35 4 45 5 55 6
Time [s]
0 ' ' |
<
g 50" |
5
(8]
-100 ' 1 I 1
35 4 45 5 55 6
Time [s]

Figure 7.6. Top: Open Clutch is set at 12 [mm], the system opens in 70 [ms]
following the voltage DC; Bottom: the current has a peak near 100 [A], but the
holding current is about 23 [A]. Maximum voltage: 9.5 [V]
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7.2 — Electro-Hydraulic System

7.2 Electro-Hydraulic System

The last experiment is done with the Electro-Hydraulic system, in figure 7.7 all
the hydraulic components are shown. The real system mounted, however, is sho-
wn in fig. 7.8; it could be confronted in term of volume occupation, with the high

performance EMA system (see fig. 7.9).

LY

Figure 7.7. Exploded view of the hydraulic system

Figure 7.8. Hydraulic system mounted
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Figure 7.9. Comparison between the hydraulic and mechanical solution

In figure 7.10 the results of the hydraulic system are shown.

The hydraulic system opens the clutch in 130 [ms], but it is useful to take into
account the system initial delay. In fact the system doesn’t move for 30 [ms] after
the voltage input, this is probably because of the stiction of the pump and its low
efficiency at low speeds. In the model used to design the system it wasn’t taken
into account.

The current used to maintain the open clutch condition is approximately 20 [A].
But in the case in which the solenoid valve is operated, the condition is met by
reducing the use of energy. In fact, the solenoid valve has a rated power of only
20 [W].
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E Performances
= ' | |
£ o——

0=
§ }
: — Duty Cycle
g / = Displacement
a g o I Open Clutch
< |
S -20 ’ 1 J I
g 02 0.4 0.6 0.8 1 12
s Time [s]

0
% — Currenﬂ
c
o -20 1
5
o

40 - 4
0.2 0.4 0.6 0.8 1 1.2
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Figure 7.10. Top: Open Clutch is set at 12 [mm], the system opens in 130 [ms]
following the voltage DC; Bottom: the current has a peak a little over 40 [A], but
the holding current is about 18 [A]. Maximum voltage: 13.5 [V]
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Chapter 8

Parameter Identification

8.1 Non Linear Electromechanical Model

A non linear model was built in Matlab&Simulink in order to take into account
the behavior of the eccentric.

The modified cam used in the electromechanical prototypes kept the original profile
as it is shown in figure 6.3: the goal of this model is to match the real displacement
of the master cylinder and also to reproduce the actual torque seen by the cam.
The torque varies with the angle of incidence of the force acting on the cam (see
figures 8.2 and 8.3).

The non linear model is needed in order to identify the model parameters, unfor-
tunately, the State Space representation doesn’t allow to have a non linear model.
The idea was to separate the whole system in tree sub-systems, fig. 8.4:

1. Mechanical part with inertial properties and friction coefficients of the elec-
tric motor and gearbox;

2. Non linear cam;

3. Hydraulic model of the Master and Slave system and clutch.

8.2 Electric Motor and Gearbox

The State Space system of this part is written down using Bond Graph technique
and it has only one state related to the inertia of the electric motor.
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Figure 8.1. Force acting on the cam
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Figure 8.2. Actual displacement Figure 8.3. «

The state equation (8.1) takes into account the inertial properties:

omega [rad/s] v [m/s]
—» Em—
Motor @ Hydraulic
Gearbox and Clutch
-—
T [Nm] F[N]

Figure 8.4. Non linear model
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8.3 — Non Linear Cam

Jil‘l Jnut
| I

c
1 2 -FS Non Linear 7 8 2 E{;]u
S; —=GY —i1 <2 Se Cam S——=0 ATF —A 1«\ Kout
Tin GY f \j -E' TF1 -ES Se
cC R C<H1H>R R
Kf cr Cout

Kin Cin

Figure 8.5. Bond-Graph with non line cam

Cz'n
Jtot

. . J;
Pz = — p3+K2+TTCAM( ) (8.1)

Jtot

In the equation (8.1) is possible to identify the input from the electric motor, i
and the torque from the eccentric T 4p,. From the Bond-graph of the system the
total inertia of the motor-gearbox part is:

Jtot = ']m + ng + 7—Z'JC'AM (82)

The State Space model with its A, B, C and D matrix is the following:

i} = |- 5] {pg}+{f£{ ' (53)

Teot TCAM

{WZjM} N [Jg} {ha} + ﬁ)( {TCZM} (8.4)

8.3 Non Linear Cam

The non linear cam implemented in the model takes into account the real radius
of the cam. The fundamental hypothesis is to have the continuos contact between
cam and cylinder. Moreover, the component force (F,) acting on the cam produces
a moment the is variable with the angle a; the lever b is related to the value of
the actual radius r. As can be seen in figure 8.1:

F.= Fcosa — b=rsina (8.5)

89
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T = Fb (8.6)

The angle o and the actual displacement are shown in figure 8.3, these values are
highly non linear and the result is that the simulation is quite longer.

8.4 Hydraulic fluid and Clutch

The hydraulic system and the clutch are modeled as shown in chapter 3, the
unique difference is due to the fact that the non linear spring of the real system
is substituted by a linear one in the test rig. The model is modified in a simple
way: the input force due to the non linearity is neglected, the stiffness of the linear
spring is 5.88 [kg/mm]|. The Bond-Graph equations can be found in appendix A.4.
The result in term of Simulink model is shown in figure 8.6 and 8.7.

. ps
44 0 T2 Mout q4 1 0 Viin
T |k c e (8.7)
pS 7,_2f - (Cpist + T_Qf) ﬁ Ds TIT_; —1 Fclutch
1
Uslave 0 Mout q4 0 0
= o + {v} (8.8)
Feam nKy —Z=E] ps Cr 0

Vi L LotR Marusl Switch
el Transfer Fon »

= ‘m
1
]
L Speedht  SpeectSiave
EXP. >|>—b Graph Tot
Foluch  ForceCam [T
WasterSlave |:l .
Cam Non Linear {

_@4.

=@

Figure 8.6. Simulink model: whole system

This model is quite similar to the original one, but at this point, it was impossible
to neglect the eccentric non-linearity. It could be used either for the system with
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Rotaz Cammal

1 MATLAB
s Function

Speedilotor
Integrator MATLAB Fen

Rot-Displacement

SpeedCam

Torque

Calculus

RotazioneTa
Alpha

Force Cam

Figure 8.7. Simulink model: eccentric

the FISE motor and the Maxon gearbox and for the Maxon Motor-Gearbox solu-
tion. The different parameters are defined in the file .m that is used to setup the
simulation.
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8.5 Parameter Identification: EMA Systems

The model explained in the previous section is needed to perform the parameter
identification of the system. To do so the voltage Duty Cycle is used as model
input; the parameters that are chosen to be changed are those that could be
considered unknown:

e Motor Resistance (the values measured by multimeter differ from the data-
sheet);

e Motor and Gearbox Viscous Friction;
e Fluid Viscous Friction;
e Master and Slave Cylinder Viscous Friction.

In figure 8.8 is shown the best numerical approximation done for the FISE system,
using the parameters values in table 8.1.

x10°

—— Numeric
— Experimental
—— Duty

Displacement [mm]

10+

12
L
14+
05 1 15 2 25 3
Time [s]

Figure 8.8. Numeric approximation

This model works fine with the data sheet resistance of the motor (in fact the value
measured using a multimeter is close, R = 0.2 [2]). The values of the frictions
were found starting from the light damped system. The slave viscous friction was
identified using the hydraulic system model, see section 8.6.

With the same technique it is performed also the simulation of the high perfor-
mance electro mechanical system. The results are shown in figure 8.9.
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8.5 — Parameter Identification: EMA Systems

Parameter [unit] | Value
Motor resistance [ohm] 0.133
Motor-Gear Friction [Nms/rad] | 16e~*
Fluid Friction [Ns/m?] 6.8e!!
Piston Friction [N/s] 273

Table 8.1. Parameter identified for the FISE solution

Identification
0
0002
00041
-0.006 -
E
= 0008
f=
£
E 001
b
2 -0.012
2 L
-0.014 Numeric
Experimental
-0.016 Duty
00188  \4 | Open Clutch
-0.02 1 1 1 1
25 3 3.5 4 45
Time [s]
Figure 8.9. Numeric approximation
Parameter [unit] | Value
Motor resistance [(2] 0.309
Motor-Gear Friction [Nms/rad] | 4e™®
Fluid Friction [Ns/m?] 6.8e!!
Piston Friction [Ns/m] 273

Table 8.2. Parameter identified for the high performance solution
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8.6 Parameter Identification: Electro-Hydraulic
System

The identification performed over the Electro-Hydraulic system was done using the
model described in chapter 5. In this case there wasn’t the non linear eccentric to
take into account.

The identification was done starting from the non damped system and then some
damping parameters were guessed and others were identified using experimental
data. The damping parameters in the model are:

e Motor-Pump friction;
e Fluid damping parameter;
e Slave actuator friction;

In figure 8.10 is shown the numerical response (green line)

o
o
@

o
o
o

Disp Experimental
Disp Numeric
—DC

Open Clutch

TN

Displacement [m]
o
2

=)

S
2

I I 1 1 I 1
02 04 06 08 1 12 14
Time [s]

Current [A]

I L 1 | I 1
0.2 04 06 0.8 1 12 14
Time [s]

Figure 8.10. Top: From the Duty Cycle in input (red line) the numeric
response of the model in green. Bottom: Numeric Current in green and
experimental in blue.

The second step was to find the value of the Motor-Pump friction, this was possi-
ble dating a simple test: connect the outlet port directly to the tank and supply
constant voltage. In this case the rotational speed of the system could be con-
sidered constant and the only force acting against the motor torque is given by
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8.6 — Parameter Identification: Electro-Hydraulic System

the motor-pump friction. The experimental data produced by this test were then
matched with the numerical ones. In the numerical model in order to simulate the
connection to the tank the slave actuator part were neglected.

In figure 8.11 the numerical current equals the experimental RMS value, the
friction factor is Cpp = 8e™* [Nms/rad]. The identified value is valid un-
der the assumption of considering only the stationary condition neglecting the
transients.

Current
15 T w

Experimental Current
=== Current Numeric

10

| |

(92

Current [A]

[
]

-10F

1 15 2 25 3 35 4 4.5 5 55
Time [s]

Figure 8.11. Numerical Current (black line) equals the experimental current

As regards the value of the viscosity of the fluid, its value is taken from Pristera
and Romeo works [11, 12]. All the parameter values are shown in table 8.3. The
identification result is presented in figure 8.12

Parameter [unit] | Value
Motor resistance [2] 0.4
Motor-Pump Friction [Nms/rad] | 4e™3
Piston Friction [Ns/m] 2e?
Fluid Friction [Ns/m?] 6.8e!!

Table 8.3. Parameter identified for the hydraulic solution

Tn order to understand the weight of the viscous damping on system performance
is possible to make an energy analysis. Having defined the total value of the
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Figure 8.12. Top: From the Duty Cycle in input (red line) the numeric
response of the model in green. Bottom: Numeric Current in green and
experimental in blue.

transmission ratio between the pump and the cylinder prejudice as Tyotq, assuming
non losses in the circuit:

Qin = Qout — -l)pump('u = Aslavev (89>
Dpump V

vy = DoV 8.10

Ttotal Aoe w ( )

Qin and @,y are the volumetric flows in input (from the pump that rotates with
speed: w) and output (the hydraulic fluid that moves at v). So the transmission
ratio is defined by the pump displacement D,,,, and the piston area (Agqpe)-
Under the hypothesis that the energy dissipated by the system is entirely due to
the friction of the motor-pump system, the relation in eq. (8.11) is valid. The total
energy could be written related to the speed of the slave actuator (8.12). From
these relations it results that the value of the pump damping is predominant in
relation to the other parameters being a function of reduction ratio squared.

1
Elpss = icpumpﬁ (8.11)
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1
Eloss - 507]2 (812)

Corum V\?
% = (_> = Tt20tal (8-13>
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Chapter 9

Conclusions

The work starts from the analysis and modeling of an electromechanical actuation
system, this system was characterized by having non-competitive performances.
Through the work of modeling and simulations some weakness have been found, to
solve these, three solutions have been proposed: an electromechanical solution in
which the electric motor was maintained, a high performance EMA solution (new
system gear and motor) and a electro-hydraulic solution.

The realization of the Matlab&Simulink© models is followed by the design of
systems and their physical realization. The comparison of the performance of pro-
totypes has allowed a further identification of the parameters and, therefore, a
detailed analysis of the intrinsic characteristics of the various technologies.

Table 9 presents the main features of the various solutions proposed and tested,
in addition to their performance. These parameters show, unequivocally, what are
their main advantages and disadvantages.

The EHS Maxon solution allows a very compact and lightweight construction. The
performances of this system, while not being the best, are obtained with a system
with the lowest rated power.

In contrast, the EMA Maxon system has the best performance at the expense of
a relatively bulky construction.

The EMA Fise solution is the less efficient but it allows the re-use of the electric
motor which is an advantage from the costs point of view.

At this point it is useful to outline the next steps of the project. First, it is useful
to perform an experiment in the car, to better understand the performance with a
real clutch and the limited spaces in the engine compartment. This condition can
be useful to evaluate the thermal behavior of the solutions.

With regard to the model of the system, instead, it would be interesting to imple-
ment a second approximation of the fluid model, in which its inertial properties
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will be evaluated.

In addition it may be interesting to optimize the circuit housing through a multi-
physics simulation, further reducing its size and considering a future industriali-
zation.

EMA FISE EMA MAXON EHS MAXON
Name FISE Motor 12 V. Maxon RE 50 24 V Maxon RE 40 24 V
Max Torque [Nm] 12 8.92 2.28
Electric Motor Max Speed [rpm] 500! 5950 7580
Nominal Power [W] 400 200 150
Efficiency [-] 52 94 91
Rotor Inertia [kgm?] 60-1076 54-1076 14-1076
Mass [g] 1200 1100 480
Name Maxon GP 42 Maxon GP 52 Marzocchi UK 0.5 D 1.60
Transmission Ratio 1/12 1/4.3 -
Displacement [cm?/rev] - - 1.25
Total Mass [kg] 2.5 2.5 1.8
Total Volume [mm?| 580 620 480
Complexity High High Low
Performances Open Clutch [ms] 140 1002 (70) 130

!Experimental Max Speed
20btained with Vi, = 70% Ve
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Appendix A

Equations

A.1 Mechanical Inertia Properties

Inertial properties

The following equation refer to section 3.3.

WWheel = WDCMotor

WGearboxr = T * WWheel
WShaft = T * WiWheel
WCam = T * WWheel

1
Jin = JDCmotor + ']Wheel + ; . (JGearbox + JShaft + JCam)



A — Equations

A.2 Mechanic Equations

Electro-Mechanical model equations for the State-Space modeled in section 3.8.
1° state

This state physically represents the momentum of inertia J;,

ps=e1 (A.6)

Pz = — | Kl + sz + €4 (A7)

€4 =Ty " (Kf(hl + Cff9) (A.8)

er = - (Kqu+Cp (Dipy — — (A.9)
4 =T fqn f i P3 TQJoutp13 .

joining the equation (A.7) and (A.9) the result is:

. Cin T 1
D3 = — (Kifm + TPS + 71 (KfChl + Cy (J_1P3 - p13)>) (A.10)

7 T2 J out

rewriting the (A.10) to order the states simplifies the construction of the matrix

A

Cm—f—CTZ K 71C
%Ps—%qll+ 1Ly

2° state

p3 = Kl — D13 (A.11)

T2 J out

The second state is the compressibility of the fluid in particular the variation of
volume:

qu = fu (A.12)

. T1 1
= —p3 — A13
q11 7, b3 . Jomplza ( )



A.2 — Mechanic Equations

3° state

The third state is the momentum of the mass of the clutch thrust.

P13 = €13 (A.14)
. CVou
P13 = (KothM + 7 tp13 — Fip — e12) (A.15)
out
1 1 1
€12 = T <Kfqll + (Ji Ps — TQJoutp13>) (A.16)

if e15 (A.16) is replaced in (A.15) then

Cout
J out

. 1 T 1
P13 = Kouqua + piz — Fip — o <KfQ11 +Cf <—1p3 — p13)) (A.17)
2

Ji T2 Jout

rearranging the terms:

Cout + %éc)
Jout
4° state

7'1C'f

P13 = ps + 1K pq — p13 — Koutquy + Fi, (A.18)

T Jin

The fourth state is the most important in studying the behavior of the system,
since it represents the slave actuator displacement, and then moving the clutch
lever, this parameter is related to the change in fluid volume.

q1a = f1a (A.19)
i 1
Qe = 7 P13 (A.20)
out
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A.3 Hydraulic Equations

1° State

Refer to chapter 5.2. This state represents the momentum related to the inertia

Jin.

Pz = €1 (A.21)
. Ciy,
p3 = <K Iy, + 7 s + 64) (A.22)
es =71 (Krqi1 + Cy fo) (A.23)
1
ey = (Kf(]u + Cf <J—p3 — 7 plg)) (A24)
Todout

with equation (A.22) and (A.24):

. Cin
b3 = (K [zn + 7

wm

1
—p3+ 7 (KfQH +Cf (Tp3 plS) >) (A.25)

2<]0ut

re-writing the equation (A.26) to order the states, it simplifies the construction of
the matrix A:

Cm—FCT K TC

2° State

P13 (A26)

2=]out

The second state is the compressibility of the fluid, in particular it is the variation
of the fluid volume.

qu = fu (A.27)

1 1
= —p3 — A.28
qll Jmp3 2Joutp13 ( )



A.3 — Hydraulic Equations

3° State

This state represents the mass momentum of the thrust bearing in the clutch.

P13 = €13 (A.29)
. Cout
P13 = | Kouqra + 7 P~ Fiy — e (A.30)
out
1 T1 1
=—| K C - A.31
o T2 < rin - d (Jznp3 7_2<]outp13)) ( )

substituting the eq. (A.31) in eq. (A.30)

. C’out 1 1 1
= K., - F,—— K Cr | —p3 — A .32
P13 tq14 + P13 - < fq11 + Cy (Ji D3 T2Joutp13)) ( )

Jout 2
rearranging the terms:
Cout + %)

Jout
4° State

Tle
T Jin

D3 = p3 + T Krqi — p13 — Koutqiy + Fiy (A.33)

The fourth state is the most important in studying the behavior of the system,
since it represents the slave actuator displacement, and displacement of the clutch
spring represents the compressibility of the fluid, in particular its variation in the
fluid volume.

qia = f14 (A.34)
) 1
Q1a = 7—P13 (A.35)
out
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A.4 Non Linear EMA Model

Table A.1 shows the equation the Bond-Graph model: Hydraulic fluid and clutch

8.2.

\ N. ‘ Component \ IN ‘ ouT \ Equation
1 St el J1 fi=1In
1-2 GY ea=K;-fier =K, - fo
3 Jin €3 I3 es =3 f3=1/Ji - D3
5 Cin fa €4 es = Cin - f5
4-6 TF er =1/ €6 fr=T7"fs
7 Vo f7 |er =pr fr =p7/Jcam
8 Se f9 €9 €9 = TCam
A 1 fo=fs=fa=fsea=e3s+es+es
B 1 fo = fr = fses = e7 +eg
Table A.1.

with Bond-Graph: Mechanical part

Collection of the characteristic equation of the non linear system

Table A.2 shows the equation the Bond-Graph model: Hydraulic fluid and clutch

8.4.

] N. | Component | IN ‘ ouT | Equation
1 St el f1 fi=vin
1-2 TF ea=1/11-e1 fo=1 "€
4 Ky €4 fi=da eq = Kyqy
b Cf f5 €5 es =R fs
6—7 TF 67:1/7'2'66 f7:7"f6
8 Moyt € = p8 fS f8 - p8/mout
9 Se f9 €9 €9 = Fclutch
10 Ol f10 €10 e10 = Cout * f10
A 0 fo=fa+ feea =e3 = e
B 1 es=est+esf3=fi+fs
C 1 Jr=1Jo=fi1= fioer +eg = e +en
Table A.2.

Collection of the characteristic equation of the non linear system

with Bond-Graph: hydraulic fluid and clutch
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