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ABSTRACT

The synchronizer is mainly used to avoid the abnormal impact during shifting for manual
transmission (MT) and automated manual transmission (AMT) system. This device makes
sure that the rotational velocity of transmission gear equals to that of synchronizer sleeve after
the synchronization process in ordet to smooth ‘the process of engagement, and avoid the
abnormal impact from different rotational velocity during engaging. Since the development
of MT as well as AMT, using manual.transmission gearbox, gradually mature recently, a high
transmission efficiency, high shifting eapability, and low cost of synchronizer is necessary.

The thesis presents dynamic analysis and simulation on synchronizer, which is used to
avoid the abnormal impact between different gear ratio during shifting on manual
transmission gearbox. Because the complicated mechanism and random engagement of
synchronizer are all shrouded in a short time, it is difficult to realize the synchronization
process by experiment. Using ADAMS™, the entire shifting process and two minor phase
modules, separated from entire shift process, are all constructed for realizing synchronized
action and random mesh between sleeve and clutch gear. After verifying results from the
simulation model, Taguchi method was used by the thesis to optimize the performance of
synchronization. Consequently, the results on this thesis can help to not only understand
synchronization process but also provide for improving two major demands on manual

transmission gearbox, which are vehicle operational comfort and lifespan of synchronizer.
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NOTATIONS

factor name of ANOM

constant on annular spring deformation

correction factor
design variable
Young's modulus

degree of freedom

friction force between sleeve and annular spring

variance ratio

reaction force acting from outer ring on annular spring

force pushing on larger 'spline

pushing force from driver "o ‘actuator

force to over annular spring

force acting on sleeve for shifting

maximum shifting force

force acting on tooth

force acting on outer ring from sleeve

gear ratio after shifting
gear ratio before shifting
name of factor

sectional secondary moment
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sectional secondary moment inertia of counter shaft and gear
sectional secondary moment inertia of clutch disk

sectional secondary moment inertia of iy, gear

reflected inertia on objective gear ratio

reflected initial apply on clutch gear

total inertia reflected from whole vehicle

stiftness coefficient of annular spring

stiffness coefficient of annular spring on simulation model
loss coefficient

distance between projection

lever ratio from handball to sleeve

average of all S/N ratio

experimental number on py, ‘of factor i

average of the ith level of factor A

total number of cases on Taguchi method

mass of the vehicle

number of objective function on Taguchi method

number of the iy level of factor A appear on the orthogonal array
normal force between splines

number of gear teeth on iy gear

number of gear teeth on counter shaft of iy gear

X1V



N, normal force between sleeve and annular spring

Ng relative rotational velocity

O, objective value

p number of level

P deflection strength acting on annular spring
r, radius of drive wheel

R, mesh radius between coupling sleeve and synchronizer ring
R, mean cone radius

R, mean cone radius on the first cone surface
R, mean cone radius on thesSecond cone surface
S sum of square on the.factor

S, sum of square due to-error

S, sensitivity value

S mean of the square sum

S, total sum of square

o time on mesh module

t, synchronized time

ton time on synchronized module

T target value

T, cone torque

T, drag torque
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T, synchronized torque

T, index torque

v linear velocity of sleeve

\% moving velocity of sleeve on direction of axis

V, friction transition velocity at contact point

V. experimental variance

\A variance

v stiction transition velocity at contact point

X distance between sleeve and clutch gear parallel to moving direction of sleeve
y distance between sleeve and clutch gear vertical to moving direction of sleeve
v, objective function on-100 N

Y, objective function on 200 N

\A response of each experimental ‘case

Y actual measurement

o deflection of beam or annular spring

a, angular acceleration of output shaft

o, angular acceleration of reflected inertia

n S/N ratio

R S/N ratio of the ith level of factor A

1; S/N ratio at the ju experiment

P contribution on factor 1
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0, angle of chamfer on projecting

0, cone angle

0, tooth angle on clutch gear
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CHAPTER 1
INTRODUCTION

1.1 Synchronization Mechanism

Synchronizer is mainly used for lower the abnormal impact during shifting. Both
manual transmission (MT) and automated manual transmission (AMT) use this device in
vehicle transmission system. This device, used to switch the driving power from one gear
ratio to another, is set up on transmission gearbox, as showing in Figure 1.1-1. The
synchronized action starts proceeding synchronization while the driver on manual
transmission or the actuator on automated manual transmission shifts the gear shift level, and

then finish the shifting after sleeve engage with clutch gear (Crouse and Anglin, 1985).

Gear Shift Lever
1-2 Synchronizer

3-4 Synchronizer

e

15—

First Gear Ratio

Figure 1.1-1 Manual transmission gearbox (Crouse and Anglin, 1985)

While shifting, driver moves shift knob, which connects to shift part through linkage
mechanism, and prompts the starting of synchronization in order to yield synchronized torque
to synchronize different rotational velocity. Meanwhile, the rotational velocity of hub, shift
part and ring differs from that of cone and clutch gear. The torque, yielded from cone, will
diminish the different rotational velocity between these two groups of components.  Shifting

finishes until splines of shift part engage with clutch gear.
1



There is a torque that is yielded from contact surface between cone and synchronizer ring
while shift. This torque is used to synchronize the relative rotational velocity between
transmission output shaft and objective gear as shifting. After finishing synchronization, the
relative rotational velocity approach zero, and then the mesh between sleeve and clutch gear

occurs for finishing the gear ratio shift.

Seeing that the device had been invented for a long time, there are a lot kinds of
synchronizer have already been developed and used in different kinds of transmission
gearboxes. Pin type, strut type (Fernandez, 2003; Jackson, 2004) and strutless type (Youk,
2005), shown in Figure 1.1-2, Figure 1.1-3 and Figure 1.1-4 respectively, are the three main

types of synchronizer often seen in vehicle market.

Figure 1.1-3 Strut type synchronizer (Ore et al., 1995)
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Figure 1.1-4 Strutless type synchronizer (Razzacki and Holbrook, 1988)

These three types of synchronizer only differ from their principle of action; however,
reducing the relative rotational velocity and finishing shift are their main purpose in common.
Besides, in these different types of synchronizer, there are some components such as hub, shift

part (shift plate or sleeve), cone and clutch gear in common within.

In addition to these different.kinds of synchronizer, it can be classified into three other
types, which are single cone, double cone¢ and multiple cone. These different kinds of
synchronizer are separated according to their torque capacity, shown in Figure 1.1-5 and
Figure 1.1-6. Generally, the torque capacity of double cone synchronizer is larger than that
of single cone synchronizer based on the same size, but the cost of double cones synchronizer

is higher than that of single cone synchronizer.

Singlu Cone | Double Cone

Figure 1.1-5 Single and double cone synchronizer (Komatsuzaki and Okazaki, 1990)



Figure 1.1-6 Single and triple cone synchronizer (Komatsuzaki and Okazaki, 1990)

1.2 Motivations

Synchronizer is mainly used for lower the abnormal impact during shifting on manual
transmission gearbox. Both manual transmission«(MT) and automated manual transmission
(AMT) use this device in vehicle transmission-system. For market needs, drivers’ demands
have risen every year for a better shift ability.from the transmission. Feeling of transmission
shift influences shift ability directly, and it is one of important elements, which influences the
evaluation of vehicle operational comfort. Furthermore, lifespan of synchronizer and
shifting time are another aspects that have to pay much attention on while dealing with the
research of synchronization. Therefore, the action of synchronization needs to be developed

and improved to achieve driver’s increasing demands and market needs.

This device, using on manual transmission gearbox, has already been invented for a long
time. However, there still exist some aspects on synchronization that need to be developed
and investigated, because its complicated mechanism and random mesh all happen in a short
time. In order to find out the shifting process, which is complicated and randomized, some

researches had dealt with simulation of synchronization in prior studies.



An analytical model of synchronizer was established on ADAMS™ by Hoshino (1998,
1999). This study simulated synchronization process and found out three different shifting
speeds that will bring out different process of spline meshing. However, the mesh process
between sleeve and clutch gear does not only relate to shifting speed. Besides, the drivetrain,
which will also influence synchronization and mesh between sleeve and clutch gear, was not

included in this paper.

Another study, discussing with gearshift model simulator in MATLAB®/Simulink®, was
developed by Kelly and Kent (2000). This paper divided entire shifting process into five
stages, where stage 3 to stage 5 described shifting from neutral to objective gear ratio. This
gearshift dynamic modeling gave a picture of the interactions of transmission components

influence the shift quality.

Kim et al. (2002) developed a shift; feeling simulator for a manual transmission by
dividing the whole process into-eleven steps which depend on the relative displacement of
components.  This simulator ptovided only .one¢ possible situation among the mesh

possibilities between sleeve and clutch gear from step 9 to step 10.

In this thesis, the model of synchronized mechanism on transmission will be built to find
out relationships between components and action of synchronization. This entire shifting
process has been divided into six distinct events while sleeve moves from neutral forward to
objective gear ratio. Each event will be simulated and checked out the result first, and then
the all events were combined to form an entire analysis model. After verifying the tendency
of the simulation model, the entire model was divided into synchronized phase and mesh
phase module, which were used to simulate the synchronization and the random mesh
between sleeve and clutch gear respectively. Moreover, the synchronized phase module can
also simulate the phenomenon that when abrasion, which lead into a lower coefficient of
friction, happened on cone surface. The results and study of simulation and analysis on

5



synchronizer, which was presented and constructed by the thesis, can provide a way for

improving the performance of shifting and synchronization in the future.

1.3 Thesis Outlines

The simulation model will be constructed on ADAMS™

in this thesis for improving the
performance of synchronization mechanism on manual transmission gearbox. Furthermore,
the model can simulate all processes, and help to find out the influence on synchronized
performance with parameters. Finally, Taguchi method was chosen by the thesis to engage
in the design optimization of synchronizer for providing a further clear understanding on

synchronization. The brief description of outlines on this thesis contents were given as

below.

Chapter 2 proposes the dynamic analysis: of synchronization, which will divide the whole
process of synchronization into: several minor processes and describe these mathematical

models respectively for assistance 0f construction.on'simulation model.

Chapter 3 will construct a simulation model on ADAMS™.  There are some assumptions
assuming in the model that was built by ADAMS™, and this model can be used to show the
action during synchronization. In the end of this chapter, the simulation results will be

mentioned and confirmed by matching for phenomenon of physics.

Chapter 4 chooses some parameters to look for the influence of these parameters on the
performance of synchronization. The results in this chapter can not only realize the

influence of parameters, but also provide the selection of parameters in Chapter 5.

Chapter 5 optimizes the synchronization to find out a better design that can bear a lower
coefficient of friction on cone surface, which can raise the lifespan of synchronizer. Taguchi

method is used to be engaged in the optimization in the chapter.



Finally, Chapter 6 contains the conclusions and further works, which could assist some

aspects for following works, on this study.




CHAPTER 2
STRUTLESS SYNCHRONIZER

2.1 Introduction

There are so many kinds of synchronizer, which have already been described above, using
on different transmission gearboxes for different needs and vehicles. In this study, the
simulation model will focus on strutless double cone synchronizer, whose components were
shown in Figure 1.1-4. Moreover, the synchronized action and components of this

synchronizer will be introduced in this chapter.

After talking about the action and components, the dynamic analysis on shifting process
will be discussed in the chapter mathematically. Since the synchronization process is very
complicated and hard to debate with the entire:proeess altogether, the entire process will be
divided into some minor processes for simplifying in the thesis. These minor processes will

be mentioned for giving assistance on.constructing the simulation model.

2.2 Components

The system of a strutless double cone synchronizer consists of seven components; all of
these components have their respective different functions, which will be introduced in this

subsection.

These seven components, shown in Figure 2.2-1, are listed as below with the simple
description of their general function.
(1)  Sleeve — Moveable element on the transmission that accomplishes gear lockup
to the output shaft, and leads outer ring through the chamfers.
(2)  Hub — External spline element that is attached to the output shaft where sleeve

and cone pilot.



(3)  Annular spring — Initial energizing element that mounts on outer ring, and
provides the initial load from sleeve to obtain synchronized torque.

(4) Outer ring — Element that includes external teeth and friction surface, this is
used for yielding synchronized torque while shifting, and is that used for
contacting and engaging with spline on sleeve.

(5) Cone — Element, which rotates with clutch gear, being used to provide
synchronized torque.

(6) Inner ring — Friction element, which can yield synchronized torque while
contact with cone, rotating with outer ring.

(7)  Clutch gear — Element connecting with cone and providing drive power through

gear on final lockup after sleeve engage with it.

Sleeve

Hub

J

Annular spring

/ Ol:t/ﬂ‘ ring

Inner ring

Clutch gear

Figure 2.2-1 A disassembled strutless double cone synchronizer



2.2.1 Sleeve

Sleeve is the most significant component on synchronizer, because most of other
components all relate to sleeve during the shifting process. There are 36 splines, which are
divided into smaller spline, normal spline, and larger spline, arranging on sleeve with 10
degrees included angle. All these three kinds of splines on sleeve and larger spline are
shown in Figure 2.2-2 and Figure 2.2-3 respectively. These three kinds of spline are
arranged on inner surface of circular ring with a sequence of two larger splines, four normal
splines, two smaller splines, four normal splines, and two larger splines, and then repeating

this order until splines fill up the ring.

Larger Spline
Figure 2.2-2 Sleeve

Engaging with hub, teeth of outer ring and clutch gear are the main and identical function

of these three kinds of splines. Besides, the projecting on larger spline are used to contact

with annular spring; it is used to push outer ring to move toward to the objective gear ratio,

and yield synchronized torque to reduce the relative rotational velocity between sleeve and

clutch gear. There is only larger spline has projecting, which can be clearly and easily

recognized between Figure 2.2-3 and Figure 2.2-4.
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Figure 2.2-3 Larger spline on sleeve

Ee—

Normal Spline

Figure 2.2-4 Smaller spline on sleeve

Furthermore, there is a bevel, used to avoid sleeve sliding out and coming up transmission
jumps out of gear after finishing shift, arranged on each side and head of splines on these
three kinds of splines. Besides, there is an annular groove, which provides fork to fix on it

and transfers the moving force exerting from shift knob by driver, on the outside of sleeve.

2.2.2 Hub

Hub is fixed on output shaft for transferring power from each gear to differential for
driving the vehicle. Moreover, there are 27 splines and 6 grooves, which are arranged on

annular outer surface and each side of hub respectively, mounted on a hub, as showing in
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Figure 2.2-5.  Splines, being used to engage with sleeve, are all similar to each other on hub.
Besides, these grooves fit for projections on outer ring to confirm that outer ring can only

rotate in certain limited angle with hub, and translate in direction of axis on output shaft.

Groove

Figure 2.2-5 Hub

2.2.3 Annular Spring

Annular spring, which can move in direction of axis, is mounted on outer ring and shown
in Figure 2.2-6. To transfer moving force from sleeve to outer ring, and prompt to yield
synchronized torque are main functions of annular spring. This phenomenon, due to annular
spring, can increase the time of sleeve passing through outer ring for keeping synchronized
torque to reduce the relative rotational velocity, and avoid sleeve pass through outer ring

without finishing synchronization.

While the projecting on larger spline of sleeve contacts with annular spring, the contact
force between them causes the deformation of annular spring and action of annular spring,
then it forces outer ring to move forward clutch gear for yielding synchronized torque, which

is used to synchronize different rotational velocity.

12



Figure 2.2-6 Annular spring

2.2.4 Outer Ring

As showing in Figure 2.2-7, an outer ring includes three projections and 27 external teeth,
which are used to contact and engage with sleeve while synchronization. These three
projections are collocated with three grooves of hub for limiting the rotational angle of outer

ring, and reducing the impact of engaging-between sleeve and outer ring.

Chamfer

Projection

Figure 2.2-7 Outer ring

There are two chamfers, facing to sleeve and hub, mounted on every tooth of outer ring.
These chamfers are used to contact with spline on sleeve for yielding index torque, which can
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force sleeve not to engage with outer ring before finishing synchronization. In addition to
teeth and projections, there are six grooves, which are used for arranging inner ring on its
inside, and limiting inner ring to rotate with it, are disposed on outer ring. Besides, there are
a number of threads collocated on the inner surface of outer ring for contacting with cone to

yield synchronized torque.

The gap between inner surface of outer ring and outer surface of cone will decrease while
outer ring moves toward cone; meanwhile, lubricant will be brained out along these threads to
make the coefficient of friction rise rapidly to yield a higher synchronized torque. The detail
process of contacting between cone and rings will be particularity mentioned in the following

chapters.

2.2.5 Cone

Outer Surface Lugs

Outer Surface

Figure 2.2-8 Cone

A cone includes three different portions, which are outer surface, inner surface and lugs,
as showing in Figure 2.2-8. Outer and inner surface are used to contact with outer ring and
inner ring for yielding cone torque respectively. Moreover, lugs can ensure cone rotating

with clutch gear, and moving in direction of axis on it by putting on holes of clutch gear.
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2.2.6 Inner Ring

An inner ring includes six lugs that are collocated to six grooves of outer ring for keeping
outer ring rotating with inner ring and moving in direction of axis, shown in Figure 2.2-9.
Besides, there is an outer surface, on which a number of threads arrange, used to contact cone
for yielding cone torque. These threads, many tiny long grooves, can drain lubricant away,

and provide a higher coefficient of friction for cone torque just like the function in outer ring.

Outer Surface

Figure 2.2-9 Inner ring

2.2.7 Clutch Gear

The last component, named as clutch gear, consists of transmission gear, four holes and
clutch gear, where the clutch gear is used to engage with spline on sleeve, as showing in
Figure 2.2-10. Engaging with counter gear for transferring power from it to output shaft
through specific gear ratio is the main purpose of transmission gear. Furthermore, the action

of shifting finishes while clutch gear accomplishes the engagement with sleeve.
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Transmission Gear
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Clutch Gear Clutch Gear

Figure 2.2-10 Clutch gear

2.3 Action of Synchronization

After talking about the descriptions” ‘of all components on strutless double cone

synchronizer, the action of synchronization will be discussed in this section.

Reducing the relative rotational velocity between output shaft and input gear ratio is the
major function of synchronizer. Until sleeve engages with clutch gear of objective gear ratio,
synchronizer starts transferring power from input shaft to output shaft through the objective

gear. The inner structure of a manual transmission gearbox is shown in Figure 2.3-1.

In a gearbox, the gear and other moving metal parts must not touch. A thin film of
lubricant must continuously separate them; this prevents excessive wear and early failure.
Therefore, a gearbox runs partially filled with a lubricant or gear oil. However, the lower
coefficient of friction due to lubricant is too low to yield enough torque for synchronization,

so a synchronizer needs to drain lubricant out while yielding cone torque.
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Figure 2.3-1 Inner structure of transmission gearbox (Crouse and Anglin, 1985)

In the process of synchronization, driver movésr gear shifting lever from neutral position

toward the objective gear ratio-position. The movement of gear shifting lever will push
sleeve moving from neutral position tc“)wérd‘clut‘ch gear, because of fork that connects gear
shifting lever with sleeve, as showing in Figure 2.3-1. Besides, sleeve can only rotate with

hub and move in the direction of axis, since spline of sleeve meshes with hub.

Firstly, sleeve moves until larger splines contact with annular spring, then annular spring
will push outer ring to contact with cone on the contact surface between outer ring and cone,
and yield the first synchronized torque. At the same time, cone will immediately move
toward inner ring and decrease the gap between them for yielding second synchronized torque.
A double cone synchronizer can yield torque twice as larger as a single cone synchronizer,

since there exists two contact surfaces that are used to provided synchronized torque.

As the continued move of sleeve, splines of sleeve will contact the teeth of outer ring for
yielding index torque, which is used to obstructed sleeve for avoiding abnormal impact

occurring between sleeve and clutch gear before finishing synchronization. Until sleeve and
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clutch gear achieve synchronous rotational velocity, sleeve moves forward to engage with
outer ring and pass through it. Then, sleeve continues moving forward to clutch gear, and
engaging with it for transferring power from engine to wheel, and then drive the vehicle.
The whole synchronization processes is shown in Figure 2.3-2, and these similar actions take
place in synchronizer as being used for other gears.

. Sleeve

Sleeve

Spline

| Spline !
Tooth of outer ring

L]
Tooth 01 outer ring

Annular spring
Annular spfing

uter ring

)

Clutch gear

Sleeve
Tooth of outer ring Tooth of outer ring
Spline Spline

Clutch gear Anmular spring

Annular sp ing4

Outer ring
Outer ring

Figure 2.3-2 Processes of synchronization on strutless synchronizer (Fujiwara, 1991)

The process of synchronization can be divided into several distinct minor processes while
driver pushes the shift knob from neutral position to the objective gear ratio until the finish of

synchronization (Razzacki, 2004).

(1) Start of shifting

(2) Contact between sleeve and annular spring
(3) Yielding synchronized torque

(4) Synchronizing relative rotational velocity
(5) Mesh between sleeve and outer ring

(6) Mesh between sleeve and clutch gear

18



The following subsections in this chapter will mention about the dynamic analytic model

mathematically.

2.3.1 Start of Shifting

Driver pushes shift knob from neutral position toward objective gear ratio for starting the

action of synchronization. The pushing force F, will be transferred through lever ratio L
to yield sleeve force F,, which acts on sleeve for proceeding the shifting process, as showing

in Eq. (2.3-1).

F
F, :TS (2.3-1)
Sleeve force F, will lead the entire action of synchronization, and it will be often

considered in the following subsections of minor processes.

2.3.2 Contact between Sleeve and’Annular Spring

After sleeve moves a certain distance from neutral position, the projectings on larger
spline of sleeve will contact with annular spring first. This contact results in movement of
outer ring, and drives to yield synchronized torque for synchronization. In this subsection,
annular spring will be discussed before the discussion about the relation between annular

spring and sleeve.

Figure 2.3-3 General deflection of beam (Fujiwara, 1991)
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Annular spring can be simplified as deflection strength P of the beam, which is

generally expressed and shown in Figure 2.3-3. The equation is

EIS

13

P =48x (2.3-2)

where E is Young’s modulus, 7/ is sectional secondary moment, & is deflection and / 1is

distance between fulcrums.

If the same deflection amount is applied to the beam, having the same cross section, the
deflection strength P 1is inversely proportional to a triple ratio, so that the variation of the
deflection strength P caused by varying the distance between the fulcrums becomes
excessively large. Annular spring is mounted on outer ring through three projections, which
can divide annular spring into three equal parts, as showing in Figure 2.3-4. According to
the force diagram and deformation .of annular spring, it can be simplified as Figure 2.3-4, and

the equation can be established as

EI5

P=cx E

% (2.3-3)

where ¢ is constant, and £ is the stiffness coefficient of annular spring.

The force, that annular spring pushes outer ring, is according to the deformation of
annular spring. Moreover, there are only larger splines can contact and push annular spring
because of its projecting. The projecting on larger spline can be divided into three different
parts and shown as Figure 2.3-5. The deformation of annular spring increases as the distance
between sleeve and outer ring approaches along front section on projecting. In addition, the

more the deformation of annular spring does, the higher the spring force is yielded.

While sleeve moves to the position that annular spring moves to middle section, annular
spring suffers form friction force. Since the movement of sleeve dose not stop, annular

spring will keep moving toward the back section after passing through middle section. In
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back section, annular spring will move in the opposite direction of the movement of sleeve,

and finish its function during synchronization.

Spline of Sleeve

Figure 2.3-4 Deformation of annular spring (Fujiwara, 1991)
A /
\
N ’\
b

S v
\
Front !f \ Back
’ \

Middle

Figure 2.3-5 Section of projecting on larger spline

If here focus on one larger spline, the free body diagram can be drawn in Figure 2.3-6;

moreover, combining Figure 2.3-5 and Figure 2.3-6 can yield an equation that relates to F

[

and o as

(1, cos@, +sind, ) y cEIS
(COS 9(1_9 - ILluS Sin 9&5‘) 13

(2.3-4)

where F 1s force for over annular spring, €  is angle of chamfer on projecting, g is

as
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coefficient of friction between larger spline and annular spring, N, is the normal force on

sa

the contact surface, f;, is friction force on contact surface, F, is reaction force acting on
outer ring from annular spring, and F is pushing force from larger spline equaling to FS/ ,

because there are six larger splines on a sleeve.

Figure 2.3-6 FBD of sleeve contact with annular spring

There are six contact points between larger splines of sleeve and annular spring, so the

relation of £, and F can be shown as

F, 2 6F, (2.3-5)

The sleeve force, generally speaking, should be larger than the over force for six times, so
that the sleeve can stride over annular spring after finishing synchronization, just like the
equation shown in Eq. (2.3-5). Even thought, a larger force difference may lead sleeve
crossing outer ring directly without finishing synchronization, and due to the abnormal

collision, occurring between teeth of clutch gear and splines of sleeve. This phenomenon,

which will result in a worse lifespan of synchronizer, has to be avoided in gear ratio shift.
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The combination of Egs. (2.3-4) and (2.3-5) can find out some parameters, which will
influence the process of sleeve passing through annular spring, synchronized time, and
performance of synchronization. These parameters are angle of projecting chamfer on larger
spline, friction coefficient between spline of sleeve and annular spring, distance between

projections, and deflection and material characteristic of annular spring.

2.3.3 Yielding Synchronized Torque

There are two kinds of torque, which are cone torque and index torque, yielded in this
process. Cone torque is yielded from contact friction force between outer ring and cone, and
inner ring and cone, whereas index torque is yielded from the contact between splines of

sleeve and teeth of outer ring.

If the restitution coefficient between sleeve and annular spring is very small, here assumes
that the force, applied from sleeve, without losing while it passes through annular spring.
Consequently, the force from sleeve can be transmitted to outer ring through annular spring

completely, namely, the loss of force on annular spring is negligible.

~ S

Figure 2.3-7 FBD on cone torque (Socin and Walters, 1968)
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Annular spring pushes outer ring, and then yields cone torque as the following equation

and Figure 2.3-7.

F u R
T, = ke 23-
sind, (2.3-6)
where T istorque yielded from cone, x_ is dynamic coefficient of friction between rings

and cone, R, is mean cone radius, and @, is cone angle in degree.

A double cone synchronizer has two cone torques, yielding from outer ring and cone, and
inner ring and cone. If that these two cone torques are equal is assumed, the total cone

torque can take as two times of Eq. (2.3-6).

As Figure 2.3-8, index torque can be established as

6,
-, tan?

T, =F,R, = — % ER, (2.3-7)
M, +tan——

where F, is force acting on tooth, 7. 1s index torque, u, is static coefficient of friction
between chamfers, 6. is angle on chamfer of outer ring that equals to chamfer angle on
sleeve 4., N is normal force between splines, and R, is radius of mesh between coupling

sleeve and outer ring.

As Figure 2.3-9, outer ring suffers from cone torque and index torque at the same time.
If index torque is larger than cone torque without in the time that the synchronization finished,
sleeve will pass through outer ring directly, and lead into abnormal collision between clutch
gear and sleeve. In order to avoid this situation, cone torque needs to be larger or equal than

index torque as Eq. (2.3-8) before the different rotational velocity achieving synchronization.

T.>T, (2.3-8)

Egs.(2.3-6), (2.3-7), and (2.3-8) can obtain the following equation.
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R, sin@, (1 — M, tan (92’]

Y7 ) (2.3-9)
RC[,ub + tan 2’}

For preventing rings and cone lock together after synchronization, the static coefficient of

friction needs to match Eq. (2.3-10).

U, <tan@, (2.3-10)
where g is static coefficient of friction on cone.

Radius of mesh between coupling sleeve and synchronizer ring

Ring chamfer
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Figure 2.3-8 FBD of contact between outer ring and sleeve (Socin and Walters, 1968)
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Outer Ring Clutch Gear

Figure 2.3-9 Cone and index torque exerting on outer ring and clutch gear

After talking about cone torque and index torque, the synchronized torque is yielded and

shown in Eq. (2.3-11).

T =T +T, (2.3-11)

where 7, is synchronized torque,sand 7j=is:dragtorque.

The cone torque 7,, in double cone synchronizer is almost twice as large as in single
cone synchronizer. Furthermoré, drag torque.always acts to slow down transmission
components, so it adds to cone torque while upshifts, and subtracts from cone torque while

downshits.

2.3.4 Synchronizing Relative Rotational Velocity

As showing in Figure 2.3-10, the synchronized torque, acting on rings and clutch gear, is
used to synchronize different rotational velocity between output shaft and input gear ratio,

which are @, and o, respectively. Moreover, the torque 7, acts on output shaft, whose
reflected inertia is /,, and input gear ratio, whose reflected inertia is /,,, in the meantime.

In addition, this subsection will talk about the relation between synchronized torque and

different rotational velocity.
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Figure 2.3-10 Sketch of synchronization

On the side of transmission gear, the synchronized torque that acts on clutch gear is shown

in Eq. (2.3-12).

I, =1a, (2.3-12)

where [, isreflected inertia, and ¢, is angulat accéleration of reflected inertia.

As the definition of annulat aceeleration; Eq.-'(2.3-12) can be transferred to obtain

synchronized time in Eq. (2.3-13).

¢ _(a)a_a)b)lr 23 13
T T(avg) (2.3-13)
where ¢ is synchronized time, @, is rotational velocity of objective gear ratio after

synchronization, and @, is rotational velocity of objective gear ratio before synchronization.

Sleeve, hub, outer ring, annular spring and inner ring rotate in @, before synchronizing;
meanwhile, cone and clutch gear rotate in @,. Diminishing the different rotational velocity

between @, and @, is the purpose of synchronization.

The variation of objective gear ratio will influence the rotational velocity of all the other
gears, which are the total number of items that depend on the layout of transmission.

Therefore, the inertia mass of other gear ratio need to transfer to the objective gear ratio while
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shifting. This inertia, transferring from all the others, is called reflected inertia.

If the objective gear ratio is 2", the reflected inertia can be shown in Eq. (2.3-14) and

illustrated in Figure 2.3-11.

Iy Clutch disk

/
L Iz I, I I5
N4 N3 z N2 7 Nl / NS / ]
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Input Sha § L
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Figure 2.3-11 Sketch on transmission gears with number of teeth and inertia
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where [, is sectional secondary moment inertia of i gear, N, is number of gear teeth on iy
gear, N,' is number of gear teeth on‘counter shaft of iy gear, /, is sectional secondary
moment inertia of counter shaft and gear, and 7, is sectional secondary moment inertia of

clutch disk.

Opposite of synchronized torque acting on clutch gear, this torque acts on rings to
synchronize the rotational velocity on output shaft, whose equation is established in Eq.

(2.3-15).

T.=1a, (2.3-15)
where [, is the total inertia reflected from whole vehicle, and «, is the angular

acceleration of output shaft.

28



< N
_TWV—

Figure 2.3-12 Mass and radius of drive wheel on vehicle

The inertia of vehicle can be approximate established from Figure 2.3-12, and is shown in

following equation.

I,=r’M, (2.3-16)

where r, is the radius of wheel, and M is the mass of the vehicle.

2.3.5 Mesh between Sleeve and Outer Ring

Because of the projections on*outer ting.and,the'grooves on hub, the angular position of
outer ring and hub is restricted iin a certain-angle. And so on, the angle, which influences

contact between sleeve and outer ring, 18 also restricted.

Based on these restrictions, there is only a lower abnormal impact, which will be
happened between sleeve and outer ring. The most important function of outer ring is to
yield index torque, and keep off sleeve passes through outer ring before the relative rotational

velocity between sleeve and clutch gear lower enough.

The function has already discussed before in Figure 2.3-8, so the detail will not be

discussed in this subsection again.

2.3.6 Mesh between Sleeve and Clutch Gear

After finishing the synchronization, the relative rotational velocity between clutch gear

and sleeve approaches to zero, as shown in Figure 2.3-13, where N is relative rotational

29



velocity, F, is the force acting on outer ring from sleeve, and V' is the moving velocity of

sleeve on direction of axis.
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Figure 2.3-13 Processes of sleeve pass through clutch gear (Socin and Walters, 1968)

In Figure 2.3-13 (a), when the relative rotational velocity between outer ring and clutch
gear approaches zero, the cone torque will diminish. Meanwhile, index torque is larger than
cone torque, so that outer ring rotates for allowing the sleeve splines passing and engaging

with it. Synchronization completes at the same time.

In Figure 2.3-13 (b), when synchronization is completed, and the sleeve has passed

beyond outer ring, the chamfer of sleeve contacts with splines of clutch gear, and yields a new
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index torque on the contact surface, between spline and clutch gear, until sleeve passes
through clutch gear. In Figure 2.3-13 (c), after the index torque on clutch gear approaches
zero, sleeve passes through clutch gear along the chamfer of sleeve and clutch gear, and

finishes the final lockup and gear shift (Murata et al., 1989).

Mesh between sleeve and clutch gear is an important part that needs to be discussed
because the contact point between splines of sleeve and clutch gear is unable to forecast. It
is impossible to accurate predict the engaged possibility, so it will first mention the
compendium of all these engaged possibilities in this chapter in the thesis. These
possibilities of engagement have been divided into five events, which include backward,

forward and just engage conditions, which are shown as Table 2.3-1.

Table 2.3-1 event A and event Bybelong to, backward condition, since the first contact
point between sleeve and clutch gear opposites to rotational direction of clutch gear. In this
condition, the contact force is used for inereasing torque to rotate clutch gear in its original

rotational direction.

The possibility of engaging belong to event C only if sleeve just engages with clutch gear
exactly, shown as Table 2.3-1 event C. The mesh time and contact force on this event is the
least among all these situations. The latest event is forward condition, which includes Table
2.3-1 event D and event E. In this condition, the first contact point between sleeve and
clutch gear is identical to rotational direction of clutch gear. The contact force is used for

reducing relative rotational velocity between sleeve and clutch gear.

Backward and forward conditions can be further separated into two possible cases, which
are contact point near tip of spline and far from tip of spline. Different contact point will
bring out different possible result; moreover, these engaged processes of five events not only

is shown in Table 2.3-1, but also will be mentioned in the simulation model.
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Table 2.3-1 Process of engaged possibilities
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Figure 2.3-14 Parameters influence different mesh possible

Different force and synchronizer performance is not the main criteria for these five
different situations. Because it is a random process that cannot be controlled by driver or
designer which mesh situation will occur. The parameters, which will influence different
possible results, are associated to Figure 2.3-14, where @, is rotational velocity of clutch
gear, F, issleeve force, v, is linear yeloeity-of sleeve, x is distance between tip of sleeve
and clutch gear parallel to moving direction of sleeve, and y is distance between tip of

sleeve and clutch gear vertical to-moving direction of sleeve.

Even the possibilities of engagement cannet.be governed by driver or designer, these
random processes will lead a certain extent influences on shift time and lifespan. Therefore,
the following chapters will discuss this phenomenon in detail from the simulation model

building on ADAMS™,
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CHAPTER 3
SIMULATION MODEL AND RESULTS

3.1 Introduction

In this chapter, the simulation model will be built up on commercially available software,
ADAMS™. for analyzing mechanical dynamics. Soon afterwards, the assumptions,
constraints and conditions for simulation will be discussed in this chapter; this is an important

part that needs to be claimed before building simulation model.

Because the synchronization process can be roughly divided into synchronized process
and mesh process, this is the engagement situation between sleeve and clutch gear, and that
describes synchronized torque, making sleeve and clutch gear achieve synchronous rotational
velocity. The model will be constructed-net only entire model, but also synchronized
module and mesh module, which' correspond to synchronized process and mesh process
respectively. In addition, the results. of entire model and both modules will be confirmed

with literatures or experiment data to make sure that the exactitude of simulation model.

Synchronized module and mesh module are separated from entire model, because these
two minor modules will influence complete shifting time respectively, and separating entire
process on synchronization is a better method to analysis it. Prior researches always talked
only about the entire model of this technique or the geometric action of the final mesh;
however, they did not pay much attention on the mesh period about time that will be

discussed and simulated in the thesis.

3.2 Simulation Assumptions

In this simulation model, all components are assumed to solid, and rotational freedom
around the rotational axis and/or movement freedom along the rotational axis are given to
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each component.

Input and output shaft transfers power through gear and hub respectively, so transmission
gear connects on ground with a revolutionary joint, whereas hub is fixed on ground because
the reflected inertia from whole vehicle is mush higher than it is reflected from transmission
gearbox. The reflected inertia reflected from vehicle and gearbox will be mentioned in this

chapter later.

Some geometric restriction between, sleeve and hub, outer ring and inner ring, clutch gear
and cone, are simplified by translation joint, which can make both components move in
direction of axis and rotate with each other. This simplified model on components can also
diminish the simulation time that uses for calculation the contact between components

mounted together.

The annular spring is also simplified 1 the simulation model. An annular spring will
yield larger deformation during- thesprocess..of synchronization, and the components are
assumed to be solid in this model on’/ADAMS"™, so annular spring is transferred to another

type of model that can also express the original function that is shown as below.

Figure 3.2-1 Analytical model of annular spring
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The annular spring is divided into three parts, and respectively connected to the core of
spring through a helical spring, which is an available element in ADAMS™.  The stiffness

coefficient of spring can be yielded by FEM from regular annular spring, or experiment data.

In addition to the assumption of this model about joint, solid and annular spring, it is also
neglected on heat, gravity, vibration and wear. Besides, the model only talks about the
influence of lubricant on coefficient of friction, and a slight influence about viscosity, instead

of considering coefficient of viscosity in this model accurately.

3.3 Dynamic Model Creation

3.3.1 Units Setting

Because the dimensions on all components. are marked in millimeter, and for convenient
to express and calculate, this model uses MMKS unit for setting all components and all other
quantity such as force, speed, and’etc. © The units setting is listed as Table 3.3-1 and shown

below.

Table 3.3-1 Units setting on simulation model

Length Mass Force Time Angle Frequency

Millimeter(mm) | Kilogram(kg) | Newton(N) | Second(sec) | Degree(deg) | Hertz(Hz)

3.3.2 Component

The whole model, building here, includes all components in a strutless type synchronizer.
All these components are built up in CATIA according to the layout originating from
Mitsubishi Motors Corporation, and then exported these CAD models into STEP (Standard
for the Exchange of Product model data), which is an undeniable need to transfer product data

in computer-readable form from one site to another. The export files will finally be imported
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into ADAMS™ for the following processes to construct model in ADAMS™.

3.3.3 Mass and Inertia

S™ after

Mass and inertia mass will be assigned to all these components in ADAM
importing. The mass of components are set according to the layout, but inertia mass, except
inertia on clutch gear, is automatically calculated by ADAMS™ from geometric shape on

each component. The inertia on clutch gear equals to reflected inertia from gearbox, which

will be mentioned in the following section.

3.3.4 Joint

Joints on this model are used not merely to'restrict the movement between all components,
but also to simplify model on geometric restriction, which had already been described in the

previous section. The joints between evetry two relevant components are all represented as

Table 3.3-2.
Table 3.3-2 Restrictive relations between all components

1° component 2" component Joint

Ground Hub Fixed
Ground Outer Ring Cylindrical
Ground Transmission Gear Translation
Sleeve Hub Translation
Outer Ring Inner Ring Translation

Outer Ring Annular Spring Core Fixed
Annular Spring Fragment | Annular Spring Core Translation
Transmission Gear Cone Translation

In this table, the translation joints between, sleeve and hub, outer ring and inner ring,
transmission gear and cone, are used to restrain the movement on these components according

to the restriction of geometric shape between them. Besides, the three annular spring
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fragments, and annular spring core are used to simplify annular spring as Figure 3.2-1. Hub
transfers power, and connects with output shaft for driving vehicle; the reflected inertia from
vehicle is much higher than that from gearbox, so hub is fixed on ground as the assumption

that the reflected inertia is infinite.

3.3.5 Contact

The contact from ADAMS™ allows modeling how free-moving bodies interact with one
another when they collide during a simulation. There are two contact force algorithms
available in ADAMS™ that are restitution-based contact and impact-function-based contact.
Impact-function-based was chosen for calculating contact force in the analytic model in this
thesis, because this algorithm spends less simulation time than restitution-based contact, and

the force is essentially modeled as’a nonlinearspring-damper.

ADAMS™ uses a relatively simple velocity-based-friction model for calculating contacts.
Specifying the frictional behavior.is optional. Figure 3.3-1 shows how the coefficient of

friction varies with slip velocity.

Wy e i W Wa

Coefficient of Friction

“Hd s

“Hs

Slip Yelocity

Figure 3.3-1 Coefficient of friction varying with slip velocity (ADAMS™, 2003)
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where V| is stiction transition velocity at contact point, ¥V, is friction transition velocity at

s

contact point, s 1s static coefficient of friction, and g, is dynamic coefficient of friction.

All these contact factors that need to be assigned to this model are in accordance with a
table, which lists value in varied factors on different contact situation, released from
MSC.Software Corporation. Moreover, all components on gearbox are separated by a thin
lubricant from other components, and the coefficient of friction between these components,
which are surrounded by lubricant, is very low. Therefore, a lower coefficient of friction is
set on all contacts, excluding cone surface. The coefficient of friction on cone surface is
varied as the thickness of lubricant between cone and rings, because the lubricant will be
drained out through a lot tiny grooves, mounted on rings. The draining out process of

lubricant will be discussed in Chapter 4. __The contact setting on this model is listed as Table

3.3-3.
Table 3.3-3 Contact and coefficient of friction setting
1% component 2 component Coefficient of friction
Static Dynamic
Sleeve Clutch Gear 8.5E-2 SE-2
Sleeve Outer Ring 8.5E-2 S5E-2
Sleeve Transmission Gear
Sleeve Annular Spring Fragment 8.5E-2 SE-2
Hub Outer Ring
Hub Annular Spring Fragment
Cone Outer Ring Variable Variable
Cone Inner Ring Variable Variable
Inner Ring Transmission Gear
3.3.6 Force

The sleeve force, which acts on sleeve for driving whole process through synchronization,

is simplified by step function. If the sleeve force is pushed by driver on manual transmission,
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according to technical literature, this force is similar to step function (Bansbach, 1998).
However, if the sleeve force was pushed by actuator on automated manual transmission, this
force can also be simplified to step function. Consequently, this analytic model utilizes step

force, which sets the maximum sleeve force, to simulate the shifting force.

About spring force, because the annular spring in a strutless synchronizer is replaced to a
linear spring as assumption before. The stiffness of spring needs to be defined and assigned
in this simulation model. Here, the stiffness is gotten from CATIA module, called

Generative Structural Analysis.

3.3.7 Parameter

In the analytic model, there are some parameters such as the gear ratio before shifting,
gear ratio after shifting, the reflected inertia transferring from transmission gearbox, rotational
velocity of engine while shifting, stiffness of annular' spring, coefficient of friction on cone
surface, difference in coefficient “of friction on ¢ene surface, and maximum sleeve force.
These parameters need to be assigned to analytical model, and these descriptions and unit of

parameters are listed on Table 3.3-4.

There are some coefficients of friction, which are coefficient of friction between cone and
rings, and coefficients of friction between all contacts of teeth need to assign in this model.
The coefficient of friction between cone and rings will change the value of cone torque,

influencing the value of synchronized torque a lot.

Because cone surface is the easiest place that might yield wear while synchronization, the
analytic model simulate this phenomenon by use difference in coefficient of friction on cone

surface. The detailed variation on coefficient of friction will be stated in the next chapter.
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Table 3.3-4 List of parameters assigning in the model

Description Unit | Notation

Reflected initial apply on clutch gear kg - mm* I,

Gear ratio before shifting None g,

Gear ratio after shifting None g,
Engine rotational velocity while starting shift RPM o,
Maximum shifting force nt F,
Stiffness of annular spring nt/mm k,

Coefficient of friction between cone and rings None M,
Static coefficient of friction between teeth None Mo
Dynamic coefficient of friction between teeth None Hona
Cone angle ¢ 0.

Difference in coefficient of friction on cone surface None My
Mean cone radius of first cone surface mm R,
Mean cone radius of second cone surface mm R,,

The geometric model and relation between all components had already been constructed,
and discussed in this section.” In the | following sections, simulation conditions and
parameters, applying to this mddél, will be discussed in the thesis, and from the results of

entire model.

3.4 Entire Model

STM

Figure 3.4-1 Contour of analytic model on ADAM in different visual angle
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During construction of analytical model, the results of simulation model will be logically
checked on separation from Chapter 2, and then a simulation model on the entire system was

made as below.

In the entire model, all minor processes are simulated from the movement of sleeve until it
finishes meshing with clutch gear. The simulation conditions, parameters, and results will be
described in this section. The entire model, built up in ADAMS™, is shown in Figure 3.4-1,

which includes all seven components, in different viewpoint.

3.4.1 Simulation Conditions and Parameters

The first part that will be discussed in this section is mass and inertia mass. The mass of
all components on this model refers to, the diagtam of original layout. Besides, there are two
most important inertias, which will 'influence. simulation enormously, are reflected inertia

from transmission gearbox and whole vehicle.

The first inertia, reflected from transmission gearbox, can be calculated from Eq. (2.3-14)

and Table 3.4-1.

Table 3.4-1 Parameters on all gear and shaft

Gear ratio Mass(kg) | Radius(mm) | I(kg-mm?)
N 33 28
1* Gear g =|—=x—|| 395 0.75 472 835.44
1318
o 29 28
2" Gear 8=\ 19715 | 237 0.65 41.05 547.65831
. 27 28
3" Gear g =| =x—1] 150 0.38 34.72 229.0409
28 18
th 17 28
5™ Gear gs=|—x=—11 085 0.109 26 36.842
3118
Main drive g, =1 1 0.9 27.45 339.07613
Clutch disk 2300
Counter shaft 1215
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The gear ratio, mass and radius on Table 3.4-1 are referred to original layout, and the

inertial is calculated from the mass and radius.

The result of reflected inertia /, was shown in Table 3.4-2. If the simulation model
wants to simulate from 1% gear ratio to ond gear ratio, just need to input I, =

1.9423x10* kg - mm® on the parameter of reflected inertia on the component of clutch gear.

Another important inertia is the total inertia, transferred from whole vehicle 7/,. As Eq.
(2.3-16), if the mass of vehicle is 1835kg and radius of wheel is 343.3mm, basing on one

available sedan, the inertia from whole vehicle reflection to transmission gearbox can be

obtained, and the valueis I, = 2.1626x10%kg - mm”.

Even different vehicle will bring out different 7/ ; however, seeing that / is always
much higher than 7, , and following the assumption, that has been discussed before, the hub
can be fixed on the ground, and'the model just needs to apply the reflected inertia of

transmission gearbox on the analytic model.

Table 3.4-2 Reflected inertia transferring from different gear ratio

N' | N, | N | N, | N;' | Objective | Reflected Inertia

N, | N, | Ny | N, | N | gearratio (kg-mm?)
1%t0 2™ | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 2nd 1.9423x10*
2" 03 | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 31 0.7749x10*
34t0 4™ | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 4 0.3784x10*
4% o 5™ | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 5t 0.2507 x10*
5Mto 4™ | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 4 0.3784x10*
4™ t0 3" | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 31 0.7749x10*
3t0 2™ | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 2n 1.9423x10*
2" 0 1% | 13/33 | 19/29 | 28/27 | 28/18 | 31/17 1* 5.3725x10*

The gear ratio before and after shifting is according to Table 3.4-1. This gear ratio can

be just assigned to the parameter in simulation model while simulating. The values on Table
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3.4-1 are also according to the layout from Mitsubishi Motors Corporation; if the values differ
from this table, is can be changed while input the gear ratio into analytic model. Besides, the
reflected inertia, assigned to the parameter on simulation model, can be referred to Table 3.4-2.
As the gear ratio that was discussed before, if the gear ratio of each gear ratio differs from

Table 3.4-1, one can recalculate it and assign the result to the model.

Table 3.4-3 Gear ratio and reflected inertia on each shift

Gear Ratio Changing | Reflected Inertia (kg-mm?)
1% to 2™ 3.95 t0 2.37 1.9423x10*
2" o 31 2.37 to 1.50 0.7749%10*
3 to 4" 1.50 to 1 0.3784x10*
4 o 5 1t00.85 0.2507x10*
5™ to 4™ 0.85to 1 0.3784x10*
4" 4o 3™ 1to 1.50 0.7749 x10*
3" 4o 2" 1.50 t6'2.37 1.9423x10*
2" to 1% 2.37t0 3.95 5.3725%10"

All these parameters of gearratio, and reflected inertia for shifting between different gear
ratio are shown as Table 3.4-3. “There is an.important aspect that the value of reflected

inertia only depends on the objective gear ratio in this table.

Won Mises Stress (nodal value)
N_m?

B80.4

723
64.8
56.6
487
408
328
9
149

901
107
On Boundary

Figure 3.4-2 Generative structure analysis of annular spring
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The stiffness of annular spring was obtained from CATIA module Generative Structure
Analysis. Because annular spring is partitioned into three parts by three projections, setting
on outer ring, the finite element model only construct one-third of completely annular spring.
Moreover, because the contact point between projection and annular spring suffer from two
efforts on both sides, the both end sides of finite element model are fixed on ground. After
applying force on the center of the finite element model, the stiffness of linear spring replaced
to annular spring can be yielded as equaling to the value that force divided by maximum
displacement. The displacement of this finite element model is shown as Figure 3.4-2, and

the result is used for simulation in next section.

3.4.2 Simulation Results

After discussing the simulation conditions-and parameters, the simulation results will be
expounded in this section. There are so many différent states of affairs for shifting, say,
shifting from 1% gear ratio to 2"*“gear ratio, 1°"gear ratio to 3" gear ratio, 3" gear ratio to 4"
gear ratio and 4™ gear ratio to 1 gear'ratio, and etc. The analytic model can simulate all
these cases; moreover, the section only chooses one of these cases for discussing the

simulation results.

Shifting from 1% gear ratio to 2™ gear ratio is the most often switching gear ratio in
common use. In addition, it suffers from higher reflected inertia, and needs more shifting
time and force while shifting. So, the case was chosen by the thesis for talking about

simulation results in this section.

There are some methods for setting the system parameters in this research, which are
design parameters, experiment data, table data, and calculation data. Most dimensions are
referred to layout origination from synchronizer and gearbox design, such as gear ratio and
cone angle. The other parameters, say, rotational velocity of engine while shifting, and
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maximum sleeve force refer to experiment data, as shown in Table 3.4-4, an experiment data
about synchronized time. The value that sleeve force and rotational velocity on engine were
provided from ITRI on a single cone synchronizer. The engine experiment and synchronized
type for gaining on the table differ from the synchronizer and gearbox studies in this thesis, so
there only refer to the rotational velocity on engine and sleeve force on the analytic model,

and compare the tendency of simulation model with this table.

Table 3.4-4 Experiment data from Industrial Technology Research Institute (ITRI)

) Reflected Engine | Sleeve | Synchronized
Gear ratio . ]

Inertia RPM Force time
1t02™ | 3.95t02.37 | 18494.23 2500 116N 0.275
2"t03" | 2.37t01.49 7563.70 3000 117N 0.2
304" | 149t01 3182.14 3000 65N 0.2
4"t05" | 1t00.85 2524461 3000 27N 0.2
5"t04™ | 0.85t01 3182.14 3500 39N 0.2
4%t 3" | 1t01.49 7563.70 3000 153N 0.2
3902 | 1.49t02.37 4 1849423 2500 190N 0.25
2 t0 1% | 2.37t03.95 F 5045116 2000 254N 0.275

Another property of these parameters, like coefficient of friction on cone surface, static
and dynamic coefficient of friction between teeth, is according to table data. The last kind of
parameters such as reflected inertia, and stiffness of annular spring are yielding from formula

calculating and FEM, respectively.

The simulation parameters, which are used for simulating shift from 1% gear ratio to 2™

gear ratio, is listed as Table 3.4-5.

Table 3.4-5 Parameters for simulating shift from gear ratio 1% to 2™

I gb ga a)e FSM ks

r

1.9423x10* kg - mm’ 3.95 2.37 2500 RPM 120 nt 17 nt/mm

le RmZ /’l c Iu ms lu md ec /,l dc
30.559 mm 28.059 mm 0.11 8.5E-2 S5E-2 7.5° 0
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The simulation of this model was set to end time at 0.25 seconds with calculation interval
0f 0.0001 seconds that included 2500 steps in the duration on it. ~According to the simulation
results, the logical validity is studied about the figures of sleeve movement, rotational velocity,
and rotational displacement and force affect on components. These representative results

and phenomena are described below to confirm the tendency of the simulation model.

For picturing the simulation results easier and clear, the entire shifting process was
divided into several distinct points to describe every detail phase that help to understand more

detail about the action of synchronization in the thesis, listed as the table below.

Table 3.4-6 List of distinct points during shifting on the parameters as Table 3.4-5

Point Description Time(sec)
A Start of synchronization 0.0060
B Outer. ting obstructs sleeve 0.0110
C End;of synchronization 0.1467
D Synchronizing transmission-gear and sleeve 0.1490

Sleeve over strides over annular spring/
E i . 0.1600
Sleéve engage with outer ring
F Sleeve finishes engaging with outer ring 0.1707
G Sleeve contacts with clutch gear 0.1736
H End of engagement 0.2131
I Sleeve contacts with bevel 0.2155
J End of shifting 0.2205

Movement of sleeve

The movement of sleeve, while shifting from neutral position to objective gear ratio, can
be divided into several segments showing as Figure 3.4-3, for concerning with tendency of the

result, and the characteristics on sleeve movement.

First, sleeve starts moving while driver moves shift knob. This action prompts sleeve to

move forward objective gear ratio for starting the synchronization. At point A, projectings
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on sleeve contact with annular spring, and push it moves toward 2™ gear ratio. Meanwhile,
outer ring also moves forward cone due to the movement on annular spring, and synchronized
torque starts increasing at the same time. Sleeve keeps moving until it contacts with teeth of
outer ring, at point B, and then outer ring obstructs sleeve, because cone torque is higher than
index torque at that time. The index torque was yielded from the contact force between

sleeve and outer ring.

L D FG HI J
e | I nd 1 | |; [
__:'_: ________________ 2———G—e-a'-r-Ra_t!Q _______ :_ _____ _:_1 ___________ :_:__:
95 i E
E |
= (]
o
E 50 i E
io{0
v Vo
i L
0o L Neutral Position
e | |
0.0 0.05 0.1 025

Time (sec)

Figure 3.4-3 Distance of sleeve movement

The synchronized torque continuing acts for reducing the relative rotational velocity
between sleeve and transmission gear on the interval between point B and D, equaling to the
synchronized time as Eq. (2.3-13). While sleeve moves to point F, it totally engages with
outer ring, and then keeps proceeding to finish the final engagement with clutch gear, whose
first contact point located on point G. The interval between point G and H is a random
process, as showing in the Section 2.3.6 and Table 2.3-1. Different mesh situation will lead
into not only different mesh process and circumstance, but also different curve and time on
this interval. After sleeve finishes engaging with clutch gear, there is an unsmooth curve

between point [ and J, because of the contact between sleeve and bevel, which was shown on
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Figure 2.2-3. The entire shifting on changing gear ratio is finished while sleeve moves to

point J.

Here, defining two time on shifting, which are shifting time and synchronized time; this
means the interval between start and end of synchronization, point A to J, and that means the
interval between start and end of shifting, point B to D. The definition of both these time

will be mentioned later, and used for building separating modules.

In Figure 3.4-3, it can be realized that the shifting time equals to 0.2145 sec, and
synchronized time is 0.1407 sec. To calculate from Egs. (2.3-6) and (2.3-13) as the
parameters in Table 3.4-5, and the mean cone radius, which are 30.56mm and 28.06mm based
on the layout originating from Mitsubishi Motors Corporation, the calculation synchronized

time is 0.14296 sec, in which the inaceutacy islower than 1.58%.

Rotational velocity of transmission gear

The rotational velocity of transmission.gear.on the simulation model was shown in Figure
3.4-4. Because hub is fixed on ground, as-the assumption in this analytic model, this
rotational velocity equals to relative rotational velocity between transmission gear and output
shaft in reality. The relative rotational velocity between outer ring and transmission gear,

which is shown in Figure 3.4-5, deals with the action of cone torque.

There is a tiny decrease before the start of synchronization, yielding from resistance and
drag torque act on transmission gear. If shifting up, this resistance torque will decrease the
relative rotational velocity; on the contrary, it was used to increase the relative rotational

velocity while shifting down.

The relative rotational velocity starts decreasing quickly when the start of synchronization,
at point A. The decrease keeps until point D, when the relative rotational velocity

approaches zero; meanwhile, index torque becomes higher than cone torque. So sleeve starts
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moving forward again for engaging with outer ring, and results in the clutch gear rotating in
reverse relative, which results from the engagement on sleeve and outer ring, as showing in

the interval between point D and F.
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Figure 3.4-4 Relative rotational velocity between hub and transmission gear
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Figure 3.4-5 Relative rotational velocity between outer ring and transmission gear
At the interval between point F and G, sleeve finishes engaging with outer ring, so the
relative rotational velocity between sleeve and transmission gear keep in a certain value.

After point G, sleeve contacts and starts engaging with clutch gear; consequently, it yields the
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transmission gear rotates again. The phenomenon that was shown on the circle, showing in
Figure 3.4-5, is due to this contact force between sleeve and clutch gear. The simulation
result between point G and H in Figure 3.4-4 depends on different mesh possibility, which

will be discussed in next section.

Point D and C, in Figure 3.4-4 and Figure 3.4-5 respectively, is different. At point C, the
relative rotational velocity between outer ring and transmission gear reaches zero, and the
cone torque starts decreasing; meanwhile, the rotational velocity on transmission gear is still
higher than hub and sleeve. That will approach zero only when sleeve keeps proceeding
until point D. Besides, there is several unregulated variation from negative to positive,
resulting from bevel and the contact between sleeve and clutch gear after engagement, after

point H.
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Figure 3.4-6 Torque yielded between cone and rings

Figure 3.4-6 shows the cone torque, acting on outer ring, during the shifting. This torque
starts increasing as the distance between outer ring with cone, and inner ring with cone

decrease, at point A, because lubricant was drained out, and lead to the increase of both
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contact force and coefficient of friction on cone surface. The cone torque yields a peak at

the first time when sleeve contacts with outer ring, at point B.
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Figure 3.4-8 Cone torque and index torque

After finishing synchronization, at point C, sleeve moves to engage with outer ring that

leads to the decrease of cone torque as the contact force on outer ring is decreasing.
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Meanwhile, annular spring stays in the front section in Figure 2.3-5 that was shown in Figure
3.4-7. As sleeve moves to point E, annular spring reaches the middle section, where causes
the maximum spring force and resistant force, acting on sleeve from annular spring to impede
the movement of sleeve. Therefore, the cone torque rises again until the sleeve finishes
engaging with outer ring, because the contact force action from sleeve to outer ring is

increasing, and then the cone torque starts to fall approach to zero, after point F.

As Eq. (2.3-8), the result of index and cone torque was shown in Figure 3.4-8, where cone
torque is always larger than index torque only as the relative rotational velocity between
transmission gear and sleeve approaches to zero. Index torque was yielded at point B, and
then it keeps in a certain value until the end of synchronization, right after that, it begins to
become larger than cone torque, and results. in the engagement between sleeve and outer ring.
This situation of index torque larger thanmcone:torque brings out sleeve moving in forward,
and leads on sleeve engaging with outer ring.  In this simulation, the average cone torque is
about 6000 N-mm, which almost equals to-the value 5927.967 N-mm, calculated from Eq.

(2.3-6).
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Figure 3.4-9 Relative rotational displacement between hub and outer ring
The relative rotational displacement between hub and outer ring was shown in Figure
3.4-9. While spline of sleeve begins to contact with outer ring, index torque was yielded and
leads outer ring rotating in reverse direction, then it reverts to contact with sleeve for
synchronization, as in point A. Until the finish of synchronization, sleeve keeps moving
and pushes outer ring rotating in reverse direction again. After the mesh of outer ring and
sleeve, sleeve is vibrating in the rotational direction according to the clearance, which is in

the rotational direction between splines.

Coefficient of friction on cone

The coefficient of friction on cone, which was shown in Figure 3.4-10, is increasing
suddenly at point A, while the sleeve force prompts outer ring to move forward cone for
draining lubricant out. It is decreasingafter-finishing synchronization, because the sleeve
force acting on outer ring is also téduce, and-leads outer ring slides away from cone, after

point F.
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Figure 3.4-10 Coefficient of friction between cone and rings
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3.5 Separating Modules

After engaging in the analytic model with the same simulation conditions but different
situations, the thesis found out that it would bring different simulation results, shown in
Figure 3.5-1 and Figure 3.5-2. It can be found that the results, no matter displacement of
sleeve or relative rotational velocity, are the same before sleeve finishing engaging with outer

ring, and different after that.
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Figure 3.5-1Distance of sleeve movement with the same conditions in different situation
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Figure 3.5-2Relative rotational velocity with the same conditions in different situation
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Considering that the phenomena of synchronization occur irregularly in very short time,
and the gear shifting mechanism is very complex, separating the entire process on shifting is a
better method for analyzing it. Another reason for separating entire model is that the mesh
between sleeve and clutch gear is a random process, separation can focus on the procedure of

random process and individual discuss it.

In this section, the entire analytic model will be separated into two parts; the first part is
from starting of simulation until sleeve pass through outer ring, the second part is from sleeve
pass through outer ring until finish shifting. Both these two parts are constructed on

ADAMS™, called synchronized module and mesh module, respectively.

~

/ Parameters for Entire Analytical
Simulation Model
A 4
Synchronized Total shifting time
module Zs» =lom T lom
\ 4 A 4

Simulation
Result

Simulation Mesh module

Output L

. )

Figure 3.5-3 Procedure on separating modules

The line of demarcation on these two modules are according to Figure 2.3-14 whilex =0.
The shifting process belongs to synchronized module when x>0, and belongs to mesh

module if x <0 until finish gear ratio shifting.

The shifting time is also divided into two parts, so that the total shifting time equals to

time on synchronized module plus time on mesh module, where ¢, is time on synchronized

module and ¢, is time on mesh module.

Figure 3.5-3 mentions about the procedure of connecting these two modules. Simulation
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parameters will be assigned to synchronized module first, then the simulation outputs from
synchronized module and some parameters that were assigned to synchronized module will be
assigned to mesh module, and further gains the final simulation result. As far as these input

parameters or simulation output, these will be concerned in the following sections.

3.5.1 Synchronized Module

3.5.1.1 Module Description

Synchronized module, which was used for simulating the action before sleeve engaging
with clutch, was cut apart from entire model. This module is just like entire model except
for adding a sensor to for stopping the simulation. The sensor can sense the movement of
sleeve and stop the simulation until sleeveimove forward to finish engage with outer ring at
x=0 on Figure 2.3-14. Lessening variable paraieters to simply the discussion and

analysis is the reason for choosing x = 0.

The parameters, assigned to this module, are the same as Table 3.3-4. There are two
outputs, which are linear velocity of sleeve v, and rotational velocity of clutch gear @,, on
this module. These parameters will be assigned to next module for proceeding different

mesh possible.

3.5.1.2 Simulation Results

Gaining linear velocity of sleeve and rotational velocity of clutch gear for assigning to
mesh module are the main purpose on the module. The simulation results and simulation
interval on this module is exactly the same as it on entire model except less analysis time,

because of the sensor, so the simulation results will not be mentioned in this section again.
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The parameters, assigned to the module, were listed as Table 3.4-5 for simulating the
shifting from 1% gear ratio to 2" gear ratio. The linear velocity of sleeve and angular

velocity of clutch gear on this module were shown on Figure 3.5-4 and Figure 3.5-5,

respectively. These two final velocities, which are v, =1131.8802mm/sec and

@, =—206.64783°/sec, will be assigned to mesh module for proceeding the random

processes of engaging between sleeve and clutch gear.
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Figure 3.5-5 Angular velocity of clutch gear on synchronized module
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3.5.2 Mesh Module

3.5.2.1 Module Description

After sleeve moves until arriving x =0, the simulation model starts switching to mesh
module. The mesh module was constructed for simulating the possibilities of engaging
processes between sleeve and clutch gear. The module will change different mesh angle
between sleeve and clutch gear for analyzing different mesh situation; the probability of all

these angles are equally to be assumed here.

Table 3.5-1 Parameters assigned to mesh module

Description Unit | Notation

Reflected initial applied on<«clutch gear kg - mm* 1,

Maximum shifting force nt F,,
Static coefficient of friction between-teeth None y7
Dynamic coefficient of friction-between teeth None y75
Velocity of sleeve mm / sec Vg

Rotational velocity of clutch gear °/sec ,
Mesh angle between sleeve and clutch gear 0 0,
Teeth angle on clutch gear 0 ‘9g

Sleeve spline

Outer ring

Clutch gear

Figure 3.5-6 Geometric shape on splines of sleeve, outer ring, and clutch gear
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Table 3.5-1 lists some parameters, assigned to mesh module, where € is the mesh angle

between sleeve and clutch gear that was defined as Figure 3.5-7, and 6, is the teeth angle on

clutch gear, and @, is the angle on spline chamfer of sleeve, shown in Figure 3.5-6.

Some of parameters are the same as in synchronized module, and some are originated
from the simulation result in the synchronized module except 6,. The angle 6, was set
for simulating different mesh possibility in this module. It will be set from 80° to 90° on

simulation because the angle between splines on sleeve is 10°.

Figure 3.5-7 Mesh angle between sleeve and clutch gear

3.5.2.2 Simulation Results

The parameters, assigned to mesh module, were shown in Table 3.5-2.

Table 3.5-2 Parameters assigned to mesh module for shifting from 1* to 2™

I r /u ms /u md a)c Fs-M Hg
1.9423x10* kg -mm* | 8.5E-2 | 5E-2 | 206.6478°/sec 120 nt 90°

For simulating this module, €, is set from 80° to 90° with a interval of 0.25°, and

the calculation interval for this module is 0.00001 seconds.

The scale view on displacement of sleeve for different mesh angle between sleeve and

clutch gear was shown in Figure 3.5-8. Certain mesh angle leads into the forward and
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backward movement of sleeve, but sleeve only moves forward in some others mesh angle.

The detail specification of these phenomena will be mentioned later.
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Figure 3.5-8 Scale view on displacement of sleeve for different mesh angle

The mesh time with different mesh-angle was shown in Figure 3.5-9. It can be clearly
found out that the mesh time is variable with-angle. ' “In this simulation case, shifting from 1%
to 2" gear ratio, the maximum mesh time'is 0.0489sec, and minimum mesh time is 0.00005

sec. There is a huge difference between differéent mesh angles, which were simulated in

different mesh possible angle.

0.05

004 4

Section 3

Sectid Section 1 i Section

AR

E
o
=
&

1

Mesh Time (sec)
o

0o T T T T T T T T T T T T T T T
800 810 820 830 54.0 850 6.0 &7 0 6.0 830 300
Mesh Angle (deg)

Figure 3.5-9 Mesh time with different mesh angle
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The mesh processes on different angle are divided into four sections, which can be

associated with Table 2.3-1, and discussed as below.

Section 1

In this section, the first contact point between sleeve and clutch gear is located at the
reverse direction of rotational velocity on clutch gear, just like event A and B on Table 2.3-1.
The description of this section was shown as Figure 3.5-10. Sleeve moves forward to slide
along the chamfer on clutch gear, and pushes clutch gear rotating for speed-up. The range

on the section in this simulation conditions is located on 80.5° to &5°.

=

—

Figure 3.5-10 Mésh déscription of section 1

ANNANNNN

Section 2

The next section was shown as Figure 3.5-11, which is like event E on Table 2.3-1; in this
section, sleeve contacts with clutch gear‘on‘its rotational direction. Because of the relative
rotational velocity between clutch gear and sleeve, sleeve moves backward until crossing over
the teeth of clutch gear, and the it slides along the chamfer of teeth for the final mesh. The

range of section 2 on the simulation situation is between 85.25° to 86.25°.

1K=

Figure 3.5-11 Mesh description of section 2

ANNNNNNN

Section 3
In section 3, sleeve contacts with clutch gear first located on its rotational direction

without crossing teeth of clutch gear, shown as Figure 3.5-12. The moving force, acted on
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sleeve, was used to provide a torque, which was yielded from contact force for slowing down
the rotational velocity of clutch gear. The range of section 3 on the simulation situation

starts from 86.5° till 89.75°.

T

Figure 3.5-12 Mesh description of section 3

)
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Section 4
The last section on was shown as Figure 3.5-13, and event C on Table 2.3-1. In this
section, sleeve just engages with clutch gear exactly that spends on the less mesh time among

all these four sections.

1>

— (-
1>

Figure 3.5-13 Mesh description of section 4
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Among the four sections, if the simulation conditions, which include sleeve force,
reflected inertia, teeth and spline angle, linear velocity of sleeve, and rotational velocity of

clutch gear, are changed, the line of demarcation between all these sections will be different.

Because the assumption of the probability on these angles are the same, the average
shifting time can be considered as the time from synchronized module plus the average time
on mesh module. The average shifting time is 0.19479sec which equal to time of

synchronized module 0.1736sec plus average of all time on mesh module 0.02119sec.
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The simulation result, mentioned on 3.4.2 , just is one of possibilities that has been talked in

this section.

3.5.2.3 Mesh Specification

Table 3.5-3 List of descriptions

Mesh process | Probability Remark
Section 1 47.5% Sleeve moves forward without moving backward
] Sleeve moves backward and crosses spline of
Section 2 12.5%
clutch gear
) Sleeve moves backward without crossing spline
Section 3 35%
of clutch gear
Section 4 5% Sleeve engages with clutch gear exactly

The simulation results on these four sections:-will be mentioned in this section. Because
the interval is very small, and the amount.of simulation results is huge, the thesis only picks

some of them for discussing the simulation results.

As the assumption of equally happened probability, the probability of each section can be

obtained from the simulation results, listed on Table 3.5-3.

Section 1, which has the largest probability, occupies nearly half of mesh possible.
Besides, the least probability among these four sections is section 4, which describes sleeve

engaging with clutch gear exactly, and only has five percent probability.

The displacement of sleeve on mesh module was shown in Figure 3.5-8, which gathers all
these four section and provides the state of affairs on sleeve in different sections. The
discrimination between every section can be particular described respectively in the following

figures.

Figure 3.5-14 shows the displacement of sleeve from section 1 through section2. There
can be clearly realized that if the angle is smaller than 85.25°, the sleeve moves only forward
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to engage with clutch gear.

Nevertheless, while mesh angle is larger than or equal to

85.25°, sleeve will occur backward phenomenon and cross spline for a further contact with

the opposite chamfer.
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Figure 3.5-14 Displacement of sleeve on sections 1 and 2
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Figure 3.5-15 Relative rotational velocity on sections 1 and 2

The relative rotational velocity between sleeve and clutch gear was shown in Figure
3.5-15. In section 1, the moving force acts on sleeve to speed up the rotation of clutch gear.
However, in section 2, sleeve contacts with clutch gear on its rotational side; moreover, the
contact force leads into the deceleration of clutch gear and backward moving of sleeve.

After sleeve crossed over spline of clutch gear, sleeve moves forward again for engaging with
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clutch gear just like in section 1.

The results on displacement of sleeve and relative rotational velocity between section 2

and section 3 were shown in Figure 3.5-16 and Figure 3.5-17 respectively.
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Figure 3.5-16 Displacement of sleeve on sections 2 and 3

400.0

3000

— Mesh angle = 8575
— — Mesh angle = 86
==== Mesh angle = 86.25
— = Mesh angle = 86.5

Mesh angle = 86.75
— — Mesh angle = §7

2000

1000

oo

Angular Velociy (degsec)

-100.0

2000 T

-300.0 T T T
oo 0o ooz 0.03 0.04 0.os

Time (sec)

Figure 3.5-17 Relative rotational velocity on sections 2 and 3

In section 3, sleeve moves backward while contacts with clutch gear, because of the

rotational velocity of clutch gear. Differing from section 2, sleeve did not move backward

enough to cross the spline, so sleeve starts moving forward to engage with clutch gear afresh

after a few backward movements. Whereas clutch gear that rotates in reverse direction until
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finish engagement is due to the moving force and contact force between sleeve and clutch

gear.

The probability and range of each section that was discussed before results from the

simulation condition on this thesis. Different simulation condition, such as sleeve force, Vs,

@, chamfer angle on clutch gear, reflected inertia, will bring out different consequence.

Nevertheless, the mesh process and situation from other different simulation condition will be

the same as four sections, mentioned in this thesis.

Comparing with the average time to the shifting time on Figure 3.4-3, showing the
engagement process on the simulation result, is one of possibilities meshing between sleeve
and clutch gear. Besides, different shift situation, and conditions, will bring out different
cases on this final lockup, the engagement between sleeve and clutch gear; the influence,
resulting from different parameters about synchronization and engagement, will be discussed

in the following chapter.
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CHAPTER 4
PARAMETERS ANALYSIS

4.1 Introduction

After the construction and confirmation on simulation model of shifting, this chapter will
do some parameter analysis to realize the influence between parameter and synchronization
and engagement. The chapter will discuss durability of synchronization first, and then talk
about parameter analysis on synchronized and mesh modules respectively. Furthermore, the
results in this chapter can not only help for understanding the variation of simulation results
with parameters, but also assist the discussion and provide a clearer understanding about the
optimization in the next chapter. The simulation case, shifting from 1% to 2™, is the same as

in previous chapter as in this chapter.

4.1 Durability on Synchronizer

Synchronization, the process to diminish the relative rotational velocity between input
shaft and output shaft, always leads to abrasion on rings surface because of the cone torque,
yielded from the contact force between cone and rings. At that time that the phenomenon
happened, cone torque will be lower than index torque, and result in synchronized failure on
the process of synchronization as mentioned in the previous chapter. Therefore, the
phenomenon will reduce the quality and durability of synchronizer, which is an important
criterion that has to pay attention on by the designer and engineer who engage in the research

of gearbox.

4.1.1 Lubrication and Wear

On the first process of synchronization, there exists a thin film between cone and rings; a
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lubricant film separated these surfaces and no asperities are in contact to result the wear
between cone and rings. While sleeve moves to contact with outer ring, lubricant was
drained out leading in the contact of cone and rings for synchronization. Consequently, the
coefficient of friction on cone surface starts rising from low to high, and then it decreases to
low after finishing synchronization. Moreover, the contact force is the main force that wears

the tiny long grooves on inner and outer ring.
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Figure 4.1-1 Wear rate for various lubrication regimes (Hamrock et al., 1999)
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Figure 4.1-2 Showing coefficient of friction for various lubrication conditions
(Hamrock et al., 1999)
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There are four different regimes, which include hydrodynamic lubrication,
elastohydrodynamic lubrication, boundary lubrication, and partial lubrication, at different
lubricant situation; the wear rate was shown in Figure 4.1-1, whereas coefficient of friction
was shown in Figure 4.1-2 on each lubrication expect partial lubrication. Hydrodynamic
lubrication is generally characterized by conformal surfaces with fluid film lubrication.
Elastohydrodynamic lubrication is a form of hydrodynamic lubrication where nonconformal
surfaces are completely separated by lubricant film and no asperities are in contact. As for
boundary lubrication, lubrication condition where considerable asperity interaction occurs
between solids and lubrication mechanism is governed by properties of thin surface films that
are of molecular proportion (Hamrock et al., 1999). Since the surface that between cone and
rings does not conform to each other very well, the situation before synchronization belongs

to nonconformal surfaces.

In the normal situation of synchronization, the regime is elastohydrodynamic lubrication
that brings merely a lower coefficient of friction on cone surface. While the synchronization
starts, the gaps between cone and rings decrease and lead into boundary lubrication, which
provides a higher coefficient of friction to engage in synchronization. After the finish of
synchronization, lubricant refills the gaps between cone and rings, and then reinstate to

elastohydrodynamic just like the situation before synchronization.

Nevertheless, at the situation of existing wear on rings, the variation on coefficient of
friction differs from normal situation. The regime is elastohydrodynamic lubrication before
synchronization just like the normal situation. However, the coefficient of friction on cone
surface does not rise as fast as without abrasion, because the tiny long grooves were wore and
could not drain lubricant out as fast as without abrasion. Consequently, the lower coefficient
of friction provides a lower cone torque that leads into a longer synchronized time and

probably results in synchronized failure.
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Wear may be viewed as the progressive loss of substance from the operating surface of a
body occurring because of loading and relative motion at the surface. Wear can be classified
by the physical nature of the underlying process, such as abrasion, adhesion, erosion, fatigue,
and corrosion. Abrasion is likely the most important criterion that result in the wear on inner

and outer ring.

Since the three laws of wear are wear increase with sliding distance, wear increase with
normal applied load, and wear increase as hardness of sliding surface increases, the
synchronized time will be diminished and the wear on contact surfaces will increase as the
force acting on sleeve increase. Such phenomenon will lead into a higher temperature on
contact surface, and results in a serious wear between cone and ring, which is the main reason
that result in diminishing on coefficient, of friction and synchronized failure as mentioned

before.

4.1.2 Variation in Coefficient of Friction on-Cone
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Figure 4.1-3 Cycle #500 of endurance test (Sigl and Héhn, 2003)

Because the wear influences the situation of increasing on coefficient of friction, the
coefficient of friction will rise slower than the result shown in Figure 3.4-10. An experiment

showed the phenomenon after a higher operation cycle in Figure 4.1-4. The experimental
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result can compare with Figure 4.1-3, which is an experimental result from a lower operation

cycle relative to a higher operation cycle.

300 0.140 10.0 12.0 2400
rpm o linear travel N/mm2 mm rpm
240§ 0.100 / 8.0 10.0 1880
210 E 0.080 7.0 , 20 1600
‘5 o [
180 ° 0.060 | =" 6.0 = 80 o 1340
- £ 4 g e
2 150 G 0.040 § 50 = 7.0 %1070
F E U o
S 120 € 0.020 £40 60 B s00
o
a0 0 3.0 5.0 540
60 L T 2.0 4.0 270
coefficient of friction
30 1.0 3.0 0
0 0.0 2.0
0.0 0.16 0.32 0.48 0.64 0.80
time [s]

Figure 4.1-4 Cycle #100,000 of endurance test (Sigl and Hohn, 2003)

It can clear notice that the coefficient of friction in Figure 4.1-3 rising faster than in Figure
4.1-4. The vary coefficient of friction causes from the process that lubricant was drained out
of gaps between cone and rings; . Furthérmore; the cone torque in Figure 4.1-4 also differs
from Figure 4.1-3 since the cone'torque equals.to the multiple of coefficient of friction.
While the cone torque became lower as a lower coefficient of friction, if only cone torque

does not rise to equal or higher than index torque, the synchronized failure happened.

4.2 Synchronization Analysis

This section probes for the influence from parameters to simulation result. Time,
mentioned in this section, equals to the interval from the start of simulation to the end of
simulation on synchronized module. The simulation stops while both x in Figure 2.3-14

and relative rotational velocity between sleeve and transmission approaches zero. As for the

STM

sensitivity, will be mentioned in this section, was calculated by ADAM automatically as

Eq. (4.2-1), where S, is the sensitivity, O,

1

is objective and DV is design variable.
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4.2.1 Sleeve Force

Table 4.2-1 Parameter study on sleeve force

Trial Sleeve Force (N) Time (sec) Sensitivity
1 100 0.20202 -0.0015150
2 125 0.16415 -0.0012603
3 150 0.13901 -0.00086964
4 175 0.12067 -0.00063906
5 200 0.10705 -0.00054447
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Figure 4.2-1 Cone torque versus time at different sleeve force
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Figure 4.2-2 Relative rotational velocity versus time at different sleeve force
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The first parameter, selected for discussing the influence on synchronized time, is sleeve
force; the simulation result was shown on Table 4.2-1. Different operators will lead into
different sleeve force, so a reasonable interval of sleeve force to engage in parameter analysis
on sleeve force for realizing the influence of sleeve force on synchronization was chosen,

despite there are different sleeve force exerting from driver on MT, and from actuator on

AMT.

According to this analysis, the higher the sleeve force is, the short time it will be; besides,
it can be found from the sensitivity, while the sleeve force is lower, the extent of time
decrease also become lower. In Figure 4.2-1, a larger sleeve force will bring a higher cone
torque to synchronize the relative rotational velocity, so it results in different synchronized

time in Figure 4.2-2.

4.2.2 Cone Angle

Cone angle would influence. the value of -cone torque, and then influences the
synchronized time and different synchronization, as Eq. (2.3-6). Besides, in order to avoid
self-lock and let cone releases from contacting with rings after synchronization, cone angle
must match Eq. (2.3-10). Five different cone angles were selected by the thesis to discuss

the influence of it on synchronization, and the result was listed in the following table.

Table 4.2-2 Parameter study on cone angle

Trial Cone Angle (degree) Time (sec) Sensitivity
1 7.0 0.16101 0.018967
2 7.5 0.17049 0.019080
3 8.0 0.18009 0.019081
4 8.5 0.18957 0.018918
5 9.0 0.19900 0.018869
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Figure 4.2-3 Cone torque versus time at different cone angle

While the cone angle increases gradually, cone torque rises with it just like Eq. (2.3-6).
It can be known from Figure 4.2-3 that the lower the cone angle is, the higher the cone torque
will be. Nevertheless, since cone angle was restricted by coefficient of friction in Eq.
(2.3-10), the cone torque increase, resulting from cone angle, has its limit. As for relative
rotational velocity, which was shewn in Eigure 4.2-4, does not have such large difference

relative to the influence from sleeve force.
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Figure 4.2-4 Relative rotational velocity versus time at different cone angle

4.2.3 Stiffness of Annular Spring

The values, choosing in this subsection, are due to Generative Structure Analysis on
previous chapter, which provides to understand the rough range in stiffness of annular spring.

The simulation results and parameter values are listed in the following table.
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Table 4.2-3 Parameter study on stiffness of annular spring

Trial Stiffness (N/mm) Time (sec) Sensitivity
1 15 0.20164 0.00012441
2 30 0.20350 0.00012488
3 45 0.20538 0.00015938
4 60 0.20829 0.00020780
5 75 0.21162 0.00022219

Table 4.2-3 says that the stiffness of annular spring does not influence a lot on
synchronized time, so no matter cone torque, relative rotational velocity, and sleeve
movement, shown on Figure 4.2-5 to Figure 4.2-7 respectively, all express very little
difference in different stiffness. However, there is a little difference on sleeve movement
while sleeve moves to contact with outer ring and finishes the engagement with outer ring.
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Figure 4.2-5 Cone torque versus time at different stiffness of annular spring
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Figure 4.2-6 Relative rotational velocity versus time at different stiffness of annular spring
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Figure 4.2-7 Sleeve movement versus time at different stiffness of annular spring

On the process of sleeve finishing engagement with outer ring, the rising velocity are
different because of the stiffness and the geometric shape on larger spline in Figure 2.3-5,
which provides a force for pushing sleeve to move toward clutch gear. The higher the

stiftness of annular spring is, the higher pushing force can be yielded.

Figure 4.2-8 shows the scale view on sleeve movement while sleeve starts to contact with
outer ring. It shows that the different stiffness will-lead into different moving velocity of
sleeve, which is due to resistant force from annular spring to sleeve. Since annular spring
pushes outer ring moving forward cone to drain lubricant out, the different situation that

results from different stiffness would relate to coefficient of friction on cone surface.
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Figure 4.2-8 Scale view of sleeve movement in Figure 4.2-7
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4.2.4 Coefficient of Friction on Cone Surface

4.2.4.1 Changeable x, with constant sleeve force

While wear occurs on inner and outer ring, the coefficient of friction that was provided to
yield cone torque becomes lower. According to literatures, the coefficient of friction is
always about 0.1 to 0.11 without abrasion. In this subsection, coefficient of friction from

0.06 to 0.11 was chosen by the thesis for discussing the influence of coefficient of friction on

synchronization.
Table 4.2-4 Parameter study on coefficient of friction
Trial | Coefficient of friction | Time (sec) Sensitivity
1 0.06 0.26102 -1.6283
2 0.07 0.24473 -1.5008
3 0.08 0:23100 -1.2467
4 0.09 0:21980 -1.0302
5 0.10 0.21040 -0.88884
6 0.11 0.20202 -0.83728

Figure 4.2-9 and Figure 4.2-10 show the cone torque and coefficient of friction in different
coefficient of friction respectively. Since the abrasion results in that lubricant can not be
drained out as fast as the situation without abrasion, the coefficient of friction can only rise to
a lower coefficient of friction then gradually rise to the maximum instead of rising to

maximum directly, just as shown in Figure 4.2-10.

Cone torque cannot rise to a normal value because of the phenomenon on coefficient of
friction resulting from abrasion. Such difference on cone torque would lead into sleeve
moves to engage with outer ring without finishing synchronization, and bring abnormal
collision between spline on sleeve and clutch gear, as cone torque is lower than index torque

while splines of sleeve contact with teeth of outer ring.
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Figure 4.2-10 Coefficient of friction versus time:at different coefficient of friction

As for relative rotational veloc€ity, it also relateés to cone torque, so that the lower torque

will spend more time on synchronization.

Besides, the variable cone torque makes the plot

of relative rotational velocity yield a tiny curved line in lower coefficient of friction instead of

approximate straight line in normal coefficient of friction.
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Figure 4.2-11 Relative rotational velocity versus time at different coefficient of friction
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4.2.4.2 Changeable sleeve force with x, =0.61

Table 4.2-5 Parameter study on sleeve force at . = 0.61

Trial Sleeve Force (N) Time (sec) Sensitivity
1 100 0.25941 -0.0020481
2 120 0.21845 -0.0017597
3 140 0.18902 -0.0012863
4 160 0.16700 -0.00098224
5 180 0.14973 -0.00078332
6 200 0.13567 -0.00070334

This subsection talks about the phenomenon in a lower coefficient of friction with
different sleeve force, from 100nt to 200nt. Since a higher sleeve force will result in a
higher contact force between sleeve and outer,ring, which brings a higher index torque, sleeve
force will influence whether the Synchronization can finish or not. The simulation results

list in Table 4.2-5.

As the increase of sleeve forcéan.a lower coefficient of friction, the cone torque will rise
and synchronized time will diminish, shown in Figure 4.2-12. Since cone torque rises with
sleeve force, index torque also increases with sleeve force; consequently, while index torque
is higher than cone torque before finishing synchronization, the synchronized failure will be
happened. Cone torque, index torque, and difference between them were shown in Figure

4.2-12, Figure 4.2-13, and Figure 4.2-14 respectively.

The cone torque, increasing as coefficient of friction increases that was shown in Figure
4.2-15, is due to lubricant that was drained out of gaps between cone and rings. Because
cone torque acts on outer ring, and teeth of outer ring contacts with splines of sleeve for
yielding index torque, cone torque will influence the value of index torque. For this reason,

index torque would rise with cone torque.
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Figure 4.2-13 Index torque versus time-atidifferent sleeve force while 2, =0.61
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Figure 4.2-14 Difference between cone and index torque

In Figure 4.2-14, considering that while sleeve moves to contact with annular spring,
annular spring will push outer ring to yield cone torque, when sleeve did not contact with
teeth of outer ring yet, there is a sudden increase at the begin of the simulation.

After that,

cone and index torque increase together that lead into a small difference between them until
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there yield an apparent difference.

After a larger difference was yielded on annular spring,

index torque starts to decrease, whereas cone torque keeps increasing.

0125

0.0838

0.0625 1

00313 1

Coefficient of friction betw een cone and outer ring

Sleeve force =100
= = Sleeve force =120
===" Sleeve farce = 140

= = Sleeve farce = 160
Sleeve force = 150
— — Eleeve force = 200

oo

T T T T
04 01s 02 025 03
Time (sec)

Figure 4.2-15 Coefficient of friction versus time at different sleeve force while x. =0.61
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Figure 4.2-17 Deformation of annular spring versus time at different sleeve force

while 2, =0.61
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The movement of sleeve and deformation of annular spring were shown in Figure 4.2-16
and Figure 4.2-17.  When index torque is larger than cone torque, there is no enough force to
resist sleeve from moving forward clutch gear, so sleeve keeps moving as in Figure 4.2-16.
Since deformation of annular spring relates to the position of sleeve, it yields a larger

deformation that differs from the normal simulation, as shown in Figure 3.4-7.

When sleeve moves to the position that annular spring achieving middle region in Figure
2.3-5, the resist force from annular spring to sleeve diminishes. Furthermore, cone torque
starts to be larger than index cone that makes not only sleeve move backward until the
projection of outer ring contact with the restriction on hub, but also sleeve and outer ring keep

in the position until finish synchronization.

As the increase of sleeve force or thé decrease, of cone torque and increase of index torque,
cone torque and annular spring=friction force act to sleeve probably not high enough to
obstruct sleeve moving backward. Consequently, sleeve will moves to engage clutch gear
instead of moving backward and.keeping at thé-synchronized position until the relative
rotation velocity approaches zero. That is the reason that why the abnormal collision

happened.
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Figure 4.2-18 Relative rotational velocity versus time at different sleeve force
while u, =0.61
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The relative rotational velocity in a lower coefficient of friction with changeable sleeve
force was shown in Figure 4.2-18. Since the cone torque does not stay in a stable value, the

relative rotational velocity diminishes like a curve, as mentioned in the previous subsection.

4.2.5 Remark

In this section, the simulation about influence on different parameters with the
synchronized time can be noticed. Where sleeve force, cone angle, stiffness of annular, and
coefficient of friction on cone surface, were chosen on parameter study, such parameters all

would affect the synchronized result in different case.

Stiftness of annular spring will result in different force acting on sleeve and outer ring and
take one step ahead the cone torque,;which ‘was used to synchronization. Cone angle and
coefficient of friction on cone surface will lead to different synchronized torque, which
influence the synchronized time: Moreovert, these simulation results will be referred to the

optimization process in the next chapter.

4.3 Engagement Analysis

After talking about the influence of parameter on synchronization in the synchronized
module, this section will mention the influence of parameter on engagement with time in the
mesh module. Tooth angle on clutch gear and sleeve are the two main parameters that will

be studied in this section.

4.3.1 Tooth Angle

90° tooth angle is according to the layout, which uses to construct the simulation model in

the previous chapter. Some different tooth angles, which are 60°, 70°, 80°, 90°, 95°, and 100°,
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will be chosen by the thesis to find out the influence of these different values on engagement

time in this subsection. The result was shown in Figure 4.3-1.

The peak value and the engagement time are different from tooth angle. These values
were shown in Table 4.3-1 and Figure 4.3-2 after arrangement, which can be easily found out
that not only the maximum time increases, but also the RMS increases as tooth angle increase.

Consequently, tooth angle will yield a certain influence of extent on engagement time.
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Figure 4.3-1 Mesh time versus different mesh angle with different tooth angle

Table 4.3-1 Simulation results in different tooth angle

Tooth angle (deg) | Max. time | Min. time | RMS Average
60 0.0434 0.003 0.0225 0.0186
70 0.045 0.003 0.0237 0.0199
80 0.048 0.003 0.0249 0.0211
90 0.0483 0.003 0.0262 0.0223
95 0.0509 0.003 0.0271 0.0231
100 0.0535 0.003 0.0281 0.024
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Figure 4.3-2 Plot the data in Table 4.3-1

4.3.2 Sleeve Force

On the study of the influence of'sleeve force on engagement time, tooth angle 90°, 100°,
and 80° were chosen to take a further understanding that the engagement result from sleeve
force and tooth angle in the thesis.. The-simulation results were shown from Figure 4.3-3 to

Figure 4.3-8.

First, in Figure 4.3-3, while the sleeve force that acts on engagement increases, the peak of
engagement time will not only rise but also move toward the same rotational direction of
clutch gear. Comparing with different angle and force, the peak, while tooth angle equals to
80°, is the lowest as sleeve force equals to 116 N. Nevertheless, while sleeve force
diminishes to 26 N, 80° tooth angle will yield the highest maximum time comparing to other
two angles. In short, a larger tooth angle will yield a higher engagement time at a higher
sleeve force, and a lower engagement time at a lower sleeve force, which is reverse for a

small tooth angle.
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Figure 4.3-3 Mesh time versus different sleeve force while tooth angle = 90°

Table 4.3-2 Simulation results indifferent sleeve force while tooth angle = 90°

Sleeve force (N)={Max. time.{Min. time:| RMS Average
16 0.16 0:0043 0.0561 0.0455
26 0.122 0.0041 0.0567 0.0456
36 0.0993 0.0039 0.0498 0.0406
46 0.0871 0.0037 0.0443 0.0363
56 0.0751 0.0036 0.0397 0.0328
66 0.0685 0.0035 0.0361 0.03
76 0.0656 0.0034 0.0334 0.0279
86 0.0577 0.0033 0.031 0.0261
96 0.058 0.0032 0.0293 0.0247
106 0.0521 0.0031 0.0276 0.0234
116 0.0483 0.003 0.0262 0.0223
126 0.0519 0.003 0.0253 0.0215
136 0.0468 0.0029 0.0241 0.0206
146 0.0438 0.0029 0.0231 0.0198
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Figure 4.3-5 Mesh time versus different sleeve force while tooth angle = 100°

Table 4.3-3 Simulation results in different sleeve force while tooth angle = 100°

Sleeve force (N) | Max. time | Min. time | RMS Average
26 0.113 0.0041 0.0544 0.0437
56 0.0823 0.0036 0.0427 0.0356
86 0.0648 0.0033 0.0335 0.0284
116 0.0535 0.003 0.0281 0.024
146 0.0495 0.0029 0.0248 0.0213
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Figure 4.3-7 Mesh time versus different sleeve force while tooth angle = 80°

Table 4.3-4 Simulation results in different sleeve force while tooth angle = 80°

Sleeve force (N) | Max. time | Min. time | RMS Average
26 0.143 0.0041 0.0608 0.048
56 0.0777 0.0036 0.0375 0.0305
86 0.0573 0.0033 0.0295 0.0246
116 0.048 0.003 0.0249 0.0211
146 0.0396 0.0029 0.0218 0.0187

89



o
=N

80deg with different force

——Max. time| |

=
=
|+

- Min. time
- RMS 1
—— Average

o
~

=

Tirne (sec)
= 5
= 2
4

\'\.
\‘\\.

10 120 140 16

=]
=1
=

=
=1
=1

=1

=}

&
* “ Sleeve fofte (a0)

Figure 4.3-8 Plot the data in Table 4.3-4

4.3.3 Remark

Since the mesh module is a random process, in that the engagement position can not be
control by designer or driver, the:result-in the section can provide a roughly general concept
of the influence on theses parameter with synchronized performance. Besides, thus result

can further provide an aspect of modifying and‘designing on synchronizer.
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CHAPTER 5
OPTIMIZATION BY TAGUCHI METHOD

5.1 Overview of Taguchi Method

5.1.1 Introduction

In this chapter, the Taguchi method, a powerful problem solving technique for improving
process performance, is utilized to optimize a synchronizer. The quality engineering
methods was developed from Dr. Taguchi, employing design of experiments (DOE), is one of
the most important statistical tools of Total Quality Management (TQM) for designing high
quality systems at reducing cost. DOE is a powerful statistical technique for determining the
optimal factor setting of a processiand thereby achieving improved process performance,
reduced process variability and improved manufacturability of products and processes

(Rowland et al., 2000).

Dr. Taguchi shows how the statistical DOE can help industrial engineers design and
manufacture products that are both of high quality and low cost. Moreover, his approach
primarily focuses on eliminating the causes of poor quality and on making product

performance insensitive to variation.

Dr. Taguchi has developed a mathematical model, in which loss is a quadratic function of
the deviation of the quality of interest from its target value, shown as Figure 5.1-1. The
quadratic loss function can meaningfully approximate the quality loss in most situations.
When a critical quality characteristic deviates from the target value, it causes a loss. In other
words, variation from target is the antithesis of quality. Quality simply means no variability
or very little variation from target performance. An improvement drives cost down; lowest

cost can only be achieved at zero variability from target. Continuously pursuing variability
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reduction from the target value in critical quality characteristics is the key to achieve high

quality and reduce cost (Taguchi, 1986; Rowland et al., 2000; Antony and Antony, 2001).

Besides, Taguchi’s quadratic loss function is the first operational joining of cost of quality
and variability of product that allows design engineers actually to calculate the optimum

design based on cost analysis and experimentation with the design.

LOYOA

L(Y)=K(Y -T)’

K =1loss coefficient

Y =actual measurement

Tafet T =target value
T >y

Figure 5.1-1'Quadratic loss function (Peace, 1993)

Traditionally, studying the design parameters one at a time or by trial and error until a first
feasible design is found as a common approach to design optimization. However, this leads
either to a very long and expensive time spends for completing the design or to a premature
termination of the design process due to budget or schedule pressure. The result, in most
cases, is a product design, which is far from optimal. By varying design parameters one at a
time, for example, the study of 12 design parameters at 4 levels would require 16,777,216,
which is equal to 4'*, possible experimental evaluations. The time and cost to conduct such
a detailed study during advanced design is prohibitive. Naturally, one designer would like to
reduce the number of experimental evaluations to a practical point, yet reach a near optimal

solution (Antony and Antony, 2001).
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Therefore, Dr. Taguchi uses parametric design approach, and provides the design engineer
with a systematic and efficient method for determining near optimum design parameters for
performance and cost by advocating the use of orthogonal array designs to assign the factors,
which are chosen for the experiment. Moreover, the power of the Taguchi method is that it

integrates statistical methods into the engineering process.

5.1.2 Steps

Formulation of the Optimum
Problem

v

Identifying the Objective

Function/Response

\’

Identifying the Control Factors

and Levels

¥

Defining the Orthogonal Array
(0A)

\

Running of the Experiment with

Appropriate Data Collection

\’

Statistical Analysis and Interpretation

of Experimental Result

v

Undertaking the Confirmatory Run

Figure 5.1-2 Flowchart of the Taguchi method
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Figure 5.1-2 provides a brief overview of a number of distinct steps followed by Taguchi’s

approach to parameter design; the details of these steps were described in the following.

Step 1. Formulation of the optimum problem

The first step in the Taguchi method is to determine the quality characteristic to be
optimized, since the success of any experiment is dependent on a full understanding of the
nature of the problem. The quality characteristic is a parameter whose variation has a

critical effect on product quality, and it is the output or the response variable to be observed.

Step 2: Identifying the objective function/response

Constructing the objective function/response is the main purpose in this step. The
function establishing in this step will influence the response and following statistical analysis.
Therefore, this is an important step, which needs to be confirmed before starting experiment,

because the influence will result in different result. and effect.

Step 3: Identifying the control factors and.levels

Control factors are those parameters that can be set and maintained. This step needs to
identify the control factors and their respective levels thought to have significant effects on
the quality characteristic. The levels, which refer to the specified value of a setting, for each
test parameter must be chosen at this point. The numbers of levels, with associated test

values, for each test parameter define the experimental region.

Step 4: Defining the orthogonal array

The next step is to design the matrix experiment and define the data analysis procedure.
First, the appropriate orthogonal arrays for the noise and control parameters to fit a specific
study are selected. Taguchi provides many standard orthogonal arrays and corresponding

linear graphs for this purpose.
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Step 5: Running of the experiment with appropriate data collection

Then, the following step is to conduct the matrix experiment and record the results. The
Taguchi method can be used in any situation where there is a controllable process. The
controllable process can be an actual hardware experiment, systems of mathematical
equations, or computer models that can adequately model the response of many products and

Processcs.

Step 6: Statistical analysis and interpretation of experimental result

After the experiments have been conducted, the optimum test parameter configuration
within the experiment design must be determined. To analyze the results, the Taguchi
method uses a statistical measure of performance called signal-to-noise (S/N) ratio borrowed
from electrical control theory. The S/N ratio developed by Dr. Taguchi is a performance
measure to choose control levels:that bestrcope with noise. Besides, Analysis of Mean
(ANOM) and Analysis of Variance (ANOVA) can use to analyze the factors about how these

factors influence experimental resultsthe objective function.

Step 7: Undertaking the confirmatory run

Using the Taguchi method for parameter design, the predicted optimum setting need not
correspond to one of the rows of the matrix experiment. This is often the case when highly
fractioned designs are used. Therefore, as the final step, an experimental confirmation is run

using the predicted optimum levels for the control parameters being studied.

5.1.3 Response

Energy transformation or response is the most important device that uses to measure the
feasibility and cost of objective function. Measurable characteristics are those results that
can be measured on a continuous scale. Examples include dimensions, weight, pressure, and
clearance; within the framework of measurable characteristics, engineer can subdivide this
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classification further into nominal-the-best, smaller-the-better, and larger-the-better

characteristics.

The signal-to-noise ratio is one of the major contributions in quality engineering by Dr.
Taguchi. The signal-to-noise ratio is often written as S/N ratio or represented by the Greek

letter 77, whose unit is decibel. The Figure 5.1-3 to Figure 5.1-5 show the S/N ratio on all

three responses, whereas Eqs. (5.1-1), (5.1-2), and (5.1-3) show the S/N ratio on

smaller-the-better, larger-the-better, and nominal-the-best, respectively.

n=-10x log[lnyjdb
nio

(5.1-1)
1 1
n=-10xlog _Z_z db
ni- )y (51'2)
Y, 1)
n=10xlog| db
Ve (5.1-3)
n 2 n
(A y,] 2V =S,
where S :% v, =T (5.1-4)

where y; is the response of each experimental case, V, is experimental variance, and S

is sum of the square of the mean.

From the context of ratios stations, engineer should want the S/N to be as larger as
possible. To achieve an improvement in the process or product, engineer would likewise
wish to increase its signal-to-noise. For the smaller-the-better response, this could mean
reducing
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Figure 5.1-3 Smaller-the-better analysis (Phadke, 1989)
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Figure 5.1-4 Larger-the-better analysis (Phadke, 1989)
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Figure 5.1-5 Nominal-the-best analysis (Phadke, 1989)
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the average results or improving the consistency from one unit to the next. The goal in
conducting parameter design experiments involving a smaller-the-better response should be to

identify those factor settings that will produce the most consistently small response values.

An improvement in the process or resulting product is signified by an increase in the
signal-to-noise ratio. With the smaller-the-better response, this meant a decrease in the
average results or an improvement in the consistency from one unit to the next. For the
larger-the-better response, the S/N increases as the average results increase. Improved
consistency or reduced variability between units will again raise the S/N. The goal in
conducting parameter design experiments involving a larger-the-better response should be to

identify those factor settings that will produce the most consistently large response values.

5.2 Formulation of the Problem

5.2.1 Objective Function/Response

After the construction on simulation model of synchronization, this chapter uses the
simulation model to engage in parameter study and optimization. Not enough enduring
lifespan is the most important problem that bothers vehicle driver as well as synchronizer
designer a lot. Therefore, it will focus on the phenomenon in the thesis, and use Taguchi
method to find out the influence that effect from shorter lifespan on several selected
parameters. In the following process, it only uses the synchronized module to simulating out
the synchronization results while shifting from 1% to 2" in the thesis, because the mesh

module is a random process, and it does not influence if the synchronization finish or not.

Cone surface provides cone torque that synchronizes different rotational velocity between
output shaft and input shaft. The synchronization would lose efficacy and lead into
engagement without finishing synchronization and abnormal collision between spline on
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sleeve and teeth on clutch gear, if cone torque is not higher than index torque. Because
lower cone torque always yields from lower coefficient of friction that causes from abrasion,
as mentioned in the previous chapter, the objective function will focus on the influence from

lower coefficient of friction and whether synchronization can accomplishment or not.

Besides, the coefficient of friction on cone surface results from lubricant that was drained
out through threads on outer and inner ring. The more the lubricant drained out, the higher
coefficient of friction will be yielded from the contact surface between rings and cone and
yield higher cone torque. Furthermore, a higher sleeve force will result in different
circumstance, draining out process and increasing coefficient of friction. Consequently, it
will engage in two different sleeve forces to realize and make sure the results from higher and

lower sleeve force in the thesis.

Sleeve force namely 100 N-and 200 N was selected by the thesis to simulate the

synchronization. The objectivefunctions-describe as:the following equations.

100

ne= (5.2-1)
200

= (5.2-2)

where y, and y, are the objective function on 100 N and 200 N sleeve force, x4, and g,
are the lowest coefficient of friction that make synchronization can finish on 100 N and 200 N

sleeve force respectively.

The experiment would simulate from a lower coefficient of friction rising to a higher
coefficient of friction by a gradually increasing, with an interval 0.001, until the
synchronization finish in a certain case. The synchronization finish or not that was judged
by the movement of sleeve, and the relative rotational velocity between output shaft and input
shaft. As sleeve moves to x = 0 in Figure 2.3-14, and relative rotational velocity is lower
than or approach to zero simultaneously, the simulation stops and the coefficient of friction at
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that case is the lowest coefficient of friction that can make synchronizer achieve

synchronization without any abnormal collision, which is gz, and g, on Egs. (5.2-1) and

(5.2-2).

Considering that the higher the sleeve is and the lower g, and gy, are, the synchronizer
will have higher potential to stand a higher difference of coefficient of friction, which equal to
a lower coefficient of friction, on cone surface. That is the reason why sleeve force divides
by the lowest coefficient of friction that can finish the synchronization on Egs. (5.2-1) and
(5.2-2) in the thesis. Therefore, the higher the objective functions are, the higher sufficiency
the synchronizer has for finishing the synchronization in a lower coefficient of friction on
cone surface. In accordance with the objective function above, larger-the-better analysis was

used by the thesis to derive the S/N ratio for discussing the optimization in Taguchi method.

5.2.2 Factors and Levels

After determining the objective function and the quality characteristic by which it will
measure the ability to achieve a synchronizer with standing lower coefficient of friction on
cone surface in the thesis, it needs to select the independent variables that may have a
significant impact on this measurement. The quality characteristic can be thought as the
dependent variable, and each of the influences that affects it as an independent variable. Dr.
Taguchi and others adopting his methodology typically use the term of factors instead of

independent variables, and here will generally conform to this convention (Edwin, 1991).

There are many factors, which are also called parameters, can influence the simulation
results on the shifting process of synchronization. Some of these factors, including noise
factors and control factors, are already listed in Table 3.3-4 in the previous chapter. In this
sub-section, some factors that can be easily controlled and probably have a higher influence
on the simulation of synchronization with variation of cone surface will be selected in the
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thesis.

Stiffness of annular spring k, cone angle 6_, teeth angle on sleeve spline and outer ring

€., mean cone radius of first cone surface R, and mean cone radius of second cone surface

i >
R, was picked by the thesis, as the control factors are chosen in the process of Taguchi
method. Seeing that these five factors, except stiffness of annular spring, would all influence
the quantity of cone torque, these factors can change the value of cone torque, which relate to
whether cone torque is higher than index torque or not. Furthermore, the stiffness of annular

spring could influence the circumstance that lubricant was drained out of the gap between

cone and rings, and lead into the variation on coefficient of friction.

After finishing the selection of the factors that are going to be changed in the optimization,
levels of each factor, which is also_named dégree of freedom, is the next step that has to
decide. Degree of freedom is a measure of the amount of information concerning an item of
interest that can be obtained. A general definition is**“the number of comparisons that need
to be made without being redundant to derive:-'a conclusion.” Within the scope of
experimentation, this definition translates into “the number of comparisons between factor or
interaction levers that need to be made to determine which level is better and specifically how

much better it is.”

Four levels that were defined for each factor in this research were listed in Table 5.2-1.
The levels on each factor just like the design variable in optimization; the possibility of these
levels has to follow it’s constrain from the design of the system that use to optimize.
Consequently, stiffness of annular spring set from 15 N/mm to 60 N/mm, the cone angle is set
from 7° to 8.5° as Egs. (2.3-9) and (2.3-10), teeth angle on sleeve spline and outer ring is set
from 85° to 100°, and mean cone radius on cone surface is set according to the geometric size
of synchronizer. These factors and levels will be used to simulate out synchronized results
for further discussion of the optimization by Taguchi method.
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Table 5.2-1 Control factors and their level of settings for the experiment

Control factor Level 1 | Level2 | Level3 | Level 4
A k Stiffness of annular spring (N/mm) 15 30 45 60
B (9C Cone angle () 7 7.5 8 8.5
C Hr Spline angle () 85 90 95 100
D | R, First mean cone radius (mm) 30.5 31 31.5 32
E | R, Second mean cone radius (mm) 27 27.5 28 28.5

5.2.3 Orthogonal Array

The foundation for designing an experiment using Taguchi method is the orthogonal array.
Although the more classical types of designs, such as the full factorial and any of the wide
variety of fractional factorials, could be employed, the;orthogonal array has traditionally been
associated with Taguchi experiment techniques.  »This custom does not just because it
personifies the nature of experiment as embraced by Dr. Taguchi and has been the primary
tool for experiment using this technique, but also the orthogonal array is so efficient in
obtaining only a relatively small mount of data and being able to translate it into meaningful
and verifiable conclusions. Furthermore, the designs of experiments utilizing orthogonal
arrays are basically simple to understand and the guidelines are easy to follow (Taguchi, 1986;

Taguchi, 1993).

The choice of a suitable orthogonal array design is critical for the success of an
experiment and depends on the total degrees of freedom required to study the main and
interaction effects, the goal of the experiment, resources and budget available and time
constrains. Orthogonal arrays allow one to compute the main and interaction effects via a

minimum number of experimental trials. Degree of freedom refers to the number of fair and
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independent comparisons that can be made from a set of observations.

Since these five factors with four levels are chosen to proceed the optimization by Taguchi
method, a standard L;¢(4°) orthogonal array was selected and listed in Table 5.2-2. Here the
notation “L” implies that the information is based on the Latin square arrangement of factors.
A Latin square arrangement is a square matrix arrangement of factors with separable factor
effects. The number 16 denotes the number of experimental trials. For the synchronization
experiment, as the total degrees of freedom is five, the closest number of experimental trials
that can be employed for the experiment is 16, L' orthogonal array. The number inside the
parentheses denotes the number of levels within each column and the number of columns

available within the orthogonal array.

Table 5.2-2:L45(4>).orthogonal array

A B C D E

Lis 1 2 3 4 5
1 1 1 1 1 1

2 1 2 2 2 2

3 1 3 3 3 3

4 1 4 4 4 4

5 2 1 2 3 4

6 2 2 1 4 3

7 2 3 4 1 2

8 2 4 3 2 1

9 3 1 3 4 2

10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2
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5.3 Results and Discussions

In this section, the simulation result for proceeding Taguchi method and further getting the

influence on each factor with simulation result are presented. Besides, analysis of mean

(ANOM) can decide the optimal value of every factor and the situation that these factors

influence on synchronization.

influential extent on all factors to simulation and the optimal design variables.

Moreover, analysis of variance (ANOVA) can further test the

Such results

can provide not only a clear correlation between these variables that were selected for

optimization, but also an evident understanding of synchronization and an aspect of

improvement on synchronization performance.

5.3.1 Simulation Results

Table 5.3-1 Factors, levéls, experimental results and S/N ratio for durability

‘9(; 9,, le Rm2 H i Hy Y n
Lis B C D E - 100nt - 200nt S/N
1] 15 7 85 | 30.5 | 27 |0.071| 1408.450704| 0.071 | 2816.901408] 65.016
2| 15 7.5 90 31 | 27.5 | 0.067 | 1492.537313|0.068 | 2941.176471| 65.4937
31 15 8 95 | 31.5 | 28 [0.064 1562.5/0.065 | 3076.923077| 65.8903
4| 15 8.5 100 32 | 28.5 [0.061 | 1639.344262| 0.062 | 3225.806452| 66.306
51 30 7 90 | 31.5 | 28.5 | 0.053 | 1886.792453|0.058 | 3448.275862| 67.3874
6| 30 7.5 85 32 28 10.065 | 1538.461538(0.071 | 2816.901408] 65.6183
71 30 8 100 | 30.5 | 27.5 [ 0.052| 1923.076923| 0.057 | 3508.77193| 67.5495
8| 30 8.5 95 31 27 10.062 | 1612.903226(0.068 | 2941.176471| 66.0206
91 45 7 95 32 | 27.5 {0.042 | 2380.952381| 0.05 4000 69.2281
10| 45 7.5 100 | 31.5 | 27 [0.041| 2439.02439|0.049 | 4081.632653| 69.4286
11| 45 8 85 31 | 28.5 [0.061 | 1639.344262| 0.074 | 2702.702703| 65.9431
12| 45 8.5 90 | 30.5 | 28 [0.058 | 1724.137931|0.071 | 2816.901408| 66.3599
13| 60 7 100 31 28 10.031 | 3225.806452(0.042 | 4761.904762| 71.5428
14| 60 7.5 95 | 30.5 | 28.5 | 0.037 | 2702.702703| 0.051 | 3921.568627| 69.9584
15| 60 8 90 32 27 10.045 | 2222.222222(0.062 | 3225.806452| 68.2594
16| 60 8.5 85 | 31.5 | 27.5 | 0.055| 1818.181818| 0.076 | 2631.578947| 66.5082
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The simulation results were shown on Table 5.3-1; the lowest coefficient of friction on
each simulation case and its value of objective function were also shown on the table.
Besides, the S/N ratios, which are used to go into the next discussion about ANOM and
ANOVA in the following sub-section, derive from larger-the-better analysis, Eq. (5.1-2), and

list on the right side of the table.

The data on the table can provide a concept that sleeve force will influence the lowest
coefficient of friction without having a steady relation. Different case at different sleeve
force will result in dissimilar result. The phenomena will also be discussed in the following

sub-section.

5.3.2 Analysis of Mean (ANOM)

The purpose of ANOM is to provide a-clear notion for understanding the tendency of the
objective function influencing by different label and lever. Moreover, the result of ANOM

can also decide the optimum combination of label with their respective level.

The averages of all factors and all levels from different factors have to be calculated at

first, following the equations below.

1 L
my =—D 7, (5.3-1)
n, o
1 M
m=— . -
MJZ_;'L (5.3-2)

where A is the name of factor, m,; is the average of the iy level of factor A, 7, isthe S/N

ratio of the iy level of factor A, n, is the number of the iy level of factor A appear on the

orthogonal array, m is the average of all S/N ratio, M is the total number of cases, and 7,

is the S/N ratio at the ji, experiment.
The calculation results were listed on Table 5.3-2, and the plots of factor effects were
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shown on Figure 5.3-1, where exists an undertone line that approximately located at 67.28

S/N ratio is the overall mean value of S/N ratio for all the experimental region defined by the

factor levels in Table 5.3-1.
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Figure 5.3-1 Plots of factor effects in different labels and levels for durability

Table 5.3-2 S/N ratio of ANOM at different labels and levels for durability

Label
A B C D E Overall
Level
1 65.677| 68.29| 65.77| 67.22| 67.181
2 66.644| 67.62| 66.88| 67.25| 67.195
67.2819
3 67.74| 6691 67.77] 67.3] 67.353
4 69.067| 66.3| 68.71| 67.35| 67.399

106




The result from proceeding ANOM can obtain the influence of all these factors with
whether synchronization can finish or not. The tendency of every factor can be observed in
Figure 5.3-1. The higher the slope was shown on the figure, the higher effect the factor will
influence the objective function. Therefore, the stiffness of annular spring and spline angle
of sleeve and outer ring dominate a higher influence to the performance of synchronizer as the
influence from first and second mean cone radius. Consequently, the value of objective
function will suffer a higher variation while the designer modifies stiffness of annular spring

and spline angle than cone radius.

Besides, the ANOM can also provide information about the experimental result that the
higher the S/N ratios on the figure, the better the objective function will be obtained. Take
stiffness and cone angle as examples; the S/N ratio is much higher in the first level than the
forth level, which means that the ‘synchronization performance will increase as the stiffness
increase. However, while con¢ angle increases from first level to forth level, the slope of
ANOM on cone angle is negative, so ‘that-a lower cone angle can support a higher
synchronized performance on the situation that the coefficient of friction on cone surface

decrease than a higher cone angle.

A primary goal in conducting a matrix experiment is to optimize the product or process
design, which is to determine the best or the optimum level for each factor. The optimum
level for a factor is the level that gives the highest value of S/N ratio in the experimental

region.

Form Figure 5.3-1, there can determine the optimum level for each factor as the level that
has the highest value of S/N ratio. Thus, the stiffness of annular spring is 60 N/mm, cone
angle is 7°, spline angle is 100", first mean cone radius is 32 mm, and second mean cone
radius is 28.5 mm, which can show as A4B;C;D4Es. Based on the ANOM, there can
conclude that the settings mentioning above would give the highest S/N ratio and that case
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can rise the performance of synchronization while suffer a larger difference on cone surface

coefficient of friction.

5.3.3 Analysis of Variance (ANOVA)

Different factors affect the synchronization relating to a different degree. The relative
magnitude of the factor effects could be judged from Table 5.3-2, which gives the average
S/N ratio for each factor lever and have be mention in the previous sub-section. A better feel
for the relative effect of the different factors can be obtained by the decomposition of variance,
which is commonly called analysis of variance (ANOVA). ANOVA is needed for estimating

the error variance for the factor effects and variance of the prediction error.

Correction factor (CF):

o (Z”j (53-3)
M

Total sum of square (St):

S;= an -CF (5.3-4)
i=1
Degree of freedom (f):
f =p,-1 (5.3-5)
Sum of square (S):
. \2 . 2 . \2 - 2
i
Si=((11) +(12) +(13) +...+(p) J-CF (5.3-6)
m, m, m, m

Sum of square due to error (Se):

S.=S:-2S, (5.3-7)
i=1
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Variance (V):

v, ==L (5.3-8)

Variance ratio (F):

S.
F=—_ -
Sf (5.3-9)
Contribution ( p):
0 Si
pi (%) =+ (5.3-10)

ST
where 77 is S/N ratio, 1 is the name of factor, p is the number of level, and m, is the

experimental number on p, of factor i. Besides, sum of square was used by the thesis to

compute probability in each factor.

The number of independent parameters associated with an entity like a matrix experiment,
or a factor or a sum of squares-is_called its degrees- of freedom. The estimation of error
variance can be approximately obtained by polling the sum of squares corresponding to the
factors having the lowest mean squatre: . The sum of squares corresponding to the bottom half
of the factors corresponding to about half of the degrees of freedom can be used to estimate

the error mean square or error variance.

The variance ratio is the ratio of the mean square due to a factor and the error variance.
A large value of F means the effect of that factor is large compared to the error variance.
Moreover, the larger value of F, the more important that factor is in influencing the process
response S/N ratio. So, the values of F can be used to rank order the factors. As for
contribution, it is used to express the potential of factors that influences the quality and value

of objective function.

The ANOVA result was shown on Table 5.3-3, where SOV is source of variance.
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Table 5.3-3 Analysis of variance for durability

SOV f S \Y% F 2 (%)
A 3 25.52552 | 8.508508 | 45.59361 | 47.64574
B 3 8.982706 | 2.994235 | 16.04488 | 16.76705
C 3 18.87873 | 6.29291 | 33.72112 | 35.23888
D 3 0.041002 | 0.013667 | 0.022955 | 0.076535
E 3 0.145614 | 0.048538 | 0.260095 | 0.271802
(e) (6)  |(0.186616)[(0.031103)|(0.166667)|(0.348336)
Total 15 | 53.76019 - - 100

Since the sum of square is low in factor D and E on the ANOVA results, these two factors
as the estimation of error variance was chosen in the thesis. It can be found that stiffness of
annular spring, factor A, own a higher potential to influence the experiment result, the
objective function. That means a smaller change on factor can yield a larger influence on
objective function than other factors:® Besides, factor A also has the largest value of F, so it

also means that factor A can influence objective function more than the error variance.

5.3.4 Confirmation Run and Discussions

After the discussion on Taguchi method, the thesis has already provided the correlation of
sensitivity, influence and parameters for the objective function on all the factors. In this
sub-section, the thesis will affirm the confirmation run if it can provide a better case that raise
the performance of synchronization as anticipation. The compared result was listed on Table

5.3-4 as below.

Table 5.3-4 Optimization result for durability

Level combination| k 0. 0, R, | R, | 1 Hy n
Initial design A1B,CiDE; 15 7 &5 30.5 27 10.07110.071]65.0160
Optimal result| A4B;C4D4E4 60 100 32 28.5 10.03110.041|71.6076

The optimization case can suffer a higher difference on coefficient of friction on cone
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surface than the initial design. Furthermore, the higher the spline angle, the higher the
performance, since that the index torque will diminish as the spline angle increase. The
contact force between spline of sleeve and teeth of outer ring can be divided into two forces,

one is parallel to transmission shaft, and the other is perpendicular to the first separated force,

R 6 . 0
as showing in Figure 2.3-8, where the two forces are Ncos;r and Nsmj.

Index torque will decrease while the spline angle increase, so the lower index torque
would have much opportunity to stay lower than cone torque. Consequently, on the
condition of a larger spline angle, the synchronizer will keep work while the coefficient of
friction is much lower. Besides, the larger spline angle will also obtain a higher force using
to push outer ring and then yield cone torque to synchronization, so the synchronized time

will also decrease while the spline angle increase:

Nevertheless, a lower index torque, yielding from a larger spline angle, will obtain another
problem. The force, used to obtainsindex torque, will be further used to push outer ring
rotating in the reverse direction “for.sleeveto engage with outer ring after finishing
synchronization. Therefore, if the force is so small that the synchronizer will spend much
more time on the engagement between sleeve and outer ring that will also increase the shifting
time. For this reason, the increase of spline angle has also need to consider these problems

mentioning above.

As to stiffness of annular spring, although a higher stiffness will enhance the potential that
synchronizer can bear a lower coefficient of friction, excessively high stiffness probably lead
into too much resistant force exerting on sleeve force. In that the problem of an excessively

higher annular spring may occur to sleeve, the stiffness can not increase boundlessly.
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5.3.5 Synchronized Time

After talking about the optimization on durability of synchronizer, the thesis also
mentioned about the influence on the same factors and levels, listed on Table 5.2-1, with

synchronized time by Taguchi method.

The simulation results, factors, levels, and S/N ratio were shown in Table 5.3-5, where the

objective function is synchronized time, which is y, on the table, and small-the-batter

analysis was used by the thesis to derive the S/N ratio for discussion the synchronized time.

k ec 0}, R, | R f3 n
Lig] A B C D E - S/N
1] 15 7 85 130.5+ 27 ]0.0855| 21.3656
20 15 7.5 90 31 27.5 | 0.0897 | 20.9447
31 15 8 95 | 315 | 28 |0.0939 | 20.5457
41 15 8.5 100 32 | 285 ] 0.0980 | 20.1778
51 30 7 90-"1"31.5|.28.5 | 0.0819 | 21.7343
6| 30 7.5 85 32 28 | 0.0876 | 21.1498
71 30 8 100 | 30.5 | 27.5 ] 0.0963 | 20.3281
8 | 30 8.5 95 31 27 10.1020 19.8288
91 45 7 95 32 | 27.5]0.0825 | 21.6679
10| 45 7.5 100 | 31.5 | 27 |0.0897| 20.9414
11} 45 8 85 31 28.5 1 0.0939 | 20.5437
12| 45 8.5 90 | 30.5 | 28 |0.1011 19.9010
13| 60 7 100 31 28 10.0833 | 21.5921
14| 60 7.5 95 | 30.5 | 28.5 | 0.0889 | 21.0176
15] 60 8 90 32 27 10.0947| 20.4726
16| 60 8.5 85 | 31.5 | 27.5 | 0.1004 19.9688

Table 5.3-5 Experimental result for discussing synchronized time

The results from proceeding ANOM, listed on Table 5.3-6 and shown in Figure 5.3-2, can

provide observation about the influence of all these factors with synchronized time.
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Table 5.3-6 S/N ratio of ANOM at different labels and levels for synchronized time

Label

Level

A B C D E Overall

1 20.758] 21.590, 20.757| 20.653] 20.652
2 20.760| 21.013| 20.763| 20.727| 20.727
3 20.763| 20.472| 20.765| 20.797| 20.797
4

20.763
20.762| 19.969| 20.759 20.86] 20.868
20.764 — 2
20.762 215 \
2076 // .2[')3; e —
20.758 0 \‘
20756 k 19.5 6
20.754 : - - 19 . . . ¢
1 2 3 4 ] 2 3 4
20.766 209
o — "
20.764 20.85
20,762 e ~ ~ 0.8 /,/
: 075 |—= _ - -
2076 073
20.758 / AT = —
i 20,65
20.73 206
200754 9;- 20.55 le
20752 : : : 205 : : :
1 2 3 4 1 2 3 4
209
20.85 /”’
208 4
2075 |—*= _ - -
20,65 [—
206
20.55 R ,
20.5 s : '
] 2 3 4

Figure 5.3-2 Plots of factors effects in different labels and levels for synchronized time

In Figure 5.3-2, the undertone line is the overall mean value of S/N ratio for all
experimental regions. It can be easier found out that there is a limit on stiffness of annular
spring and spline chamfer angle, which is different from the result talking about durability,
among these effects on different factors. Hence, although a higher value on these two
factors will bring a higher durability, the synchronized time will become worse if these two

factors larger than certain value.

113



Table 5.3-7 Analysis of variance for synchronized time

SOV f S \% F 2 (%)

A 3 25.59648| 8.532159| 11.35826|34.318202
B 3 29.31476| 9.771587| 13.00823|39.303456
C 3 18.92329| 6.307763| 8.397083|25.371199
D 3 0.270277| 0.090092| 0.609085|0.3623715
E 3 0.48090| 0.160303|  0.2134]0.6447717
(e) 6) | (0.75118)] (0.12519)| (0.16666)|(1.007143)
Total 15 753369 - - 100

The different between durability and synchronized time by Taguchi method can also be
found out from ANOVA.
spring and cone angle occupy higher influence than other factors that are different from the

case of discussing durability. Consequently, the designer or research worker can modify the

In the case of discussing synchronized time, stiftness of annular

factors that will influence a lot on the aspect, on ' which they pay much attention.

a new type of synchronizer will ‘be produced to face and solve different kind of demands on

vehicle transmission.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

The analytic model is necessarily constructed for understanding the action of
synchronization because of the following reasons. The first reason is to improve the
performance of synchronization and operational comfort of controlling vehicle. Moreover,
another reason is that these phenomena occur irregularly in very short time, and the gear

shifting mechanism is complex.

The entire simulation model of synchronization and separated modules, which simulate
shift from 1* gear ratio to 2" gear ratio, were constructed in this thesis by ADAMS™,
Displacement of sleeve, relative rotational.velocity,"cone torque, index torque, deformation of
annular spring, coefficient of friction on cone¢ surface, and relative rotational displacement,

which can help to realize the action of components during shifting process, had been observed

from the entire analytic model of synchronization:

Besides, the simulation results from separated modules can assist to understand random
mesh process between sleeve and clutch gear. Among these possible mesh situations had
been divided into four different sections that can describe different mesh cases. The results
from these sections can help to realize the phenomena of random mesh between sleeve and

clutch, and assist to find out and improve shifting time.

Moreover, the parametric study chooses some parameters that probably have a larger
influence on the synchronization to figure out the variation and correlation between
parameters and simulation result. The results were used to help to engage in optimization by
Taguchi method. The optimization found out that stiffness of annular spring, and spline

angle on teeth of sleeve and outer ring will dominate a higher contribution on the objective
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function, finishing synchronization in a much lower coefficient of friction on cone surface.

The results on this thesis can provide not only a clear understanding on the detail
synchronization during shifting process, but also an aspect that can improve the performance

of synchronizer while design or modify one.

6.2 Future Works

There are some suggestions that can provide a way on the improvement of this area in the

future as listed below.

1. In the simulation model, the sleeve force was assumed as step force, which
approximately according to the shifting force on the previous literature. However, in
the reality use, no matter:the shifting force was exerted from driver in manual
transmission or actuator-in automated.manual transmission, the force would not just
actually equal to the step function,-as-used in the simulation model on this thesis.
Although the assumption on sleeve force is reasonable, such assumption has to be

confirmed that the change of sleeve curve if it influences the simulation a lot or not.

2. Since the synchronizer uses cone torque, which results from friction, to synchronize
the different relative rotational velocity, there must bring a large number heat that will
influence synchronization, such as the study by Kinugasa et al. (1999). The
phenomenon, neglected in this thesis, probably should incorporate into the simulation

model for obtaining a higher accuracy model of synchronization.

3. As the discussions on Chapter 5 about the influence of stiffness of annular spring and
spline angle, both these two parameters can influence the performance a lot.

Although Chapter 5 had already provided a direction to modify synchronizer, these
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two parameters both had its limit that will lead into another drawback. Stiffness of
annular spring, for example, can not increase limitless despite the higher the stiffness
is, the higher the performance will be. That is the same as spline angle. However,
it did not mention the limit of these parameters that consider both durability and
shifting time in this thesis, so the future work should be able to find out such limit in

order to design a synchronizer with higher shift capacity, potential, and performance.

As long as the use of synchronizer, the device always needs to be analyzed and improved,
without limits, for providing a great progress on vehicle transmission all the time (Satoh et al.,
2003). In addition, hoping the simulation model and results, and optimization results can

assist the following research on manual transmission gearbox in the future.
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