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This year represents a milestone for JATCO amid the
ongoing transformation of mobility that is said to occur once
in a hundred years. It was exactly 50 years on January 28,
2020 since Japan Automatic Transmission Co., Ltd., one of
our predecessor companies, was established and the letters
“JATCO” were used as the company’s logo. We would like
to express our profound gratitude to everyone for their
understanding, cooperation and counsel extended to us to date
concerning our business activities.

Japan Automatic Transmission Co., Ltd. began as a joint
enterprise by Ford Motor Company, Nissan Motor Co., Ltd.
(hereafter Nissan) and Toyo Kogyo Co., Ltd. (currently Mazda
Motor Corporation). Subsequently, while inheriting the
genealogy of the automatic transmission divisions of Nissan
and MITSUBISHI MOTORS CORPORATION, JATCO put
numerous innovative products on the market in the course
of continuing to provide customers and society with new
value. JATCO grew as a Monozukuri-centered company by
drawing upon the strengths of the diversity cultivated during
the company s various transitions over the years. Vigorous
efforts have also been exerted in recent years to promote
activities, including improving the quality of life (QoL) of
every employee and advancing social contributions as a good
corporate citizens, among other things.

In the coming years, the automotive industry will
undergo a period of major transformation that no one has ever
experienced before. As we observe this milestone of our 50th
anniversary, we intend to evolve our Monozukuri operations
that form JATCO’s foundations toward still higher levels. We
will actively incorporate new techniques and methods into
the technologies accumulated to date and will steadily move
ahead with global production operations and new-generation
projects supported by highly competitive products and high-
quality Monozukuri capabilities.
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While we consider that the pace of business environment
changes surrounding the global electrification trend is
something our customers will determine, there is no doubt
that momentous changes are coming to mobility. In order
to respond to such changes without delay, we will pursue a
growth strategy by using the knowhow accumulated through
transmission manufacturing to provide higher value products
and technologies compatible with electrified vehicles.

According to Darwin, “It is not the strongest of the species
that survives, nor the most intelligent that survives. It is the
one that is most adaptable to change.” T quoted these words
of Darwin at the end of my Message from the President in
JATCO Technical Review No. 14 five years ago.

In order for every employee of JATCO and the JATCO
Group to survive in the future, they must be capable of
changing and adapting to the changes that are coming in our
business environment.

JATCO will also continue to grow in the next 50 years
as an attractive company that continually provides new value
through technological innovation, is favored by society and
the communities where we do business, and is one where
employees can work with enthusiasm and satisfaction.

We hope that readers will continue to favor us with
unchanging support and look forward to the challenging
activities JATCO intends to undertake in this new age.
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While JATCO's transmission products have continually
evolved and advanced over the years, in this issue we want to
focus on our production line requirements and the innovations
to be made in our Monozukuri technologies for supporting
these needs.

Production line requirements include things that are
needed for our products and things demanded by the social
environment. Our transmissions must necessarily pursue
lighter weight, smaller size and lower cost. What determines
their competitiveness depends on innovations in Monozukuri
technologies. Moreover, one issue facing all manufacturing
industries in Japan today is the question of how to deal with
the rapid decline in the working population.

Innovations in Monozukuri technologies support our
efforts to cope with these circumstances in general. With
regard to individual component parts, we have started to
adopt new materials such as magnesium and high silicon
materials as well as making regular use of dissimilar material
joining technologies and joining techniques different from
conventional methods. It is necessary to achieve their
practical application as early as possible. We feel that laser
welding in particular is well suited to transmissions because
it can contribute significantly to shortening the overall
length and reducing the weight of our products. However,
the development of such technologies has lagged behind in
Japan. We aim to catch up with global technical levels as
quickly as possible through collaboration with equipment
manufacturers.

Making effective use of information and communications
technologies (ICT) has also been an indispensable theme
in recent years. We have been proceeding with the
implementation and utilization of ICT on our production
lines through a three-level team structure. One team is in
charge of advancing the comprehensive implementation

of ICT in conjunction with the launching of new projects.
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Another team is involved in promoting the implementation
of ICT for monitoring the operating conditions of existing
production lines primarily for the purpose of improving
overall equipment efficiency (OEE). A third team works on
deploying highly mobile devices that can contribute quickly
to improving manufacturing productivity. A wide range of
themes are being addressed, including monitoring equipment
operations, ensuring traceability, recording abnormal
conditions and using electronic check sheets, among other
things. Workplaces have also made progress in understanding
how to utilize these approaches, which is leading to results
that are immediately effective.

There are large expectations of female employees with
regard to coping with the current labor environment. It is
necessary to expand more quickly workplace environments
friendly to female employees by advancing efforts to make
heavy parts easier to handle and to shorten working hours,
among other improvements. One issue in this regard is how to
use robots skillfully. Our ideas for addressing this issue are to
adopt articulated robots, to modularize robots tailored to each
process, and to share robots among our global production
plants from the standpoint of capital investment efficiency.

Recently, we have been able to manufacture up to three
completely different types of transmissions on the same
assembly lines. Since parts are now supplied in sets, it is
also necessary to incorporate this aspect in our production
lines from the stage of their conceptualization. Meanwhile,
further progress is also required of manufacturing equipment
operators. We have installed robots for employee educational
use and are promoting activities to enable equipment
operators themselves to improve operational programs rather
than relying on maintenance personnel to do so.

Naturally, we must also further evolve our precision
machining technologies for gears and other parts as well
as our techniques for controlling contaminants in all
manufacturing processes. We have devoted vigorous efforts
to these subjects over the years as part of our key activities to
ensure unified quality levels globally. We will continuously
promote improvement activities in steadfast pursuit of
the ideal form of Monozukuri, from the planning stage to
embodiment in existing production lines, in keeping with the
Jatco Excellent Production System (JEPS) as the cornerstone
of our manufacturing operations.

On a final note, market needs and products are constantly
changing. One example here is the trend toward electrification,
which we must also firmly pursue. By further enhancing our
competiveness, i.e., evolving and innovating our Monozukuri
capabilities, we aim to contribute to society through an even
higher dimension of Monozukuri.
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Summary Mini-vehicles are being required to provide
increasingly higher levels of environmental performance.
The new CVT that JATCO has developed specifically for
mini-vehicles is smaller, lighter and more fuel efficient.
This article describes the technical measures adopted for

improving fuel economy.
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1. Introduction

Established in 1949, the mini-vehicle standard is unique
to Japan. Having a size that fits Japan's road conditions,
mini-vehicles play a vital role in providing a means of
transportation in everyday life in areas with a sparse railroad
network. Moreover, there have been strong needs for mini-
vehicles as a first car in recent years. With their large share
of the domestic market, mini-vehicles are expected to
contribute to reducing the environmental impact of vehicle
use.

It is projected that the fuel economy of mini-vehicles
will be further improved by boosting overall powertrain
efficiency based on an internal combustion engine, as their

electrification is not expected to advance rapidly.

2. Development concept and basic structure

Based on this future prediction for mini-vehicles, the
Jatco CVT-S was planned to be smaller and lighter than
the Jatco CVT7 currently supplied for use on small cars
and mini-vehicles. In this way, making the new CVT more
suitable to the engine compartment layout was expected to

secure roomier interior comfort and greater safety.

2.1 Ratio coverage and total low ratio determined by mini-
vehicle standard

The total low gear ratio was determined by the
performance needed for launch acceleration and for hill-

climbing. The necessary high gear ratio was then determined

# AT A FEHEAE
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by simulating how high a ratio was needed under Japan's
JCO8 fuel economy test mode. Figure 1 compares the
difference in ratio coverage between the CVT7 and the
CVT-S and also shows the difference between them in
terms of the plotted operating points simulated for the JC0O8
test mode.

The results in Fig. 1 show that the usage rate of the
CVT7’s high gear ratio is small and that the impact on fuel
economy is limited. This indicated that the optimal ratio
coverage in terms of the effect on improving fuel economy

was in a range of 5.5 to 6.5 (Fig. 2).

2.2 Selection of gear ratios and basic structure

An investigation was undertaken to see if ratio coverage
of 5.5-6.5 was attainable with the variator alone from the
standpoints of vehicle mountability and size and weight
reductions. In order to achieve this ratio coverage with the
variator alone, it was necessary to reduce the belt winding
diameter on the small diameter side.

The high-strength, high-efficiency belt used for the
Jatco CVT7 W/R, which has wider ratio coverage than the
CVT7, was also adopted for the CVT-S in this project. This
allowed a smaller belt winding diameter, making it possible
to achieve ratio coverage of 6.0 with the variator alone. As a
result, it enabled a basic unit structure without applying an
auxiliary transmission.

Because of the small displacement of mini-vehicle
engines, there is little extra driving force at the time of
vehicle launch. A forward/reverse switchover planetary
gear system with forward and reverse gear ratios close to
1.0 was adopted so that the driving force when launching
the vehicle in reverse would be identical to that of a forward
launch. These specifications secured both fuel economy and
reverse launch performance.

The combination of the fundamental structural
elements was thus determined as explained here, resulting
in the basic structure of the CVT-S shown in Fig. 3 and the
specifications listed in Table 1.

3. Techniques for improving fuel economy by reducing

mechanical losses

3.1 Variator

The high-efficiency belt used for the CVT7 W/R was
adopted for the CVT-S. A typical location of internal
mechanical loss with this belt is the relative slipping that

occurs between the elements and the bands owing to a
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Fig. 3 Cross-sectional view of Jatco CVT-S

Table 1 Specifications

Ttem Jatco CVT7 Jatco CVT-S
(Current small CVT) | (New CVT)
Torque capacity 98 Nm 100 Nm
Ratio coverage 7.3 6.0
Pully ratio 2.200 - 0.550 2.411 - 0.404
Gear |Final gear ratio 4.575 6.54 -7.756
ratios Planetary |Ist 1.821 1.000
gear |2nd 1.000
ratios  |Rey 1.714 0.952
Total low gear ratio 18.33 15.77
Distance between pulley shafts (mm) 147 —

difference in the radius of rotation. This slipping occurs
because the place where the elements transmit torque while
wrapped around the pulley differs from the rotational
radius of the rings. (That part of the elements is referred
to as the locking edge height.) As a measure for reducing
mechanical losses, the locking edge height was lowered by
20% compared with that of the CVT7 in order to reduce
relative slipping between the elements and the bands (Fig.
4).) That reduced the mechanical losses of the CVT-S by
approximately 3%.

3.2 Case shape around final gear

Because the final gear of a CVT is always submerged
in the CVT fluid, it produces large churning resistance
during driving. One known measure for reducing churning
resistance is to apply an omnidirectional baffle plate
as was done for the Jatco CVTS8. However, partial baffle
plates were adopted for the CVT-S only around the input
shaft (primary pulley shaft) and the final gear. There was
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Fig.5 (left) Particle method simulation results and (right)
optimized shape
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Fig. 6 Effect of each shape on churning loss
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concern, however, that CVT fluid might flow around the
partial baffle plates depending on their shape. Therefore, a
particle method was used to analyze fluid flow in the CVT
interior, and a baffle plate shape was designed that takes
into account the inflow and outflow characteristics better
than the shape envisioned at the CVT-S planning stage (Fig.
5). The optimized shape reduces the unit mechanical losses
by approximately 1% (Fig. 6).

4. Techniques for improving fuel economy

4.1 Shift control

To improve shift response, a two-degree-of-freedom
control system was adopted that adds a feedforward
compensator to the existing feedback compensator used for
shift control.

The feedforward compensator is configured with a
transfer function consisting of the inverse system and
target of the controlled object of the shift control system.
This serves to improve shift response without affecting
the stability and convergence obtained with the feedback
compensator.

As a result, the delay in following the target ratio at the
onset of shifting is reduced, thereby suppressing engine
speed flare, which contributes to improving fuel economy
(Fig. 7).

New
= = Previous

i v Target engine speed

—

Accelerator
depression

Target engine
speed

Ratio =

Fluid !
pressure :

Fig. 7 Ratio control time chart

4.2 Contribution to torque assist
The new mini-vehicle on which the CVT-S has been
adopted is equipped with a 12-volt hybrid system. In relation
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to this system, the CVT-S secures the necessary hydraulic
pressure before the torque assist is generated and then allows
the torque assist to be produced. The transition time to the
torque assist has been shortened by optimizing coordination
between engine control and S-HYBRID control adopted for
the CVT8. Simultaneously, it also optimizes the hydraulic
pressure, which contributes to improving fuel economy
(Fig. 8).

4.3 Contribution to regenerating deceleration energy
Cooperation with engine control has also been
optimized with regard to regenerating deceleration energy.
As aresult, hydraulic pressure settings have been optimized
for regenerating energy in every deceleration situation.
The reduction of mechanical losses also contributes to

improving energy regeneration (Fig. 9).

5. Conclusion

A new-generation CVT has been developed specifically
to meet the conditions characteristic of mini-vehicles and
features an improved balance of compactness, light weight
and fuel economy.

(1) Optimization of ratio coverage contributed to achieving
a smaller, lighter unit.

(2) Reduction of mechanical losses and adoption of
techniques for enhancing fuel efficiency contribute to
improving vehicle fuel economy.

(3) Mechanical losses have been reduced by over 8% at
representative operating points in Japans JCO8 test
mode. This reduction and the fuel economy improvement
measures adopted to enhance fuel efficiency combine to
improve vehicle fuel economy by approximately 6%.?2-

Fuel economy improvement measures of a new-generation CVT for mini-vehicles
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Implementation of a system architecture analysis method in the automotive transmission development process
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Summary As various performance requirements for
vehicles have risen and become more complex inrecent years, it
has become difficult to maintain quality, cost and delivery time
(QCT) using the conventional style of product development. To
deal with this issue, at JATCO we have implemented a system
architecture analysis method incorporating quality function
deployment, making it possible to both ensure quality and
improve development work efficiency.
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1. Introduction

In recent years, product structures have become more
complex owing to electrification, digitization and other
advances and vehicle requirements have also diversified. In
order to cope with these changes, transmission development
activities have become more segmented, making it more
difficult to see the entire development process. To deal
address this issue, we have adopted a requirements (R) —
functions (F) — logical architecture (L) approach (RFL)
based on systems engineering (SE). With this approach, a
system is treated as a hierarchy of levels and comprehensive
requirements are exchanged in line with the hierarchical
structure. Function deploymentis applied to the requirements
to make clear the methods for achieving them. The adoption
of this approach also ensures traceability between levels.

However, the amount of information increases
enormously, making it very difficult for all the engineers
involved to be conscious of contradictions between levels
and between requirements. One issue resulting from
this situation is whether design studies can be conducted
while maintaining an overall view of the entire product
architecture.

To address this issue, we have implemented a system
architecture analysis method that applies quality function
deployment (QFD) to enable an overall view of the entire

system. This article presents an outline of the method.

# AT A FEHEAE
System Development Promotion Department
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2. Implemented method

Based on the enormous volume of RFL information,
a QFD matrix can be constructed at each level (Fig. 1).
The QFD matrix at each level is connected from the upper
levels to the lower levels, enabling the construction of a
requirements traceability matrix providing an overview
of the transfer of each level s requirements (Fig. 2). This
matrix performs the following functions in the product
development process and is expected to enable optimal
and earlier decision-making and be effective in preventing
reworking of items under development.
® Overall visualization of the scope of impact on parts
requirements and specifications if vehicle requirements
and conditions are changed.

® Overall visualization of the scope of impact on
performance and other parts if the specifications of parts
must be changed.

¢ Identification of bottleneck locations and order of parts
development priorities through overall visualization of
the degree of mutual influence between requirements
and parts as well as places where requirements are
concentrated and where trade-offs occur.

The following four measures were taken to make
the matrix easy to understand for effective use in actual
development work:

* Assurance of comprehensiveness of requirements
® Incorporation of the order of design work
* Visualization of trade-offs

* Numerical evaluation of system architecture complexity

2.1 Assurance of comprehensiveness of requirements

The system architecture of a CVT is not determined
solely on the basis of performance requirements such
as those for fuel economy and noise, vibration and
harshness (NVH). The determination of the CVT system
architecture is also greatly influenced by functional
requirements such as automatic stop-start capability and
the prerequisites of the applied engine, platform used and
other conditions. Therefore, the 1* matrix (Fig. 3) lists the
vehicle performance requirements, functional requirements
and constraints on the vertical axis. The horizontal axis
incorporates functional requirements and constraints, in
addition to the CVT performance requirements, and shows
the transfer of the influence of the requirements (Fig. 4).

In this way, the influence of the prerequisites, constraints

and other conditions is also considered, not just the vehicle
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and CVT performance requirements. This serves to
increase comprehensiveness, prevent omissions and reduce

reworking.

2.2 Incorporation of the order of design work

The second requirements traceability matrix is
structured so as to allocate the system requirements to the
subsystem requirements. However, in actual development
activities, there is also an order of design work whereby
the values of subsystem requirements are examined and the
degree of requirements accomplishment is considered on
the basis of provisionally assumed basic and principal CVT
specifications.

Accordingly, the vertical axis (CVT principal spec.) of
the 2" matrix in Fig. 5 is divided between the subsystem
requirements related to the CVT principal specifications
and the subsystem requirements to be studied on the basis
of the principal specifications. The subsystem requirements
related to the principal specifications are examined first, and
after the principal specifications have been provisionally
determined, detailed studies are conducted of the other
requirements. This order of design is included so as to

match the actual flow of design work.
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Table 1 Definitions of correlations between requirements

Impact & Direction

Classification

Larger-is-better
Response A i T
Smaller-is-better
Response \ N g
Nominal-is-best ° _
Response
Impact Score 9 5 1

2.3 Visualization of trade-offs

The correlations between system requirements and
subsystem requirements are noted in the 2" matrix in Fig.
5. This makes it possible to understand the degree of impact
of trade-offs between requirements and the direction of
influence as well as the subsystems in which requirements
are concentrated. Correlations are defined using the nine
types of symbols shown in Table 1 for the degree of
correlation and the direction of influence. The degree
of impact is indicated by the impact score in the bottom
row that is used in the numerical evaluation of the system

architecture complexity, which will be described below.

2.4 Numerical evaluation of system architecture complexity

The concepts of interface score and subsystem score
were adopted in order to objectively ascertain the key
parts of the system architecture study. These scores enable
a numerical evaluation of the complexity of the system
study. The numerical evaluation is conducted based on the
correlation definitions in Table 1. Although the interface
score was mainly used in implementing the method

described here, both scores are explained below.

Subsys. Score:

Interface Score: CVT System Req. :Z;:r?gé:e: .
Syssayl néeds 12 [3]4]S subsys. req. A & E
alignment with T
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2 E vV]A
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Interface | ool uu ' &
Score |
Subsystem ! n
Score | |
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Fig. 6 Example of score caluculation
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The interface score is an index expressing the magnitude
and complexity of the study of adjustments and trade-offs
involving other performance requirements thatinterface with
a subsystem when the system requirements are allocated to
the subsystems. For example, system requirement 1 in Fig. 6
isinfluenced by subsystem requirements B and D. Subsystem
requirement B also influences system requirements 2 and
5, and subsystem requirement D also influences system
requirement 2. Accordingly, the subsystem requirements
influencing system requirement 1 are treated as an interface
and given an interface score, taking into account the
influence on other system requirements as well. The larger
the interface score is, the more difficult it is to adjust and
determine the subsystem characteristic values and the more
the influence on the system extends over a wider range. As a
result, the development period and development man-hours
also increase, so a judgment can be made that it is necessary
to resolve the related issues in the order of their priority.

When the system performance requirements are
allocated to the subsystems, the subsystem score varies
depending on how many subsystem characteristics are
involved and their degree of impact. For example, subsystem
requirements A and E influence system requirement 4
in Fig. 6, so their scores are considered. The subsystem
score is used as an index of the difficulty of the study for
distributing the allocation to the subsystems that directly
influence a system requirement, and it is also used as an

index representing the length of time needed for the study.

3. Effects obtained by implementing the method

The method was implemented in the design review
process for considering and confirming the suitability of
a design at the conceptualization stage of development
planning. Specifically, it was implemented in the process
for determining the priority of the items to be considered in
the design review. An example of the implementation of the
interface score is shown in Fig. 7.

The vertical axis indicates issues having a strong
impact on the CVT principal specifications mentioned in
subsection 2.2. The horizontal axis indicates the results for
the complexity of the issues quantified on the basis of the
interface score. The influence on the principal specifications
increases going toward the upper right, indicating a higher
degree of complexity. These issues must necessarily be
resolved in the early stages of the development period,
and they have to be deliberated before anything else in the

Implementation of a system architecture analysis method in the automotive transmission development process
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design review. The implementation of this method enables
the designers themselves to efficiently undertake advance
studies of the issues. Consequently, the design review can
now be used effectively to consider more specific details of

the technologies involved.

4. Discussion

As aresult of using the requirements traceability matrix,
we conducted a high-quality analysis of the requirements
and identified the issues involved. They were then quantified
to yield a good prospect for viable development. In addition,
the designers in charge were able to recognize and share
the scope of the requirements analysis and the connections
among requirements (cause and effect relationships). That
made it possible to see the complexity of the design studies,
including the many items requiring coordination among
the designers. It led to optimal decision-making, including
establishing the order of priority for design studies.

Figure 8 compares the timing for conducting a design
review at each level in the early stage of development
before and after the implementation of this method. This
comparison is for product development projects of the same
scale. It is seen that after implementing this method design
reviews for considering the concepts of the system and
subsystems were conducted in parallel in a short cycle. This
indicates that the designers were able to carry out planned,
coordinated development work on important requirements

across the various levels.

5. Conclusion

(I) The use of a requirements traceability matrix in the
system architecture analysis method enabled everyone
to identify issues more efficiently and accurately without
relying on veteran designers.

(2) Special measures were taken in particular to ensure
the comprehensiveness of requirements in the process
of constructing the matrix. As a result, this method has
become an important technique complementing systems
engineering, which led to its implementation in actual
development work.

(3) The degree of impact of trade-offs was quantified based
on this matrix, making it easy to establish the prospect
for a viable design, which led to optimal decision-

making.
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Summary Amid the increasing sophistication and
complexity of automotive systems and control software,
the development requirements for transmissions are
also becoming more rigorous, requiring a reform of
the traditional development style. At JATCO, we have
implemented systems engineering in our transmission
development activities. This discipline has long been
practiced in the aviation and aerospace fields and has also
been used in the automotive industry in recent years. We
are reforming our development process using model-based
systems engineering, which is a systematic approach for
boosting development work efficiency through the use of
various models based on systems engineering. This article

outlines the activities involved.
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1. Introduction

The requirements for transmission (TM) development
are becoming increasingly more severe along with the
growing sophistication and complexity of automotive
systems and control software. As a TM supplier, JATCO
must respond to customers’ demands promptly, including
meeting the needs of both domestic and overseas automakers
and dealing with expanding market destinations, increasing
model applications and the addition of new devices
to vehicles, among other things. In the traditional TM
development style, software was calibrated after the
hardware was developed. Consequently, the development
period often had to be extended to ensure TM conformity
with the vehicle and implement corrective measures for
problems in the later stages of the development process.
Accordingly, while responding to the development
environment changes mentioned here, we have had to

radically reform our development style and provide higher
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value in the course of fulfilling our customers’ requirements
for quality (Q), cost (C) and lead time (T).

Toward that end, we have reformed our development
organization and process by implementing systems
engineering (SE), which has been practiced for many years
in the aviation and aerospace fields and has now become
a systematic approach generally used in the planning and
development phases. We are continuing to reform our
development process by applying model-based systems
engineering (MBSE), which provides a structure for the use

of various models in development work.

2. SE and MBSE

SE represents an approach and methodology
encompassing many specialized fields for the successful
development of a system. It is a way of working that does not
depend on any particular technical fields. The term “system”
here refers to a combination of various mutually interacting
elements, including hardware, software, information,
equipment, organizations, society and people, among other
things.

SE was first used in the aviation and aerospace fields that
have large-scale and complex development projects with
collaborative ties to external organizations. Its application
has also been expanding to include transportation
infrastructure, healthcare, public services and other areas,
notably the automotive field where systems have become
much larger in scale and more complex. Heretofore, SE
has been based on documents describing the system
specifications. In recent years, however, it has become
necessary to represent a system using models in order
to make it easy for everyone involved in a development
project to understand. Models include descriptive ones
that use explicit expressions for communication purposes
and simulation models that facilitate calculations. Various
studies are easier to conduct because teams in multiple
specialized fields share the models in common. The method
of promoting a development project on the basis of the
use of such models is referred to as model-based systems
engineering (MBSE).®

3. Key points of SE at JATCO
With our previous development style before the

application of SE, it was difficult to predict system
performance and functionality sufficiently at the design
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All design work is composed of IPO

Process | Output
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[EXPECtat'On and examination Action ‘

Fig. 1 IPO and RFL

Actually, IPO is complicated
Skip review process
(especially by veteran engineers)

Process

Process
(R-F-L)

Fig. 2 Connections between complicated IPO
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stage. Consequently, calibration man-hours mushroomed in
order to build in quality in the latter half of the development
process. Whack-a-mole-like measures for dealing with
development problems also greatly increased man-hours
and costs. In order to meet QCT requirements heretofore,
the departments and engineers in charge exerted maximum
cooperation and ingenuity for coordinating differences,
among other things. However, as TM systems became
more sophisticated and complex, it was difficult for each
department and engineer in charge to see each other’s inputs,
outputs and study processes. To resolve that problem, it
became necessary to improve communication accuracy and
put in place better interfaces.

What should be done to improve the accuracy of
communication? The first step is to think conceptually.
Assuming that all design work is composed of input,
process and output (IPO), it is ideal to be able to see the
entire study process from input to output as illustrated in
Fig. 1. In actuality, IPO elements are linked in complex
ways and each other s processes are not always visible as
indicated in Fig. 2. There are some cases where processes
cannot be seen and other times when the input and output
between design tasks are not connected. At a time when the
scale of a system was small, veteran designers understood
such things intuitively. However, for large-scale, complex
systems and organizations, we have implemented SE as
a method for resolving such issues. The key features of
SE are that it minimizes interfaces and promotes good
communication using a progressive method of specifying
requirements (R), functions (F) and logical architectures
(L), represented here as RFL.

We have been reforming JATCO's TM development
process by adopting the concept of two V-shaped processes
as shown in Fig. 3, which is a distinct feature of SE.
The two processes consist of a large V-shaped process
that represents an entire system in hierarchical levels and
a small V-shaped process that connects the right and left
sides at each level. The left side of the V-shaped process is
the design phase and is referred to as the left bank; the right
side is the verification phase and is referred to as the right
bank.

The following four key points are essential to the
success of the V-shaped development process (Fig. 4).

(1) System hierarchy

(2) RFL design and test case coordination

(3) Sharing of requirements between levels

(4) Verification and validation
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Architecture V

Fig. 3 V-shaped process of SE

3.1 System hierarchy

The previous development organization was divided
into two levels—unit system design and parts design. Parts
design at the lower level was overly subdivided, making it
complicated or impossible to link design items to the upper
level. Consequently, when problems occurred, they had to be
addressed in a whack-a-mole-like manner. Therefore, three
levels were defined so as to organize the complexity of the
design and progressively refine the design details: namely, a
unit system level for designing performance requirements, a
subsystem level for designing functional requirements, and
a component level for designing parts requirements (Fig. 5).
What was important here was to define and make clear the
development scope of the subsystem level in order to set
targets for functional requirements. Moreover, in case there
are trade-offs between conflicting design requirements
at one of the levels, it is essential that such trade-offs be

resolved at that level.

‘Upper hierarchy ‘
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Fig. 5 Hierarchical structure of TM system
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3.2 RFL design and test case coordination

The performance required of TM systems is often
expressed in abstract language such as a desire to reduce shift
shock. At JATCO, we usually use the RFL design method
in which the design is developed step-by-step in the order
of analysis of requirements, functional design and logical
architecture design. In the process of studying RFL, several
descriptive models are created and used in visualizing the
transmission of information and coordination among the
developers (design and testing personnel).

Figure 6 shows the relationships between the descriptive
models recommended in SE at JATCO and RFL. As a
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specific example of a descriptive model, Figure 7 shows a
context diagram used in designing engagement performance
of a CVT. This model concisely expresses the scope of
system development, physical quantities to be designed, and
other items for easier communication among the developers.
As shown in Fig. 4, in the allocation of requirements in
SE, the means of achievement (L) of the upper levels become
the requirements (R) of the lower levels. What is important
at this time is that trade-offs must be resolved at each level
as mentioned in subsection 3.1. A trade-off matrix is used
in studying trade-offs. Figure 8 is an example of a trade-
off study. In this example, the CVT system requirements
(R) are listed on the horizontal axis and the system (L)
items, i.e., the subsystem requirements (R), are listed on the
vertical axis. The areas in the red frames indicate that the
CVT shifting speed involves a trade-off between satisfying
power performance at the time of re-acceleration and noise,
vibration and harshness (NVH) performance. It indicates
that the shifting speed was determined by giving priority
to NVH performance. In this case, the desired power
performance at the time of re-acceleration would not be
obtained, making it necessary to resolve this trade-off at
this system level. Through this type of study, requirements
from the upper levels are allocated to the lower levels.
After the RFL design is completed, it is necessary to
determine the test cases. A test case refers to the coordination
between the design and testing people regarding the driving
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situations, physical quantities, measurement accuracy and
other criteria for confirming that the requirements have
been achieved (Fig. 9). Based on the RFL design and test
cases, a traceability matrix table is created for ensuring
traceability.

Figure 10 is an example of a traceability matrix that
records the RFL, test cases and verification results at each

level, i.e., system, subsystems and components.

3.3 Coordination between levels

One aspect that becomes an issue in a hierarchical
system is to agree on the exchange of requirements between
upper and lower levels. In the V-shaped development
process, it is often misunderstood that requirements only
flow from the top down. In actual design work, there are
times when due to lower-level constraints, it may not be
possible to obtain a solution to the requirements of the
upper-level . Accordingly, it is necessary to have a structure
for coordinating requirements between upper and lower
levels and for agreeing on the acceptance of requirements.
For that purpose, a meeting structure has been established
for confirming the exchange of requirements between upper
and lower levels of the development process. In the case
of developing a large-scale transmission system, a large
conference room is assigned where designers from each

level can gather for efficient coordination of requirements.

3.4 Verification and validation

The right bank of the V-shaped development process
is for verification and validation. Verification refers to
ensuring that the system is built according to the design.
Validation refers to confirming that the system satisfies the
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customer’s requirements. By way of example, verification
checks whether the food is prepared according to the recipe,
and validation confirms whether the people involved think
it tastes delicious. The key point is that both activities are
done at the component, subsystem and system levels.

4. Use of MBSE and activities for the future

The implementation of SE has established a
design methodology for studying system requirements
comprehensively and detailing them step-by-step. We
have begun applying it to development projects. However,
concerns about development man-hours and lead time and
a labor-intensive approach are factors that have hindered
efforts to utilize SE effectively in development work. One
measure for overcoming this situation is MBSE.

As mentioned in subsection 3.2, JATCO’s approach
to MBSE is to use descriptive models defined by SE to
develop RFL and to use simulation models to quantify
the relationships between requirements (R) and logical
architectures (L). In short, the aim is to make full use of
both descriptive and simulation models in the V-shaped
development process (Fig. 11).

Previously, model-based development (MBD) was
pervasive in the left bank of the V-shaped process in that a
simulation model, referred to as a control model, was used
in developing the software.

With SE, the left bank is for defining targets for
requirements. A key point here is that this is not limited
to the control software, but it also involves defining the
requirements and targets for the hardware before the
physical forms have been decided.

Consequently, in addition to the previous MBD, we want
to be able to predict the behavior of the entire system by
also creating a plant model of the hardware and improving
its accuracy. If that can done, it is assumed that MBSE can
also be used in the activities of the right bank. For example,
in calibrating TM performance heretofore, the software
control constants have been determined in repeated testing
conducted with actual vehicles and engines. If the vehicle
model and engine model created in the left bank are used,
it can improve the calibration accuracy of TM performance
before the physical vehicle and engine are built in the
right bank, thereby minimizing the calibration man-hours
needed for the actual vehicle. We refer to this as model-
based calibration (MBC) and have implemented it in our

development work.
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Key factors for the reliable promotion of this method are
the scale and accuracy of the models used. It is necessary to
make clear the requirements for the models, the scope of the
design, design parameters, mechanisms, prerequisites, and
other aspects. For that purpose, a meeting structure called
“model review” has been established in which personnel
from the three areas of design, testing and simulation try to
reach a consensus while using SE methods. A structure has
also been created for keeping models in stock and releasing
them for use in other development projects.

As an effort for the future, a study is now under way
concerning the use of information technology (IT) to
promote the efficient execution of MBSE.

(1) The requirements and specifications of the automakers
will be centrally managed in a database using a
requirements management tool instead of paper and
electronic file formats.

(2) Descriptive models and RFL will be created using a
requirements analysis tool and centrally managed so
that they can be effectively applied as development
knowledge.

(3) Control models and plant models will be created
seamlessly from descriptive models and centrally
managed.

(4) Verification results from the right bank will also be
centrally managed in a database, as mentioned in (1)

above, to ensure development traceability.

5. Conclusion

Systems engineering (SE) was implemented to improve
the quality, cost and lead time (QCT) requirements of
transmission (TM) development, and efforts have been
made to reform the development organization and process
for applying SE to development projects. The following
four points promoted in line with the SE philosophy have
penetrated and become established in all development
activities: (1) system hierarchy, (2) RFL design and test
case coordination, (3) coordination between levels, and
(4) verification and validation. As a result, this has made it
possible to define targets for requirements in the left bank
of the V-shaped process and link them to the right bank,
thereby enabling reliable confirmation that requirements
are attained. Rework in TM development has been reduced
as a result. Moreover, efforts have been launched to design
hardware and develop software in parallel, enabling the

front loading of development work. Continuous efforts will

Implementation of systems engineering in transmission development -Efforts to utilize MBSE-
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JATCO Technical Review No.18, pp.9-14, 2018

B Authors

be made in the future to put SE firmly in place and further
deploy model-based SE (MBSE). Through these efforts, we
intend to attain QCT targets in new development projects,
promote a smooth shift toward electrification and improve
JATCO's R&D capabilities, among other goals.
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Construction of a simulation model for developing CVT driveability
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Summary In the CVT development process, it is
desirable to execute a design for achieving the targeted
performance in a short period of time. In designing lock-up
for driveability, prediction accuracy for verifying the design
has not been sufficient, making it necessary to rely on
testing for verification. In this project, the results obtained
in physical testing were used to reconstruct the simulation
model, thereby improving its accuracy for predicting lock-
up driveability. This article outlines the techniques that

were used to construct the model.
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1. Introduction

Previously, CVTs were developed with high product
quality through a repeated process of design, prototyping
and confirmation testing. (Fig. 1) The repetition of design
and testing to achieve the performance requirements in this
development process required a long development period
and enormous development cost.

Accordingly, there has been a growing need for methods
that facilitate a more efficient development process,
including the determination of the required performance

values and execution and verification of the optimal design

values.
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2. Model-based development (MBD) of driveability

2.1 Aim of MBD

In order to reduce the repetition of design and testing
work, it is necessary to establish design targets in the left
bank of the V-shaped development process in Fig. 1. In
this project, it was decided to undertake MBD in order
to validate the certitude of the design in terms of both

hardware and software aspects (Fig. 2).
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< T Evaluation of level of
i“". i target attainment with
test vehicle
Unit Unit testing
Performance
calibration in bench
tests

Subsystem testing

Detailed design Component Component

(parts, control)

testing

Fig. 2 Desired V-shaped development process
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2.2 Direction for model construction

The following describes the direction defined for model
construction in order to accomplish the aim mentioned in
subsection 2.1. The model can be broadly classified into the

following two constituent elements.

(1) Physical model

Because the structure is represented in mathematical
expressions, the accuracy of the model can be ensured by
clarifying the design values. On the negative side, time is
needed to run the calculations because of the processing
speed.

(2) Testing model

The structure cannot be represented in mathematical
expressions and only the input and output data are obtained.
Accuracy is ensured by substituting test results for behavior
values that are unclear. The calculation processing speed is
faster than that of the physical model.
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Table 1 Performance requirements and functional methods

Fuel To increase PT efficiency  Quicken the stroke of LU

economy clutch piston

Driveability ~ Not to give drivers any Smooth the stroke of LU
unnatural feeling clutch piston
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PUETHATC_inJE, TC_outED3DDETIV ha—
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Fig. 3 Direction for model construction

The premise of the testing model is that different input
and output results are obtained for each set of conditions
for different phenomena. In order to ensure accuracy with
the testing model, it is necessary to conduct experimental
trials on many prototypes. Reducing the number of tests
in order to cut development costs results in a model that
sacrifices accuracy. Therefore, the aim was to obtain an
accurate model allowing fast calculation speeds by suitably

combining the testing and physical models (Fig. 3).

3. Development of the lock-up prediction model

In this project, it was decided to construct a model
targeted at lock-up (LU) performance for which there are
many improvements requiring repeated testing on account
of the numerous design items involved in driveability
issues. It was assumed that construction of the model would
involve clarification of the design requirements, creation
and execution of test cases, and modeling based on the
performance requirements. A unified team was formed
from the three areas of design, testing and computer-aided

engineering (CAE) to undertake the work involved.

3.1 LU mechanism

The design requirements for the LU mechanism are
related to trade-offs between fuel economy and driveability.
In order to satisfy the design requirements, the LU clutch
piston must be designed with optimal stroke behavior (Table
D).

The LU clutch piston is a component part of the torque
converter (TC). Its stroke behavior is controlled by three
hydraulic pressures: LU pressure, TC-in pressure that is the
counter pressure to the piston, and TC-out pressure (Fig. 4).

Accurate prediction of the relationship between the
piston stroke and hydraulic pressure is a critical design item.

Previously, the flow rate into the TC, loss due to obstruction
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Fig. 7 Experimental measurement positions

of the fluid flow inside the TC, and piston stroke motion
were not predicted with sufficient accuracy. Therefore,
it was decided to make clear the transmission passages
between the elements forming the LU mechanism and the
physical quantities transmitted; test cases would then be
created and executed to confirm the validity of the model

constructed on the basis of the design requirements.

3.2 Physical model verification

The elements composing the model of the LU
mechanism that was the focus of interest in this project
consist of the TC, oil pump that supplies the hydraulic
pressure, and the control valve (CV) that controls the
hydraulic pressure. The peripheral system model is shown
in Fig. 5.

Next, the elements of the LU mechanism and the paths
for transmitting physical quantities between them are
described. Three hydraulic pressures supplied from CV
stroke the piston, cause torque to be generated and transmit

rotation (Fig. 6).

_________

1 TC—out pressure | | LU differential pressure = force pushing piston
: : LU differential pressure = LU — (TC-in + TC-out)/2
Clutch facmg
I i Force Piston Torque Engine speed
TC in pressure pushlng stroke capacity Turbine speed
piston

Fig. 6 Elements composing LU mechanism and
transmission paths

In order to clarify the physical quantities transmitted,
experiments were conducted to measure the piston stroke
amount and the three hydraulic pressures near the piston,
namely, LU pressure, TC-in pressure and TC-out pressure
(Fig. 7).

3.3 Construction of plant model

The following three measures were taken to improve
the accuracy of the model based on knowledge gained by
comparing the previous simulation and experimental results.
(i) Pressure response and piston stroke

Compared with experimental data, the results of previous
simulations showed a faster pressure release response and
also a faster piston stroke speed as a result (Fig. 8).

It was hypothesized that the difference in the pressure
release response was due to differences in the piston
cylinder volume. Therefore, it was decided to verify whether
the theoretical equation for calculating the piston cylinder

volume lacked sufficient parameters and their certitude.
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stroke

First, the pressure pushing the piston and the piston
cylinder volume can be given by the following relational

expression.

P =/ (Qin/(initVol+PstVol) - ATF_K)dt )
P: pressure pushing the piston

Qin: inflow rate

initVol: initial volume

PstVol: amount of change in volume

ATF-K: bulk modulus

The amount of change in volume at this time is expressed
as the product of the piston stroke and the piston’s pressure

receiving area.

PstVol =x-A 2)
A: piston’s pressure receiving area

X: piston stroke amount

It was assumed that pressure caused a change in volume
expansion in relation to the conventional amount of change
in volume, so a volume change due to pressure, a, was

newly added to the theoretical equation as shown below.

PstVol=x*A+a 3)

a: volume change due to pressure

The volume change due to pressure, a, can be found
as a deformation amount that takes into account the shape
of the housing receiving pressure and the material strength.
Accordingly, it was quantified by conducting a 3D FEM
analysis.

The deformation amount obtained by the 3D FEM

analysis was incorporated in a 1D model as a characteristic
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value of the pressure and amount of change in volume. As a
result, the amount of change in the piston stroke showed the
same tendency as the experimental value as shown in Fig. 9
below.

This improvement also led to improved accuracy of the

TC-in pressure as will be explained later (Fig. 12).

(ii) Calculation of TC-out pressure

Compared with experimental data, the results of
previous simulations showed a higher TC-out pressure
when the LU clutch was disengaged.

Because the TC is a rotating body, centrifugal pressure
occurs in the piston cylinder chamber. The TC-out pressure
is dependent on the centrifugal pressure. The certitude of
the centrifugal pressure calculation incorporated in the
model was verified.

The relationship between the centrifugal pressure and
rotational speed is shown in the expression below. The
centrifugal pressure is determined by the outer diameter of

the rotating shaft.

P_p'a)2 D12 — D2? A
T4 4 @

P: centrifugal pressure (kPa)
p: density (kg/m?)

w: rotational speed (rpm)
D1: outer diameter (mm)

D2: inner diameter (mm)

With the previous model, centrifugal pressure was
calculated using only the rotating shaft of the engine. When
the LU clutch is disengaged, a difference in rotational speed
occurs between the engine and the turbine. Consequently, it
was noticed that the lower-speed turbine shaft contributed
more to centrifugal pressure than the rotating engine shaft.
Therefore, the distribution of the calculation was changed
to make the turbine shaft’s share of the centrifugal pressure
larger than that of the engine shaft.

(iii) Pressure loss fore/aft of the clutch facing

Compared with experimental data, the results of
previous simulations showed a large difference in pressure
loss fore/aft of the clutch facing. The flow rate of the CVT
fluid flowing through the clearance of the LU clutch facing
is modeled with Bernoulli’s equation that takes into account

pressure loss.
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Q: flow rate (L/min)
C: flow rate coefficient

A: cross-sectional area (mm?)

It was decided to reduce the flow rate coefficient in the
model because it was assumed that the flow condition with
respect to the difference in pressure loss fore/aft of the LU
clutch facing would be more difficult than that of the flow
rate coefficient C for annular orifices in general (Fig. 10).

Fluid flow

grooves

Fig. 10 Cross-sectional view of clutch facing

The foregoing three modifications were made to the
physical model. The movement of things at the component
level was then ascertained by making actual measurements
and the results were fed back to the model. In this way, the
relationship between pressure and the piston stroke was
made clear, enabling improvement of simulation accuracy.
As a representative example, Figure 11 below shows the
simulated and experimental results for the TC-in pressure
in a situation with the LU clutch engaged.

3.4 Incorporation of control model

The constructed hardware model and the CVT control
model were then coupled to create a Model in the Loop
Simulation (MILS) that made it possible to examine the
control logic and constants. It was verified that the plant
model described in subsection 3.3 had accuracy equivalent
to that of an actual unit. That advantage made it possible
to examine the control system in line with the hardware

mechanisms.
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4. Application examples

This section presents examples of the application of the
model obtained by coupling the plant model and control

model as described in subsection 3.4.

4.1 Design of control parameters

The pressure commands shown in Fig. 12 below were
executed by the control system for controlling the piston
stroke of the LU clutch.

Precharge time

+—>
E Ramp slope
= .
~ Standby time
o Precharge
) >
7 pressure
g level
o

I Standby pressure level

A\ 4

Time (s)

Fig. 12 Piston pressure commands

The purpose of the precharge phase is to fill the piston
cylinder with CVT fluid. The piston is then stroked by the
standby pressure to engage the LU clutch. Because the level
of the standby pressure governs the stroke response and
smoothness, it is critical to derive the optimal value.

The coupled model of the plant and control system was
used in a parametric study to derive the pressure command
value in an extremely narrow range for achieving the

required performance (Fig. 13).

4.2 Performance prediction

The pressure command value determined in subsection
4.1 was then incorporated into the control system to conduct
a vehicle performance prediction. The rotational speed
profiles of the engine and turbine for acceleration under
small depression of the accelerator pedal were quantified
with the coupled model. The results obtained satisfied
the evaluation criteria for LU driveability. In addition,
a comparison was then made with the experimental data
for the next development lot, and it was confirmed that the
model provided results equivalent to the experimental data
(Fig. 14).
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FODUSENESS.

The activities described here enabled the construction .
of a process for creating a model to study CVT driveability,

which will contribute to the improvement of development
work in the years ahead.
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Advanced simulation approach for dynamic behavior of chain-type CVT

LN 33 % A=
W ik KE W EE
Youngsu LEE Youngha JANG Ohsung KWON
MLk ek sk AN H *
= et = B & B
Jaesang LEE Choongseob LEE Changhyun KIM

B 8 T IAT OB TR, B
Hr i b i L The A 2 PEREZ AT L T 578, ek T
FAFRHA L SF O RIE TR R SR LN T& %o
7. COMERERIT 572012, HERFEORME R
DR ELEZIT, JERTFHEOMHAE L ZHMEFFLD
D, BRI EEZ 80 LU L AL W RE 4B T LA R L
72, ARTIE, B ko MIENELE B2/ S5
5.

Summary A dynamic simulation method has also been
used heretofore to conduct various performance studies
during the development process of chain-type continuously
variable transmissions (CVTs). However, the existing FEM
method can only be used for simulations under steady-
state conditions owing to the calculation speed and other
problems. To resolve these problems, we analyzed and
improved the issues of the existing method, and developed a
new method that increases the calculation speed by 80 times,
while maintaining the calculation accuracy of the existing
method. This article describes the development details of the
new method and presents examples of its application.
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1. Introduction

A continuously variable transmission (CVT) must be
developed to satisfy various performance requirements
including those for torque transmission, shifting, fuel
economy, noise, vibration and harshness (NVH), while
optimally transmitting power from the engine to the tires. To
design products that satisfy these performance requirements,
at JATCO we have adopted a V-shaped CVT development
process that extends from design to verification. As shown in
Fig. 1, this V-shaped process consists of system, subsystem
and component layers. Previously, dynamic performance
items were analyzed only under steady-state conditions
partially at the subsystem level and at the component level.
It was reasoned that the development of a new approach
would enable dynamic performance predictions throughout
the entire process, from design to verification and from
the system level to the component level. It was expected
that would shorten development lead time and also reduce
testing man-hours.

Accordingly, it was necessary to improve the previous

# DX HET V=TT VAT AR E
System Development Office, JATCO Korea Engineering Corporation
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Rocker joint =
2 rocker pins
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simulation method and develop and implement a new method
that would shorten the calculation time by enabling high-

speed calculations while maintain simulation accuracy.

2. Structure of chain-type CVT

First, a simple explanation is given here of the structure
of a chain-type variator. It consists of a pulley system and a
chain, as shown in Fig. 2. This system transfers the engine
torque and rotational speed from the primary pulley to the
secondary pulley via the chain.

The pulleys consist of a fixed half in a stationary
position and a sliding half that moves along the shaft. The
thrust produced by the hydraulic pressure applied to the
sliding pulley half maintains the pulley ratio.

The chain consists of multiple long and short link plates
and chain pins. Torque is transmitted by the friction that

occurs between the chain pins and the pulleys.

3. Analysis conducted with existing simulation method

Deformation caused by the contact force between the
pulleys and chain pins must be considered in order to predict
the dynamic behavior of a chain-type CVT accurately. As
shown in Fig. 3, the existing dynamic simulation method
is based on the use of a finite element method (FEM). The
pulleys and shafts are expressed by elastic bodies, and in
order to shorten the calculation time, the chain is expressed
as a rigid body and the deformation of the chain pins is
not considered. As the input conditions, rotational speed is
applied to the primary pulley shaft, torque is applied to the
secondary pulley shaft, and thrust is applied to each sliding
pulley half. The chain links are connected by spring elements
in order to express the elongation and stiffness of the chain.

While the amount of deformation and stress of each
part can be simulated with the FEM method, the calculation
load is determined by the mesh size. In order to obtain
suitable results, the mesh size must be made finer, but that

vastly increases the calculation time.

4. Development of new simulation method

In order to solve the problems in the existing method, we
first reduced the calculation load by expressing each part as
a rigid body. Moreover, for the amount of deformation that
cannot be calculated with a rigid body model, we adopted

a method of mapping the stiffness and deformation result
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Fig. 3 Structure of existing method

of the FEM analysis. A mathematical formula was created
as the contact calculation method. A contact algorithm was
devised for considering deformation due to contact between
the chain and pulleys. By adopting these measures, we
developed a new method that reduces the calculation time.

4.1 Adoption of rigid bodies for parts and stiffness mapping

The newly developed method makes it possible to
consider deformation at each contact point as a result of
expressing each part as a rigid body and mapping the FEM
stiffness and deformation results to the rigid bodies. As
shown in Fig. 4, the stiffness and deformation rate at each
contact point are extracted from the FEM model of each
pulley and chain pins and mapped to the entire contact area
of the rigid body pulley. As a result, if an external force is
applied to any arbitrary point on the pulley, the deformation
at that point and in the surrounding area can be calculated
from the mapped stiffness.

This mapping method calculates the amount of
pulley deformation induced by contact with one chain
pin. Accordingly, when there are multiple contact points
as shown in Fig. 5, the contact force and deformation are
calculated at each point, and the amount of deformation
is expressed as the total deformation using the method of
superposition. For example, assuming that the pin contact
points are from No. 1 to No. N, the deformation occurring
at each point and in the surrounding area is expressed as
shown in the center graph. By adding up the amount of
deformation at each point, we can reproduce the amount of
pulley deformation that reflects the actual condition.

The development of this new mapping method has
reduced the number of nodes needed for the calculation
to fewer than 200 after the change to the rigid body, a
reduction to less than 1/100 of the more than 25,000 nodes
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required with the existing method.

4.2 Mathematical formula for contact area shape

We developed a method for calculating the shape of the
contact area between the pulleys and the chain pins using
a mathematical formula. With a general contact simulation
method, multiple points are assigned to the part surface in
order to search for contact points and calculate the contact.
This method is effective for calculating contact between
parts having various shapes, but the number of calculations
is extremely large. Our new method does not search for
contact points, but rather contact points are calculated using
a mathematical formula. This increases the calculation
speed by greatly reducing the combinations of contact
points to be calculated. As shown in Fig. 6, a pulley has
a cone shape and the contact surface has a shape like that
when the pulley is rotated in relation to the diagonal line
as the axis of rotation. Accordingly, it is expressed as the
distance between the direction of rotation and the vertical
direction. The contact surface of the chain pin is expressed

as the combination of a sphere and a cylinder.

4.3 Development of a contact algorithm

Because the deformation between the rigid body pulley
and chain pins cannot be considered with a general contact
algorithm, we devised a contact algorithm for considering
the amount of deformation induced by contact between
them. As shown in Fig. 7, the new algorithm first uses
the mathematical formula to search for a contact point.
The mapped pulley and pin stiffness data are then used
to calculate the equivalent contact stiffness at the contact
point and the amount of deformation occurring there is
calculated. Next, using the mapped deformation rate data,
the shape around the contact point is deformed, and the
deformed shape is used to recalculate a new contact point
between the pulley and the pin. This operation is performed
iteratively to update the amount of deformation based on

changes in contact and external force.

Pulley

Chain pin
7o,

c
.9
'§ « Pulley
o shape

Position
(Axis of rotation)

Axis of rotation

Fig. 6 Quantification of contact surface
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5. Validation of new method

In order to validate our new method, we compared the
results obtained with it and the existing FEM method for
the amount of pulley deformation induced by contact with
arbitrary chain pins. As shown in Fig. 8, the amount of
pulley deformation that occurred when force was applied
to six pins was measured with both methods at each
angle from point No. 1 to point No. 15. A comparison of
the results confirmed that the amount of deformation was
measured accurately with the new method to within error
of approximately 2% at each contact point.

In order to validate the calculation accuracy of the new
method in relation to the experimental results, a comparison
was made of the difference in chain tension between the
load and unload sides and the amount of pin deflection,
referred to here as chain sag, in the radial direction due to
pulley elastic deformation. The left-hand graph in Fig. 9
show the chain tension on the vertical axis as a function of
the input torque on the horizontal axis. The graph compares
the results for the load side, unload side and the difference
in tension. The red lines are the experimental results, the
dashed blue lines are for the existing FEM method, and
the solid blue lines are for our new method. The right-
hand graph compares the results found for the difference in
chain sag (i.e., chain running radius) on the vertical axis in
relation to the input torque on the horizontal axis. The types
of lines are the same as in the left-hand graph. In both cases,
it is seen that the new method obtained the same level of
calculation accuracy as the existing FEM method and that

the results agreed well with the experimental data.
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A comparison was also made of the calculation time as
shown in Fig. 10. Compared with the existing FEM method,
the new method substantially shortened the calculation
time to as much as 1/80 of that for the former method. It is
expected that this faster calculation time will enable studies
of dynamic behavior, including transient states and various

shift situations, to be conducted in much shorter time.

6. Application of new method

The faster calculation speed of the new method makes it
possible to run simulations to conduct performance studies,
which heretofore have relied on experimentation. Four

examples of its application are explained below.
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Fig. 12 Amount of change in chain running radius during
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6.1 Torque transmission performance study

Among the criteria of torque transmission performance,
the limit torque capacity of the variator is an item that greatly
influences CVT output performance and control. With the
existing FEM method, it has taken over three months to
conduct a simulation for reproducing one experimental
case, so it has been necessary to rely on experimentation.
However, the new method shortens the time to within two
weeks. Moreover, as shown in Fig. 11, the results obtained
with the new method were nearly consistent with the
experimental data. This indicates that it can be used to

conduct studies of torque transmission performance.

6.2 Shift performance study

Among the studies of shift performance, it is important
to predict the shift speed in advance in cases where the link
plates, besides the chain pins in contact with the secondary
pulley, follow a trajectory outside the outermost diameter
position of the pulley sheave. It has not been possible to apply
the existing FEM method to reproduce this phenomenon
because of the extremely long calculation time required. As
shown in Fig. 12, the results obtained with the new method
nearly coincided with the experimental data, indicating that
it is an effective substitute for experimentation.

6.3 NVH performance study

In NVH performance studies, it is necessary to conduct
advance investigations for avoiding resonance points,
especially for enabling a reduction of vehicle noise and
vibration levels. Noise and vibration problems occur if
the vibration produced by the chain drive and the string
resonance induced by the string vibration of the chain
coincide with the vehicle” s natural vibration frequencies.
However, with the existing FEM method, the string
vibration of the chain cannot be predicted. The application
of the new method that incorporates a mathematical contact
method makes it possible to confirm the string resonance
induced by the chain mesh frequency and string vibration,
as shown in Fig. 13. This makes it possible to apply the new

method to NVH performance studies.

6.4 Extension of new method

Owing to the faster calculation speed, we can conduct
simulations in which all the parts are added to the chain
variator, from the torque converter to the gears, bearings,
case, differential and others. This makes it possible to

reproduce various characteristics during CVT operation,

Advanced simulation approach for dynamic behavior of chain-type CVT
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including vibration, torque transmission and misalignment,

among others.

7. Conclusion

The newly developed simulation method provides the
same calculation accuracy as the existing FEM method and
also enables high-speed calculations that are 80 times faster
than the previous calculation time. This makes it possible
to simulate shift conditions that could not be calculated
with the existing FEM method. It is also possible now to
conduct studies of torque transmission capacity and NVH
evaluations that could not be done before with the existing
FEM method. Moreover, simulations can be conducted
at the CVT assembly level, whereas previously only the

variator could be simulated.
8. Reference
(1) Fumitoshi Ishino, Jiro Homma and Tomokazu Nakazawa,
“The Layout Concept and Small Pitch Chain for Chain

Type CVT,” JSAE 2016 Annual Autumn Conference,
Reference No. 20164175 (in Japanese).
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Summary At JATCO, we use sealed bearings for our
CVTs as a measure to prevent the intrusion of contaminants
that can cause scars and peeling on bearing rolling surfaces
by getting caught between contacting surfaces. However,
as a side effect transmission friction increases due to
the sliding motion of the seal. This article describes the
development of a new sealed bearing that provides both low

friction performance and reliability.
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1. Introduction

Improving vehicle fuel economy has become a critical
issue in recent years owing to heightened awareness
of environmental concerns and tighter regulatory
requirements. At JATCO, we have been working to widen
the ratio coverage and reduce the internal friction of our
continuously variable transmissions (CVTs), among other
improvements, for the purpose of improving fuel economy.
A cross-sectional view of the structure of a steel-belt CVT
is shown in Fig. 1. As shown in the figure, pulley-support
bearings are press fitted on the pulley shafts on both the
input and output sides. The bearings must function to
enable each pulley to revolve smoothly while supporting the
tension from the CVT belt and the reaction forces of gear
meshing.

These bearings are precision parts that are indispensable
to the quiet, smooth transmission of power. The presence
of scarring or peeling on the rolling surfaces of the
rolling elements and raceways that are constituent parts of
bearings can produce unusual noise or vibration, which can
markedly degrade smooth driveability. One factor causing
such problems is intrusion into the bearing interior of hard
contaminants such as chips and wear debris from machining,
which get mixed into the lubrication oil. Examples have
been reported where such contaminants damaged bearings

by getting caught between the rolling surfaces.” One
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Fig. 1 Schematic structure of Jatco CVT7
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measure against contaminants is to pay careful attention to
preventing their intrusion in the manufacturing processes
of parts and transmission assembly processes. Another
measure is to adopt sealed bearings wherever necessary
to prevent contaminants from getting into the interior.
However, conventional sealed bearings have had a drawback
in that the friction torque produced by the sliding motion of
the seals increases the friction level of the transmission.
This article describes a newly developed low-friction
sealed bearing that has been adopted to support the pulleys
in order to provide both low friction performance and high

reliability.

2. Performance required of pulley-support bearings

Deep-groove radial ball bearings are often used as
pulley-support bearings because they possess load capacity
suitable for handling the input loads such as the tension
from the CVT belt and the reaction forces of gear meshing,
besides having a low level of rolling resistance as well.
Figure 2 shows the structure of the sealed ball bearing used
to support the pulleys. As illustrated in the figure, the seal
of this pulley-support bearing is formed of acrylic rubber
in a lip shape surrounding an iron core. The seal is fixed to
both ends of the outer race, and the tip of the lip slides in the
direction of rotation while in contact with the side surface

of the groove provided in the inner race.

Cage Outer race

Ball Seal contact point

i
Acrylic rubber
Immer race

Iron core

Fig. 2 Structure of sealed ball bearing ®

The design of conventional sealed bearings provides a
tightening margin for the seal against a variety of conditions
for the purpose of ensuring reliability. Among other things,
these include the conditions of use such as various loads
and temperatures envisioned during vehicle operation
and the dimensional tolerances, deformation amounts and

other aspects of the constituent parts. This labyrinth seal
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structure prevents the intrusion of contaminants into the
bearing interior, but its sliding motion constantly produces

friction torque that causes greater transmission friction.

3. Development concept

We have previously developed and adopted low-friction
sealed bearings for the purpose of reducing the friction
torque produced by the sliding motion of the seal. As shown
in Fig. 3, the low-friction bearings provide a clearance
between the seal and the side surface of the inner race
groove. That is referred to here as seal clearance and the
bearings as dual-side clearance sealed bearings.

The development of the dual-side clearance sealed
bearings achieved a certain effect for reducing the friction
torque caused by the sliding motion of the seals. It was
expected that the friction would be reduced to a level close
to that of bearings not fitted with seals, i.e., open bearings.
However, the dual-side clearance sealed bearings did not
attain that friction level.

Therefore, attention was focused on the churning
resistance of lubrication oil remaining inside the bearing.
As shown in Fig. 4, the oil level remaining inside the bearing
differs depending on whether seals are provided or not. With
open bearings, lubrication oil passes through the bearing
and does not remain in the bearing interior. However, with
dual-side clearance sealed bearings lubrication oil that
intrudes into the bearing interior remains there because the

seals prevent the oil from going back outside the bearing.

Open ball bearin

Oil level
Oil level: Low
-friction 1 11 rin
BEols o
/é‘ o
Oil level L
Oil levaii—ligh
4

Fig. 4 Comparison of oil level
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That raises the oil level, which presumably produces a

difference in churning resistance.

The low-friction sealed bearing developed in this work
eliminates the seal on one side with the aim of reducing
friction further. It is referred to here as a single-side
clearance sealed bearing. As shown in Fig. 5, the CVT
interior is divided into two chambers at the pulley-support
bearing. One chamber is constructed such that all the
lubrication oil supply passageways to it pass through a filter.
The lubrication oil supply passageways to other chamber
have the possibility of containing contaminants. For a
CVT, the driven side pulley has a large effect on reducing
friction. Accordingly, the seal on the filter passage side of
the front bearing (A in Fig. 5) for the driven (secondary)
pulley was eliminated. Owing to the structure of a CVT,
lubrication oil is supplied from the side fitted with the seal
and is not actively supplied from the side where the seal
was eliminated. Therefore, the development concept was
defined as explained below, assuming that there would be
no intrusion of large contaminants exceeding the allowable
size.

(1) The sole seal on the lubrication oil supply side must be
able to prevent intrusion of contaminants exceeding the
allowable size.

(2) The elimination of the seal on one side changes the
method of lubricating the rolling elements from being
filled with grease to a lubrication oil supply from the
CVT interior.

(3) In addition to meeting the two conditions above, both
sliding resistance and churning resistance must be

reduced.

4. Development concept validation

4.1 Friction reduction effect

Friction measurement tests were conducted using the
single-side clearance sealed bearing and the dual-side
clearance sealed bearing in order to confirm the friction
reduction effect of the former type. The tests were conducted
using a bearing testing machine to measure friction at a
constant rotational speed of 3,000 rpm. The test results are
shown in Fig. 6.

As mentioned in the preceding section, lubrication oil
that intrudes inside the dual-side clearance sealed bearing
remains there, which presumably causes churning resistance
to increase. In contrast, churning resistance is lower for the

single-side clearance sealed bearing because lubrication oil



NIVRCVTRIEZ US> 3> —IRT Y T DS

; 20% improved

Torque

Dual-side clearance
sealed bearing

Single-side clearance
sealed bearing

Fig. 6 Results of friction measurement

4.2 —=)VBELLICHO REMDERA

= VEBICHE O E D72 TWBRERD Y — LR T
FICRHLT, TEF—NRT)VITTIEY— VT EFEF%
FTW5B7:20, UNRRMEW ORI 5. $&%
VAR TY U BIT A Y- VoRRRELTIE, M3
EEV—NURTV T HFEOBREFRFRIZ, FFETA X%
ZHREGRMEW DOPERREE R LT, BUNRKHED DR
AEHEZRWEHIRTL T2,

Y= VEE LM S DR DR AW THAET S
728, WY A AT D KE L RKHEY ZCVTNERICHE
ALT, ENOHRMED DM AARIZED IR L%
AT L7z. AL RELRRHMEW LB ERIZE DO
rolzizd, Y—IVEE LMD RHEY DR AL
EHIMrL 7z,

4.3 MERBEEE D —)L R E &

RO =N RT)7RMM T ELL—NRT) T
T, X7V TZONEBIZB SN2 THLH720, i
RO HRELTI)—2AZH AL TS, — KT, K
MFEFL—NRTY) TG =T X7 7 eI,
X7V THNEHBA =T TH A0, EEROHIE T
7)) —ATIE %L, CVTH OB EZRD, ¥ —ux
TV 7 EL T L HE %5,

BB — VT EENREE 706, Y-k
Wil 233 %, ZOB, 7)V—2% 1Lzl &
FU—ARTYIZIIBNT, MlAN THRRADOIEER
B W0 % O MBI W AR T 72 EE T 5
FTOMICY—NVOREMNEVHETIREN DL, K

1511

does not remain in the bearing interior. The results in Fig. 6
show that the single-side clearance sealed bearing reduced
friction further by a large 20% compared with the dual-side

clearance sealed bearing.

4.2 Contaminant intrusion resulting from elimination of seal

Because the single-side clearance sealed bearing provides
a clearance for the seal, intrusion of fine contaminants may
increase compared with an existing sealed bearing that
applies a tightening margin to the seal. One condition defined
for the function of the seal of the single-side clearance sealed
bearing is that it must remove large contaminants exceeding
the allowable size to the same extent as the dual-side
clearance sealed bearing. It was judged that the intrusion of
fine contaminants would not be a problem.

An investigation was made of the intrusion of
contaminants from the side where the seal was eliminated.
That was done by injecting large contaminants exceeding
the allowable size into the CVT interior and examining
whether any dents occurred as a result of the contaminants
getting caught between rolling contact surfaces. Because no
dents due to the large injected contaminants were found, it
was judged that there was no intrusion of large contaminants
from the side where the seal was eliminated.

4.3 Seal seizure in initial operation

Existing sealed bearings and the dual-side clearance
sealed bearings are filled with grease as the lubricant for
the rolling elements because the bearing interior is a sealed
space. The single-side clearance sealed bearing, on the other
hand, has an open interior like open bearings. Accordingly,
the method of lubricating the rolling elements in this sealed
bearing has been changed to a lubrication oil supply from
the CVT interior rather than using grease.

In cases where seal clearance is blocked due to dynamic
deformation, the seal and the inner race may come in
contact. There was concern that the seal of the single-side
clearance sealed bearing for which grease was discontinued
might suffer seizure in the interval before lubrication oil
reaches the bearing. Such cases might occur at the start of
operation following bearing assembly or after a long period
of non-operation. To investigate this possibility, the single-
side clearance sealed bearing was coated with anti-rust oil
and left for one month, which took into account the period
for transporting CVTs to market. When the unit was tested
using the final tester, it was confirmed that seizure did not

occur. Because the final test results did not show any seal
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seizure or chipping, it was concluded that changing the
lubrication method would not cause any seizure problem at

the start of operation.

5. Conclusion

A low-friction sealed bearing was developed as one
measure for reducing CVT friction for improving vehicle
fuel economy. Its features are summarized below.

(1) Seal sliding resistance has been reduced by providing
clearance between the seal and the side surface of the
inner race groove.

(2) Churning resistance has been reduced by eliminating the
seal only on one side so that lubrication oil remaining in
the bearing interior can be evacuated.

(3) Friction has been reduced by 20% compared with a
dual-side clearance sealed bearing.

In the course of developing this low-friction sealed
bearing, it was confirmed that there were no dents due to
intrusion of contaminants from the side on which the seal
was eliminated. It was also confirmed that changing the
lubrication method did not cause any side effects such as a

problem of seal seizure at the time of initial operation.
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Summary Accompanying the expansion of CVT ratio
coverage in recent years, the pressure receiving diameter
of the pulley pressure chamber has been enlarged, and
the diameter of the seal ring on the outer diameter of the
chamber has also been increased. However, for the sake
of downsizing, it has been difficult to increase the cross-
sectional area of the seal ring, thereby changing the
relationship between the outer diameter and the cross-
sectional area. The sealing behavior of the large-diameter
seal ring was clarified by fluid analysis and experimentation,

leading to more stable sealing performance.
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1. Introduction

Efforts have been made in recent years to expand
the ratio coverage and reduce the internal friction of
continuously variable transmissions (CVTs) in order to
improve vehicle fuel economy. Expanding the ratio coverage
while maintaining suitable pressure settings has enlarged
the pressure receiving diameter of the pulley pressure
chamber and also increased the diameter of the seal ring
on the outer diameter of the pressure chamber. However, it
has been difficult to enlarge the cross-sectional diameter of
the seal ring owing to the need for downsizing, which has
changed the relationship between the seal ring diameter and
cross-sectional area. As a result, the stiffness of the seal
ring itself has been weakened, making it more difficult to
maintain its true round shape.

A cross-sectional view of a belt CVT (Jatco CVTS)
is shown in Fig. 1. As shown in the figure, the seal ring
functions to maintain the pressure that enables the belt to
generate thrust corresponding to the transmitted torque.
When the engine is started, it is necessary to shorten the
response time until pressure is produced, which is referred
to here as the seal ring response time. However, if the
seal ring joint faces downward at the time the revolving

members stop moving, it has been found that the seal ring
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Fig. 1 Schematic structure of Jatco CVTS8
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response time becomes longer, which presents an issue
needing improvement.

This article describes a study done to clarify the cause
of the longer response time by the large-diameter seal ring
when the joint faces downward. The seal ring behavior
that produces the response was investigated on the basis of
visualization experiment results. Simulation results made
clear the forces acting on the seal ring and the parameters
influencing its response time. The results of visualization
experiments that were conducted to investigate the influence

of the parameters on sealing performance are also presented.

2. Structure of seal ring

The seal ring is made of a high-performance resin
material in order to withstand the harsh sliding contact
environment and discharge its function of maintaining the
pressure as described in the preceding section.

The structure of the seal ring is shown schematically
in Fig. 2. The seal ring is positioned between two parts,
a cylinder and a plunger, that form the pressure chamber
on the same axis of rotation. During shifting, the cylinder
is displaced in the x-axis direction, and a clearance (d) is
provided between the cylinder and the plunger to prevent
their direct contact. The seal ring has a joint structure for
improving ease of installation and enhancing adhesion of
the seal surface. A clearance (R/C) is also provided between
the outer circumference of the seal ring and the cylinder.
Consequently, the displacement that occurs during shifting
and tiny deformation caused by pressure are absorbed by
the sliding action of the seal surface, thereby ensuring
sealing between the two parts.

R/C: Clearance between cylinder and seal ring

|
v ! Cylinder

Seal ring

d: Clearance between cylinder and plunger
Detail Z

X-axis :
.............. ——
"""""""
SECT A-A A

Fig. 2 Structure of seal ring
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3. Sealing behavior

Sealing behavior at the time of the seal ring response
was visualized to clarify the forces acting on the seal ring
and the factors that influence the seal ring response time. A
hypothesis of sealing behavior was formed on the basis of

the results.

3.1 Influence of seal ring joint’s position

The sealing behavior of the seal ring until its response
is illustrated in Fig. 3 for two different joint positions. In
the initial state before pressure is applied, the pressure
chamber is not filled with CVT fluid, and the seal ring
drops downward due to its own weight. Sealing behavior
was confirmed in a state where there was clearance at the
top of the seal ring with the joint closed.

Based on the visualized results, the left-hand diagram
in Fig. 3 illustrates the seal ring response when the joint
faces upward. As the fluid level rises, the seal ring gradually
expands from the bottom along the inner diameter of the
cylinder to complete the sealing behavior.

In contrast, the right-hand diagram in Fig. 3 is for no
response by the seal ring when the joint faces downward. In
this case, the seal ring joint does not move in the direction
to expand the seal ring. It was observed that CVT fluid
leaked from the annular clearance at the top of the seal ring

at that time.

3.2 Hypothesis for seal ring response

The following behavior was assumed from the
visualization results in the preceding subsection when the
joint faces downward. In order to expand the seal ring after
the fluid level finishes rising, hydrodynamic force must act
on the seal ring to displace it upward. To expand the joint,
that force must overcome the friction force acting on the
area of contact with the cylinder inner diameter around the
center of the joint.

Figure 4 shows a simple hydrodynamic model of
the forces acting on the seal ring. When the joint faces
downward, hydrodynamic force acts on the seal ring in
the radial direction. Letting the point where contact begins
between the seal ring and the cylinder represent a boundary,
it is assumed that if the total hydrodynamic force acting
on top of the seal ring to expand the joint is greater than
the friction force that acts on the bottom of the seal ring
to prevent the joint from expanding, the seal ring joint
will expand. Based on this assumption, Figure 5 shows a

Clarification of sealing behavior of large-diameter CVT seal ring
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Table 1 Calculation conditions

Temperature  [*C 10
Flow rate L/min 2.5

1 561

Area of hydrodynamic force acting on seal ring

Fluid level (seal ring doesn't touch cylinder)
@ \\ Hydrodynamic force
'

Annular clearance

i

‘ Direction of movement ‘

Friction force

Area of friction force acting on seal ring
(seal ring touches cylinder)

Fig. 4 Hydrodynamic model of seal ring

Step 1 Step 2 Step 3
Seal ring moves
along cylinder

Hydrodynamic
force acts

Clearance at top
disappears

¢\/¢>

Direction of movement

Annular clearance ‘ ’

Fig. 5 Hypothesized sealing behavior of seal ring

hypothesis for the series of movements by the seal ring until
the sealing behavior is completed in the case where the joint
faces downward.

After the fluid level finishes rising, hydrodynamic force
acts on the seal ring to displace it upward (Step 1). The
entire seal ring then moves upward so as to close the annular
clearance at the top of the seal ring, and the seal ring joint
expands along the cylinder wall under friction force from
the contact surface (Step 2). Subsequently, this movement
continues until the annular clearance at the top of the seal
ring is completely closed and sealing behavior is completed
(Step 3). It is assumed that inducing hydrodynamic force
to act on top of the seal ring to displace it upward is a key
factor for expanding the seal ring joint.

4. Validation of hypothesis

As explained in subsection 3.2, inducing hydrodynamic
force to act on top of the seal ring is a key factor. Therefore,
a fluid analysis was conducted to investigate the influence
of clearances R/C and d shown in Fig. 2 as parameters for
producing hydrodynamic force to displace the seal ring
upward. The degree of their influence on the seal ring

response time was verified experimentally.
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Fig. 7 Hydrodynamic force acting on seal ring

4.1 Analysis conditions

The forces acting on the seal ring were verified using
computational fluid dynamics simulation software. In order
to simulate the state with the joint closed, a cylindrical shape
without a joint was used. Table 1 shows the calculation
conditions. The analysis assumed an initial state with the
seal ring dropped downward by its own weight and with a
clearance present at the top.

4.2 Hydrodynamic force acting on the seal ring

Fluid analyses were conducted under two clearance
conditions denoted as condition A and condition B in Fig. 6.
The horizontal axis shows the angle when the bottom of the
seal ring was 0°, and the vertical axis shows the clearance
distribution on a semicircle. The conditions changed the
size of clearance R/C at the top of the seal ring in relation to
clearance d.

Figure 7 shows the hydrodynamic force acting on the

seal ring in the radial direction at the time the seal ring
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Fig. 9 Pressure on seal ring
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response was completed. The results are summarized at
10° angles. Under condition B where the relationship of
the clearance at the top of the seal ring was R/C > d, the
hydrodynamic force decreased markedly at a position of
180°.

Figure 8 shows the position where pressure was
analyzed, and Fig. 9 shows the pressure distribution on
the circumference of the seal ring. The pressure difference
between the inner and outer circumferences of the seal
ring was small in the interval between 120°, where the
hydrodynamic force decreased markedly under condition B,
and 180°. Accordingly, this indicated that the small pressure
difference was the cause of the decline in hydrodynamic
force.

Figure 10 shows the pressure distribution acting on the
seal ring at the position of 180°. Because the position of
the smallest clearance in the radial direction on the outer
diameter side differed between conditions A and B, it was
found that the pressure loss occurred at different positions.
That difference in the position of the pressure loss caused
the hydrodynamic force to decrease markedly at the 180°

position under condition B.

4.3 Method of verification experiments

Verification experiments were conducted with a test
bench that facilitated evaluation of the seal ring in isolation.
It consisted of the seal ring, cylinder and plunger, as shown
schematically in Fig. 11. The test conditions are shown in
Table 2.

4.4 Influence of R/C and d on seal ring response time

The seal ring specifications were identical, but different
seal rings a, f and y were used to vary clearances R/C
and d, and the seal ring response time was measured. As the
initial condition, the joint faced downward in one state and
was closed in another.

Figure 12 presents the results measured for clearances
R/C and d. It was found that R/C showed large variation
depending on the true roundness of the individual seal
rings.

The measured results for the seal ring response time
are shown in Fig. 13. The results are plotted in relation
to the largest R/C value for the mean seal ring diameter
on the horizontal axis. The results confirmed that the
shortest response time was mostly in the region of R/C<d,
as mentioned in subsection 4.2. However, among the test

conditions conducted with seal ring », a long response
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time of 103 sec. was obtained even for the condition of
R/C<d. The reason for that was presumably because the
hydrodynamic force acting on top of the seal ring weakened
under the influence of the seal ring’s true roundness owing
to the fact that the annular clearance was in a state of R/C >
d over a large range of 120° to approximately 270°.

5. Conclusion

The reason for the longer response time of the large-
diameter seal ring when its joint faces downward was
clarified by fluid analysis and the results were verified
experimentally. The following conclusions can be drawn
from the results obtained.

(1) The results of the analysis revealed that the position
of the pressure loss varied depending on the relative
relationship between clearance R/C and clearance d,
which influenced the hydrodynamic force acting on top
of the seal ring and that affected the opening of the joint.

(2) Verification experiment results indicated that the
seal ring response time became shorter if the relative
relationship between clearance R/C and clearance d was
R/C < d.

Clarification of sealing behavior of large-diameter CVT seal ring
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Summary Wear on the contact surfaces between the
pulleys and belt of steel-belt CVTs was previously an issue
due to material softening caused by heat generation under
high operating loads. Sheave surfaces were traditionally
work-hardened by microshot peening to impart hardness for
withstanding such loads. However, the large investment cost
for installing the specialized equipment used was an issue.
A new pulley material has been developed by adjusting the
Si content so as to secure sufficient hardness by improving

resistance to softening during heat generation.
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Fig. 1 Structural parts of steel-belt CVT"”

1. Introduction

A steel-belt CVT provides smooth shifting and
excellent fuel economy as a result of continuously varying
the engine speed by changing the running radius of the belt
that wraps around the input and output pulleys. As shown in
Fig. 1, the distance between the sliding pulley half and the
fixed pulley half is controlled by hydraulic pressure in the
variator that controls the gear ratio. Arbitrary gear ratios
are obtainable by moving the belt elements in the pulley’s
radial direction (vertical direction in Fig. 2). The contact
surface between the pulley halves and the elements is called
the pulley sheave surface, referred to here as simply the

sheave surface. Torque is transmitted by the friction force

Sliding half Fixed half

Pulley sheave surface\

Element

Steel-belt Clamping force

Fig. 2 Schematic diagram of steel-belt CVT
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that occurs between the elements and the sheave surfaces.

Sheave surface wear is an issue because high contact
pressure occurs on the contact surfaces between the
elements and the sheave surfaces when high torque is
transmitted. Previously, microshot peening was applied to
work-harden sheave surfaces for the purpose of suppressing
wear. However, microshot peening requires specialized
equipment and the difficulty of controlling the process
is also an issue. In this work, we adjusted the silicon (Si)
content of the pulley steel to improve softening resistance
during heat generation. This article describes the newly
developed pulley material that makes it possible to eliminate
the microshot peening process.

2. Clarifying wear phenomenon

2.1 Sheave surface wear

In order to transmit high torque, the clamping force
applied to the pulley halves must be increased to prevent
slipping between the elements and the sheave surfaces.
When high contact pressure occurs at the contact interface
between the elements and the sheave surfaces, it generates
shear stress that induces peeling wear accompanied by the
occurrence of micro-cracks around 10 ¢m in depth. Figure
3 shows the condition of a micro-crack that occurred in a
pulley sheave during a durability test conducted with an
actual steel-belt CVT.

Figure 4 shows the distribution in the depth direction of
the shear stress that occurred on the sheave surface. Because
micro-slipping occurs in addition to the high contact
pressure between the elements and the sheave surfaces,
the highest shear stress occurs on sheave uppermost
surface, which becomes the origin for the progression of
peeling. Consequently, ensuring the hardness of the sheave
uppermost surface was presumed to be an effective measure
against wear, so microshot peening was previously applied

to obtain the desired sheave surface hardness.

Shear stress

0 20 40 60 80 100
Depth from sheave surface (um)

Fig. 4 Shear stress on sheave surface
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2.2 Sheave surface hardness

In order to determine the actual hardness of a sheave
surface subjected to high torque transmission, the hardness
of the sheave surface worn area was investigated following
a durability test. The results shown in Fig. 5 indicate that
sheave surface hardness declined after the test compared
with the initial level before the test. Presumably, micro-
slipping that occurred during the transmission of friction
force between the elements and the sheave surface
generated heat that raised the temperature of the sheave
surface, causing it to soften. Assuming that it was essential
to maintain sheave surface hardness at higher temperatures,
we investigated a measure for ensuring hardness under high

temperatures to replace microshot peening.

3. Determination of pulley material specification allowing

elimination of microshot peening

3.1 Investigation of a measure for improving thermal
softening resistance

As amethod for ensuring sheave surface hardness athigh
temperatures, we investigated a measure for suppressing
high-temperature softening by increasing the Si content of
the pulley steel.” Increasing the Si content would suppress
softening at high temperatures, but there was concern that it
might worsen manufacturability, as will be explained later.
Therefore, we had to determine the minimum necessary Si
content that would not affect manufacturability while at the

same time maintaining sheave surface wear resistance.

3.2 Setting a target value

First, we estimated the highest temperature reached due
to heat generation during the durability test. Measurements
were made of the tempering temperature and sheave surface
hardness, and the results were checked against the decline in

hardness between before and after the test shown in Fig. 5.

1000
900
800
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600

500

Sheave surface hardness
(Hv)

150 200 250 300 350
Tempering temperature (°C)

Fig. 6 Sheave surface hardness and tempering temperature
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The highest temperate generated was estimated to be 250°C,
as shown in Fig. 6. Furthermore, taking into account future
development requirements for CVTs, the maximum allowable
temperature due to heat generation was set at 300°C.

Next, in order to set a target value for sheave surface
hardness, durability tests were conducted for various levels
of sheave surface hardness. Figure 7 shows the concept we
applied for defining the required sheave surface hardness
based on the test results. In order to keep the wear amount
even at the lower limit of sheave surface hardness below the
functional limit of the sheave surface, the median hardness
had to be at least 680 Hv or higher. Therefore, the target

value was determined as 680 Hv.

3.3 Determination of Si content

The next step was to adjust the Si content of the pulley
steel and determine the minimum necessary Si content
for ensuring sheave surface hardness of 680 Hv at 300°C.
Figure 8 shows sheave surface hardness as a function of
the Si content at 300°C. In order to ensure sheave surface
hardness of 680 Hv at 300°C, an Si content specification of
0.9% was determined for the pulley steel.

4. Validation of effectiveness

4.1 Confirmation of sheave surface hardness

Sheave surface hardness was investigated by conducting
a durability test on a pulley made of steel containing 0.9%
Si. The results confirmed that sheave surface hardness
higher than 680 Hv was maintained after the durability test,

as shown in Fig. 9.

4.2 Validation of anti-wear performance

Figure 10 compares the sheave surface wear amounts
after durability tests conducted on pulleys made of
conventional microshot-peened steel and the high Si steel.
For the high Si steel, the wear depth was around that of sheave
surface roughness and no peeling wear was observed. The
wear depth of the high Si steel was approximately the same as
that of the conventional microshot-peened steel. The results
confirmed that wear can be suppressed by maintaining

sheave surface hardness even at high temperatures.
5. Manufacturing issues

5.1 Carburizing condition
The heat treatment process applied to pulleys consists
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of carburizing, quenching and tempering. Increasing the Si
content of the pulley steel would lower the equilibrium carbon
content of the surface. Consequently, under the carburizing
condition used heretofore, the carbon concentration of the
sheave surface would decline, presenting the issue that the
required hardness would not be obtained. To resolve that
issue, the injection frequency of the carburizing gas was
increased so that the quantity of carbon injected was the
same as that for the conventional material. Figure 11 shows
the carbon content of the sheave surface before and after

adjusting the carburizing gas injection frequency.

5.2 Machining conditions

The sheave surface before the heat treatment is finished
by turning, but Si-added steel generally tends to be more
difficult to machine. The cobalt content of the turning tool
material was reduced to lower the tool hardness so as to
prevent damage to the tool during the turning process and
thereby improve its service life.

In addition, in the turning process after the heat
treatment, the cubic boron nitride (CBN) content of the tool
was reduced and the machining conditions were adjusted to
a low spindle speed and a high feed rate for the purpose of
suppressing tool wear.

As a typical example, Figure 12 shows the tool wear
results in the turning process after the heat treatment for
different materials. The improvement measures mentioned

here were effective in reducing the amount of tool wear.

300
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6. Conclusion

This article has presented the development of a high

Si pulley steel for the purpose of securing the anti-wear

performance of pulley sheave surfaces in high-torque CVTs

instead of applying microshot peening. The results obtained
are summarized below.

(I) For high-torque CVT pulleys, the highest allowable
temperature due to heat generation was set at 300°C; it
was clarified that sheave surface hardness of at least 680
Hv was necessary to suppress sheave surface wear.

(2) It was confirmed that adopting a steel containing 0.9%
Si made it possible to ensure sheave surface hardness of
6380 Hv at 300°C.

(3) The results of durability tests conducted on a pulley
made of 0.9% Si steel confirmed that the amount of
sheave surface wear was suppressed to the same level as
that seen for a microshot-peened pulley.

(4) Manufacturability issues due to the increased Si content
were resolved by adjusting the carburizing condition and
machining conditions to ensure manufacturability.
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Influence on gear noise characteristics of micropitting on surface-treated gears
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Summary One issue concerning the durability and
reliability of transmission gears is the occurrence of gear
noise as a result of tooth flank deformation with use.
Micropitting forms on the gear tooth flank after long
periods of driving, causing the tooth flank profile to deform.
As such deformation proceeds, it causes a worsening of
gear noise over time that is discomforting to drivers. This
article describes an effective way found for preventing this
worsening of gear noise over time by applying a fine-particle
manganese phosphate coating treatment to the tooth flank.
This surface modification method prevents abnormal tooth
flank profile deformation that occurs during the progression
of gear meshing. Tests have shown that with the application
of this coating treatment gear noise shows little change even
after long periods of driving, and the factors involved have

been made clear.
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1. Introduction

Further downsizing of automotive transmissions has
been required in recent years in order to improve vehicle
fuel economy and ensure collision safety performance,
among other requirements. This trend has reduced the space
allocated for transmission gears. As a result, it is necessary
to ensure the durability and reliability of transmission gears
under even harsher usage environments.

One issue concerning transmission gear durability is
gear noise caused by deformation of the tooth flank profile
due to micropitting. Moreover, background noise levels
in the vehicle interior have decreased in recent years on
account of advances in tire and engine performance as well
as the effect of vehicle electrification. Consequently, one
requirement for noise performance in recent years has been
a need to improve the quietness of the transmission itself.
For that reason, there have been even stronger demands
to reduce gear noise induced by deformation of the tooth
flank profile with use. In order to satisfy that requirement,
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transmission gears are generally designed so as not to
produce noise due to deterioration resulting from tooth
flank profile deformation. That design requirement is one
factor which hinders the downsizing of transmission gears.

At JATCO, we have experimentally evaluated surface
treatments intended to prevent the worsening of gear noise.
The aim of this work is to improve the tooth flank service
life against deformation caused by micropitting in order to
promote the downsizing of transmission gears. This paper
presents a consideration of the effect of the mechanism
involved in an investigated surface treatment on mitigating

the worsening of gear noise.

2. Characteristics of automotive transmission gears

Automotive transmission gears incur various kinds of
damage depending on the conditions under which they are
used. Tooth root breakage occurs under a condition of high
torque where an exceptionally high load is put on gears.
Scoring occurs under high loads in the boundary lubrication
region where oil film formation is impeded. Pitting and

Drive gear

Fig. 1 Cross-sectional view of Jatco CVT7 and gears of
interest

Table 1 Gear specifications

Drive gear | Driven gear
Module mm 1.812
Center distance| mm 66
Pressure angle |deg. 18
Helix angle |deg.| LH32.8 RH 32.8
Number of teeth| - 32 29
Tip diameter |mm 741 67
Root diameter | mm 63.9 56.8
Face width |mm 18.5 19
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Table 2l2CVT7 DIt A RER S %R 7.

Table 2 Durability test conditions

Drive gear torque 150 Nm

Drive gear speed 4500 rpm
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Fig. 2 Condition of tooth flank damage
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micropitting occur at low to medium loads under a mixed
lubrication regime.

The manner in which vehicles are generally driven
in the real world often involves operation at high engine
speeds under low to medium loads. The first damage mode
that develops under such conditions is micropitting. When
micropitting occurs, the flank profile is deformed, thus
reducing the area of contact on the tooth flank. As aresult, the
contact pressure increases and pitting occurs accompanied
by the peeling off of large pieces of material. Even if
the contact pressure does not rise so high, contaminants
generated by micropitting may be caught between meshing
tooth flanks, giving rise to pitting that can sometimes also
result in the functional failure of a gear. In addition, before
functional failure due to pitting occurs, deformation of the
tooth flank profile induced by micropitting can cause gear
noise to worsen, which can also result in functional failure
of a gear.

This study focused on cases in which the worsening
of gear noise leads to functional failure of a gear. The
mechanism causing such failure was investigated along
with examining a surface treatment process for mitigating
1t.

2.1 Gear pair of interest

The gear pair of interest examined in this study was the
primary reduction gear pair of the Jatco CVT7. Figure 1
shows a cross-sectional view of the CVT7 and the gear pair
of interest. The specifications of this gear pair are given in
Table 1.

2.2 Conditions of gear failure

Gear durability under conditions of real-world use is
evaluated by conducting tests using a transmission and
meshing a gear pair at a certain specified input speed and
torque. The cumulative number of revolutions to failure of
the gear pair is measured. Table 2 shows the durability test
conditions applied to the CVT7.

In the durability tests conducted under these conditions,
micropitting and concave shape occurred in the tooth
root of both the drive gear and driven gear. The concave
depth increased with a longer test time. Figure 2 presents
photographs showing the condition of the tooth flank
of both gears after 100 hrs. of testing. Also shown are
scanning electron microscope (SEM) images of the places
with the largest amount of concave depth. It is observed that

the tooth flanks became rough due to micropitting.
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3. Influence on gear noise of gear flank profile

deformation due to micropitting

The following mechanism is assumed to cause gear
noise performance to worsen due to micropitting. The
peeling off of material from tooth flanks forms concave
shapes, accompanied by the roughening of meshing tooth
flank surfaces. Deformation of the relative tooth flanks
causes discontinuous gear meshing, resulting in the
worsening of gear noise performance.

Figure 3 shows the relative tooth flank profiles before
and after the durability tests. It is observed that micropitting

caused large deformation of the relative tooth flank profile.
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Table 3 Characteristics of surface treatment

Conventional manganese
phosphate treatment sample
(Conventional treatment)

Fine-particle manganese
phosphate treatment sample
(Fine-particle treatment)

Average particle size

approx.

Surface quality

10 ym

approx. 3 ym
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Figure 4 shows the effect of relative tooth flank error on the
motion curves. It is seen that the motion curves after the
durability test show pronounced irregularities compared
with those before the test. It was found that the difference
caused gear noise to worsen by 9 dB after the test compared
with the level before it, as indicated by the vibromotive
force waveforms in Fig. 5.

In this study, we investigated the possibility of applying
a surface treatment to reduce this worsening of gear noise
caused by micropitting. A mechanism for suppressing
the worsening of gear noise was examined on the basis

of the relative tooth flank profile after the occurrence of

Fine-particle treatment
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Fig. 6 Measured gear noise results before and after durability tests for different surface treatments
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micropitting.

Three types of test pieces were used as gear pair
samples in this study. One type was the gear pair shown
above without any surface treatment, which is referred
to here as the non-surface treated sample. Another type
was a gear pair given a manganese phosphate coating
treatment, referred to here as the conventional treatment
sample. A third type was a gear pair given a manganese

Influence on gear noise characteristics of micropitting on surface-treated gears
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phosphate coating treatment using finer particles than in
the conventional treatment; this type is referred to here as
the fine-particle treatment sample. Table 3 compares the
characteristics of the conventional treatment sample and

the fine-particle treatment sample.

3.1 Effect on gear noise of different surface treatments

The CVT?7 transmission mentioned in subsection 2.2
was used to conduct durability tests on the three types of
gear pair samples. The gear noise levels measured before
and after the durability tests are shown in Fig. 6.

For the non-surface treated sample, gear noise increased
by 9 dB after the test compared with the level before it. In
contrast, the gear noise level of the conventional treatment
sample increased by 4 dB and that of the fine-particle
treatment sample was virtually at the same level. As the
results indicate, the application of the surface treatments
had the effect of mitigating the worsening of gear noise. For
the fine-particle treatment sample in particular, excellent
results were obtained after the durability test with no

worsening of the gear noise level.
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3.2 Tooth flank analysis following micropitting

The motion curves of the conventional treatment and
fine-particle treatment samples were then investigated
based on their relative tooth profiles that were calculated
from the measured gear accuracy following the durability
tests. That was done to validate the effect of the surface
treatments on mitigating the worsening of gear noise.

The measured gear accuracy results for the conventional
treatment and fine-particle treatment samples after the
durability tests are shown in Fig. 7. The relative tooth flank
profiles and motion curves of these two samples are shown
in Figs. 8 and 9, respectively.

As shown in Fig. 7,concave shape caused by micropitting
also developed on the tooth root of these two surface-treated
samples. However, despite the occurrence of concave shape
due to micropitting, the contour maps of the relative tooth
flank profiles following the durability tests are smoother
in the order of the conventional treatment sample and the
fine-particle treatment sample than those of the non-surface
treated sample shown in Fig. 3. Accordingly, their motion
curves are also smoother than those of the latter sample.

Non-surface treated

Conventional

Fine-particle
treatment

Surface

treatment
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Cross | o | e e
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Fig. 10 Condition of micropitting on tooth flank of each sample
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These results confirmed the validity of the measured

gear noise levels before and after the durability tests.

3.3 Mechanism mitigating the worsening of gear noise

Despite the concave shape of the tooth root due to
micropitting following the durability tests, the tooth flank
profiles were smoother in the order of the non-surface
treated sample, conventional treatment sample and the fine-
particle treatment sample. This section explains the reason
for that result.

The results of SEM observations of the micropitting
condition on the tooth flanks of each gear pair sample
following the durability tests are shown in Fig. 10. The

Influence on gear noise characteristics of micropitting on surface-treated gears
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upper images present the observation results for the tooth
flank surface where micropitting occurred, and the lower
images show the observation results for a cross section cut
from the tooth flank. The results indicate that the space
between cracks was narrower and crack propagation was
shallower in the order of the non-surface treated sample,
conventional treatment sample, and fine-particle treatment
sample. In other words, it can be inferred from these results
that the pieces of material peeled off from the fine-particle
treatment sample were the smallest.

The mechanism that makes the pieces peeled off from
the fine-particle treatment sample smaller is explained
next in relation to the concept illustrated in Fig. 11. The
conventional treatment sample is shown on the left side and
the fine-particle treatment sample on the right side.

The top row shows the tooth flank surface condition
of the samples given the respective surface treatment.
Particles form in the etching pits on the surface. The size of
the particles formed, including the size of the etching pits,
differs between the fine-particle treatment sample and the
conventional treatment sample.

The middle row shows the surface condition in the initial
stage of meshing. As indicated in the figure, the manganese
phosphate on the surface is removed by meshing.

As meshing proceeds, it produces the condition shown
in the bottom row. As seen in the figure, the manganese
phosphate in the etching pits is also removed. When this
condition is reached, cracks begin to propagate from the
pillars of the etching pits.

Accordingly, it is assumed that when the pillars are
small, the pieces of material that peel off are also finer. In
other words, forming etching pits by the surface treatment
process makes the peeled-off pieces smaller. Presumably,
the effect on making the pieces finer increases as the
etching pits become smaller.

Because large pieces of material peel off in the case of
ordinary micropitting, the concave shapes that subsequently
form as a result do not neatly overlap. Consequently, the
relative tooth flank profile becomes rougher, which causes
gear noise to worsen.

In contrast, for the fine-particle treatment sample, the
pieces of material that peel off can be made finer, so the
concave shapes induced by micropitting become smoother.
As a result, the concave shapes of the drive gear and driven
gear overlap nicely, which prevents deformation of the
relative tooth flank profiles. It is inferred that the motion

curves do not become rougher and gear noise does not
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worsen as a result.

As described here, the worsening of gear noise
performance for a gear pair that suffers concave shape of
the tooth flank profiles due to micropitting depends on the
size of the pieces of material that peel off. This indicates
that an effective way to prevent the worsening of gear noise
performance is to make the pieces of peeled-off material

from the tooth flank smaller in size.

4. Conclusion

This study made clear the following points concerning
the worsening of gear noise performance due to concave
shape of the tooth flank profile by micropitting.

(1) The size of the pieces of material that peel off is related
to how much gear noise worsens. If fine pieces of
material peel off, the relative tooth flank profiles are
not substantially deformed even after micropitting
occurs. Accordingly, because smooth motion curves
can be maintained, the worsening of gear noise can be
prevented.

(2) The application of a fine-particle manganese phosphate
coating treatment to gear pairs makes it possible to
reduce the size of the pieces of material peeled off by
micropitting.

As explained here, the application of this fine-
particle manganese phosphate coating treatment prevents
the worsening of gear noise due to tooth flank profile
deformation and thus contributes to facilitating the

downsizing of transmission gears.

Ryohei SAITO

Yoshitomo SUZUKI

1751

Kouji MATSUO

Influence on gear noise characteristics of micropitting on surface-treated gears

1 76 1



AT RS Technical Report

FR—

=2V TREICBITLEE AR B

Simulation of tooth flank profile in the gear honing process

N

Kouji MATSUO

A

s

Yoshitomo SUZUKI

A B

Kenichi FUJIKI

P # HHEHNEO[ AT = B0 = £y
R—o V7 |OBETRIIBWT, RETETHALFY
A==V T OGN EZ2R L7280, FRLAXTY O K%
T B EVBEIMEE L HERH LN, FXY K==
BICHEEE T 27— WTIE IR E S ITHONnEwn
VDB 5.

ZZT, KiFETIE, FLAFYOHEERIRET —2
IR D BRE RN TED VI —Tav e E R, FEhk
MGEL, FLAFXY B OT =7 IR R IT 52

ERMICHSDICL2DOTHE T 5.

Summary Automotive transmission  gears  are
manufactured in a sequence of processes consisting of
hobbing, heat treatment and gear honing. One approach to
improving the quality of gear honing in the last process is to
increase the number of dressing gear teeth over that of the
workpiece. However, this gives rise to the problem that the
targeted tooth flank profile of the workpiece following the
gear honing process is not easily obtained.

Therefore, in this study, we developed a simulation
for analyzing the relationship between the tooth flank
profile of the dressing gear and the tooth flank profile of
the workpiece. This article describes the experimental
validation of the simulation and the influence of the number
of dressing gear teeth on the workpiece tooth flank profile,
which was clarified quantitatively.

1. IFC®IC

P 3l B A B LA, B e B LA KT AT
ELIME CTIRAETEZEDROLN TS, ZOH
RIZIB AL, IXhaTi, FY /A4 X&54H R
LT, BB BZEOML EF LETHLFYA—=0 0%

PAILCE72, [RT7 T B =¥y f—=> ]
DT L ADHHIE AT, Fefd TAEEHHF Y A—

=T THRTHOARLAF Y OREEICREUKAF LTS
0, ZOREBEOMEFAE BASEH B RA VN5,
CORVAFY DR EXZEIE LI, FLAFYO
FHavm L, $hbbFAYEINER - BAEHI N2
T BIENTRENTWD, ZOEETEELT, FL
AXY W e RELTHIED DD, I, T HEHW
ER D720, Fig. WRT I, (1) FLAFY D1k
HIVOHFEEZRSL, YAV EVRERHEZNZLIE
R (2) FAXEVNEAE D EGG LT D 5 ¥ o6 ki JE % By
RLLTHAYEVREAHAINEZINZLZEZMH>T WD,

1. Introduction

The requirements for automotive transmission gears
include low noise, low manufacturing cost and stable
quality. To meet these requirements, at JATCO we have
adopted a honing process for finishing gears following heat
treatment as a measure for eliminating the sources of gear
noise. The accuracy of finished gears manufactured in a
series of hobbing, heat treatment and gear honing processes
greatly depends on the accuracy of the dressing gear used
in the gear honing process. Maintaining and managing that
accuracy is an essential task.

Ensuring stable dressing gear accuracy involves
improving the gear tool life, which requires suppressing
wear and peeling of the electrodeposited diamond abrasive
grains. In order to extend the tool life, it is necessary to
increase the number of dressing gear teeth. As shown in
Fig. 1, the following two key points are essential to increase
the number of dressing gear teeth. First is to reduce the
amount of work done per tooth, thereby suppressing
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Fig. 1 Measures for improving dressing gear service life
Reduce the amount of work done per tooth by increasing
number of dressing gear teeth

(2) | Increase thickness of tooth
tip where electrodeposition
of diamond grains is the

weakest P
Electrodeposited

diamond grains

diamond grain wear. Second is to increase the thickness of
the tooth tip where the electrodeposited diamond abrasive
grains are the weakest, which prevents peeling of the grains.
However, if the numbers of dressing gear teeth and
workpiece teeth differ, a lot of trial and error is needed to
determine the tooth flank profile of the dressing gear, with
the result that the targeted workpiece tooth flank profile
after the honing process may not be obtained. Two factors
can be cited as the cause of this problem. One is that the
effect of the gear specification parameters on the workpiece
tooth flank profile is not known quantitatively. The second
factor is that the effect of the tool design parameters on the
workpiece tooth flank profile is not known quantitatively.
Therefore, in this study we developed a simulation to
enable us to determine the tooth flank profile of the dressing
gear at the preliminary study stage even in cases where the
numbers of dressing gear teeth and workpiece teeth differ.
The effectiveness of this simulation was validated on the

basis of prototype gear honing experiments.

2. Simulation of tooth flank profile in gear honing

The tooth flanks of automotive transmission gears
are modified to meet the requirements for strength, noise
and vibration. Simulations of the tooth flank profile in the
gear honing process have been investigated in previous
studies, @ but tooth flank modification was not taken into
account. In cases where the numbers of dressing gear teeth
and workpiece teeth are the same, there is no problem if
the simulation does not consider tooth flank modification
because the tooth flank profiles of the dressing gear and
workpiece are identical. However, when the numbers of
dressing gear teeth and workpiece teeth differ, it is necessary
to have a simulation that takes tooth flank modification into
account because their tooth flank profiles are not the same.



FYR—=2F TRICBIT2EE KRR

21 Zab—a FlE
PRIy 32—y aroFIEYERT.
OFVAFY OB HUR BE, F721 3920 L 72 ok T 2
K25, Fig. 312 $ I T~ i b oo g 1 248
JnEEE RO S, FLAFY O - A
PHIL, 77— 27 BRTE + o A A A 8 PR L e s 9 & T -
RO E LT 5.

Tooth profile
evaluation
range

Root Tooth trace

evaluation
range

Fig. 3 Tooth flank normal direction deviation as seen on
grid points

QT HijZ &L ERIE T MOF 0+ 1) E A0, Bl
PRy, HIEER T SRy, £ HARHE
kji~ku e LT+ D) IV IR TR EHRE,
T D% HRAREE KD B, Tk s T4 1 B
s, &3 5.

IR BV Bk i (2 18 e, P TR EE AR T 1M iR 2 2y, 25 0H
KRB E R, ~h,. 2 LT+ 1) TCHE 1R X%
fiE%, B 0% HAR A KD, hzlifh
il T B Bes B .

@I E O TORT Tl B £, ol
MR s 28T 5.

GNL A 8 1 I IR 2> SR AT 8 18 T IR O fE AT % 17
9. KT BT OB LR T R 2 (s, +s) ZHZEL
7 ERE P &R D, PRSIV & HAT
RO MnZ B8 INT 5. PRk R RIS L7
JERE %P2, P,OMEENTMVWY ERIL,

n:(V,-V,)=0 (1)
DHPRA G 72T R AF Y [0l #% /2 5
FRATIC XD R, PAZKE IS 3 2 A A7 JEE A pii Py
ET 5 INEETORKFRTRDIUL, FLAF
B T T IRISR IS 3~ 26 bR T IR % AT CT& 5.

O A7 B AR A S, 7 — 2 vk T AR IEAT 247 9).
AT F IO~ E MR TH B8, WK H 2554
B EANDFNT L) AR D,

1 791

Therefore, the newly developed simulation is designed
to take into account tooth flank normal direction deviations,
i.e., gear accuracy, including profile slope deviation (FA),
profile form deviation (FFA), tooth trace slope deviation
(FH) and tooth trace crowning (CRN). It can also be applied
to a biased tooth flank profile. In addition, the tooth flank
profile can also be simulated from the measured tooth flank
profile of the dressing gear. The input and output parameters
considered in the honing simulation are shown in Fig. 2.

2.1 Simulation procedure
The simulation procedure® is explained below.

(1) As shown in Fig. 3, the tooth flank normal direction
deviation is found on grid points ij from the targeted
gear accuracy of the dressing gear or from the measured
tooth flank profile. The evaluation range of the dressing
gear tooth profile and tooth trace is the diameter and face
width position corresponding to the evaluation range of
the workpiece tooth profile and tooth trace.

(2) A polynomial coefficient in the tooth profile direction is
found by solving an (n+1) original simultaneous linear
equation from the leading and trailing grid points (n+1)
in the tooth profile direction, including a certain grid
point ij. The notation X is the theoretical normal length,
y is the tooth flank normal direction deviation and k
- k,.,; is the polynomial coefficient. This coefficient
is referred to here as the tooth profile interpolation
function Sp.

(3) Similarly, a polynomial coefficient in the tooth
trace direction is found by solving an (n+1) original
simultaneous linear equation where x is the face
width position, y is the tooth flank normal direction

deviation and h, —h is the polynomial coefficient.

n+l)j
This coefficient is re(fernred to here as the tooth trace
interpolation function S .

(4) The tooth profile interpolation function S, and the tooth
trace interpolation function S, are calculated at all the
grid points on the tooth flank.

(5) The honing wheel tooth flank profile is simulated
from the dressing gear tooth flank profile. We find a
coordinate point P, that takes into account the tooth
flank normal direction deviation (Sp + S) at the grid
points and calculate the velocity vector of P, .V, and the
unit normal vector n,. P, is converted to the coordinate
point P, in the honing wheel coordinate system and the
velocity vector V, of P, is calculated. The rotational

angle of the dressing gear that satisfies the meshing
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condition of

n (V- V) =0 (1)
is found by numerical analysis, and the honing wheel
coordinate point P, that corresponds to P, is determined.
If this is calculated at all the grid points, the honing
wheel tooth flank profile corresponding to the dressing
gear tooth flank profile can be simulated.

(6) The workpiece tooth flank profile is simulated from the
honing wheel tooth flank profile. The simulation method
is the same as that explained in steps (1)-(5) above, but
the simulation is performed for an external gear from an

internal gear, which is different.

2.2 Example of tooth flank profile simulation

As an example of a tooth flank profile simulation,
Figure 4 shows the results of a simulation conducted for
the workpiece tooth flank profile, using the specifications
of the secondary reduction gear of a CVT used on midsize
vehicles. As indicated in the figure, the results show that
the dressing gear tooth flank profile and the workpiece
tooth flank profile do not coincide when the number of
dressing gear teeth exceeds the number of workpiece teeth.

It will be noted that this tooth flank profile simulation
was conducted in the order of the dressing gear = honing
wheel = workpiece. It is also possible to run a simulation
in the opposite order of the workpiece = honing wheel =
dressing gear.

However, when a simulation is performed in the opposite
order, the dressing gear may sometimes have a complex
tooth flank profile with a concave or convex form depending
on the gear specifications of the workpiece and tool. This
gives rise to a problem that the dressing gear is not easy
to manufacture. Accordingly, in order to supply dressing
gears of excellent quality at low cost in mass production
operations, simulations should be conducted in the order of
the dressing gear = honing wheel = workpiece.

Table 1 Gear and tool specifications

Target | Honing |Dressing
gear wheel gear
Module mm 2.48 — —
Pressure angle | deg. 19 — —
Helix angle | deg. |28.0 (LH)|38.31(LH)28.0 (LH)
Number of teeth| - 23 83 37
Tip diameter | mm 719 [252.869 | 112.3
Root diameter | mm | 58.239 | 263.675 97.1
Face width mm 35.9 50 61

Crossing angle | deg.| 10.05 | 10.00
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3. Simulation validation based on actual honing experiments

Honing experiments were conducted to validate the
newly developed simulation. The target workpiece used in
the experiments was the secondary reduction gear of the
Jatco CVTS. The specifications of the target gear and the
tools used are given in Table 1. The number of dressing gear
teeth was 37, which is the number of teeth used in mass
production in cases where the number of dressing gear teeth
is increased. The number of honing wheel teeth and the axis
crossing angle were the same as the specifications used in
mass production.

Two types of honing experiments were conducted on a
synchronous gear honing machine. Because we previously
experienced that a concavity occurred in the tooth trace
direction when the tooth trace crowning (CRN) of the
dressing gear was small, two types of dressing gears were
manufactured aimed at achieving CRN =3 ym and CRN
= 5 um. In this validation exercise, the accuracy of the
dressing gear was measured, and the measured workpiece
tooth profile and tooth trace were compared with the
simulated data on the basis of the measured gear accuracy.
The experimental data when aiming for CRN =3 um and
CRN =5 um are shown in Figs. 5 and 6, respectively.

Both figures show the measured data for the tooth profile
and tooth trace of the dressing gear, the measured data for the
tooth profile and tooth trace of the workpiece, the simulated
data for the tooth profile and tooth trace of the workpiece and
a comparison of the measured and simulated gear accuracy.
The results in Figs. 5 and 6 confirmed that the dressing gears
were manufactured with the intended CRN.

These results confirmed that there was good agreement
between the measured and simulated tooth flank profile,
between the measured and simulated tooth trace profile,
including the concavity, and also between the measured and
simulated gear accuracy. Accordingly, the results validated
the newly developed simulation.

4. Simulation-based parametric study

The newly developed simulation was applied to analyze
the effect of the gear specification parameters and the tool
design parameters on the workpiece tooth flank profile. The
purpose of this simulation-based analysis was to ensure that
the targeted workpiece tooth flank profile can be obtained

even in cases with different numbers of dressing gear teeth

Simulation of tooth flank profile in the gear honing process
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and workpiece teeth. The target workpiece analyzed was
the secondary reduction gear of the CVT8 mentioned in
section 3. Based on the target gear specifications in Table 1,
the various parameters were varied to investigate the effects
of the following five factors: (1) the number of dressing gear
teeth, (2) the number of honing wheel teeth, (3) the axis
crossing angle, (4) the pressure angle and (5) the helix angle.
The following values were set for the gear accuracy of the
targeted workpiece tooth flank profile in all the analyses:
FA =0 yum, FFA =3 um,FH =0 um, CRN =3 um
and with no tooth flank bias. A simulation was conducted to
analyze the dressing gear accuracy and tooth flank profile
needed to obtain this gear accuracy. The analysis conditions
are listed in Table 2.

4.1 Effect of the number of dressing gear teeth

Figure 7 presents the analysis results for the effect of
the number of dressing gear teeth. The upper row shows
the dressing gear tooth flank profiles calculated for
different numbers of teeth with the aim of obtaining the
targeted workpiece gear accuracy. The bottom row shows
the workpiece tooth flank profiles obtained in the analysis
conducted with dressing gears having these tooth flank
profiles.

The results indicate that the dressing gear must have a
biased tooth flank when the number of dressing gear teeth
exceeds the number of workpiece teeth. It was confirmed
that the amount of tooth flank bias must be increased as
the number of dressing gear teeth is increased, as was
done under analysis conditions b, a, ¢, and d. The results
also make it clear that CRN must be increased to a level
greater than the target value for the workpiece as the
number of dressing gear teeth is increased. However, as
seen for analysis condition d, when the number of dressing
gear teeth was increased to just before the occurrence
of trimming interference, a concavity occurred in the
workpiece tooth trace and the targeted tooth trace profile
was not obtained even though the dressing gear CRN was
increased. In contrast, the results also show that the effect
on FFA was small when the difference between the dressing
gear and the workpiece was less than 0.2 um even though

the number of dressing gear teeth was increased.

4.2 Effect of the number of honing wheel teeth
Figure 8 shows the analysis results for the effect of the
number of honing wheel teeth. The results indicate that as

the number of honing wheel teeth is reduced, as was done
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under conditions g, f, a and e, the amount of tooth flank bias
and CRN of the dressing gear must be increased.

This means that even in cases where the number of
dressing gear teeth exceeds that of the workpiece, the
accuracy of the dressing gear approaches the targeted gear
accuracy of the workpiece as the number of honing wheel
teeth is increased.

However, when the number of honing gear teeth
is reduced to just before the occurrence of trimming
interference, as was done under analysis condition e, a
concavity occurs in the workpiece tooth trace and the
targeted tooth trace profile is not obtained even though
CRN of the dressing gear is increased. The results also
show that the effect on FFA was markedly small, as was

seen in subsection 4.1.

4.3 Effect of the axis crossing angle

Figure 9 shows the analysis results for the effect of the
axis crossing angle. The results confirm that as the axis
crossing angle is increased, as was done under conditions
h, a,1 and j, the amount of tooth flank bias and CRN of the
dressing gear must be increased.

This indicates that in mass production operations where
the axis crossing angle changes every time the tool is
dressed, the gear accuracy of the workpiece will vary from
the time of a new honing wheel to the end of its tool life.

In addition, when a dressing gear is designed with
a small CRN, a concavity will develop in the tooth trace
profile of the workpiece as the honing wheel approaches
the end of its tool life due to repeated dressing even though
there is no such concavity in that location with a new honing
wheel. Similar to the results in subsection 4.1, it was found
that the effect on FFA was very small.

4.4 Effects of the pressure angle and helix angle
The results confirmed that the tooth flank bias and
CRN must be increased as the pressure angle is increased,

as was done under analysis conditions k, 1, a and m, and

Simulation of tooth flank profile in the gear honing process
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also as the helix angle is increased, as was done under
analysis conditions n, o, a and p. Like the results described
in subsection 4.1, it was found that the effect on FFA was
very small.

The analyses presented in this section made it clear that
the tooth flank profile of the dressing gear must be suitably
changed to match the workpiece gear specifications even in
cases where the targeted workpiece tooth flank profile is the

same.

5. Conclusion

We developed a simulation for analyzing the relationship
between the tooth flank profile of the tool and that of the
workpiece. The simulation was validated on the basis of
prototype gear honing experiments. In addition, the use of
this application makes it possible to determine the tooth
flank profile of the dressing gear at the preliminary study
stage, which shortens gear manufacturing lead time by over
one month. The effects of gear specification parameters and
tool design parameters were clarified, making it possible to
define the numbers of dressing gear teeth and honing wheel
teeth so that no concavity occurs in the workpiece tooth
trace. This makes it possible to improve the dressing gear
tool life by over two months.
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Coolant nozzle optimization for avoiding grinding burns on CVT pulley ball grooves
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Summary There is a need to shorten the cycle time
for grinding CVT pulley ball grooves, but it is necessary to
prevent resultant grinding burns. This article describes the
development of a coolant nozzle that provides robust cooling
performance against unbalanced grinding allowance. The
nozzle was optimized based on a detailed analysis of the
grinding zone by applying a method for measuring the

grinding temperature.
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Fig. 1 Cut-away model of a CVT

1. Introduction

As demand for continuously variable transmissions
(CVTs) has grown in recent years, there has been a need
to shorten the machining cycle time of the pulleys that are
key component parts of CVTs (Fig. 1). Pulleys consist of
a fixed half and a movable half for transmitting power via
a belt. Sliding the movable half to continuously change
the reduction ratio accomplishes stepless shifting. The
ball grooves described in this article function to guide the
movable half as it slides. The ball groove grinding process
is a bottleneck for shortening the pulley cycle time, making
it necessary to increase the feed rate. However, that could
cause the grinding allowance to become unbalanced for
various reasons, thereby generating more heat which might
give rise to grinding burns. Suppressing the occurrence of
such grinding burns has been an issue.

In this work, the grinding zone was analyzed in detail
using a method previously proposed by the authors for
measuring the grinding temperature.” A coolant nozzle
was developed that provides robust cooling performance
against unbalanced grinding allowance.? As a result of
applying this nozzle, the occurrence of grinding burns has

been suppressed.
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Table 1 Judgment of grinding burns

Burn judgment Thermocouple temperature
(a) No burn under 50C

(b) Slight burn 50C to under 100C

(c) Burn 100C or higher

Martensite
layer

Martensite
layer

(b) Slight burn

(a) No burn

Fig. 3 Cross-sectional photos of grinding burns

(c) Burn

1 381

4= Downcut|

Grinding
wheel

Traverse
grinding

Fig. 2 Schematic diagram of ball groove grinding

2. Method of machining ball grooves

Figure 2 is a schematic diagram showing the ball groove
grinding process following heat treatment. The machining
method consists of applying traverse grinding and downcut
grinding to the upward rounded portion from the groove
entrance.”’ Shown on the right side of the figure is a cross-
sectional view of the contact zone between the grinding
wheel and ball grooves. The hatched portion indicates the

grinding allowance.

3. Method of evaluating grinding burns

The method of measuring the grinding temperature
proposed by the authors is used in evaluating grinding
burns. This method makes it possible to measure the
mean temperature® near the grinding zone while varying
various conditions that occur during grinding including
heat generation and cooling by the coolant, among others.
The results of tests conducted with a grinding temperature
measurement system revealed that the temperature rise in the
grinding zone and grinding burn severity correlate with the
depth of the martensite layer. The criteria for judging grinding
burns are shown in Table 1 and Fig. 3. They are divided into
three categories: (a) no burn, (b) slight burn and (c) burn.

4. Factors influencing grinding temperature

Figure 4 shows a cause and effect diagram of the
grinding temperature in ball groove grinding. The factors
influencing the grinding temperature can be broadly
divided between heat generation and cooling performance.
The factors affecting heat generation include the grinding
speed, grinding depth, feed rate and grinding allowance.
Among them, the grinding speed, grinding depth and
feed rate are conditions fixed by NC control. However,
unbalanced grinding allowance occurs in actual mass

production operations due to various causes and its
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Fig. 4 Cause and effect diagram of grinding temperature

influence is presumed to be large. As shown in Fig. 5, the
causes of unbalanced grinding allowance are assumed to
be groove phase indexing error er and spindle positioning
error in the Z-axis direction €. The combined value of —
e, and e_is defined as the right-left side balance error of
the ball grooves €. The right-left side balance error of the
ball grooves e is positive in the direction of increasing
grinding allowance on the right side. Cooling performance
varies depending on the cooling condition obtained with
the coolant. Three basic factors are the coolant discharge
positions, flow velocity and flow rate. These factors are
influenced by the nozzle layout, nozzle flow passage design
and the pump discharge capacity. In this work, we focused
on the two factors of the coolant discharge positions and
flow velocity, which could be addressed by improving the

nozzle.

5. Effect of groove right-left side balance error on grinding

temperature

In the preceding section, unbalanced grinding allowance
was considered to have a large effect on heat generation.
Presumably, that is caused by variation in the contact
condition and contact arc length between the grinding wheel
and the ball grooves due to groove right-left side balance
error €. As shown in Fig. 2, ball groove grinding involves
compound curve contact between the form grinding wheel
and the ball grooves with their two-stage R shape. The
contact condition and contact arc length were examined
in detail using a 3D-CAD program. A schematic diagram
of the visualized contact is shown in Fig. 6. The hatched
portions are the contact zone. Consider that R and L, define

Coolant nozzle optimization for avoiding grinding burns on CVT pulley ball grooves
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Table 2 Contact zone (Detail A in Fig. 6)
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Balance error e, gm -100, 0, +100
Direction of rotation Downcut
Grinding speed m/s 46.1
Grinding depth mm 0.26
Feed rate mm/min 200

Vitrified bond CBN wheel ¢ 55 (#170)
Soluble dilution ratio 6.5%, 20C
27.0 L/min , Max 2.0 MPa

Direction of rotation

Grinding wheel

Coolant pump

the initial contact points between the grinding wheel and the
right and left sides of a ball groove at the start of grinding
and that 1 is the contact arc length at that time. As shown
in Table 2, the contact arc length increases by A1 when
groove right-left side balance error e, occurs. Accordingly,
a test was conducted to confirm the relationship between the
contact arc length and the grinding temperature by applying
groove right-left side balance error €.

The measured temperature results are shown in Fig. 7
and the grinding conditions used are listed in Table 3. The
horizontal axis is the groove right-left side balance error and
the vertical axis is the thermocouple temperature. Among
the grinding temperature data found from the latter, the
maximum temperature Tmax on the right and left sides is
plotted in relation to the balance error . It is seen that the
grinding temperature on the right side rose to 122°C when
e, was +100 um. This corresponds to the longer contact arc
length on the right side of the groove due to the groove right-
left side balance error ¢ . The same was true on the left side
of the groove. In other words, the results indicate that the
change in the contact arc length caused by the groove right-

left side balance error € sensitively influences the grinding
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Fig. 8 Schematic diagram of the conventional nozzle
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Fig. 9 Flow passage pressure loss and flow velocity of the
conventional nozzle

temperature rise. It was inferred from this that reducing the
temperature rise required a review of the cooling condition
provided by the coolant. Therefore, the influence of the

coolant nozzle specifications was confirmed.
6. Issues concerning conventional nozzle

Figure 8 is a schematic diagram of the conventional
nozzle. The grinding wheel is frequently changed in this
grinding process, and it is necessary to slide the nozzle
vertically temporarily in order to remove and attach the
grinding wheel when it is changed. A gate-shaped nozzle
was adopted that has high repeatability and positioning
accuracy. Cooling performance issues, meanwhile, are
explained below.

(1) Coolant discharge positions

With the conventional nozzle, coolant is discharged
from a far position toward the area around the ball grooves,
strikes the grinding wheel surface and is supplied to
the contact zone owing to entrainment by the wheel to
accomplish indirect cooling action. Because of the long
distance from the coolant discharge port to the ball grooves
and the tendency for the coolant to disperse over a wide
area, the coolant flow rate at the contact zone decreases. In
addition, the targeted position of the coolant does not take
into account the change in the contact arc length due to the
groove right-left side balance error €.

(2) Coolant flow velocity

The pressure loss inside the nozzle at the time of coolant
discharge and the coolant flow velocity at the discharge exit
were calculated by simulation and the results are shown in

Fig. 9 for the conventional nozzle. The discharge capacity of
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Fig. 10 Schematic diagram of the improved nozzle
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Table 4 Coolant discharge positions of the improved nozzle
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Fig. 11 Flow path of the improved nozzle
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Fig. 12 Flow path pressure loss and flow velocity of the
improved nozzle

the pump was 2 MPa and 27.0 L/min. Because of the large
number of discharge ports and the large cross-sectional
area of the flow passage, the pump discharge pressure did
not rise and the coolant flow velocity declined (13.3-15.5
m/s). Even if the cross-sectional area of the flow passage
was made smaller, the presence of many elbows and sudden
cross section reduction (Fig. 8-B) increased the pressure
loss, which was a factor hindering a higher flow velocity.

7. Enhanced cooling performance of improved nozzle

The improved nozzle was designed to improve cooling
performance. Figure 10 is a schematic diagram of the
improved nozzle. The improvements made in relation to the
conventional nozzle are explained below.

(1) Coolant discharge positions

The coolant nozzle is positioned so that the discharge
ports are located closer to the initial contact point and the
flow passage inside nozzle is branched to both sides of the
grinding wheel (Fig. 11) for direct cooling at the starting
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point of grinding. The coolant discharge structure is also
designed to enable direct cooling reliably at the starting
point of grinding even if the contact arc length changes
due to groove right-left side balance error e, while still
ensuring ease of working when changing the nozzle. In
short, two discharge ports are provided on both the right
and left sides as indicated in Table 4. Discharge ports Q_,
and Q,, are aimed at grinding starting points R, and L,
under a condition of ¢, = 0, and discharge ports Q,, and
Q,, are aimed at grinding starting points R, and L., under a
condition of e = +100 um.

(2) Coolant flow velocity

Reducing the number of discharge ports from eight to
four locations made the cross-sectional area of the flow
passage smaller; pressure loss has been suppressed by
adopting a smooth flow passage shape obtained by additive
manufacturing using a 3D printer. As a result, the coolant
flow velocity was improved (Fig. 12). A flow simulation
revealed that the flow velocity of the improved nozzle was
increased to 47.3-50.5 m/s at the same discharge flow rate of
27.0 L/min compared with a flow velocity of 13.3-15.5 m/s
for the conventional nozzle.

8. Grinding test results

To confirm the effectiveness of the improved nozzle,
grinding tests were conducted under the same conditions
(Table 3) as for the conventional nozzle. The test results
are shown in Fig. 13. The grinding temperature with the
conventional nozzle rose to 122-141°C when groove right-
left side balance error e, of =100 um was applied. In
contrast, the results showed that the temperature was below
50°C with the improved nozzle even when groove right-left
side balance error € was applied, indicating a temperature

characteristic insensitive to €,
9. Conclusion

For the purpose of suppressing ball groove grinding
burns, the coolant nozzle was optimized by using the
authors’ proposed method for measuring the grinding
temperature. The following insights were obtained in this
work.

(1) A coolant nozzle robust against grinding burns due to
ball groove right-left side balance error was developed

by designing the nozzle to provide direct cooling at the
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starting point of grinding.
(2) The coolant flow velocity was increased by adopting a
smooth flow passage shape produced with a 3D printer.
In future work, the authors plan to pursue higher levels
of grinding efficiency and tool cost reductions and will

continue to report the results of these efforts.
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Evolution of mass production equalization activities for the engineering prototype of a new transmission
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Summary Mass production equalization activities
were promoted at the engineering prototype stage of the
Jatco CVTS for the purpose of resolving mass production
issues and ensuring manufacturing quality. These activities
contributed to shortening the development period and
improving mass production quality. This article describes
the details of the subsequent evolution of mass production

equalization activities and presents application examples.
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*¢GPEC : Global Production Engineering Center

1. Introduction

Key themes in the automotive industry environment
in recent years have been the globalization of production,
substantial shortening of the period for product development
and production preparations while also maintaining high
quality, and simultaneous launching of new models at
global production centers. Although these themes remain
unchanged today, development of new transmission models
has lately required the attainment of even higher levels
of environmental friendliness and power performance.
In addition, it has also been necessary to simultaneously
achieve further reductions in size, weight and cost, thereby
raising the level of technical difficulty much higher.

For the engineering prototype of the Jatco CVTS,
full-fledged mass production equalization activities were
initiated at the Powertrain Global Production Engineering
Center (Powertrain GPEC), which achieved significant
results.

The purpose of Powertrain GPEC activities is to
promote mass production equalization. This involves
carrying out activities from the engineering prototype stage
to make production conditions in each process as equal as
possible to those of mass production operations in order to
build in product quality identical to that achieved in mass

« R

Prototype Manufacturing Department
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2. XT—hL A GPECEEN DAL

CVTS B 812 B\ T B 78 5 B B C 2 B VE O BRGE
ZhIEL, R RALR - A RMGEEZ FE S5 2 & T

B o 1R B s A S E Bk c &7z, (Fig. 1)

production. Toward that end, data are gathered and analyzed
in these activities for improving production conditions.
This article presents examples of the further evolution of
Powertrain GPEC activities and the expansion of their scope,
which contributed to satisfying requirements of a higher

degree of technical difficulty for the new transmission.
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Fig. 1 Concept of Powertrain GPEC activities
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Fig. 2 Expansion of Powertrain GPEC activities
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2. Evolution of Powertrain GPEC activities

In the course of developing the CVTS8, we began to
verify the mass producibility of this unit at the engineering
prototype stage. Corrective measures for problems were
proposed and their effectiveness was validated, which
contributed to improving mass production quality and to
shortening the development period (Fig. 1).

The activities extended over a wide range of areas,
including assembly, machining, inspection of purchased
parts, and methods of measuring contamination, among
other things. The following three points of Powertrain
GPEC activities were further evolved to cope with the higher
levels of technical difficulty that have been increasing in
new product development projects in recent years.

(1) Assembly: The scope of the activities was expanded to
include testing.

(2) Machining: Machining conditions were equalized in
conjunction with the adoption of new technologies.

(3) Inspection of purchased parts: Measurement places and

methods were equalized (Fig. 2).

Specific examples are explained in the following sections.
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3. Evolution of activities in assembly operations

3.1 Equalization of control valve tests

The control valve assembly is a precision part
that enables various actions by distributing hydraulic
pressure to each of the elements inside an AT/CVT. This
is accomplished by converting electric signals received
from the control computer to hydraulic pressure via an
electromagnetic solenoid valve and a high-precision spool
valve for distribution to the elements (Fig. 3).

In recent years, CVTs have been required to deliver
higher levels of fuel economy and shifting performance,
so highly precise hydraulic pressure control is necessary.
The component parts are machined to high accuracy on a
micron order. However, because the control valve assembly
must provide high hydraulic performance, all control
valves are tested in an assembled state to ascertain their
performance characteristics. Calibration is done to ensure
that they satisfy the required performance.

Special purpose test facilities are used to conduct tests
on the control valve assembly. Previously, test facilities
differed between the Prototype Manufacturing Department
and the mass production lines. Only the software for
controlling the control valve assembly was equalized.
However, because the performance required of the control
valve assembly rose to an even higher level, software
equalization alone became insufficient and it was necessary
to equalize the test facility hardware as well. Therefore,
based on the experience accumulated to date in developing
and manufacturing CVTs, the specifications required of the
mass production line facilities were made clear. As a result,
the Prototype Manufacturing Department can now also use
test facilities having the same specifications as those of the
mass production lines (Figs. 4 & 5).

Consequently, tests that consider mass production can
now be conducted at the engineering prototype stage. Test
data are collected and analyzed, making possible early
validation of test items, cycle time and other conditions.
This has contributed to substantially improving product

quality at the time of launching production.

3.2 Equalization of unit final tests

All ATs/CVTs undergo functional tests to make sure
parts are correctly installed following the completion of
assembly and that the specified performance is properly
obtained. Similar to the control valve assembly tests, the

test equipment previously differed between the Prototype

Evolution of mass production equalization activities for the engineering prototype of a new transmission

Fig. 4 Previous control valve tester
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Fig. 6 Previous final tester

1 961

Fig. 5 New control valve tester

Manufacturing Department and the mass production lines.
However, following standardization of the specifications of
the CVT mass production line equipment, the same facilities
as those of the mass production lines were installed in the
Prototype Manufacturing Department and the Experiment
Department (Figs. 6 & 7).

As aresult, that has made it possible to validate test items
and cycle time at the engineering prototype stage. Issues
can now be identified earlier, which contributes greatly to
improving product quality at the time mass production is
launched.

In these equalization activities for the control valve
assembly tests and final tests, we worked closely with the
R&D Division and the Production Division to acquire
various types of data for the engineering prototype. That
contributed substantially to the smooth progress of the

development and production work for the new transmission.

Fig. 7 New final tester
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4. Evolution in machining operations

This section presents examples of technical developments
in conjunction with the adoption of new technologies.

An investigation was conducted for changing the
material of the CVTS pulleys to a high Si steel. As the name
implies, a high Si steel contains a high level of silicon, which
is extremely hard. Accordingly, using the same machining
tools resulted in large tool wear, giving rise to an issue
of shorter tool life. The Machining Process Engineering
Section and the Prototype Manufacturing Department
cooperated from the engineering prototype stage to develop
technical measures for addressing this issue.

It was found that machining the high Si steel caused the
tool temperature to rise higher than expected, thus softening
the material and shortening the tool service life. Therefore,
the Machining Process Engineering Section undertook
a study of the machining conditions and the Prototype
Manufacturing Department examined an optimal solution
for tool cooling.

During machining, coolant is sprayed in the cutting
zone for lubrication and cooling purposes. It was found
that the coolant did not sufficiently reach the tool tip with
the conventional method. Therefore, an internal coolant
supply system was implemented to spray coolant directly
on machining chips (Fig. 8).

The Prototype Manufacturing Department designed
and manufactured the piping, joints, jig and other parts for
internal coolant supply when machining the pulley inner

and outer diameters. The effectiveness of internal coolant

Machining tool

& Workpiece
X {mm)

External coolant supply

i Workpiece

Machining tool

BENBEESEREARREREREE

55

X{mm)

Internal coolant supply

Fig. 8 Concept of internal coolant supply
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supply was confirmed by actually installing the cooling

system and conducting machining trials (Figs. 9 & 10).
Based on the study conducted by the Machining

Process Engineering Section, the machining speed and

feed rate were also optimized. These combined measures
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Fig. 10 Equipment of internal coolant supply for machining
pulley inner diameter

successfully suppressed tool heat generation to achieve the
initially planned tool service life.

The internal coolant supply system has been adopted
on mass production lines. This is one example where the
mass production equipment specifications and machining
conditions were determined at the engineering prototype

stage.

5. Equalization of inspections of purchased parts

With regard to inspections of purchased part, the
following items were equalized in cooperation with the
Plant Quality Assurance Department:

(1) Equalization of measurement locations
(2) Equalization of measurement methods

Parts adopting new mechanisms or new methods were
selected and the measurement locations were determined in
cooperation with the Plant Quality Assurance Department
based on the degree of importance and functionality of the
part drawing dimensions.

Carrying out this activity at the engineering prototype
stage made it possible to conduct early evaluations of the
capabilities of parts suppliers, including their process
capacity and other aspects, with regard to the measurement
locations. Consequently, it contributed to improving mass
production quality.

In addition, regarding parts procured from new
suppliers, the measurement conditions were improved and
optimized in cooperation with the Inspection Section of
Prototype Manufacturing Department and the Plant Quality
Assurance Department.

The foregoing activities have greatly contributed to the
front loading of the work of the Plant Quality Assurance
Department concerning the Production Trial.

1981
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6. Effects of activities

Following the start of production, initial problems with
the new CVT, our latest CVT for mini-vehicles use, were
greatly reduced compared with the previous model. The
evolution of Powertrain GPEC activities contributed to this

improvement.

7. Conclusion

The Powertrain GPEC activities conducted for the
CVTS contributed to early resolution of issues at the time
of the production prototype. Subsequently, the scope of
Powertrain GPEC activities was expanded in a challenge to
obtain a higher level of technology. That contributed greatly
to improving product quality in the initial period after the
production launch.

It is expected that even higher performance will be
required of ATs and CVTs in the coming years and new
mechanisms and functions will also be increasingly added.
In addition, there is also an urgent necessity to apply
Powertrain GPEC activities to the needs of the imminent
era of vehicle electrification.

The authors intend to further evolve GPEC activities
by continuing to incorporate new technologies and thereby

contribute to the development of new powertrain systems.

Shinichi KODUKA

Shuhei KURODA

Evolution of mass production equalization activities for the engineering prototype of a new transmission
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Summary At JATCO, we analyze product quality
information obtained from the field in order to maintain and
improve the quality of our products. Efforts are made to
detect new issues early so as to prevent the spread of quality
problems. This information is extremely diverse and must
be analyzed comprehensively and efficiently, including the
consideration of possible future risks.

However, previously, each piece of information was
analyzed separately and analysis methods differed from
one person to another, making it impossible to conduct
comprehensive and efficient analyses. Moreover, analyses
for predicting possible future risks were not sufficient,
resulting a situation where early detection of latent issues
was very difficult.

To resolve this situation, we developed a new tool
called Quality Dashboard (Q-D) for comprehensively and
efficiently analyzing product quality information obtained
from the field, including possible future risks. This tool
now enables us to ascertain overall product quality in
the field accurately in a short period of time, including
earlier detection of new quality issues as well. This article

describes Q-D activities.
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1. Introduction

In order to maintain and improve product quality, it is
necessary to get early feedback from customers in the real
world and to feed that information back inside the company.
Information collected from the field includes the date
and time a problem occurred, the related circumstances,
and the action taken to correct it, among other details. A
great deal of information can also be collected from the
production center, including where and when the product
was manufactured, the month it was sold, the specifications

of the vehicle on which it was mounted and so on.

A R
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This information that can be collected has become very
diverse in recent years. The volume of information has also
increased, making it difficult to analyze it comprehensively
and efficiently using previous methods. In addition, data
for analysis to predict possible future risks have been
insufficient, creating a situation where early detection of
latent issues was very difficult to accomplish.

Therefore, for the purpose of detecting new issues early,
we developed a new analysis tool called Quality Dashboard
(Q-D) for comprehensively and efficiently analyzing product
quality information from the field, including possible future

risks.

2. Overview of Quality Dashboard

Q-D is an analysis tool for creating graphs according to
various perspectives based on information collected from
the field and organizing the graphs comprehensively. It
enables anyone to dig deeply into an item of interest down to
three levels by thoroughly examining the graphs organized
comprehensively.

For the first-level analysis, various graphs showing
different types of information such as the number of
incidents, incident rate, information on countermeasures
taken, monthly production volume, etc. are arranged on the
same page. This provides a comprehensive view of all the
information from the field, making it easy to understand.

For the second-level analysis, Q-D makes it easy to
get to the details of the item of interest such as the vehicle
model, symptom, month of production, etc. by using the
filter function included in the graphs.

Moreover, for the third-level analysis, it enables a more
advanced analysis by linking the detailed data obtained
in the second-level analysis to another analysis software
program with more degrees of freedom.
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Fig. 1 Comparison of data flow to the analysis stage
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In addition, a predicted incident rate graph obtained by
Weibull analysis, which is generally used as a method of
predicting the future reliability of auto parts, has also been
added to Q-D. This makes it possible to analyze the current
quality situation together with an assessment of possible
future risks.

Figure 1 compares the data flow in an analysis of
field product quality information before and after the
implementation of Q-D. Data must be organized in graphs
in order to analyze product quality information from the
field. Previously, each analyst had to go and get various
types of information scattered around, extract the necessary
information from the compiled data, and create graphs
manually. Because huge volumes of data were used in
creating graphs, processing the data required special skills
and an enormous number of man-hours.

After implementing Q-D, the tasks from collecting data
to creating graphs have been automated. That has reduced the
number of man-hours needed for processing the data and also
variation among analysts owing to individual differences in
data processing skills. Moreover, the addition of a Weibull
data makes it possible to predict possible future risks.

3. Quality Dashboard analysis procedure

The Q-D analysis procedure is explained here using a

dummy data sample as an example.

3.1 Graph composition

Q-D graphs are prepared separately by transmission
model and by market destination. The samples of Q-D
graphs presented in Figs. 2-1 to 2-12 are explained here as
an example. The horizontal axis of the graphs shows two
types of time series, namely, the date the problem occurred
in Figs. 2-1 to 2-5 and the production date in Figs. 2-6 to
2-12. These two types of time series graphs are positioned
side-by-side, making it possible to confirm the relationship
between the two time series at a glance.

The vertical axis of the graph plots the number of
incidents and incident rate calculated based on data
obtained from the field. Graphs for each month of problem
occurrence and production month are arranged vertically.
The time series values on the horizontal axis are all for the
same periods in each graph. When viewed vertically, the
time series values on the horizontal axis form a straight line
between the graphs, enabling changes in the factors on the
vertical axis to be analyzed at a glance.

Early detection of new quality issues by using Quality Dashboard
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3.2 Q-D analysis procedure

Q-D arranges 21 types of graphs in total. The Q-D
analysis procedure is explained here using 12 of them as
principal graphs.

First, the cost incurred per replaced part (Fig. 2-1)
and the incident count per replaced part (Fig. 2-2) are
confirmed by the month of occurrence. This makes clear
the increasing or decreasing trend by month and the type
of replacement done.

Then, the incident count per vehicle model (Fig. 2-3),
the count per customer reported symptom (Fig. 2-4) and
the count per estimated cause (Fig. 2-5) are confirmed.
This makes it possible to ascertain changes in real-world
symptoms and estimated causes.

In the case of this example, it can be seen that during
the incident peak period of June-October 2018 (encircled
O area in Fig. 2-2), cause-a of symptom-1 for vehicle-A
increased, but in the period to July 2019 (rectangular []
area in Fig. 2-2), symptom-1 increased due to causes-a and
—b mainly for vehicle-A.
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Next, an analysis is conducted for the incidents that
occurred in the last three months. Figure 2-7 shows
the incidents occurring in the period of May-July 2019
(rectangular [_] area in the figure) among the data shown in
Fig. 2-2. The horizontal axis of this graph shows the month
of production for these incidents occurring in the last three
months.

This makes it possible to confirm the increasing or
decreasing trend of incidents by month of production. In this
example, it can be seen that the incident count for products
produced in the three months from January to March 2017
continuously increased (encircled O area in Fig. 2-7).

Next, for the incidents occurring in the last three months,
the month of production is confirmed for each symptom and
estimated cause (Figs. 2-8 and 2-9). This makes it possible
to confirm the details of the symptoms and probable causes
of these incidents during the three most recent months.

In this case, symptom-1 was the principal symptom
that occurred from January to March 2017, and cause-b
was found to be the cause. Moreover, a comparison with
the month of production before and after this period reveals
that the cause-b frequently occurred in those months.

Next, the predicted incident rate to mileage of 100,000
km (Fig. 2-10) is confirmed based on a Weibull distribution
by month of production along with confirming the simple
incident rate that actually occurred (months in service
(MIS) in Fig. 2-11).

In this example, the simple incident rate for products
produced from January to March 2017 was not so high
(encircled O area in Fig. 2-11), but the predicted incident rate
increased (rectangular [ | area in Fig. 2-10). Accordingly, it
can be projected that more incidents are likely to occur with
increasing mileage in the future.

The information shown in Fig. 2-6 on the implementation
of countermeasures and the production volume information
shown in Fig. 2-12, among other data, can also be used to
assist the analysis.

A comprehensive view of all the graphs enables the
detection of something that has changed and singular
points. As shown in Fig. 3, a second-level analysis can be
conducted on the data as they are within the framework of
Q-D. The use of the filtering function here enables a detailed
analysis of fixed items such as the vehicle model, symptom,
month of incident occurrence and so on. In addition, when
conducting a detailed analysis, it is possible to advance to a
third-level analysis by inputting the Q-D data into another

analysis software program.
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4. Example of data segmentation in Weibull analysis

A major proposition for the development of Q-D was to
minimize possible risks by predicting field product quality
in the future. In order to accomplish that, it was necessary
to develop a new Weibull analysis system capable of
processing huge volumes of data in a short period of time.

An analysis of the incident rate is conducted using
both the simple incident rate (actual number of incidents/
production volume) calculated from the number of incidents
that actually occurred and the predicted incident rate
calculated by Weibull analysis.

Previously, when segmented data were used in a Weibull
analysis, a great deal of processing time was required to
conduct the analysis corresponding to the segmentation.
Therefore, in the analyses that were conducted, data
segmentation was limited to the level of the transmission
model and the year of production.

Figure 4 shows the processing flow of a Weibull
analysis. The previous analysis system was a general-
purpose one that was used by many users and was not
specifically for conducting a Weibull analysis. Consequently,
there were aspects that were not suitable for conducting a
large-scale Weibull analysis.

Inputting the Weibull analysis conditions and obtaining
the resultant data had to be done manually and processed
separately, which also made it necessary for analyses to wait
their turn to be run. Moreover, the system was also limited
in that it could not run Weibull calculations continuously.
Such disadvantages were very time-consuming. For these
reasons, results could not be obtained in a timely manner
when using segmented data even if the analysis conditions
were increased and many calculations were run.

The newly developed Weibull analysis system
minimizes processing time losses by processing batches of
data in real time, which enables large-scale analyses to be
conducted efficiently in a shorter processing time.

As a result, it shortens the processing time to 1/3000
of that of the previous system, enabling the unit of analysis
to be further segmented. Therefore, the types of analysis
have been expanded by more than 100 times and finer
analyses can now be conducted according to the month of
production, vehicle model and so on.

An example is presented here to show how possible
future risks can now be detected early by further segmenting
the unit of Weibull analysis. The results obtained with the

previous method and with Q-D are compared for an analysis
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Fig. 6 Weibull analysis using segmented data
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of dummy data different from the sample in the preceding
section.

Figure 5-1 is a graph of the predicted incident rate
calculated with the previous method for mileage of 100,000
km, and Fig. 5-2 is a graph of the simple incident rate
calculated on the basis of the actual number of incidents
that occurred.

Because the prediction calculated with the previous
method used the production year as the unit, the predicted
incident rate was constant throughout the entire year. In
contrast, the data for the simple incident rate can be shown
for each month because a simple calculation can be done
using the monthly data available.

Looking only at these two graphs, it is observed that
both the predicted incident rate and the simple incident rate
decrease as the date of production becomes newer and no
particular issues can be detected.

In contrast, Fig. 6 is a graph of the predicted incident
rate obtained with Q-D where the data used in the Weibull
analysis were segmented by the vehicle model and month of
production.

In this case, the predicted incident rate for vehicle-P
produced in June 2018 shows a high peak (rectangular []
area in the figure), indicating the possibility that incidents
will also continue to occur in the future.

The data used in the prediction calculated previously
were segmented by the transmission model, but segmenting
the data by the vehicle model made it possible to recognize
differences in quality for each vehicle model.

In addition, segmentation by the month of production
instead of by the year also made it possible to recognize
differences in quality according to the month of production.

Segmenting the data used in the Weibull analysis in this

way now enables early uncovering of latent future risks.
5. Conclusion

The construction of Q-D has improved the efficiency
and quality of analysis, making it possible to ascertain
overall field product quality more accurately in a shorter
period of time. In addition, it enables early detection of
quality issues by facilitating analyses that also consider
future risks.

The categories targeted for the application of Q-D
encompass all geographic areas of the world according to
the market destination and transmission model as shown in

Fig. 7. This coverage is possible because Weibull analyses

Early detection of new quality issues by using Quality Dashboard

Transmission model
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Fig. 7 Target categories for Q-D application

Natsuko OZAWA

can now be conducted efficiently in a short period of time.

Currently, knowledgeable employees gather together
every month for an evaluation/confirmation session in
which they apply Q-D to the categories, namely, principal
market destinations and transmission models, in an effort to
uncover possible future risks.

In the future, an effort will be made to automate the
detection of issues by incorporating an alert function in
Q-D. In this way, we want to achieve automatic monitoring
of trends in all categories, not just in certain principal ones,
and thereby further advance the early detection of quality

issues.
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Emian Introduction on Products

RENAULT#t[)(+ ArkanaFl Jatco CVT8 (JFO16E) D#R4N

Introducing the Jatco CVT8 (JFO16E) for the Renault Arkana
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Fig. 1 Main cross-sectional view

The Jatco CVTS8 (JFO16E) is installed on the Renault
Arkana that was released in the Russian market in
July 2019. The shift response of the JFOI6E has been
dramatically improved by adopting a newly designed
control valve that provides both control stability and high
responsiveness as well as markedly reducing friction.
These improvements elicit the full performance of the
newly developed 4-cylinder turbocharged engine used
on this model to deliver an enhanced feeling of power

performance and driveability.

Table 1 Specifications of JFO16E

EmEN Introduction on Products

HEBENER (T VersaF Jatco CVT7 W/R (JFO20E) D484

Introducing the Jatco CVT7 W/R (JFO20E) for the Nissan Versa

Torque capacity 250 Nm
Torque converter size 236 mm
Pulley ratios 2.631-0.378
Ratio coverage 7.0
Final gear ratio 5.694
Selector positions P,R,N,D
+7speed manual shift mode

Overall length 3752 mm
Weight (wet) 93.3kg (2WD)
95.2kg (4WD)

Renault Arkana
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Fig. 1 Main cross-sectional view

The Jatco CVT7 W/R (JFO20E) is installed on the
new-generation Versa that Nissan Motor Co., Ltd. released
in North America in April 2019. The JFO20E features wide
ratio coverage and low friction, thanks to its auxiliary
transmission. These features contribute to enhanced
driveability, including launch and acceleration performance
with excellent response, combined with improved fuel
economy. Following upon production of the JFO20E at a
JATCO plant in China, the unit also went into production
at JATCO's plant in Mexico in January 2019.

Table 1 Specifications of JFO20E

Torque capacity 150 Nm
Torque converter size 205 mm
Pulley ratios 2.200 - 0.458
Auxiliary transmission gear Ist 1.821
ratios 2nd 1.000

Rev 1.714
Ratio coverage 8.7
Final gear ratio 4.055
Selector positions P,R,N,D,L
Overall length 376.7 mm
Weight (wet) 71.7 kg

Nissan Versa
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Emian Introduction on Products

REBEFERBEAFEIRIS SylphyA Jatco CVT7 W/R (JFO20E) DiEsy

Introducing the Jatco CVT7 W/R (JFO20E) for the Nissan Sylphy
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Fig. 1 Main cross-sectional view

The Jatco CVT7 W/R (JFO20E) is installed on the
new-generation Sylphy that Dongfeng Nissan Passenger
Vehicle Company Ltd. released in China in July 2019.
The JFO20E is compatible with this model’s new platform
and is distinguished by its wide ratio coverage and low
friction. These features are used effectively to improve
fuel economy by 1.9% over that of the previous Sylphy.
At the same time, the JFO20E also provides acceleration
performance that achieves smooth driveability.

Table 1 Specifications of JFO20E

Torque capacity 150 Nm
Torque converter size 205 mm
Pulley ratios 2.200 - 0.458
Auxiliary transmission gear Ist 1.821
ratios 2nd 1.000
Rev 1.714

Ratio coverage 8.7
Final gear ratio 4.055
Selector positions P,R,N,D,L
+Ds

Overall length 376.7 mm
Weight (wet) 733 kg

Nissan Sylphy
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HEBEERAIT Sentraf Jatco CVT8 (JFO16E) DB/

Introducing the Jatco CVT8 (JFO16E) for the Nissan Sentra
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Fig. 1 Main cross-sectional view

The Jatco CVT8 (JFO16E) is installed on the new-
generation Sentra that Nissan Motor Co., Ltd. released
in North America in January 2020. The JFO16E adopts a
newly designed control valve already incorporated in the
unit used on the Nissan Altima. In addition, the JFO16E is
also equipped with a torque converter matching the vehicle
concept. These improvements enhance shift response
and reduce friction, thereby contributing to an enhanced
feeling of driveability and improved fuel economy.

Table 1 Specifications of JFO16E

Torque capacity 250 Nm
Torque converter size 236 mm
Pulley ratios 2.631-0.378
Ratio coverage 7.0
Final gear ratio 5.097
Selector positions P,R,N,D,L
Overall length 361.4 mm
Weight (wet) 934 kg

Nissan Sentra
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1. JATCO exhibits at motor shows

The 2019 Seoul Motor Show was held at the Korea
International Exhibition Center (KINTEX) from March 29
to April 7. JATCO exhibited the Jatco CVT7, Jatco CVTS8
and Jatco CVT8 HYBRID, representing principal products
in its CVT lineup.

JATCO also exhibited products at the Shanghai Motor
Show 2019 held at the National Exhibition and Convention
Center in Shanghai from April 16-25. In China which is
an especially key market for JATCO's business, JATCO
displayed the e-Axle system, a solution proposed for

electrification, along with exhibiting the CVTs now being

produced.

2. Participation in and support for JSAE-sponsored events

This year as well JATCO presented a booth at the
Automotive Engineering Exposition 2019 Yokohama held
at the Pacifico Yokohama Exhibition Hall on May 22-24.
JATCO displayed for the first time the Jatco CVT-S, which
has been newly developed specifically for mini-vehicles, as
well as the coaxial type and 3-axis type of the e-Axle system,
representing the company’s efforts toward electrification.

JATCO presented a program at each of the Kids
Engineering 2019 events, which were held at the Nagoya
International Exhibition Hall (Portmesse Nagoya) on August
6-7, at 3M Sendai City Science Museum on November 23
and at the Children’s Creative Learning Center (Com-Com-
kan) in Fukushima City on November 24. JATCO has been
a supporter of this event since it was first organized in 2008,

Highlights of 2019
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which provides learning opportunities through hands-on
classroom activities and demonstration programs. This year
JATCO further evolved its program that was completely
redone last under the theme of “let’s make and operate a
car that shifts gears by rubber bands.” The curriculum
was revised to enable participants to experience building a
simple model car and operating it in different modes, such
as running fast or climbing a slope, by changing the size of
the transmission pulleys.

The Student Formula SAE Competition of Japan
2019 was held at the Ogasayama Sports Park (ECOPA)
in Fukuroi City, Shizuoka Prefecture, from August 27-31.
JATCO and JATCO Engineering provided support for this
event. JATCO Engineering employees also participated
in the panel of judges. Volunteers gave technical support
to the teams from Meijo University and Chiba Institute of
Technology, both of which competed strongly.

3. Participation in SAE Congresses in various countries

JATCO Group employees gave a total of 11 technical
presentations at SAE Congresses held in the U.S., South
Korea and Japan. They explained JATCO's activities in a
wide range of fields, including the latest CVT technologies
and production engineering methods, among other subjects.
Moreover, at the Congress held in China, JATCO exhibited
the CVTs currently being produced along with the e-Axle

system and a 48V mild hybrid transmission.

4. Participation in VDI conferences

The CVT in Automotive Applications Conference
was held in Baden-Baden, Germany, on March 19-20. A
JATCO executive gave a keynote speech on the ultimate

enhancement of essential CVT performance in the age of
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electrification. An employee of JATCO Korea Engineering
Corporation presented a technical paper on the development
of a new simulation method for analyzing the dynamic
behavior of a chain-type CVT.

The 19" International VDI Congress Dritev was held
in Bonn, Germany, on July 10-11. The president of JATCO
France SAS gave a technical presentation on the Jatco
CVT-S for use on mini-vehicles. The Jatco CVT-S and two
types of e-Axle were on display at JATCO's booth.

The International Conference on Gears 2019 was held
at the Technical University of Munich in Munich, Germany,
on September 18-20. This international conference focusing
specifically on gear technologies is held once every two
years. Two JATCO employees gave technical presentations
on gear surface treatment technology and on tooth flank

profile simulation technology.
5. Participation in a CTI Symposium

The 13" CTI Symposium USA was held in Novi,
Michigan, in the U.S. on May 15-16. A JATCO executive
gave a keynote speech on JATCO's electrification strategy in
which he strongly emphasized JATCO's electrification efforts
in the U.S. market. At that event, two types of e-Axle and
a 48V mild hybrid transmission were exhibited at JATCO's
booth. As the e-Axle system was displayed for the first time

in the U.S., it attracted strong interest among many visitors.

6. Awards received at QC Circle Congresses and Karakuri
Kaizen Exhibition

The 49th All Japan Selected QC Circle Congress was
held at the NAGOYA CONGRESS CENTER on November

Highlights of 2019
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14. JATCO's TENKISYOU Circle, which won the regional
competition, got the Silver Prize.

National QC Circle Congresses were held at the
Sapporo Convention Center on May 23-24 and at the Kobe
International Conference Center on July 12-13. JATCO's
Cosmo World QC Circle and the Knuckle Four QC Circle
won the Most Impressive Award at these congresses,
respectively.

The Karakuri Kaizen Exhibition 2019 was held at
the Pacifico Yokohama Exhibition Hall on October 30-31.
Among the seven exhibits displayed by JATCO, the “Hook
and Move” won a Prize for Effort, making six consecutive

years that JATCO has received a prize at this event.

7. AT plant in Kambara Area received Encouragement
Award from Director-General of the Shizuoka Prefecture
Labor Bureau

The AT plant in the Kambara Area received an
Encouragement Award given by the Director-General of
the Shizuoka Prefecture Labor Bureau at the Shizuoka
Prefecture Industrial Safety and Sanitation Convention held
on October 4. This recognition is for measures implemented
to ensure safety. The AT plant in the Kambara Area has had
a continuous incident-free record for the last seven years.
This award is given to places of business in recognition of
their excellent safety and sanitation standards that serve
as a model for other businesses and for promoting safety/
sanitation activities contributing to the improvement of

safety and sanitation levels at other related business entities.

8. JATCO (Guangzhou) ranked among top 500 companies

and top 100 manufacturers in Guangdong Province

Awards sponsored by the Guangdong Business
Federation were announced at the Baiyun International
Conventional Center on August 29 for the top 500 companies
and top 100 manufacturers in Guangdong Province in 2019.
JATCO (Guangzhou) Automatic Transmission Ltd. (JGZ)
ranked 139™ among the top 500 companies and 40" among
the top 100 manufacturers. This is the fourth time JGZ has

received both awards.

9. Recipient of a GM supplier award

JATCO received a 2018 Supplier Quality Excellence
Award given by General Motors (GM). An awards ceremony
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was held on October 11. This is the fifth time JATCO has
received this honor since it was first given the award in
2012. JATCO attained the rigorous quality standards for 13
quality-related criteria and was recognized for contributing

to improving the quality of GM vehicles.

10. Opening ceremony and shipment ceremony held at
JATCO (Suzhou)

JATCO (Suzhou) Automatic Transmission Ltd.
(JSZ) held an opening ceremony and production/shipment
ceremony on November 8. JSZ was established as JATCO's
second CVT production plant in China in July 2018 as a
result of the expansion of CVT demand in the Chinese
market. The plant has a site area of approximately 96,000
m?, a workforce of approximately 800 employees and an
annual production capacity of 480,000 units. It has launched
production of the Jatco CVT8 for use on midsize to large

front-wheel-drive vehicles.

11. The 30™ anniversary ceremony held at JATCO

Engineering

JATCO Engineering Ltd (JE) held a ceremony
on May 30 to celebrate the 30™ anniversary of the
company's establishment. Thirty years have passed since
AT Engineering Ltd., JE's predecessor company, was
established on April 26, 1989.

JE's business activities started with the rebuilding
and remanufacturing of automatic transmissions and have
now expanded to include engineering services, small-lot
production, parts machining and after-sales services for
service parts. Net sales have increased from 400 million yen
in its first fiscal year to 15 billion yen in 2019, an increase of
approximately 40-fold over the past 30 years. Its workforce
has also grown to 1,146 employees as of April 2019.
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1. Control device for continuously variable transmission

(Figs. 1 &2)
Application Number: 2015-561239
Application Date: 7.1,2015
Patent Number: 6268197
Registration Date: 5.1,2018
Title: Control device for continuously
variable transmission
Inventors: Seiichiro Takahashi, Hiroki Iwasa,

Hironori Miyaishi, Sunghoon Woo,
Takaaki Matsui, Tomoaki Honma,
Yoshio Yasui, Yuta Suzuki,

Masayuki Mannen, Susumu Saitou
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[SUMMARY OF THE INVENTION]

Control device for continuously variable transmission has
continuously variable transmission mechanism (CVT)
transmitting power with belt wound around primary and
secondary pulley; torque convertor having pump impeller,
turbine runner and lock-up clutch; and control unit
controlling lock-up clutch to predetermined engagement
state and controlling the CVT to predetermined
transmission ratio, according to travelling condition.
Control unit is configured to, when shifting lock-up
clutch from disengagement to engagement state, control
transmission ratio of CVT so that when rotation speed
difference (AN) between engine speed (Ne) and turbine
speed (Nt) that is rotation speed of turbine runner is
predetermined rotation speed difference (ANI1) or less,
turbine speed (Nt) approaches engine speed (Ne) more than
turbine speed (Ntl) of case where control of transmission
ratio of CVT, which is set according to travelling condition

during shift of lock-up clutch, is continued.
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2. Workpiece stopping device

(Fig. 3, 4) (Figs. 3 & 4)
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The invention provides a workpiece stopping device
capable of preventing the occurrence of scratches on a
circular workpiece (gear member W). The workpiece
stopping device (Al) comprises a workpiece conveying
path (1) for conveying the gear member (W) after falling
into a furnace via a sliding chute to be heated in the
furnace, and a gear stopping part (W) for stopping the
gear member at the stopping position of the workpiece
conveying path (1). The gear stopping part is composed
of a base part (21) and a pair of extension parts (22, 22).
The base part (21) is arranged at the central portion of a
workpiece stopping location in the workpiece conveying
path (1) and is recessed towards the workpiece conveying
direction (B). The pair of extension parts (22, 22) are
extending in a generally v-shaped arrangement on the two
sides of the base part (21) to abut against the gear member
(W) so as to stop the gear member (W).
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