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What is the cutting edge?

Fiscal year 2019 marks the 20th anniversary of the establishment
of JATCO Ltd, 76 years since the beginning of operations by our
predecessor, Nissan Motor Co.’s Fuji Plant, and 50 years since the
establishment of Japan Automatic Transmission Corporation, which
was the basis for the present JATCO brand. In thinking about 50
years, I recalled an interview with the president of a major corporation
that was published in a certain newspaper.

According to that article, the most important thing when talking
about the cutting edge is to know the needs of the age. If something
fits the needs of the age, even past ideas and technologies can be the
cutting edge. Making old things with cutting-edge technologies is the
most profitable. What is important is to have an eye for discerning the
age. And the article said that it is vital to continue to learn from the
past, as was done by Steve Jobs, a co-founder of Apple.

JATCO has continued to evolve over the years as typified by
the development of innovative products beginning from manual
transmissions and leading to automatic transmissions, continuously
variable transmissions and electrified powertrains; by innovations
in monozukuri such as the JATCO Standard Line based on the
philosophy of promoting the JATCO Excellent Production System
(JEPS); by improvement of our global supply competitiveness and
establishment of a production complementation system through the
expansion of our overseas manufacturing centers starting with a plant
in Mexico followed by plants in China and Thailand; by nurturing
the human resources that support our activities; and all the while
promoting activities to penetrate One JATCO.

Here, I would like to look back on the special features published
in the Jatco Technical Review (JTR) as a way of learning from our
past technologies. This year also marks 19 years since the first issue
of the JTR was published. To date, it has served to introduce our
innovative products and technologies accompanying the company’ s
evolution. I would like to note some of them below.

Transition in technological themes featured in the JTR (excerpts)

FY 2000 No. 1 Technologies supporting toroidal and steel-belt CVTs

FY 2005 No. 6 JATCO's excellent monozukuri: Special feature
overview of JEPS

FY 2006 No. 7 The JATCO Way: Special feature on V3P

FY 2011 No. 11 Comprehensive introduction of the next-generation
Jatco CVT7

FY 2012 No. 12 Introduction of the Jatco CVTS8

FY 2013 No. 13 Transmission technologies contributing to hybrid
vehicles
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Of these special features, the one focusing on JEPS, which
embodies our philosophy of monozukuri, is particularly memorable
for me. At present, I am responsible for the Corporate Planning
Division, but previously I was in charge of promoting JEPS in the
Production Division. Subsequently, I served as general manager
of a domestic plant and as president of JATCO Guangzhou and
demonstrated that JEPS is an outstanding production system capable
of global deployment. Based on the JEPS philosophy, we aim to
achieve even higher levels in the years ahead through the introduction
of the latest technologies such as artificial intelligence (AI), the
internet of things (IoT) and unmanned systems, among others. While
the products we create in the future may change, I believe that our
monozukuri philosophy will be passed on and further evolved,
thereby contributing significantly to improving our competitiveness
and profitability.

JATCO possesses many outstanding key technologies that we
have accumulated over the years as a transmission manufacturer. A
representative example is our gear technologies. It is said that gear
engineering already existed from before the Christian era. Involute
gears alone have a long history dating back more than 300 years. Gear
design and manufacturing are areas in which JATCO excels, and our
gear technologies have been introduced in approximately ten JTR
articles in the past. The technologies and know-how accumulated
over many years enable us to design and manufacture gears having
high torque density. Such gear performance is a key technology for
downsizing and will definitely continue to be utilized even in the
coming age of electrification. It is an excellent example of leaning
from the past.

Moreover, the world's first technologies JATCO has developed
have also been introduced in the JTR. That has made me feel very
proud of the technologies and human resources of the company
where I am employed.

JATCO's world’s first technologies (based on an in-house survey)

1989 Launched a 5-speed AT for rear-drive vehicles
— This triggered global competition to increase the number of
AT speeds.

1997 Steel-belt CVT for 2L-class front-drive vehicles (featured in
JTR No. 1)

1999 Successfully mass produced a toroidal CVT applicable to rear-
drive vehicles with a large displacement engine (featured in
JTR No. 1)

2002 Steel-belt CVT for front-drive vehicles with a 3.5L-class
engine (featured in JTR No. 4)

2009 CVT7 featuring a new construction combining a steel-belt
CVT with an auxiliary gearbox (featured in JTR No. 11).
— JATCO attained the No. 1 share of the global CVT market.

2010 Transmission for hybrid vehicle with a 1-motor, 2-clutch
system without a torque converter for passenger cars (featured
in JTR No. 13)

We have put numerous innovative technologies on the market
to date in response to customers and society’s needs for both
driveability and environmental friendliness. Going forward, it will
be necessary to continue to create cutting-edge products that meet the
needs of the age, taking full advantage of our DNA for challenging
new innovations, which has been nurtured over the years through the
development of transmission technologies.

This issue of the JTR also presents many of JATCO's latest
technologies. It would give us great pleasure if readers would recall
from time to time the latest technologies described here and the
innovative technologies featured in previous JTR issues and find that
information helpful for creating the future of monozukuri.



AT RS Technical Report

S BENER(FTEFECVTORFE

Development of a new CVT for mini-vehicles

B FH
Shuji KUROKAWA

EVNEES o

Mikiko KUNIHISA

NI S

Yoshihiro OYAMA

P o8& UYIMEBAHESHOHMCVTO AL
20194E 1 HA B RIRL 7=
BEHBHIZHAROMABIE T, EhH—A—H—HLD
EEWDATT)—=THY, MY AIvTa L THR
B - BERELREANOBCER D DD, VY hIIF2009
fEXDJatco CVTT(LLF, CVT7) B HBHF IR MEL
TW325, HAOHB O ThH40%% 58
L2 o TV BB AR L —H — D HIFEIIRH L, h
FCRE o7 R EAM A LI AB HEH OCVTE Hr Bl
gL, R RAL, BB n E2 L.

Summary In January 2019, JATCO launched
production of a new CVT developed specifically for mini-
vehicles. With specifications unique to Japan, mini-vehicles
are a segment in which vehicle manufacturers compete
fiercely. There are strong requirements for mini-vehicle
transmissions to provide economy, mountability and other
performance attributes. JATCO has been supplying the
Jatco CVT7 for mini-vehicle use since 2009. Based on
accumulated key technologies, JATCO developed a new
CVT exclusively for mini-vehicles. It is smaller, lighter and
provides improved fuel economy and driveability to satisfy
the expectations of customers of mini-vehicles, which

account for approximately 40% of the car market in Japan.
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1. Introduction

In the mini-vehicle market in Japan, the allowable
engine displacement was increased in 1990 and the
regulations on the overall vehicle length and overall width
were eased in 1998. That resulted in the establishment of
the present mini-vehicle specifications. Since then, mini-
vehicles have continued to expand their share of total new
car sales in the Japanese market, as manufacturers have
competed to introduce attractive products. The mini-vehicle
market accounted for approximately 20% of the total
vehicle demand in Japan in the 1980s. At present, mini-
vehicles have grown to be a key segment accounting for
approximately 40% of the overall vehicle demand thanks
to their enhanced attractiveness. As a future trend, it is
projected that this proportion will be firmly maintained
without any significant change.

The powertrain naturally contributes to improving the
attractive qualities of vehicles such as low fuel consumption,
enhanced driveability and the provision of driving pleasure.
In addition, downsizing the engine compartment helps

to expand the interior space. For these reasons, there are

*o7uYxsMEEE
Project Promotion Department
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Powertrain EV Project Department, Powertrain Engineering Division, Nissan Motor Co., Ltd.
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Fig. 1 Main cross-section view

strong demands for the provision of compact, lightweight
and fuel-saving transmissions.

JATCO has newly developed a CVT specifically for
mini-vehicles by drawing upon the experience gained to

date in developing CVTs.

2. Overview of new CVT specifically for mini-vehicles

2.1 Development concept

The development concept was based on the following
three points for the purpose of developing a CVT specifically
focused on mini-vehicles, which account for approximately
40% of the Japanese vehicle market as noted above.

() To achieve powertrain efficiency better than that of the
CVTT7 in consideration of fuel economy competition.
(2) To build a smaller, lighter unit with improved NVH

performance in order to contribute to the attractive

qualities of mini-vehicles besides fuel economy.
(3) To develop the new CVT in a shorter period of time by
utilizing mature technologies.

A systems engineering (SE) approach was used in
the development process. The requirements were all
identified without missing anything, and the related
functional design was executed. The logical design was
developed comprehensively and efficiently by assigning
the requirements to the subsystems and components. In
the validation phase, success tree analysis (STA) was used
comprehensively to confirm quality.

2.2 Main cross section and specifications

Fig. 1 shows a main cross-sectional view of the newly
developed CVT, and its basic specifications are compared in
Table 1 with those of the CVT7. One of the distinct features
of the CVTY7 is its class-leading ratio coverage (RC) of 7.3,
obtained by combining an auxiliary transmission with a

CVT. The ratio coverage needed by mini-vehicles was

Table 1 Specification comparison

Item CVT7 New CVT
Torque capacity 98 Nm 100 Nm
Control system Electronic <~
Torque converter size UUF 185 mm dia. —
Ratio coverage 7.3 6.0
Pully ratio 2.200 - 0.550 2.411 - 0.404
. |Final gear ratio 3.757 6.54 - 7.756
Gear ratio
) 1st 1.821 1.000
Planetary gear ratio |2nd 1.000
Rev 1.714 0.952
Through low ratio 15.04 15.770
Weight (wet) 65.0 kg 60.8 kg
Overall length 346 mm 356 mm
Distance between Pulley Shafts 147 mm <~
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reconsidered, taking into account road conditions in Japan
and the ways in which mini-vehicles are driven.

Fig. 2 shows the relationship between ratio coverage and
fuel economy under Japan s JCO8 test mode. Increasing the
ratio coverage of the variator from 4.0 to 6.0 improves fuel
economy relatively easily, but there is an inflection point
at 6.0. In the case of mini-vehicles, the effect of expanding
ratio coverage beyond 6.0 has a diminishing effect on
improving fuel economy. Therefore, it was decided to set
the ratio coverage of the new CVT at 6.0.

The distance between the pulley shafts was set at a
constant value of 147 mm as a limitation for facilitating
mixed model production with the CVT7 on the same
production line. The shaft of the fixed pulley half was
narrowed to secure ratio coverage of 6.0 without the
auxiliary transmission. To ensure the strength of the smaller
shaft of the fixed pulley half, the method of supporting the
roller bearing of the sliding pulley half was revised. The
function of securing the roller bearing by means of a snap
ring was transferred to the sliding pulley half. JATCO's
latest low-friction belt was adopted for the new CVT.

3. Technologies adopted to achieve the development

concept

3.1 Efforts to reduce friction

Low-friction ball bearings were adopted at all locations
to support the pulleys and the shafts as a mechanism
measure for contributing to improving vehicle fuel economy
by reducing mechanical friction. In addition, to reduce
fluid churning loss attributed to the gears and pulleys, a
tandem piston structure was adopted for the pulley pressure
chamber so as to reduce the outer diameter. A baffle plate
was adopted for the auxiliary transmission gears.

In addition, the energy needed for operating the oil
pump was reduced by optimizing the lubricant distribution
and the pulley hold pressure. The setting of the final gear
ratio was also optimized

As a result, a comparison with the Jatco CVT7
currently used on many mini-vehicles revealed that friction
was markedly reduced especially in the low-speed region.
During operation under Japan's JCOS8 test mode, friction was
reduced by approximately 8% overall, thereby contributing

to improving vehicle fuel economy.

3.2 Efforts to reduce size and weight

While the pulley ratio coverage was maximized as
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noted above, various weight reduction measures were
devised. These included narrowing the inner diameter of
the shafts, thinning the sheave portion by using the latest
structural analysis method, and thinning the parts of the
pressure chamber. In addition, the portion of the parking
gear integrated with the pulley was formed without a tooth
bottom to reduce the weight. Moreover, the materials used for
internal constituent parts were reviewed and thoroughgoing
efforts were made to thin or remove material from detailed
portions of each part. As a result, the weight of the new
CVT was reduced by approximately 4.2 kg compared with
the CVT7, a weight reduction of approximately 6%.
Mountability on vehicles equipped with the existing
CVT7 was naturally ensured. The basic framework size
was determined taking into account mountability in the
engine compartments of vehicles made by multiple vehicle

manufacturers.

3.3 Efforts to improve NVH performance
3.3.1 Forward/reverse switchover mechanism

A double-pinion four planetary gear configuration was
adopted to reduce gear noise when transmitting power by

the planetary gear set for traveling in reverse.

3.3.2 Improvement of coupling rigidity with the engine

As noted earlier, mini-vehicles have severe layout
restrictions in the engine compartment. In addition, the
ongoing adoption of more advanced vehicle functionality
is increasing the number of mounted parts, thereby further
heightening the layout severity for the powertrain system
including the engine. However, improving the coupling
rigidity of the powertrain system has a large effect on
vehicle NVH performance. For that reason, measures
were taken to secure the necessary coupling rigidity amid
the severe layout restrictions, such as by increasing the
number of coupling points and optimizing the geometry
and structure of the coupling interface with the engine.
These measures contribute to improving vehicle NVH

performance.

3.4 Hydraulic control system

The overall configuration of the hydraulic control system
is based on a single-stage pressure regulator inherited from
the CVT7 system with a proven performance record. This
approach improved hydraulic performance robustness
while enabling the system to be developed in a short period

of time.
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In addition, the following three measures were
implemented as mechanisms for maintaining pressure
when the engine is turned off in order to achieve a stop-start
system without a dedicated oil pump, which is becoming
the mainstream type even for CVTs.

(1) A pressure holding valve was newly adopted inside the
pressure control valve as a mechanism for maintaining
the pressure in the hydraulic circuit when the engine is
stopped, i.e., the oil pump is off.

(2) A low-leak seal and a gap-free D-ring were adopted as
they are advantageous for maintaining pressure in the
pulley pressure chamber.

(3) A completely new method of designing the flow
passages in the control valve was used to reduce the
amount of leakage and thereby minimize leakage from

the hydraulic circuit.

4. Conclusion

This article has described a new CVT that has been
developed specifically for use on mini-vehicles in Japan.
A clearly defined development concept was achieved using
simple technologies. As a result, fuel economy during
operation corresponding to Japan's JCOS8 test mode has been
improved by reducing friction by approximately 8%. This
new CVT is also superior to the existing CVT7 for mini-
vehicles in terms of weight and mountability.

As the shift to electrification proceeds in the medium
to long term, it is expected that competitiveness can be
improved by combining a conventional engine, a CVT and
an energy regeneration system designed for mini-vehicles.
We intend to make further improvements in response to

such expectations.

Yoshihiro OYAMA
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Application of Systems Engineering and Model-based Development for developing Engagement Performance
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Summary The heightening of various performance
requirements for vehicles in recent years has complicated
the development of transmission performance. In order to
develop performance efficiently, at JATCO we are applying
a development approach that combines systems engineering
(SE) with model-based development (MBD). This article
describes this approach in detail.
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1. Introduction

Vehicles have a number of key driving performance
attributes. One such attribute that must be easy for drivers
to recognize when a vehicle is at rest is engagement
performance. This performance includes such phenomena
as a response time delay (lag) when the driver operates the
shift lever and a change in vehicle longitudinal acceleration
(shock) due to a difference in the torque transmitted by the
transmission.

Lag and shock involve a trade-off whereby improving
one worsens the other. The aim is to achieve high levels of
performance for both simultaneously.

Toward that end, in the past engagement performance
was mainly developed through trial-and-error testing
because a sufficient performance design could not be
obtained in the early stage of development. That approach
required an enormous amount of development man-hours.

To resolve that issue, comprehensive requirements,
functions and methods were made clear on the basis of
a systems engineering (SE) approach and the aim was to
develop engagement performance without depending on
trial-and-error testing by further improving the accuracy of

the existing transmission model.
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Fig. 1 Conventional development process for engagement
performance
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2. Problems in conventional development process for

engagement performance

Fig. 1 shows the problems in the conventional V-shaped
process for developing engagement performance. In the
design phase on the left side of the V-shaped process, the
vehicle requirements for lag and shock were definite, but
the requirements for the transmission system were not
sufficiently clear. For that reason, the vehicle requirements
were used to study the transmission system design.

A large-scale model, created by combining the vehicle
model with the transmission model, was used in such studies.
The transmission model was not at the level where quantitative
target values could be assigned for designing the parts and
control system. Accordingly, they were designed on the basis
of past results and experience regarding each function.

Consequently, the engagement performance of the
transmission was first verified in vehicle tests conducted
in the testing phase on the right side of the V-shaped
process. In cases where the performance did not satisfy
the requirements, trial-and-error studies were conducted
mainly for the control logic and control constants in order
to reach the necessary required performance. That involved

an enormous amount of man-hours.

3. Resolution of issues by SE and MBD

3.1 Clarification of the system scope and transmitted
physical quantities

The following discussion concerns an example of a CVT.
In order to clarify the target system related to engagement
performance, a system context diagram like that shown
in Fig. 2 was created, showing the entities involved and

the transmission of physical quantities between them.

Fig. 2 System context diagram of engagement performance
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The target scope of the system was defined on that basis.
Because the diagram made it possible to confirm each of
the interactions, the necessary elements were made clear for
attaining the requirements for lag and shock.

Moreover, whereas the designs of the system components
and control were executed individually in the past, this time
the scope was defined in terms of the hierarchical levels
of the system, subsystems and components while taking
functionality into account. This made it easy to analyze
the functions and methods needed to achieve the required

engagement performance.

3.2 Identification of functions and methods by RFL

The system context diagram in Fig. 2 made clear the
transmission of physical quantities of each level. It shows
that the shock occurring in the vehicle is transmitted
as variation in drive shaft (DS) torque from the CVT.
Considering the target shock level as a requirement (R)
leads in turn to the function (F) for attaining it and a logical
architecture (L) as the method for accomplishing the
function. One such approach is to assign the requirement
(R) to the CVT because it involves the drive shaft torque of
the CVT. Assignments are then repeated at each level from
the CVT system to the subsystems to the components, as
shown by the flow in Fig. 3.

This approach made clear the relationships of the
requirements (R), functions (F) and logical architectures
(L) at each level, enabling the scope of responsibility and
the scope of influence to be defined among the people
involved in the development project. Work proceeded
efficiently from the coordination of target values to the final

agreement.

3.3 Construction of a model for assigning requirements (R)

The logical architectures (L) for achieving the
requirements (R) of the transmission system were examined
and a model was constructed based on physical equations.
In that process, the functions (F) and logical architectures
(L) of the components layer were incorporated in the model,
making it possible to assign quantitative requirements (R)
to the components.

A model accurate enough to reproduce the quantitative
tendencies of an actual transmission was used in designing
the transmission system in the early stage of development.
A model with still higher accuracy was needed at the
stage of executing the detailed design. To improve the

accuracy of the model, it was necessary to make the
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Fig. 4 Example of actual measured characteristics

characteristics of the functions (F) and logical architectures
(L) equivalent to those of an actual transmission. For that
purpose, nonlinear characteristics having a large impact on
engagement performance were incorporated in the model
as actual measured values. Examples of such characteristics
are shown in Fig. 4 as the measured results for the clutch
friction characteristic in the forward/reverse changeover
subsystem and the spring characteristic of the dish plate,
i.e., a dish-shaped spring between the driven plates of the
piston and clutch.

Incorporating these measured characteristics in the
model resulted in the construction of a model with high
accuracy for predicting dynamic behavior and performance
at the time of engagement.

3.4 Construction of a V-shaped process by SE and MBD

As explained above, the requirements (R), functions (F)
and logical architectures (L) were made clear at all levels
of the transmission system by applying SE. The related
V-shaped process is shown in Fig. 5.

As a result, that made it possible to coordinate and
agree on the quantitative requirements based on physical
quantities in the design phase centered on the model. In
addition, verification tests were possible in the testing phase
using a prototype that enabled prediction of the attainment
of the requirements. If the requirements were not achieved,
the same model was used to investigate the causes of non-
attainment.

In this way, MBD was accomplished in which
performance was developed efficiently using the model as a
common platform in both the design and testing phases.
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Table 1 Use of the model in relation to engagement
performance tests
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4. Validation results

The method described in section 3 was used to design
the command pressure, representing a requirement (R) of
the control subsystem, so as to satisfy each requirement
beginning from the uppermost level. The results are shown
in Fig. 6.

The designed command pressure was then used in
conducting bench tests and vehicle tests, and the results
obtained are shown in Fig. 7. The requirements for the
uppermost level include the actual pressure, primary
pulley torque and the drive shaft torque. The results
of these validation tests conducted with the command
pressure designed on the basis of the model showed that the
tendencies and magnitude of the requirements were nearly
consistent, though some time-related differences were
seen. This confirmed that the MBD method is effective for

predicting engagement performance.

Fig. 7 Results of validation tests

As described here, the application of SE and MBD
made it possible to investigate and calibrate the control
constants on the basis of the model (Table 1). The model
made it possible to ascertain in detail the sensitivities and
tendencies of the system at the design stage. As a result,
performance was developed without depending on trial-
and-error bench tests and vehicle tests as was done in the
past.
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5. Conclusion

The following results were obtained by applying SE
and MBD in the development process for engagement
performance.

(1) These the

requirements (R), functions (F) and logical architectures

approaches enabled visualization of
(L) of the transmission system, subsystems and
components. That made clear the scope of responsibility
and the scope of influence of the people involved in
the development project and enabled work to proceed
efficiently from coordination to agreement on target
values.

(2) Substituting actual transmission characteristics for the
physical equations in the model enabled more highly
accurate prediction of performance. That allowed the
assignment of quantitative targets to the parts designs
and control system design.

(3) The use of the model made it possible to examine and
calibrate the control constants, and a development
method was established that does not rely on trial-and-
error testing as was done previously.

In future work, we want to expand the scope of
application of this method to enable comprehensive
investigation of variation due to the environment and parts
and optimize performance. We also want to apply it to
other performance parameters besides engagement and

implement more efficient and reliable development work.

Tomohiro UTAGAWA Tomoaki HONMA
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Development of a CVT-based 48V Mild Hybrid Transmission
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Summary Regulations on carbon dioxide (CO)
emissions for the purpose of protecting the environment
are expected to become increasingly tougher in the coming
years. This can be seen in the requirement to reduce CO,
emissions in Europe to 95 g/km by 2021. A P2 type mild
hybrid transmission has been developed around the concept
of clearing tougher CO, emission regulations and also
being compact in size for excellent vehicle mountability.
To achieve this compactness, a flatter motor was developed
independently based on the motor mounted in an existing
strong hybrid system with a one-motor two-clutch structure.
The new motor is the same size and fits in the same space as
the torque converter of a conventional vehicle transmission.
A hybrid system simulation technology was also established
for estimating the CO, emission reduction effect of the new
mild hybrid transmission, and a comparison was made with
the test results measured for a demonstration car mounted

with the new unit.
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1. Introduction

It is expected that CO, emission regulations for the
purpose of protecting the environment will continue
to become tougher in the years ahead. Over a five-year
period beginning from 2015, there is an especially tough
requirement to reduce CO, emissions by approximately
20%. In order to meet these tougher regulations, it will
be necessary to continually evolve and improve the entire
vehicle system. However, for vehicles powered only
by a conventional internal combustion engine (ICE), it
will become much more difficult to clear these stricter
regulations in the near future. Accordingly, electrification
will be a necessary and indispensable means of complying

with such tougher regulations.
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Fig. 1 Mild hybrid transmission concept
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Against this backdrop, a CVT-based 48V mild hybrid
transmission is regarded as the most reasonable approach
capable of complying with future CO, regulations. This
unit uses a low-power motor and does not require a high
voltage system like that needed by electric vehicles (EVs)
and strong hybrids.

2. Development concept

The development concept defined for this mild hybrid
transmission was to achieve the following aims:
® To be able to clear CO, emission regulations,
 To build acompact unit with excellent vehicle mountability,

and
* To ensure a competitive price.

In line with this concept, transmission electrification
would be kept to the minimum necessary level for CO,
emission regulation compliance. In addition, vehicle
mountability would be enhanced to allow the new
transmission to easily replace existing units and thereby

minimize overall vehicle modifications.

3. Transmission overview and accomplishment of

development concept

The new transmission is based on an existing strong
hybrid transmission and inherits the latter’s 1-motor 2-clutch
system. The strong hybrid transmission replaces the torque
converter of a conventional unit with a motor and fits in the
front case of the motor, but its axial length is more than 33
mm longer than that of the conventional unit. For the mild
hybrid transmission, the motor output was optimized to
match the CO, emission reduction target, as will be explained
later. That allowed a flatter motor design, enabling the axial
length of the motor front case to be the same dimension as

the torque converter housing of the conventional unit (Fig. 1).

1M2C system structure

ISG: Integrated Starter Generator
INV: Invertor with motor controller
MG: Motor Generator

OP: Oil Pump

Fig. 2 Configulation of mild hybrid transmission
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3.1 1-motor 2-clutch system

Fig. 2 shows the configuration of the mild hybrid
transmission, a P2 type unit with one motor and two
clutches. The motor is positioned between the engine and
the transmission, and one clutch each is positioned between
the engine and the motor and between the motor and the
transmission. Engaging and disengaging these clutches
suitably switches the hybrid system among its drive modes.
The upper half of Fig. 3 shows the vehicle operating states.
The green region is for EV drive, the red region is for engine
drive (hybrid (HEV) drive) and the yellow region is for EV
energy regeneration.

The lower half shows the drive modes and the operating
states of the mild hybrid system. EV drive is possible for
accelerating from a standing start at low throttle until
reaching a vehicle speed of approximately 50 km/h. The
state of the hybrid system at this time is that the engine
is stopped and decoupled by disengaging clutch-1, while
clutch-2 is engaged to transmit the motor power through the
variator to the tires. In addition, during EV drive the motor
speed for obtaining the optimum motor efficiency can be
selected by means of the variator.

At vehicle speeds above 50 km/h or when the throttle
valve is opened more than a specified value, the integrated
starter-generator (ISG) starts the engine; clutch-1 is then
engaged to switch the system to engine drive. The operating
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speeds of the engine and the motor are synchronized at
this time to suppress heat generation by clutch-1 that would
otherwise be caused by their different operating speeds.
During coasting and deceleration, clutch-1 is disengaged,
the engine is stopped, and energy is regenerated by the
motor-generator.

These operating modes of the mild hybrid system
are basically the same as those of our strong hybrid. We
created a simulation model for faithfully reproducing these
operating modes and investigated the effect of the hybrid
system on reducing CO, emissions as well as the optimum

motor power.

3.2 Study of CO, reduction effect and optimum motor power

Fig. 4 shows the simulation model that was constructed
for the mild hybrid system to validate its effect on reducing
CO, emissions. First, a vehicle model was created as
the framework of the system, and then the electrical
and mechanical connections were simulated. The CVT
controller, hybrid controller and maps and parameters for
controlling the hybrid system formed a control system
equivalent to that of an actual vehicle. For the hybrid
controller in particular, which manages the switching
among the drive modes, we extracted the portions needed
for examining fuel economy from the control program used
on actual vehicles and created the simulation model.

The simulation model in Fig. 4 was used to conduct
simulations under the New European Driving Cycle (NEDC)
for evaluating the effect of the motor size on fuel economy.
Based on the results and the balance between EV drive and
engine drive, we calculated that the optimal motor power was
10 kW for propulsion and 15 kW for regeneration (Fig. 5).

This level of motor power enables EV drive in
approximately 40%. The calculated results indicated that
a 14.2% reduction of CO, emissions could be expected
compared with a conventional vehicle equipped with a
start/stop (S/S) system, which was one of the simulation
conditions as shown in (Fig. 8). Cooperative regenerative
braking and deterioration of emissions were not considered

in this simulation.

3.3 Development of a flat motor

Using the strong hybrid as a base, the axial length of the
motor was shortened and part of the magnetic circuit was
changed. Those measures showed the prospect of achieving
both the optimum motor power calculated above and the

desired torque output characteristic. However, motor heat
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was an issue with regard to fitting the motor in the space
corresponding to the volume of the torque converter.

The motor of the strong hybrid is cooled by a coolant
that is circulated through the water jacket on the motor
case to remove heat. The water jacket was an obstacle for
shortening the axial length. Moreover, with the 48V motor,
the application of current for continuous motor operation
would generate more heat than in the case of the strong
hybrid. Accordingly, it was necessary to increase motor
cooling efficiency compared with the existing strong
hybrid. To accomplish that, a direct cooling system was
adopted that circulates CVT fluid inside the motor to cool
the parts generating heat. This system resolved the motor
heat issue and also enabled the axial length to be shortened
by discontinuing the motor case water jacket.

CVT fluid is supplied from the CVT to the stator and
rotor though the motor shaft. The fluid flow state in the
motor was calculated in a flow simulation, and the shapes
of the motor parts were optimized to enable the CVT fluid
to flow as intended by the design.

The foregoing studies showed the prospect that the
motor would be able to operate continuously to produce
the desired power even in the severe driving situations

envisioned for real-world use (Fig. 6).
4. Demonstration car evaluation

A demonstration car was built, mounted with the new
motor developed on the basis of the foregoing studies,
and vehicle tests were conducted to validate the effect on

reducing CO, emissions and the motor cooling effect.

Fig. 6 Motor cooling simulation results
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4.1 Configuration of demonstration car

The demonstration car was built around a conventional
vehicle, with the mild hybrid system installed in place of
the existing CVT and with the additional installation of
the battery system, hybrid controller and other electrical
components (Fig. 7).

The flatness achieved for the motor is equal to that of
the torque converter, enabling the motor to fit compactly
in the CVT package. The results of basic tests of motor
characteristics confirmed that the prototype motor satisfies
the power characteristics as designed. The demonstration
car was driven under the actual NEDC fuel economy test

mode and the motor temperature was measured.

4.2 Validation of CO, reduction effect

Fig. 8 shows the validation results for the CO, reduction
effect of the mild hybrid transmission. The measured results
show that CO, emissions were reduced by 13.8%, which is
almost equal to the simulated reduction of 14.2%.

Engine
Baseline Decoupled
Conv. + S/S @EV & Regen. Assist-EV CVT8+48V
S
O
a [ simulated
=
g - Measured
§ No Engine -13.8% A .
= Friction ssumptions
2 -14.2% - NEDC
4 @ 10kw - Vehicle: C-SUV
) EV Drive - Engine: 2.0L
@) v Better

CO, savings depend on engine and vehicle specs.

Fig. 8 CO, savings result
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Fig. 9 compares the measured and simulated waveforms.
The top graph compares the simulated and measured
waveforms for the state of charge (SOC) during operation
under the NEDC mode. The bottom graph compares the
engine speed waveforms.

Though some divergence is seen, the simulated and
measured waveforms coincide for the most part. This confirms

that the simulation was conducted with good accuracy.

4.3 Validation of motor cooling effect

The motor temperature was also measured during
operation of the demonstration car under the NEDC fuel
economy test mode. Fig. 10 compares the measured and
simulated motor temperature waveforms. The simulated
and measured results show good agreement and confirm
that the temperature has a sufficient margin with respect to

the target temperature criterion.

Fig. 10 Measured motor temperature
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5. Conclusion

This article has described a newly developed mild
hybrid transmission that inherits the one-motor two-clutch
structure of our existing strong hybrid system. A new motor
was developed independently with a flatter design, enabling
the motor front case to fit in the same space as the torque
converter. As a result, the new mild hybrid transmission is
identical in size to the conventional unit.

The new mild hybrid transmission was mounted in a
demonstration car for evaluating in-vehicle fuel economy.
The results confirmed a 14% CO, emission reduction effect
compared with a conventional vehicle equipped with a
start/stop system. While the flatter motor design presented
an issue regarding heat generation, it was also confirmed
that the adoption of direct motor cooling by the CVT fluid
obtained a sufficient cooling effect.

Masaomi MORISHITA
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Spalling strength design method for small module gears considering tooth root bending stress and residual stress
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Summary Automotive drivetrains have been required
to become lighter and more compact in recent years in order
to improve both fuel economy and power performance. The
small module planetary gears used in the auxiliary gearbox
of the Jatco CVT7 are required to provide high levels of
durability and reliability. This article presents a spalling
strength design method that takes into account tooth root
bending stress and residual compressive stress induced
by shot peening, which is one method of improving gear
fatigue strength.

1.
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L0 THET 2.

Table 1 Modes of gear fatigue'"

1. Introduction

Gears are subject to various fatigue failure modes as
shown in Table 1. Design methods have been established
even for small module gears regarding failure modes that
have surface origins such as surface pitting, surface wear
and tooth root breakage.

This article focuses especially on spalling that develops
from an internal origin. It presents a spalling strength
design method that was investigated taking into account
shear stress originating from the tooth surface, residual

stress and tooth root bending stress, among other factors.

2. Overview of spalling

Spalling is a fatigue mode in which a crack occurs in
the boundary area between the case-hardened layer and the
core and propagates to the tooth surface, resulting in failure.
The mechanism causing a crack involves the relationship
between the maximum internal shear stress induced from
the tooth surface by the meshing of gear teeth and the
allowable shear stress (internal hardness). In general, a
crack develops where shear stress occurs that exceeds the

allowable shear stress.
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Fig. 1 Spalling fatigue

3. Parametric study

3.1 Small module planetary gears

The object of this investigation was the pinion of the
Ravigneaux planetary gear set used in the auxiliary gearbox
of the CVT7. The specifications of the planet pinion are
given in Table 2. The planet pinion has a small module of
1.29 compared with a module of 2.89 for the final reduction

helical gear.

Table 2 Specifications of gears

Gear Planet (Ref))
specification pinion Reduction gear
Module 1.29 2.89

Pressure angle | 20° 19.9°

Helix angle 20.7° 29.5°

3.2 Spalling strength design method

Combined shear stress was considered as the design
parameter against ordinary spalling of a small module
gear like the planet pinion used in the CVT7’s auxiliary
transmission. It includes residual stress induced by shot
peening and tensile stress due to tooth root bending, in
addition to maximum internal shear stress. Gear spalling
life is designed based on the relationship between the
combined shear stress o and the allowable shear stress
T, representing the gear strength. The details of each

parameter are explained below.
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3.2.1 Maximum internal shear stress

Naitoh” proposed the following equation for the
relationship between the maximum contact pressure and the
internal maximum shear stress of two cylindrical surfaces

in contact.

T =5 (1 - ) O

b = 0.636 (p—")

Pmax " B
P . Hertzian contact stress
B: Tooth width
2b: Contact width
P : Tangental load of base circle

x: Depth from surface

The maximum shear stress 7. calculated with the
shear stress equation above is shown in Fig. 3 as a function

of the depth from the surface.

3.2.2 Residual stress

Fig. 4 shows the measured results for residual stress
ores in the depth direction at the center position of the
tooth depth. The application of strong shot peening to a
small module gear like the planet pinion induces residual
compressive stress near the surface, though tensile stress
occurs internally. This tensile stress has an adverse effect
on spalling, so it is necessary to consider it in combined

shear stress.
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Fig. 4 Residual stress distribution

3.2.3 Tooth root bending stress
For a small module gear, the influence of tooth root
bending stress extends to the location where the maximum

shear stress occurs, making it a factor that reduces gear
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Fig. 5 ABAQUS FEM simulation
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spalling life. The tensile stress o, induced by tooth root
bending was calculated in an ABAQUS FEM simulation
and the results are shown in a contour diagram in Fig. 5.
The stress distribution is shown in Fig. 6 as a function of the

depth from the surface.
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Fig. 6 Distribution of tensile stress caused by tooth root
bending

3.2.4 Combined shear stress

The maximum internal shear stress, residual stress
induced by shot peening and tensile stress due to tooth root
bending that were found above are regarded as combined
shear stress ¢ in Eq. (2), proposed by MackAldener and
Olsson.®

0, =T,+0 +0

res

cp.core (O- bend) <2)
*a cp(from experimental data)
core(0.5mm-) = 0.18

case(0-less than 0.5mm) = 1

3.2.5 Allowable shear stress

Based on the relationship between hardness and tensile
strength proposed by the Japanese Standards Association,®
the relationship between the allowable shear stress and
hardness is shown in Eq. (3) below.
7,=0.86 HV  (3)
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4. Relationship between combined shear stress and

allowable shear stress

Fig. 7 shows the relationship between the combined
shear stress o, (green line) and the allowable shear stress
7., (red line) found from the hardness distribution. The
ratio of the combined shear stress o, to the allowable shear
stress T, is defined here as the shear stress ratio ¢ ,/7, and
is adopted as the design guideline. As this ratio becomes
larger, the safety factor relative to the allowable shear stress
declines. It was found that a crack occurred internally at the
depth where the ratio was maximum. This crack propagated
to the tooth surface, giving rise to spalling.

(e}
1 ENEI%_)\

1.0E+07

Pitting area under 0.55

Shear stress ratio (65/Ty)yax

O : Spalling
A @ Tooth root breakage
[ : Pitting

1.0E+06 No. of cycles to failure

Fig. 8 Spalling strength design parameter and durability
5. Test results

A durability test was conducted under conditions of a
constant torque and constant speed. The results are plotted
in Fig. 8 in terms of the relationship between the number
of cycles to failure and shear stress ratio. As seen in the fig.
8, a good correlation was obtained between the maximum
value of the shear stress ratio (g, /7, )max as the design
guideline and spalling life. Suzuki et al.*’ proposed Eq. (4)
below for the relationship between the maximum value of
the shear stress ratio (o, /7 )max and spalling life in terms
of the number of input cycles until failure.
N=CAO/T),00" @

The values of the following coefficients were found
from the test results shown in Fig. 8.

C =224x10°

ni=-5.19

It is seen in Fig. 8 that the condition for preventing
the occurrence of spalling is a shear stress ratio g, /7, <
0.55. Under this condition, it is the region where pitting has

occurred in advance.
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6. Conclusion

This article has presented a spalling strength design
method for small module gears that are subjected to shot
peening. The ratio of the combined shear stress o, to the
allowable shear stress 7 (o, /7,) was proposed as the
design guideline. The former consists of the maximum
shear stress originating from contact pressure, residual
stress induced by shot peening and tensile stress caused by
tooth root bending.

An equation for calculating gear spalling life was
derived from durability test results. A design value for
preventing the occurrence of spalling was derived as a shear
stress ratio /7, <0.55.

It is believed that the results of this study to the optimum
design of small module gears with high strength.
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Development of a compact and high-performance torque converter based on a new parameter sensitivity mapping
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Summary Smaller and lighter torque converters
are required for environmental friendliness. At the same
time, for application to downsized turbocharged engines,
there is a demand for a stronger torque amplification
function. To meet these requirements, the quantitative
sensitivity relationships between the parameters related
to torus dimensions and performance characteristics were
broadly mapped. As a result, a new torque converter has
been developed that provides world-class performance in
a minimized torus size. This article outlines this newly

developed torque converter.

1. [ZC®IC
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BIICBWTIE, ToVvDy A4 YTy —RIbIZ
v, KBTI O ERE) 1) & #E$ 5720 O ML 7 B IE B
REDBRIL AR DN T WD, —TJ7, Hiljfl 22 % Vg
ROBLEDS, BAR—ZEDLEER DL R>T V5.

L L3, TRHEDOERITGR 70121, F—F
ADFFEO/NRIALD L P REREE % R W LV AL S
BUED DB, WHD TALDORENEDI/3FA—F DRIZ
FSFESFERMN—FF 7RV T 27280, HK#EFED
B Wb OLL T 5.
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20, RN TELLMEREFEITHIEEZHMELT,
=T A EB IO R T 589 A= O
BN LEKEEREILYy LT HIE2TT o7z,

2. MEBERTE

HREFAFEHAEELCUL T OB Z g L7z,

1. Introduction

Smaller, lighter and more efficient automotive
transmissions are required today for improving fuel
economy and environmental friendliness. In developing
torque converters for application to downsized turbocharged
engines in particular, there is a demand for a stronger torque
amplification function to compensate driving force in the
non-boosted operating region. At the same time, space-
saving requirements have also become more severe from
the standpoint of assuring vehicle crash safety performance.

In order to respond to these requirements, it is necessary
to achieve both smaller torus dimensions!? and higher
performance characteristics at the highest possible levels.
However, it is difficult to identify an optimum solution to
this issue because various trade-offs exist among the lower
level parameters of both size and performance.

The purpose of the development project described here
was to achieve world-class performance while minimizing
the torus size. To do that, the quantitative sensitivity
relationships between the parameters related to torus
dimensions and performance characteristics were broadly

mapped.

= SEATBA B FE
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Fig. 1 Relationship between vehicle dynamic performance
and torque converter hydrodynamic performance
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2. Performance development targets

The performance development targets were defined as
follows:

(1) To obtain a higher torque ratio at medium speed
ratios: £, ,>1.73 (10% improvement over the current value)

(2) To secure the desired torque capacity at high speed
ratios: 7, =15 4 Nm/rpm? (equal to the current value)

The notation 7, , is the torque ratio at a speed ratio e=0.4
and 7, is the capacity factor at a speed ratio e=0.8.

These performance development targets were set from
the standpoints of dynamic performance in vehicle launch
situation and fuel economy in re-acceleration situations.
With regard to dynamic performance, a downsized
turbocharged engine requires a higher torque ratio
characteristic than a naturally aspirated engine over a wide
speed ratio range in order to compensate driving force in the
non-boosted region. At the same time, the torque capacity
for suppressing engine speed flare must be assured (Fig. 1).
With regard to fuel economy, it is necessary to secure high
torque capacity at high speed ratios in order to suppress loss
due to slippage.

In line with these performance targets, a torque ratio
of ¢, at a speed ratio of e=0.4 as a representative point of
converter phase (before coupling point) was selected as a
first index for managing performance. A target value of 7,
was set to 1.73, i.e., approximately a 10% increase over the
current value. A capacity factor of 7, , at speed ratio of e=0.8
for evaluating the torque capacity potential was selected as
a second index for managing performance while satisfying
the target value of the first index. A target value of 7, was
set to 15 uNm/rpm? that are equal to the current value.

With regard to setting targets for the torus size, if target
dimensions are set solely on the basis of prevailing values
and downsizing trends and performance is developed
accordingly, the result cannot be shown to be optimal. As
will be explained in the next chapter, the reason is that there
are trade-offs between the torus dimensional parameters and
performance. Therefore, in this development project, it was
decided to search for the combination of torus dimensional
parameters that would achieve the performance targets
without putting any restrictions on the parameters, i.e.,

without being bound by the trend toward a flatter design.
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Fig. 3 Relationship between the flatness ratio and inner
diameter ratio of the torus
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Fig. 2 Cross-section of torus with dimensional parameters

3. Torus design

3.1 Design concept

As shown in Fig. 2, there are three main parameters
concerning the cross-sectional dimensions of the torus,
namely, the outer diameter ¢D,, inner diameter @D,
and axial length L, which influence torque converter
performance. Here, we will change only the size of each
part of the flow passage designed in a certain configuration
while maintaining a similar shape for each part. Torque
transmitted by a torque converter varies in proportion to the
fifth power of a value representative of the size® (generally
the outer diameter d)D] is selected), which is referred to
here as the fifth power rule. The following nondimensional

quantities are introduced concerning the dimensions.

L
Flattening ratio R, = — 1
g =D (1)
D
Inner diameter ratio  R;,, = D_Z 2)
1
2L
Aspect ratio R,,=— Q)
as D1 _ D2

When the outer diameter (bD] has a certain fixed value,
there are trade-offs between hydrodynamic performance
and the torus axial length and inner diameter dimension. In
order to identify the optimum combination of values of the
above-mentioned quantities, it is necessary to make clear
the quantitative sensitivity relationships between these
indexes and performance.

Fig. 3 shows the relationship between the flatness ratio
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and inner diameter ratio for typical existing toruses based
on the results of an in-house survey. The diagonal lines
in the figure are the equivalent aspect ratios. The torus at
the uppermost right has an aspect ratio of 1 and the values
decrease going toward the lower left. The results indicate
that the values of these indexes have tended to be set in
the upper left region for a flatter design, and, especially
as a trend in recent years, for a more compact design. In
contrast, the area enclosed in the dashed line in the center of
the figure is empty. In this project, attention was paid to the
possibility that the optimum point might exist in this area.
It was decided to base the design concept on clarification of
performance sensitivity in this area.

In other words, setting a larger flattening ratio and
aspect ratio secures a higher hydrodynamic performance
potential (explained in the next section). To that extent, it
leads to a smaller outer diameter; and as a result, there is a
possibility for setting a smaller axial length determined by

the outer diameter ¢D, x the flattening ratio R -

3.2 Parametric study

In order to clarify performance sensitivity in the empty
area in Fig. 3, torus shapes were defined at the eleven points
indicated by the circled region, and an evaluation was made
of performance at each point. The concept used in the
evaluations was to assess the performance potential® based
on the trade-off between the torque capacity and torque ratio
for different pump impeller blade exit angles. Fig. 4 shows
the specific evaluation method based on the performance
development targets defined in the previous chapter. The
horizontal axis shows the coefficient of proportionality K,
which has a value of K at a speed ratio of ¢=0.8, and is an
index expressed in Eq. (4) below that removes the effect of
torus size differences from the capacity factor according to
the fifth power rule.

Tin

=K-D,°
Ninz !

= @

The notations 7, and N, here are the absorption torque
and speed of the pump impeller, respectively. The vertical
axis shows the torque ratio #, , at a speed ratio of e=0.4. The
two points shown in the graph correspond to different pump
impeller blade exit angles. The point plotted at the position
where K, is high represents a forward-curved blade (high
capacity and high efficiency type) with an exit angle of
-31.8°, and the point plotted at the position where ¢ , is
high represents a backward-curved blade (high torque ratio
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type) with an exit angle of 0°. The other blade specifications
were fixed values aimed at obtaining a high torque ratio as
defined in-house. The line (referred to here as the equivalent
performance potential line) connecting the two points in the
figure indicates a higher performance potential, the more it
is positioned to the upper right.

The following criterion was defined for evaluating the
performance potential; the evaluated potential P, was
defined as the value of K, at the point where the equivalent
performance potential line and the horizontal line for
t,,=1.73 cross.

P, = Kog(tos = 1.73) 3)

This criterion was defined for evaluating what value K,
would have in order to obtain the performance development
target defined in this project as a torque ratio of 7, ,=1.73. In
case ¢, did not reach 1.73 at the point of a pump impeller
blade exit angle of 0°, the intersection point of the two lines
was determined by linear extrapolation. As will be explained
in more detail in the next chapter, K , was converted to the

necessary dimensions based on the fifth power rule.

3.3 Study model

This section outlines the study model corresponding
to each of the 11 points in Fig. 3 and the performance
calculation method. When designing a new torus at JATCO,
we generally use an in-house design program to design the
flow passage and then determine the cross-sectional shape of
the shell and core. However, applying this design process to
all eleven points would not be practical in terms of the man-
hours required. Therefore, a torus previously developed in-
house was selected as the baseline specifications and the
following procedure was adopted. Specifically, the outer
diameter (l)D1 was fixed at the baseline value and the cross-
sectional shapes of the core and shell were respectively
extended or contracted radially or axially from the baseline
specifications to design the flatness ratio and the inner
diameter ratio. In that process, the clearance between the
blade cascades (i.e., between the pump impeller exit and
the turbine runner inlet, etc.) was adjusted so as to maintain
the baseline dimension while taking into account the blade
strength, productivity and other conditions for product
viability. The blade thickness of the pump impeller and
turbine runner was also kept constant at the same thickness
as the baseline dimension. In addition, the blade inclination

and angle, the stator blade thickness and other blade
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Fig. 5 Parametric study results
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specifications were adjusted to make them equal to the
baseline values.

Based on these conditions, models were prepared for
the 11 points for two different pump impeller blade exit
angles, making 22 models in total, and performance values
were calculated using a 3D computational fluid dynamics
(CFD) code.

4. Evaluation Results

4.1 Parametric study results

The parametric study results are presented in Fig. 6,
where (a) shows the relationship between ¢, and K, at each
evaluation point A to K in Fig. 3 and (b) shows a color scale
representation of the response surface interpolated from the
scattered data for the evaluated performance potential K,
(¢,,=1.73) at each point. It is seen in (b) that the evaluated
performance potential increased toward the lower right

region of the graph.

4.2 Determination of optimum torus size

Fig. 6 (b) presents a performance potential sensitivity
map, in which the evaluated performance potential is a
nondimensionalized index in relation to the dimensions.
Because the influence of the dimensions was removed
from this index by the fifth power rule, the conditions for
minimizing the torus size cannot be identified on the basis
of this figure alone. Based on the relationship between the
and the fifth

power rule, the values of the outer diameter D, , inner
req

target value of the capacity factor of 7,
“Oreq

diameter Dz.)q and axial length L needed to satisfy the
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targeted performance at an arbitrary point in the sensitivity

map in Fig. 6(b) can be calculated as shown below.

1
10.8r¢q ) /s
Dy =(——rea
treq (Ko.s(to.4 =1.73) ©
D21eq = Diyeq X Rin (N
Lreq = Dlreq X Rfl (8)

The values of Equations (6) to (8) at various points in the
sensitivity map in Fig. 6(b) were calculated and the respective
relationships are plotted in Fig. 7. The results indicate that
the targeted performance on the response surface shown
in the figure is satisfied. Accordingly, consider an example
where attention is focused on the outer diameter (l)D1 and the
axial length L. In the right-hand graph in which the response
surface is projected in a plane formed by the outer diameter
and the axial length, the condition for minimizing the torus
size is to set the dimensions along the lower left edge of the
response surface. In this development project, the point for an
outer diameter ¢D =225 mm, axial length L=46.4 mm and
inner diameter (Z)D2=123 mm was selected because of the
mountability space limitation in the radial direction, and the
flow passage was designed. The evaluation of the torus size
at this point is explained in detail in chapter 5.

4.3 Experimental validation results

The hydrodynamic performance of a torus having the
specifications determined in the preceding section was
validated by experimental measurements for the two types of
pump impeller blade exit angles explained in section 3.2. A

prototype torque converter, consisting of the pump impeller,
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Fig. 7 Experimental validation result (Equivalent
performance potential line)
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Table 1 Blade specification setting for evaluation of
performance potential

Pump impeller A B C
Exit angle [deg] -46.8 -31.8 0
Target spec ng},l Medium High .
capacity Torque ratio
Stator A B C
Target spec High X ngh ngl_l
Torque ratio efficiency capacity
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turbine runner and stator vanes and the front cover, was
machined for use in the experimental measurement. Fig. 7
shows the evaluation results for the equivalent performance
potential lines based on the experimental results. The result
for the capacity factor of 7, in a cross section at the targeted
torque ratio of 7 ,=1.73 was approximately 11% below the
target value. Converting that to the necessary amount of
increase in the dimensions (outer diameter, inner diameter
and axial length) according to the fifth power rule results
in a corresponding value of approximately 2.3%. It was
therefore concluded that the evaluation results in Fig. 6 were
sufficiently reliable, though the response surface in the figure
indicated that the dimensions needed to be enlarged slightly.

5. Evaluation of performance potential and torus size

Ordinarily, changing the blade specifications tunes
the performance of a torus so that it can be used on
various vehicle models and with different engines. This
section describes the performance confirmed for the
newly developed torus within the tuning range available
through changes in representative blade specifications, and
the superiority of its performance potential and size was
evaluated in relation to existing toruses. In this project,
performance was evaluated by experimental measurements
for combinations of nine patterns shown in Tab. 1. These
consisted of three different pump impeller blade exit
angles (three levels from a high torque ratio type to a high
efficiency type) x different stator blade exit angles and inlet
shapes (three specifications aimed at a high torque ratio,
high efficiency and high torque capacity, respectively).

Fig. 8 shows the experimental evaluation results in terms
of the relationship between K, and 7 . The results for typical
specifications of other JATCO toruses and other company’s
products (partially corresponding to those in Fig. 3) are also
plotted for comparison. Fig. 9 compares the three JATCO
toruses in Fig. 8 in terms of the index below expressed in Eq.
(9) for the cross-sectional area of the flow passage in the torus
cross section under a condition where the outer diameter

¢D, was aligned while maintaining a similar shape.

D, — D,

S= >

X L ©

The results in both Figs. 8 and 9 indicate that the
newly developed torus improves the performance potential
(notably toward a higher torque ratio) while being smaller in

size than the current torus.
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Fig. 8 Experimental evaluation results of performance
potential

The achievement of performance target was also
evaluated based on the results shown in Fig. 8. Under the
prerequisite conditions for obtaining 7, =15 4Nm/rpm?,
the achievement of the torque ratio 7, was 1.71 (8.8%
improvement over the current ratio) relative to the target
value of 1.73 (10% improvement over the current ratio).
Therefore, the ratio obtained nearly satisfied the target

value.
6. Conclusion

In the development project described here, the sensitivity

relationships between performance parameters and
dimensional parameters were broadly mapped. The results
revealed that points existed for optimizing both the torus
size and performance in combinations of the flatness ratio
and inner diameter ratio, representing nondimensionalized
parameters related to the dimensions. Such points were
found in regions away from those widely used heretofore
in torque converter design. In short, it was shown that, even
if the flatness ratio is increased somewhat over the trend in
recent years toward a smaller torus, the resultant increase
in performance potential enables the outer diameter to be
reduced to a corresponding extent. Consequently, the axial
length, represented by the outer diameter x the flatness
ratio, can also be shortened. As a result, the performance
potential of a newly developed torque converter torus was
markedly improved (notably toward a higher torque ratio)

while being smaller in size than a current product.
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Summary It has become extremely important in
recent years to enhance control logic validation efficiency
through the use of simulations in the transmission control
development process in order to deal with the increased
volume of control logic. A method was established in
this study for constructing on a PC a model-in-the-loop
simulation (MILS) corresponding to simulation conducted
by an automatic transmission control unit (ATCU) and
which can be integrated with a Simulink model quickly.
A method was also established for using MILS to conduct
integrated validation of the control logic in 1/5 of time
needed for a hardware-in-the-loop simulation (HILS). This
article describes the MILS construction method and control

logic validation method.
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1. Introduction

The exponential increase in the volume of control logic
in recent years has made the following two points absolutely
necessary for validation work.
 Validation of numerous test patterns providing satisfactory

coverage
* Shortening the time needed for validation

Because nearly all new control logic for ATs and CVTs
is created by model-based development (MBD), the use of
simulations should be promoted to accomplish the points

above.

Ir_)c;grl'(c ?gss\i;)software Microprocessor Eﬁghpi?g/ral Plant
’t/gégs(m%?:tl.ilonn;he Model |Notinstalled |None None Model
f&fp(g%tm:;%mthe igg;ce Not installed |None None Model
ﬂ,f;gmﬁ?:;%%n the (Ab‘i;l;!/) Actual Emulator/actual |Model Model
Loop Simulaton) " |ibinary) A<t Actual Actual | Model

Fig. 1 Differences in xILS
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1.1 xILS

Methods of simulating control logic are generally
referred to as x-in-the-loop simulation (xILS). As shown
in Fig. 1, the nomenclature differs depending on the
combination of how the logic part is constructed (i.e., model,
code, or binary) and with what type of microprocessor (i.e.,
PC, emulator or actual control unit (CU)) it is calculated.

1.2 HILS

Among the varieties of xILS, the most commonly
used type is the hardware-in-the-loop simulation (HILS).
However, HILS has the following issues because it is
difficult to achieve speeds faster than real time.

(1) Computations cannot be done faster than real time.

(2) It is costly to implement.

(3) It is difficult to obtain identical results from the

same test.

(4) Number of measurements of variables is small.

1.3 SILS and PILS

Next, we will consider the issues inherent in the
software-in-the-loop simulation (SILS) and the processor-
in-the-loop simulation (PILS). Because SILS and PILS
require the use of a binary or source code in the logic part,
they involve time-consuming and costly processes for
coding, embedding and other tasks. The same issues also
apply to HILS.

1.4 MILS
This section describes the issues and advantages of
the model-in-the-loop simulation (MILS). One advantage
of MBD is the front-loading of development work. The
following are needed in order to use that advantage
effectively to conduct a simulation to validate control logic
in an upstream process in a manner that is equivalent to
validation by vehicle testing or HILS.
® Modeling of the entire control logic corresponding to an
AT control unit (ATCU)
* Connecting the entire model to enable execution of the
simulation
¢ Defining task scheduling equivalent to embedding
Validation of control logic by MILS requires time to
construct the model and time to run the simulation. For that
reason, it has been thought that validation by HILS or vehicle
testing facilitates quicker verification of control logic, even
taking into account the time needed for embedding.



MILS(Model In the Loop Simulation) B U\= &I EDZEL

2. MILS#E5E

2.1 XA Y I ICTMILSHEE T B7/=DRE

PEROTU Yy TIIH—aR—=K VB0 AT
BEPEEHY, EFNVELTHEMRT LS ElE VIR
BTHhHo7z.

F72, uYyr Wl TEIZERT A1 5 OB IN/HEI R
LDMEMOBEERZ, HHLRKEREHELR-oTW .

ARGy T a— b, FERIEIT I TNE AT FIZHIN
WCIMEHR T 25T, BERBOr A7 2B S Tn
53 H1H3H 1, Matlab/Simulink | TO<IVF ¥ A2 ET
3, BHOEHIAIVTHRLLIENH o7,

2.2 MILSHBEF&

WIZ ERE(2.1) OB EFIRT 572012, TioF
Pl L 7-MILS DM B & Fig. 213”5,
1) BB D5 5 H6ix Data Storeft

BE B R 2 A B Tld 7, Data Store TE 2 &I124D,
KRB AL, IR =AM OR A
BEDHoTHSimulinkI > 730 )b, Y32 —ar)5uf

REZIRREL § 5.
ZIUZED, Simulink ETHOZL BEHEHT, REEHEOM
DEHIZTED.

FAF LI RB N L TR0, HEOFEITIEE
HHEHITTE, FifdEfl, £ar K- b ARG
T OREIIHIE A AN S,

2) StateFlow\Z &k AF AT Ay 2 —)b

FEI—REF—DF A7 32— )V % StateFlowlZ TER L 72,

Logic model

Data Store

Task scheduler |

Data Store
(EEPROM)

Fig. 2 MILS configuration

1411

On the other hand, although MILS involves such time-
consuming tasks, it also has advantages that cannot be
obtained with HILS. One is that it can be used to conduct
detailed performance studies. It enables co-simulation with
a high-accuracy plant modeling tool because the simulation
is not dependent on real time. Another advantage is that it
is easy to search for the causes of bugs when they occur
because all signals can be seen and recorded, even internal
ones.

An effort was made in this study to resolve the
above-mentioned issues concerning the time needed for
constructing and executing a simulation, with the aim of
using MILS in actual development work in order to utilize

the advantages it offers.

2. Construction of MILS

2.1 Issues involved in constructing MILS for current control
logic

With conventional control logic, each component
has several hundred input/output signals, a situation that
heightens the difficulty of connecting the entire model. In
addition, because signals are added or deleted every time
the logic is updated, it is an enormous task to change and
manage the connections.

Task scheduling has traditionally involved executing
one calculation among several times for a single task,
resulting in examples of tasks that have cycles several times
larger. In multitasking using Matlab/Simulink, the timing
for updating variables may differ.

2.2 New method for constructing MILS

In order to resolve the issues mentioned in section 2.1
above, MILS is configured as shown in Fig. 2 using the
following method.

(1) Use of Data Stores for signal connections between
functions

Functions are connected via Data Stores, not by direct
connections, which shortens the time for connecting them.
This creates a condition that enables the Simulink compiler
and simulation to be run even if there are connection
inconsistencies between components. As a result, it is
also easy to detect multiple updates and disconnections in
Simulink.

In addition, because direct connections are unnecessary
with this method, the order of executing functions can

easily be changed. It is expected to be useful in studying
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restructurings and the input/output signals of each
component.

(2) Task scheduling using Stateflow

Task calls identical to the actual code were created using
Stateflow. Each function and respective Data Store Read
block (input), respective Data Store Write block (output)
are placed inside Function Call subsystem. Their execution
is triggered from Stateflow. The combination of Function
Call and Data Store memory enables computations even
for an order of execution that cannot be accomplished with
Simulink’s multi-tasking functionality.

(3) Reproduction of EEPROM behavior

The variables to be stored in an EEPROM exchange data
with the workspace variables before and after a simulation.
This enables the values of internal signals (e.g., state values
of Unit Delay, etc.) to be reset in tests that extend across
multiple driving cycles, maintain the variables to be stored
and reproduce the behavior of the EEPROM.

2.3 Confirmation of MILS behavior

A comparison was made of the behavior of the MILS
constructed in this project and that of the baseline HILS. As
shown in Fig. 3, the results obtained nearly coincided.

In a closed-loop simulation, it is difficult to obtain the
same results in an identical test if the actual hardware (e.g.,
solenoid, etc.) is included in the loop as in the case of HILS.
Because identical results can be reliably obtained with
MILS, it is advantageous for conducting regression tests

that emphasize consistency of the results.

1 421

MILS HILS
Fig. 3 Comparison of MILS and HILS results

3. Development of a validation method using distributed

computing

This section describes a measure for shortening the
execution time of a MILS simulation for validating control

logic.
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Many test patterns must be executed in a validation
exercise of control logic. It was reasoned that computing
many test patterns simultaneously would be much more
effective than increasing the execution speed of the
simulation itself. Accordingly, an effort was made to
shorten the overall simulation execution time.

In order to run multiple simulations simultaneously,
many PCs and Matlab/Simulink licenses would be used.
While that would be cheaper than implementing the same
number of HILS systems, the implementation cost would
still be high.

Therefore, a distributed computing method was developed
using a multicore system to facilitate parallel computing with
a small number of PCs and inexpensive licenses. This method
increases the efficiency of integrated validation by shortening
the overall execution time and also enables detection of

unintended bugs through regression testing.

3.1 Distributed computing method

The method described above was used to construct
an environment as shown in Fig. 4 consisting of a job
management server plus parallel processing PC and
multiple PCs for parallel processing. The order of execution
of the parallel processing shown in Fig. 4 is as follows:

1. From the client PC, the user operates the GUI shown
in Fig. 5 to instruct the server to copy the MILS, test
patterns and past test results.

. The server sends the data and a job to each PC.

. The core CPU of each PC performs computations.
. Test patterns are read.

. The simulation is initiated.

AN L AW

. All signals, including internal ones, are obtained and

saved.

7. A comparison is made with the results output of the
previous time for the same test pattern and for all the
signals. (The process returns to step 3 the number of
times defined for the test.)

8. After each computer has finished its computations,
all the results are copied to the server.

9. The coverage of each subsystem is measured for all
the results.

10. The results are copied to the client PC.

3.2 Effect of distributed computing
Executing simulations at the MILS level would take
approximately 18 times longer than real time. However,

distributing the processing among multiple PCs and
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performing the computations with 128 cores reduced the
overall computational time to approximately 1/5 of that.
This means, for example, that for computations which
would take two days (48 h) to run on one HILS computer,
the results can be computed in 9.6 h.

Theoretically, it is thought that the computations
might be done in 1/7 of the time. It is inferred that the
computational time increased due to data transfer to each
PC and the increased load put on the CPU due to parallel
processing by each core.

3.3 Validation not conducive to distributed computing
Because the speed of the simulation itself is not increased,
this distributed computing method does not improve
efficiency when there are multiple test patterns requiring a
long time to execute. However, we believe this method is
sufficiently effective for control logic validation which does

not require the execution of test patterns that are so long.

4. Conclusion

For the purpose of shortening the time needed to
construct a simulation, a method was established for
creating a MILS simulation that does not involve time-
consuming connections. Consequently, this method also
makes it easy to change and confirm signals, among other
tasks.

In addition, for the purpose of reducing the simulation
execution time, a method was also established for efficiently
validating many test patterns using the MILS model thus
created. This method shortened the overall computational
time to approximately 1/5.

In future work, we want to develop the technology for
parallel processing within the model rather than processing
each simulation in parallel, in order to achieve high-speed
computation of the MILS simulation itself and thereby

further shorten the validation time.

Yuki BABA
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Summary Diagnostic communication is the principal
method capable of exchanging information between
various controllers on board a vehicle and an offboard
diagnostic tool. Vehicle manufacturers (OEMs) require
the development of diagnostic communication software
compatible with their own diagnostic communication
specifications.

Because diagnostic communication takes place between
an onboard controller and a diagnostic tool, the general
approach has been to develop the software, embed it in an
actual controller and conduct communication with an actual
diagnostic tool to validate the software design. However,
with this approach some potential faults in the design
specifications that occur during the development process are
not detected until after the development period. Therefore,
a system for simulating diagnostic communication was built
for advance confirmation of communication between an
onboard controller and a diagnostic tool and a method was
developed for studying the software design by taking the

operation of the diagnostic tool into account.
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1. Introduction

The need to strengthen vehicle system safety in the
automotive industry has been rising increasingly in recent
years beginning from the implementation of ISO 26262
(Road Vehicles —Functional Safety).

Vehicle manufacturers are also requiring enhancement
of diagnostic communication functionality accompanying
higher powertrain performance, while at the same time they
are requesting shorter development lead times.

Amid these circumstances, there is a risk that the
following problems may occur in the conventional
development for communication

process diagnostic

software.

* DY ba EET V=7 s RS R
Control System Development Office, JATCO Korea Engineering Corp.
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® There are times when not all communication cases are
written in the required specification documents, and such
specification deficiencies are not discovered until the
validation phase using actual hardware.

® After the required specifications have been incorporated
in the software, the actual controller and diagnostic tools
are prepared and validation is undertaken. There is a need
to shorten the time from the discovery of the specification
deficiencies to the revision of the software.

In order to avoid these risks, building a simulation
system for diagnostic communication can enable prior
detection of some design defects at the stage of conceptual
design (Fig. 1).

It is also expected that simulation will be effective in
validating exceptional case behavior, such as a memory
failure, that hardly be generated with an actual controller.

This article presents a method for examining design
specifications by simulating part or all of a diagnostic
communication system and describes the benefits obtained

with this simulation method.

2. Construction of diagnostic communication simulation
system

Diagnostic communication generally refers to
communication between a diagnostic tool and a target
controller. Diagnostic information is exchanged by means
of a service request and a service response according to
the format determined by the diagnostic communication
protocol (Fig. 2).

Here we will describe a method for constructing a
system capable of simulating diagnostic communication
by creating a program that transmits a service response (or
a service request) in place of a controller (or a diagnostic

tool).

2.1 Configuration of simulation system

The diagnostic communication simulation system
mainly consists of a target device, simulation program
and a network. The simulation program is software that
was created to run on a PC and consists of the diagnostic
communication protocol (ISO 15765-4) logic, application
logic and simulation settings. The application logic functions
to calculate the information to be transmitted according to
the simulation settings and to exchange diagnostic frames
through the diagnostic protocol logic.
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A general-purpose CAN interface was used to configure
the simulation system for communication between the
simulation program, and target device (controller or
diagnostic tool) through the actual CAN network. Fig. 3
shows the configuration of the simulation system between

the target device and the simulation program.

2.2 Simulation mechanism of controller

When a technician performs an operation with a
diagnostic tool, the person’s request is encoded as a service
request in a request frame defined in the diagnostic tool
and sent through the CAN network. The request frame is
transmitted to the simulation program through the CAN
network and the network interface, which is connected
to a PC. The transmitted request frame is decoded by the
diagnostic protocol logic of the simulation program and
the service request information alone is transferred to the
application logic. From the simulation definition data,
the application logic calculates the response information
corresponding to the service request. The response frame
is encoded by the diagnostic protocol logic and returned
to the CAN network through the CAN interface. The
diagnostic tool then obtains the response frame and the
user confirms the result. This enables the operation of the
diagnostic tool to be confirmed in each separate scenario
of diagnostic communication under a condition where the

actual controller has not been developed yet (Fig. 4).

2.3 Simulation mechanism of diagnostic tool
Simulation of a diagnostic tool is done in the opposite
way of the foregoing procedure. This is done by sending a

predefined request frame from the simulation program to an

Simulation program (controller: ATCU)

Protocol

.......................................

Request | Decodin Requested frame
(SID$10 LIDS01 ) : ($021001AAAAAAAAAA) l

e

ANy
Application logic__

E Pnrsl;lgo:)elquest i

i (S U Target

E Processing H qulce .

(Diagnostic

tool)

T ]
Making response '
($5001) 1
I} '

\. ] [

Protocol

Response frame
. Encodm i ($025001AAAAAAAAAA)

L)
l Response : l
l (SID$50 LIDSO01 )

L

Fig. 4 Flow of simulation program for controller
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actual controller and confirming the result of the response
frame received (Fig. 5).

If there is no actual diagnostic tool, a request frame
implemented from the design requirements is sent to the
controller and the response frame is confirmed from the
standpoint of the operation of the diagnostic tool. This
can be used effectively in validating the operation of the
diagnostic communication software embedded in the
controller.

In cases where there is neither a diagnostic tool nor a
controller, virtual communication can also be simulated
between the two via a virtual CAN network. It is also
possible to simulate an entire diagnostic communication

system (Fig. 6).

3. Design validation by simulation

3.1 Design improvement by controller simulation

The design specifications of the UDS programming
for the controller were defined in the simulation program
for two cases, i.e., normal and abnormal operation of the

controller, and a simulation was run to validate the design.
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Fig. 7 shows the system configuration for simulating the
UDS programming specifications of the controller.

() UDS programming case for normal controller

operation

(2) UDS programming case for abnormal controller

operation

In the simulation defined for case (1), the UDS
programming was run on the diagnostic tool and it was
confirmed whether the programming was completed
without any problem. If so, that confirmed there were no
defects in the design specifications (normal operation).
Fig. 8 shows the flow of the programming done in the
simulation. It indicates that design defects were detected
because of errors confirmed by the diagnostic tool.

In addition, in case (2) an exceptional case was
intentionally generated that an actual controller could not
easily produce. The aim was to confirm the effect on an
actual diagnostic tool of an abnormal response, such as
negative response, from the controller in the diagnostic
communication.

Fig. 9 shows a simulation that envisioned the occurrence
of amemory failure in the controller. Because programming
function was inactivated by the diagnostic tool due to
memory failure, the function for rejecting a programming
request became ineffective. This case shows that such
behavior can be confirmed at the design stage.

Previously, when designing diagnostic communication
software, it was not possible to confirm mutual operation
between a diagnostic tool and a controller as in the two
cases described here. However, as explained above, the new
simulation method makes this possible, enabling design
that takes into account even the operation of the diagnostic
tool. This enables a break with single-piece design that has
depended solely on the specification documents.

In the programming examples confirmed in this
study, the programming time in the simulation was 2
min. 8 sec. Following the development of the software,
the time confirmed with an actual controller was 1 min.
21 sec., a difference of approximately 47 sec. During
programming, a total of 109,745 diagnostic frames
were transferred, whereas in the simulation program
the number transferred was limited to 13,265 frames,
corresponding to a delay of approximately 3.5 ms/
frame. Compared with the timeout value (P2 server =
50 ms) for processing the response in the diagnostic
communication protocol, that level of delay would not

hinder the validation of the software design.
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The results show that design validation by simulation
is possible even for the programming function that involves
heavy processing loads and high complexity in diagnostic

communication.

3.2 Design improvement using a diagnostic tool simulation

The diagnostic communication specifications to
be embedded in a diagnostic tool can be confirmed by
simulation even under conditions where the OEM cannot
provide the diagnostic tool or the development of the
diagnostic tool has not been completed yet.

Similar methods were also adopted in the past. In this
work, by making it possible to connect the simulation
system to a virtual CAN channel, virtual diagnostic
communication can be achieved with a simulated virtual
controller. Diagnostic communication scenarios between
a diagnostic tool and a controller can be specified to the
level of the communication log at the time of design.
However, because the design specifications of the
diagnostic tool are not disclosed by the OEM, estimated
specifications can only be defined in the simulation based
on specifications of service requests to the controller. For
that reason, the specific behavior may show differences
with the actual diagnostic tool. Simulation can be applied
for limited purposes such as detection of defects due to
design error.

Fig. 10

communication log for a simulation scenario of combined

shows the results obtained in the form of a

operations including the conditions for each service and the
routine processing time. This simulation was conducted
in an environment without an actual diagnostic tool and
a controller and was based on design specifications of
data identifier $0001 and routine identifier $0001. It was
confirmed that the results of the envisioned diagnostic
communication can easily be obtained based only on the
design specifications even in an environment where the

actual hardware has not been prepared yet.

4. Benefits of diagnostic communication simulation

As explained above, the diagnostic communication
specifications of UDS programming were simulated
under a condition without an actual controller. Advance
confirmation was made of whether the design specifications
posed any problems for mutual operation with the actual
diagnostic tool. That enabled detection of any potential

flaws in the design specifications.
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1| 107.212000 PATTERN : FullSimTest!

2| 107. 212000 <TESTO00> ReadDataByIldentifier-DummyDID

3| 107.181000 1 7E1 Rx d B8 03 22 00 Ul FF FF FF FF+
4| 107.181000 1 7E9 Rx d & 102 °” 62 00 01 01 02 034
5| 107.181000 1 7E1 Rx d830 EID 00 FF FF FF FF FFL
& ID 182000 1 7E9 Rx d 8 21 04 05 06 07 08 09 044
7 1 7E9 Rx d & 22 0B OC 0D 0E OF 10 114
8 1 7E9 Rx d8 "’"- 12 13 14 15 18 17 184
9 1 7E9 Rx d 8 24 19 14 1B 1C 1D 1E 1F4
10 ¢TESTO01> StartProgremmingSessiond

11 1 7E1 Rx d 8 02 10 02 FF FF FF FF FF4
12 00 1 7E9 Rx d 802 50 D“ FF FF FF FF FFL
13 )00 1 7E1 Bx ¢ 8§04 31 01 00 01 FF FF FR}
14 1 7E1 Rx d & 04 31 01 00 01 FF FF FF4
15 <TEST00Z> RoutineControl — DummyRoutineForTest ( Success )4
18 7.63 1 7E9 Rx d 8 03 7F 31 78 FF FF FF FF4
17| 108.151000 1 7E9 Rx d 8 03 7F 31 78 FF FF FF FF4
18( 108, 865000 1 TE9 Rx d 8 03 7F 31 78 FF FF FF FF4
19( 109. 180000 1 7E9 Rx d 8 03 7F 31 78 FF FF FF FF4
20| 109. 695000 1 7E9 Rx d 8 03 7F 31 78 FF FF FF FF4
21| 110.210000 1 7E9 Rx d 8 03 7F 31 78 FF FF FF FF!
22| 110.631000 1 7E9 Bx d 8057101 0001 00 FF FEL
23| 110. 865000 <TESTO03> StartDefaultSessiond

24| 110.838000 1 7E1 Rx d 8 02 10 01 FF FF FF FF FF+
25| 110. 838000 1 7E9 Rx d & 02 50 01 FF FF FF FF FFl

111. 114000 <TESTO04> RoutineControl — DummyRoutineForTest [ Fail )¢
111. 084000 1 7El Rx d 8 04 31 01 00 01 FF FF FE4

28| 111, 084000 1 7E9 Ex d 8 03 7F 31 31 FF FF FF FF+

Fig. 10 Log of CAN communication generated by full
simulation

Because simulation makes it possible to proceed with
the design while confirming the service response to the
diagnostic tool, exceptional cases can be forcibly generated
that cannot be produced with the actual hardware. This now
enables exceptional cases of diagnostic tool behavior to be
factored into the design.

In addition, a fully simulated virtual diagnostic
communication system can be built by simulating both
onboard controller and offboard diagnostic tool at the same
time. This makes it possible to design while confirming the
actual communication of the designed diagnostic software

in advance even without any actual hardware.

5. Conclusion

The mutual behavior of the diagnostic tool and the
controller can be confirmed in advance by the simulation
method described here under a condition without the actual
hardware when designing the diagnostic communication
software. It is expected that this will contribute to improving
design quality.

The software can be designed while confirming not
only the specifications required of the controller but also the
behavior of the diagnostic tool. This capability enables the
software to be designed from the perspective of the entire

diagnostic communication system.
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Improvement of torque converter hydrodynamic performance through addition of dimples to improve stator blade surface
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Summary There have been stronger demands in
recent years for the downsizing of parts to improve vehicle
collision safety and to lighten the vehicle weight for better
fuel economy. Meanwhile, the torque converter has tended
to increase in size owing to the addition of parts such as
high attenuation dampers needed to enable expansion of the
lockup region for the purpose of improving fuel economy.
Accordingly, torque converter performance for satisfying
such requirements must be attained while downsizing
hydrodynamic parts.

This article presents an example of the application
of dimples to the stator blade surface, which influences
hydrodynamic performance. The effect of the surface
improvement was calculated in a simple computational
fluid dynamics (CFD) flow simulation and the effect was
validated experimentally.

1. [ZC®IC

W4, V7 asnN—=2ZB W CREN EZHBELT
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—7J5, NCAP (ff; 28 % & 1) ff P 0 8 vi A & /N Rl
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HYEREDIE T 2 MR LT KL TEL 72O T DR R%E
I 5.

1. Introduction

Expansion of the torque converter lock-up region has
been required in recent years for improving vehicle fuel
economy. However, one side effect of expanding the lock-
up region is noise and vibration problems. One of the
measures being taken to resolve this issue is the adoption
of high attenuation dampers. High attenuation dampers
are tending to increase in size owing to the addition of a
dynamic vibration damper or an inertia damper, among
other devices.

Meanwhile, there is also a need to downsize the
torque converter from the standpoint of satisfying New
Car Assessment Program (NACP) requirements. The size
of the fluid torus must be reduced commensurate with the
increase in the damper size. However, downsizing the fluid
torus reduces the area of the flow passage, which creates
a problem in that hydrodynamic performance declines.
Therefore, in this study, a method of improving the

torque converter blade surface was researched as a way of

Y BEL V=TT mH TR

Hardware System Development Office, JATCO Korea Engineering Corp.
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suppressing the decline in hydrodynamic performance due

to downsizing. This article presents the results obtained.

2. CFD simulation using a simple model

2.1 Object of research

A torque converter consists of three bladed elements,
namely, the pump impeller, turbine runner and stator, which
circulate fluid internally. The force of the circulation is
converted to torque by the converter mechanism. During
circulation of the fluid, frictional resistance occurs on the
blade surface of each element to impede the flow of the
fluid.

The aim of this study was to improve hydrodynamic
performance by applying dimples to the blade surface to
reduce frictional resistance, under the assumption that
other shapes would not change. Among the three types of
blades, stator blades were chosen as the target for surface
improvement because of their sufficient thickness for dimple

application and taking into account manufacturability.

2.2 Analysis of relationship between circulation flow
velocity and hydrodynamic performance

The torque capacity coefficient (7) is an index of
hydrodynamic performance that is determined by the pump
impeller torque (Ti) as expressed in Eq. (I). As shown
in Eq. (2), Ti can be expressed as the change in angular
momentum between the stator exit and the pump impeller
exit. It was assumed that all the specifications except the
circulation flow velocity (/) in Eq. (2) would not change
and were regarded as constants. Accordingly, rearranging
Eq. (2) as Eq. (3), it is seen that Ti increases with a higher
circulation flow velocity and that 7 can also be increased.

1=Ti/Ne2 )]

B

12

. tana tana
Ti= I .z-u)plﬁﬂi”}

@

P32

12 32

Ti= A*f°+B=f  (3)
7 : Torque capacity, uNm/rpm?2
Ne : Engine revolution, rpm

Ti : Pump impeller torque, Nm
[ : Circulating flow velocity, m/s
p : Radius ratio

a : Outlet degree, rad

X

: Throttle ratio
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2.3 Analysis of the relationship between frictional resistance
and circulation flow velocity

In one-dimensional calculations for an ordinary torque
converter, reducing the loss due to frictional resistance
by 30% can be expected to increase the circulation flow
velocity by 5% (Fig. 1).

0.65

o o o
o o =)
© = @

Circulation flow velocity

e
w
~

0.55

Relationship between friction coefficient
and circulation flow velocity at e = 0.0

0.25 0.3 0.35 0.4

friction coefficient

Circulation flow
velocity +5%

Baseline

Friction loss -

' 30%

Fig. 1 Relationship between friction loss and circulation flow velocity
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FIVELER L, CEDIENTICED T4 > 7V D i 38 I xh
Rl L7z (Fig. 2). fENTOR R, BIRIHTOMKHRIC
L0 F)EE AE B LTI EAY9. 1m/s A 510.7m/s& 720,
17.6%10 1172 (Fig. 3).

STATOR
BLADE
HEIGHT

WIDTH LENGTH

2.4 Simulation of the effect of improving the blade surface

Applying dimples to the stator blade surface would
produce a vortex flow on the surface layer. It was
hypothesized that the vortex flow on the surface layer
would produce virtual streamlines that could be expected
to reduce frictional resistance.

Therefore, a simple model was created that added
dimples to the stator flow passage and the effect of the
dimples on increasing the flow velocity was confirmed
by conducting a computational fluid dynamics (CFD)
simulation (Fig. 2).The simulation results showed that the
flow separation point was moved backwards by reducing
frictional resistance and that the flow velocity increased

from 9.1 m/s to 10.7 m/s, an improvement of 17.6% (Fig. 3).

P]TOH

STATOR
BLADE
HEIGHT

WIDTH LENGTH

Fig. 2 Simple modeling of stator flow passage
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Simple model CFD simulation results

Without dimples

Section of
Y-axis view

Separation
point

Cig)

With dimples Section of

Y-axis view

<DIMPLE>

Flow velocity: 9.1 m/s =10.7 m/s
(improvement of 17.6%)

d:1mm
A:2mm
Depth:0.3mm

Depth

Fig. 3 Simple modeling and CFD simulation results
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WA DEBRER, FTAVTVEVDOYA, MVIE
FARBAME A FE I (e=0.0) TIE3.6%M L, w5 L
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——W/O DIMPLES —— W/ DIMPLES

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Speed ratio
Fig. 5 Experimental hydrodynamic performance results for
dimpled stator blades
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3. Results of experimental validation

In order to validate the results obtained with the simple
model, dimples were added to actual stator blades and
hydrodynamic performance was measured experimentally
(Fig. 4). The experimental hydrodynamic performance
results revealed that the torque capacity coefficient with the
dimpled stator blades increased by 3.6% at a low speed ratio
(e=0.0) and by 2.4% at a high speed ratio (e = 0.8) as shown
in Fig. 5.

Without dimples With dimples
Back Back
surface surface
Ventral Ventral
surface surface

Fig. 4 Dimpled stator blades

4. Discussion

The expected effect obtained with the simple model
was a 17.6% improvement in the flow velocity. The results
calculated with Egs. (1) and (3) predicted an improvement
in the torque capacity coefficient of 14%, but the measured
increase was limited to 3.6%. It is assumed that this
difference from the simple model was due to the influence
of the following factors.
® The effect was reduced because dimples were applied only
to the stator blades of the test torque converter among the
three types of blades.

® The simple model did not consider losses due to flow
collisions. In the test torque converter, the flow velocity was
reduced to the extent of the collision losses, so the effect on

improving the torque capacity coefficient declined.
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5. Conclusion

(1) The effect of the surface improvement by applying
dimples to the stator blades was confirmed experimentally,
thereby verifying the improvement of hydrodynamic
performance.

(2) The results of this study showed that blade surface
improvement is an effective method for suppressing the
performance decline due to the reduction of the flow
passage area by downsizing.

The effect of adding dimples on improving performance
was validated by this study. In the future, we plan to research
differences in the effect on improving performance for
different dimple locations, size and depth.

The authors would like to thank everyone concerned for

their valuable cooperation with this study.
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Summary If it happens that a product can no longer
maintain its initial performance, it has to be repaired quickly,
inexpensively and reliably. While quickly and reliably are
matters of course, repairing a product inexpensively is
especially important from the standpoint of the economic
burden to end users.

JATCO has traditionally used remanufactured units,
which are less expensive than new ones, to deal with the
replacement/repair of ATs and CVTs. This practice has
reduced field repair costs. In the past, JATCO did not allow
CVTs to be disassembled and repaired in the field. In recent
years, this policy was changed to appropriate field repair
(AFR) on the parts or sub-assembly level only for those
parts that no longer maintain their performance. A system
was put in place to facilitate inexpensive repairs on an AFR
basis. This article describes remanufacturing and AFR
activities along with presenting specific examples of these

practices for CVTs.
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1. Introduction

Previously, JATCO did not allow CVTs, the company's
principal products, to be disassembled and repaired in the
field. Consequently, the entire CVT had to be replaced in
the event that it did not maintain its original performance
for some reason. That made the repair cost an expensive
burden to end users. The following activities have been
undertaken with the aim of resolving this issue.

2. Overview of activities to reduce repair costs

Fig. 1 outlines the activities promoted to reduce CVT
field repair costs. They are broadly divided into those for
reducing service parts costs and those for reducing service
labor costs.

Activities for reducing service parts costs are classified

* TTY—L— VAR
After Sales Department
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Fig. 1 Cost reduction approaches for CVT field repair

Repair procedure improvement

Aid tools improvement
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as replacement/repair of the CVT assembly itself and
replacement/repair of parts and sub-assemblies. For
replacement/repair of the CVT assembly, efforts have been
made to reduce the cost of the replacement CVT supplied.
One approach here is to remanufacture CVTs recovered
from the field. Another approach is to supply a new CVT
without a torque converter, i.e., TC less, which reduces the
cost of the replacement CVT itself. In this case, the TC
already installed on the vehicle is reused.

The replacement/repair cost of parts and sub-assemblies
isreduced by replacing the control valve, belt & pulley system,
oil pump, reduction gear and others on the sub-assembly level
or by replacing only specific individual parts such as sensors
or others on the parts level. This approach works to reduce
the cost of parts requiring repair and is referred to as AFR
in the sense that only the parts and sub-assemblies needing
fixing are appropriately repaired in the field.

Activities for reducing service labor costs include
efforts for improving repair procedures and tools. Such
improvements shorten the time for making repairs and thus
reduce the cost.

The following sections explain remanufacturing and
AFR in detail, which account for the major portions of the
activities undertaken so far to reduce field repair costs.

3. Remanufacturing®

Remanufacturing involves rebuilding a unit recovered
from the field by replacing parts that cannot be reused
with new ones. This approach facilitates effective use of
resources and is effective in reducing the cost of the unit.
Since starting to remanufacture ATs in 1989, JATCO is
now also remanufacturing its mainstay CVTs. Routes were
established for recovering ATs/CVTs that were previously
disposed of in the field, and the development of quality
assurance technologies, including defining inspection and
reuse standards for reusing parts, made remanufacturing
possible. Remanufacturing is explained below taking CVTs

as an example.

3.1 Overview of remanufacturing process

Fig. 2 shows the operations involved in the remanufacturing
process at JATCO.
(1) Recovery and registration

CVTs to be remanufactured are recovered from the
field along with various kinds of information, including the

type of vehicle used on, usage environment, mileage and
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Fig. 2 Re-Manufacturing process
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so on. In the first operation, that information is input into a
data management system and reusable units are selected by
judging whether the unit itself satisfies the criteria for reuse,

such as the service life limit and mileage limit.

(2) Outer cleaning, disassembly, inspection, parts cleaning
and parts selection

Recovered CVTs first undergo outer cleaning and are
disassembled. Individual parts are then visually inspected.
After being washed again, parts are subjected to various
measurements according to the inspection standards and
their reusability is judged. At that time, for items pertaining
to vehicle operation such as power transmission, fuel
economy, noise and acceleration performance, only parts
that satisfy the same standards as new mass-produced units
are judged to be fit for reuse. For items not involved in
vehicle operation, such as exterior discoloration, scratches,
etc., judgment of reusability is based on criteria established
specifically for remanufacturing, which helps to increase

the rate of reusable parts.

(3) Parts replacement and assembly

Parts that cannot be reused because they do not satisfy
the inspection standards are replaced with new ones that are
assembled into the units being remanufactured. Information
is recorded and kept at that time on which parts are reused
and which parts are replaced with new ones. Because reused
parts and ones replaced with new parts differ from one CVT

to the next, workers manually assemble each unit individually.
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(4) Performance tests, leak test, packing and shipment

Once remanufactured units are fully assembled, they
undergo the same performance tests according to the
same standards as new mass-produced units with respect
to shifting, noise/vibration, oil pressure and other items.
Moreover, as shown in Table 1, test items have also been
added specifically for remanufactured units to check the
performance of reused parts. Subsequently, a leak test is
conducted to confirm air tightness, and units are then
packed and shipped.

3.2 Features of remanufacturing

A work history is kept for every remanufactured unit
from field recovery to shipment. Just as for new mass-
produced units, traceability is also assured for every part
used so that when and where it was manufactured are
clearly known.

In the remanufacturing process, CVTs are recovered
from many regions around the world, disassembled and
inspected. Consequently, valuable information can be
obtained about these units that have experienced a variety
of road surface conditions, driving styles, temperature,
humidity and other conditions in various markets
throughout the world. That information is fed back to
product development in the form of remanufactured unit
inspection reports, which helps to improve product quality
further. The information fed back is also used in designing
parts that are easy to remanufacture and in developing
structures that are easy to repair, thereby helping to improve

the rate of reuse.

Table 1 Performance test items

Test item Test item
number example

Shift change speed

IFeIr Noise and vibration

New unit and 25 ;
REMAN unit Oil pressure
etc.
. Shift change shock
For REMAN unit 11 Pulley ratio

@y etc.

4. Appropriate field repair (AFR)

AFR activities involve repairing sub-assemblies such
as the control valve (CV) and the belt & pulley system or
only certain specific parts on the parts level. The following

preparations are necessary to facilitate AFR in the field.
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(1) Supply of replacement parts

Specification of replacement parts (parts, sub-
assemblies, kits), development of a packing process, and
establishment of channels for commercial and physical
distribution.
(2) Establishment of diagnostic and repair procedures

Establishment of diagnostic and repair procedures
along with conducting training for service technicians.
(3) Establishment of a repair work environment

Provision of repair tools along with establishing a repair
work environment.

Each of these elements is explained below together with
actual examples of replacement/repair of the belt & pulley

system that have been done in the field since 2016.

4.1 Supply of replacement parts

In order to facilitate AFR, it is necessary to supply
sub-assemblies at a level conducive to easy repair work,
rather than simply providing individual parts to be
replaced. While the belt and pulleys are the only parts
involved when replacing or repairing the belt & pulley
system, a sub-assembly that integrates the belt, pulleys
and side covers is supplied to the field from the standpoint
of repair work ease.

In the process of disassembling/repairing a unit, it is
also necessary to prepare parts that cannot be reused, such
as seals, O-rings and others, as well as shims and other items
of different thicknesses for adjusting clearances. Ordering
each part or item individually from the field would be
troublesome and mistakes might easily occur. To avoid such
situations, all the necessary parts can be obtained together
in a repair kit (Fig. 3).

To ensure reliable supply of parts to the field, parts must
be packed so that problems do not occur even if accidents
occur during transport. For that reason, free fall drop test
defined by the transport industry are conducted to confirm
packing reliability. Commercial and physical distribution is
basically done according to the service parts supply system
of the vehicle manufacturers. Activities to supply service
parts to small-scale repair shops in the field have also been

started.

4.2 Establishment of diagnostic and repair procedures
Diagnostic and repair procedures are necessary for doing

repair work in the field. The diagnostic procedure involves

identifying the places to be repaired based on information

obtained from the reported vehicle incident, diagnostic code
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recorded in the CVT controller, and checking of the actual
parts. On that basis, the repair method is determined as to
whether the CVT assembly itself should be replaced, only
parts or sub-assemblies should be replaced or which parts
should be replaced. Fig. 4 shows the diagnostic/judgment
flow for replacement/repair of the belt & pulley system of
the Jatco CVT8. Possible causes are first classified on the
basis of the diagnostic code. A fiberscope is then used to
check the belt for evidence of slippage, and a judgment is
made as to whether the belt & pulley system needs to be
replaced.

Repair procedures define the operations that service
technicians actually perform in the field. Care is taken in
creating these procedures so that all service technicians
anywhere in the world are able to make repairs reliably
without much difficulty. For belt & pulley system
replacement/repair, trying to replace only the belt and
pulleys would involve a complicated procedure. Therefore,
a sub-assembly is provided that integrates the belt, pulleys
and side covers and can be replaced like a cartridge (Fig. 5).

When replacing/repairing the belt & pulley system,
there are some places where dimensional adjustment is
required by selecting an appropriate size of part from
among several variations. Measurement methods must be
chosen that can actually be performed in the field. Methods
have been devised so that measurements can be made with
a general-purpose gauge block and a depth gauge (Fig. 6).
The instruction manual specifies calculation equations and
selection tables so that the right parts for new installation
can be correctly selected from among different variations

on the basis of the measured results.

Fig. 5 Belt & Pulley replacement
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Fig. 6 Measurement for clearance adjustment

Care was taken to incorporate methods for confirming
the key points in the diagnostic and repair procedures that
were created as explained here. If the repair work is done
according to the specified procedures, it can be completed
correctly. The specified procedures are not just provided
in documents or videos. Training is also conducted using
actually transmissions as part of our efforts to penetrate the

correct procedures in the field.

4.3 Establishment of a repair work environment

An appropriate repair work environment must be
prepared in service shops where repairs are made so that
the work can be done correctly. It is especially important
to take care to prevent dust and other foreign matter from
getting into a unit from the surrounding environment.
Toward that end, we have recommended work environment
conditions for service areas, including the installation of air
curtains or partitions in environments where external air
can blow in from outside the building or where the service
area is not isolated from adjacent workplaces.

In addition, when deploying certain repair procedures
in the field, it is necessary to specify and provide the tools
needed for carrying out repair work. While it is desirable
that all repairs can be done with ordinary tools, special
tools must also be prepared for situations where that is not
possible. For belt & pulley system replacement/repair, a
jig for hoisting the belt & pulley sub-assembly and a shaft
for positioning use were newly designed as aids for doing

repair work (Fig. 5).
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5. Direction of future activities

We intend to promote activities for increasing the reuse
rate of units and parts involved in remanufacturing in order
to further reduce unit costs and thereby facilitate more
reliable field repairs at lower cost. With regard to AFR, we
have so far promoted replacement/repair at the sub-assembly
level. We want to build and expand the deployment of an
environment that will enable repair work to be done at a
more detailed parts level.

6. Conclusion

This article has described activities undertaken to
date to reduce transmission repair costs in the after-sales
service area, focusing especially on remanufacturing and
appropriate field repair (AFR). In the future, we want to
extend these activities further and contribute to the creation
of an environment in which customers can use our products

with peace of mind.
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Summary The development of tool technologies has come
to be viewed as an extremely important technical field that
influences the productivity of machining operations from the
standpoints of improving equipment uptime ratios and reducing
tool costs. This article describes the technology development
efforts undertaken by the Tool Engineering Section, focusing

in particular on contributions to improving productivity.
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1. Introduction

The importance of tool technologies in machining
operations has been increasing in recent years. As the degrees
of machining freedom have been increased by machining
centers and combined machine tools, there has been a need
to improve equipment uptime ratios and reduce tool costs by
enhancing machining efficiencies through the optimal design
of tool materials and geometries. JATCO has required higher
productivity on new and existing production lines in order
to cope with new transmission models. Toward that end, the
total delivered cost (TdC) program was launched in FY 2015.
As part of this program, activities have been undertaken to
extend tool life, which leads to higher equipment uptime
ratios, and to reduce the unit cost of tools. Meanwhile, tool
suppliers have contributed to these activities by developing
new machining and tool technologies and by expanding the
scope of customized tool materials. These measures better

accommodate our needs as a tool user. Opportunities for

Table 1 Transition in tool technology

Organization
Role

Before Since April 2015

Activities to ——Production section Tool Engineering
improve existing Tooling Improvement Education! (" Section
- i T -
Existing lines L______Jeam Tooling Improvement

lines Activities to Tool Unit Cost Reduction Team Education Team

reduce tool unit Tool Supply Center ‘(Tool Unit Cost Reduction Team

costs
X Machining Process | ‘( Tool Supply Center

New Tools & tooling Engineering Section

for new projects ‘

Tool Engineering } #} Tool Engineering ‘

Process Engineering

lines &
new
methods

JSL development

- BB

Parts Process Engineering Department
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contributing to TdC activities have increased by incorporating

these new tool technologies into our production lines.

2. Organization of Tool Engineering Section

Table 1 shows the transition in the roles and organization
for tool technologies. Previously, the Production Section was
responsible for improving existing production lines and the
Machining Process Engineering Section was responsible
for the tools and tooling for new projects. However, the
needs of the Jatco Standard Line (JSL) gave rise to an urgent
task of strengthening and promoting the development of
new tool technologies. This innovative production line
achieves three major objectives: downsizing of facilities,
facility capacity commensurate with capital investment,
and the development of equipment accommodating mixed
model production. As a result, the Tool Engineering Section
was newly established in April 2015 by integrating the
Production Section responsible for improving existing lines
and the Machining Process Engineering Section responsible
for the tools and tooling for new projects.

The Tool Engineering Section was given the additional
functions of serving as a supply center that orders and
supplies tools for each plant and manages tool stocks and
as a tooling improvement education team. Consequently,
the Tool Engineering Section became responsible for all

functions concerning cutting tools.

Establishment of JSL

Promotion of Jatco Standard Tooling

juswabeuew
Alddns joo |
uoljoNpal }s09 Jun
juswdojanap
ABojouyoa |
Buppewyouag
juswdojanap
$90IN0Sal UBWNH

Buijoo} 10afoid maN

Fig. 1 Overview of Jatco Standard Tooling

3. Technology development activities

3.1 Construction of the Jatco Standard Tooling System
Jatco Standard Tooling that supports the JSL involves
the promotion of six individual activities: tool supply
management, unit cost reduction, technology development,
new project tooling, benchmarking and human resources

development (Fig. 1).
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Table 2 Technology development map

Elements Tasks Solutions Technology developments
(W) Reduction of |- Optimization of coolant cooling
Accommodatio |Suppression of |heat - Lower peripheral velocity/higher
n of high CBNinserts  |generation feed rate
strength wear Improvement |- Development of special-purpose
materials of lubricity {lubricants
Improvement |- Improvement of lathe rigidity
of machining (Evaluation of lathe rigidity)
Improvement |accuracy (Development of high-rigidity jigs)
of turning Reduction of | Development of Tow cutting force
tools
2) VFNVT cutting force Cutting si )
. . ting simulations
Accommodatio diagrams Development
n of higher of new + Skiving
efficiency methods
+ Ascertaining properties of work
Improvement piece materials
of chip Chip control + Optimization of tool paths
evacuation - Optimization of cutting
conditions
3
) . |Development : - Phase optimization
Acommodation . Tool weight L .
i of combined R + 3D printing/Use of composite
of flexible reduction )
. tools materials
production

3.2. Tool technology benchmarking

In order to make the JSL a world-class production line
by 202x, it is absolutely necessary to apply tools and tooling
that display best practice performance. To accomplish that,
it is essential to monitor technological trends in the industry
and to ascertain JATCO's technology levels quantitatively.
Tool technology benchmarking was done for that purpose.
Fig. 2 shows one example of benchmarking for CBN inserts.

The horizontal axis shows the product of the cutting
speed times the feed rate, and the vertical axis shows the
amount of stock removal. The results indicate that JATCO's
benchmark level is equal to or better than that of other
companies in the Japanese market.

CBN inserts are the principal tools used for machining
the pulleys, gears and other constituent parts of CVTs.
As will be explained later, further evolution is ceaselessly
demanded as the requirements for CVTs become more
rigorous. Therefore, vigorous efforts have been made to
develop new technologies, setting high targets surpassing

other companies.
3. Development of tool technologies
Technologies have been developed focusing on
three elements for downsizing CVTs in recent years: (1)
accommodation of high strength materials, (2) increasing
efficiency in order to minimize TdC, and (3) accommodating
flexible production. Specific examples are given in Table 2.
This section describes an example of suppressing tool

wear, which is an issue of CBN inserts. Reducing heat

generation is an effective way of controlling tool wear. Heat
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generation in the turning process was reduced by applying
coolant directly to the machining zone (rake and flank
faces). Fig. 3 schematically shows the nozzle configuration
for supplying high-pressure coolant to the machining zone.

In addition, a lower cutting speed and a higher feed rate
were also studied as cutting conditions for suppressing tool
wear. As repercussions of a lower cutting speed and a higher
feed rate, the cutting load increased, causing displacement
of the turning lathe, which made it more difficult to ensure
machining accuracy. Increasing the rigidity of the turning
lathe was needed to prevent this displacement. Accordingly,
it was necessary to make clear the relationship between the
cutting load and turning lathe displacement. A master bar
was chucked on the spindle and the amount of displacement
was measured when cutting loads A and B were applied as
shown in the measurement system in Fig. 4.

To increase the rigidity of the turning lathe, the overall
length of the chuck and the tail center were shortened. As the
measured results in Fig. 5 show, these measures reduced the
radial displacement of the turning lathe by approximately
50%.

Improvement of the high-pressure coolant and the
increased machine rigidity suppressed tool wear by
approximately 20% as shown in Fig. 6.

3.4 Establishment of a global tool management system

The technical improvements developed for the
turning process described in the preceding section were
deployed in parallel in Japan and at the three overseas
production plants. Process designs and tool technologies
corresponding to the evolution of JSL have been applied
to successive generations of each production line. This has
given rise to differences in tool specifications with respect
to tool materials, geometries, coatings and other aspects.
Therefore, it was necessary to obtain correct information on
tool technologies at each production plant and to implement
improvements efficiently in the order of priority according

to opportunities for making improvements.

Mexico China Thailand

18 18 %

Centralize information
‘ management globally

@ Japan

Fig. 7 Conceptual diagram of ATOM

Database
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For that purpose, the Active support system for Tool
Management (ATOM) was constructed as shown in Fig. 7 as
a database for centralized management of tool technology
information at each plant. Fig. 8 shows the top menu screen
of ATOM. This system makes it possible to know in real
time information on tool settings and status of use at our
global production plants. This includes links to information
on the planned and actual cost per unit (Fig. 9), estimated
amount of usage, tool location management, problems
and information on improvements. The implementation of
ATOM has contributed significantly to the establishment
of JST. It has also greatly hastened the pace of quality
improvement and TdC reduction.

4. Future efforts

This article has described the establishment of the
Tool Engineering Section and some examples of recently
developed tool technologies. As part of its core activities,
the Tool Engineering Section will pursue continuous efforts
according to the road map for the future development of
JSL outlined in Fig. 10. We are proceeding with a program
of activities called APW 202x to achieve the production
system and plant systems desired for the future. We are now
examining the following core pillars for our future efforts:
lean materials management under which tool management
sections automatically order and receive tools in the supply
chain according to the production volumes; optimization of
machining conditions and tools by monitoring machining
states; and complete tool performance assurance based
on big data analysis of information concerning individual

machining processes and tools.

4th Generation

3
High Global No.1 Flexibility
3rd Generation Tooling line concept
Innovation of JSL 1, Zero quality defects
2, Zero tool change time
Tool supply management 3, Automated tool supply
“IoT connection technology i aakaaees=> o half
- Automatic tool ordering system O Reduce machining time
by half

5 Technical development

5 =Development of new cutting methods

= *Development of low cutting force tools

By -Development of light-weight and combined tools

‘c +High rigidity of equipment

S *Coolant cooling optimization

ﬁ - - Cutting simulation

2nd Generation
Establisk it of technology for JSL
L *Tool cost reduction using benchmark No.1
+Chronic task solving
Low FY2015 FY2016 FY2020 FY202X R
Near future Future
‘ Time

Fig. 10 Road map of JSL to 202X
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Development of a method for measuring the grinding point temperature of a CVT pulley ball groove
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Summary Pulley ball-groove grinding for CVT
(continuously variable transmissions) is required to shorten
the cycle time, but it is necessary to prevent grinding burn
accompanying this. In this report, we report on the practical
application of a method capable of measuring the temperature

of the processed part, which is the cause of this occurrence.

1. 1FC®IC

ULAE, MEEZS R (CVT) OF EA FHE-THY, CVT
(Fig. 1) DE BB TH LT =DM TH A7)
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R B M BAME D BT E THREIBET VAT A L%
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AFPFPEMIELIZOT, ZONEITOVTHE T 5.

Cross—sectional view of CVT

_—

Enlarged view of pulley

Movable half Fixed half

Belt

—

Fig. 1 Cut model of CVT
(Continuously Variable Transmission)

1. Introduction

The growing demand for continuously variable
transmissions (CVTs) in recent years has prompted a need to
shorten the machining cycle time of the pulleys, which are
key constituent parts of CVTs (Fig. 1). Consisting of a fixed
half and a movable half, pulleys are the parts that transmit
power via the belt. The movable half slides to continuously
change the reduction ratio for stepless shifting. The ball
groove described here functions to guide the movable half
as it slides. The ball groove grinding process is a bottleneck
for shortening the pulley cycle time, and overcoming it
requires increasing the feed rate or the grinding speed.
However, that generates greater heat which is transferred to
the workpiece and tends to cause grinding burn.’’ The issue
here is to suppress the occurrence of grinding burn. As a
first step toward shortening the cycle time, a method® was
developed for measuring the grinding point temperature of

Pulley machining process Ball groove grinding

Raw machining Grinding wheel \
. . . Spindle
Carburizing & quenching Direction of rotation
Hard turning
Pulley
Grinding of pulley shaft
outer diameter
_){ Feed direction
Grinding of sheave Contact length
surface
Grinding of ball groove Ball groove

Fig. 2 Ball groove grinding

- BB
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Grinding burn

1mm
—_—

Fig. 3 Example of Ball groove grinding burn
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the processed part that causes grinding burn. This article

describes the new temperature measurement method.

2. Features of ball groove grinding method

Following machining of raw pulley forgings, pulleys
are machined in the order of carburizing heat treatment,
hard turning and grinding (outer diameter, sheave face and
ball groove). Fig. 2 illustrates ball groove grinding, which
tends to have a longer contact length during grinding than
other grinding processes like cylindrical grinding, surface
grinding and internal grinding. As a result, in this grinding
process the workpiece is apt to be affected by heat, which

tends to cause grinding burn.

3. Method of evaluating grinding conditions

Grinding burn refers to workpiece damage due to
heat generation during the grinding process that occurs
when the workpiece surface is heated to approximately
700-800° C. That causes a transformation of the surface
to a martensite layer, resulting in a decline in hardness,
brittleness or other undesirable effects. Such damage
seriously affects wear resistance and fatigue strength
of the part, making it necessary to understand the
mechanism so as to prevent grinding burn from occurring.
Fig. 3 shows an example of grinding burn that occurred in
the grinding tests. The discolored area seen in the groove
shoulder in the upper left portion of the photo is grinding
burn. In order to prevent grinding burn from occurring, it
is necessary to set the grinding conditions on the basis of
a suitable evaluation of the conditions during the grinding
process. The method that is principally used to evaluate
the grinding conditions is to measure the spindle load
voltage. In addition to that, we have now devised a new
method for measuring the temperature near the grinding

point using thermocouples.

4. Test equipment and conditions

A test environment was built around a machining center
in order to develop a method of measuring the grinding
point temperature using thermocouples. The configuration
of the test equipment is shown schematically in Fig. 4. The
test equipment was configured by attaching the following
items to the machining center: (1) ball groove test piece, (2)
thermocouples, (3) jig for holding the test piece, (4) coolant



CVTRZ—V - R—)LBHHEIMITOREMNEFEDHZ

(6) il £ 4 78 = R (WA N) ZHLAGA L 222D
RS, PRI A B FE B KR 7 — TV MZ X B HI A,
SESFICHRMZLALSE LA, Fas &L, AFH
MO B E AW E T AL RETH . LU, MK
HHROFENZFHIN T 2.

(6) Spindle load voltage
meter
(in control panel)

XYZ+Rotation stage

High—pressure coolant /

/— Spindle unit
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A X

|(5) Ball groove grinding wheell

(4) Coolant nozzle /
Rotary table
ch2cpq

| Cutting force component me/
(3) Jig for holding test piece

Fig. 4 Overall view of laboratory equipment

(1) Ball groove test piece
/_ +Fx
A oy

chdch3

(2) Thermocouple
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Cellophane tape

| Thermocouple sheath |
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Fig. 6 Thermocouple insert area

1751

nozzle, (5) ball groove grinding wheel (spindle), and spindle
load voltage meter (in the control panel). This equipment
makes it possible to measure the spindle load voltage
and temperature near the grinding point while varying
various conditions during the grinding process such as heat
generation and cooling by the coolant, among other things.
The following is a detailed explanation of the constituent
elements of the test equipment.

(1) Aball groovetestpieceis showninFig. 5. Arectangular
shaped piece was cut from the same raw material as the
pulley, the ball groove was rough machined, and then the test
piece was subjected to a carburizing heat treatment. A dowel
pin hole was provided in both ends of the test piece (a round
hole at one end and a long hole at the other end). The purpose
of the holes was to achieve highly accurate positioning so
as to suppress variation in the grinding allowance among
individual test pieces. Four channel holes were provided for
inserting thermocouple probes near the corners on both the
right and left sides of the groove where grinding burn tends
to occur. This made it possible to measure differences in the
grinding point temperature between the right and left sides
of the groove and the change in the temperature from the
start to the finish of groove grinding. Several tens of test
pieces were made and a test piece was removed and changed

after each grinding operation.

|ch4||ch3||ch2||ch1|

T T

— 3 : T K/r'\\
— AY

= 4 ¥

lch4 | |ch3| [ch2||cht |

\ J

|
Y

Right side

ot
YT

Left side

Dowel pin
hole

Dowel pin
hole

Thermocouple probe insertion holes

Fig. 5 Test pieces

(2) The portion where the thermocouple probes were
inserted is shown in Fig. 6. Type K thermocouples were
used and the diameter of the sheath line was 0.5 mm in
consideration of the response speed and hole machinability
in the test piece for inserting the thermocouples. The entire
thermocouple was incorporated in a housing of laminated
plastic made by a 3D printer. The housing positioned and
held the thermocouples. The thermocouple sheath was
inserted to a depth of 0. mm from the finished test piece
surface. The upper surface of the junction between the
test piece and the thermocouple housing was covered with
cellophane tape to prevent coolant from penetrating into the

thermocouple sheath. The temperature data measured with
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Table 1 Equipment List

4-axis horizontal machining center (HSK-A63, 20,000 min-1)
Equipment

High-pressure coolant (30 MPa, 27 L/min)

Coolant: soluble (dilution ratio 6.5%, 20°C)

Tool Vitrified bond CBN wheel ¢55

Spindle load voltage meter
zlleeveilszging Cutting force component meter (3 axes)

Type K thermocouples (90.5) + wireless temperature logger

Table 212G M2 /R T SETIXLUFHIBET 2 7
B 570, 60DF A=y L4525 LikrE1T-
7o, FMFREILH Tz T, TNETOREBRPLHET R

WG, BETIS

QUGEFEEELT.
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the thermocouples were sent via a wireless temperature
logger to a PC positioned off the machining center.

(3) The jig for holding the test piece is shown at the
bottom of Fig. 4. A cutting force component meter is
included as a constituent element of the jig. This facilitates
simultaneous measurement of three components of cutting
force (groove lateral component of force Fx, feed component
of force Fy and back component of force Fz) as an auxiliary
method of ascertaining grinding phenomena.

(4) The coolant nozzle (upper left side of Fig. 4) is molded
of laminated plastic using a 3D printer and positioned such
that the coolant can cool the area near the grinding point.
The coolant nozzle is secured from the spindle unit in
turn via a bracket and the XYZ rotation stage. The nozzle
discharge position is micro-adjustable in the XYZ and
rotation @ directions. The high-pressure coolant unit can
supply coolant at a maximum pressure of 30 MPa and a
discharge rate of 27 L/min, enabling grinding burn to be
evaluated under a wide variety of cooling conditions.

(5) The ball groove grinding wheel (center of Fig.
4) used was a vitrified bond CBN wheel. Multiple ball
groove grinding wheels were prepared and dressed to the
same shape by an external wheel dresser. That suppressed
variation in the grinding wheel diameter and wheel contour
shape in the individual grinding tests. The machining center
used in the grinding tests was selected on the assumption
that tests would be conducted under high-speed, high-load
conditions.

(6) The spindle load voltage meter is a clamp meter
that is installed in the wiring of the spindle motor inside
the control panel of the machining center. It measures the
spindle load voltage during the grinding process.

A list of the equipment used in the tests is given in Table 1.
The test conditions are shown in Table 2. Tests were conducted
under six parameters and four conditions in order to reproduce
various types of grinding burn. Conditions conducive to
grinding burn and those not conducive to grinding burn were

selected on the basis of experience gained to date.

Table 2 Experiment condition

Con. 1 I Con. 2 I

46.1

Parameter Con. 3 I Con. 4

Grinding speed V [m/s]

0.15
1000 | 300

Cutting depth ap [mm]

Feed rate F [mm/min] 300 I 1,000

Lateral groove position

Offset [mm]

Grain size

#140

#170

Coolant flow rate [L/min]

27

6.7

27
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5. Test results

Test pieces ground under conditions 1-4 in Table 2
were cut near each of the channel holes of inserting the
thermocouple probes and cross-sectional photographs were
taken for measuring the depth of the martensite layer. As
the results presented in Fig. 7 indicate, the martensite layer
depth was classifiable in three categories: (a) no grinding
burn, (b) slight grinding burn, and (c) grinding burn.
Category (a) of no grinding burn means a condition where
the martensite layer could not be detected on the finished
surface. Category (b) of slight grinding burn means a
condition where the martensite layer formed to a depth of
less than 10 um from the finished surface. Category (c) of
grinding burn means a condition where the martensite layer
formed to a depth greater than 10 um from the finished
surface.

The relationship between the martensite layer depth seen
for grinding test conditions 1-4 in Table 2 and the thermocouple
temperature is shown in Fig. 8. The thermocouple
temperature used in making this comparison was the
maximum temperature recorded for each thermocouple
channel. The results indicate that the temperatures can be
divided into three levels in relation to categories (a)-(c) in
Fig. 7 as general criteria for judging grinding burn. Category
(@ of no grinding burn corresponds to a thermocouple
temperature below 50° C; category (b) of slight grinding burn
corresponds to a thermocouple temperature range from 50° C
to below 100° C; category (c) of grinding burn corresponds
to a thermocouple temperature of 100° C or more. The data
confirm that the thermocouple temperature for the transition
from (a) no grinding burn to (b) slight grinding burn was
50° C. When setting the grinding conditions, it is desirable
to keep the thermocouple temperature under 45° C in
consideration of robustness. In the thermocouple temperature
region of 100° C or higher, classified as category () grinding
burn, there was a pronounced increase in the martensite layer
depth. The martensite layer is a microstructure that forms
because of rapid cooling from a high-temperature state.
Under a condition where the thermocouple temperature is
100° C or higher, it is inferred that the coolant supplied to
the ground workpiece surface becomes a film boiling state,
which markedly lowers its lubrication and cooling action.
That leads to sudden heating of the workpiece surface,
causing the martensite layer to form. An overall review of
the coolant cooling and grinding conditions in that state is

needed.
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(a) No burn
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Martensite layer depth [um]

Fig. 8 Relationship between thermocouple-temperature and

(c) Burn

100 150 200 250

Thermocouple temperature [°C]

martensite layer depth programming simulation

Table 3 Judgment of Grinding burn (as a guide)

Burn judgment Thermocouple temperature
(a) No burn under 50°C
(b) Slight burn  ]50°C to under 100°C
(c) Burn 100°C or higher

300
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6. Conclusion

As a first step toward shortening the cycle time
for grinding the pulley ball groove, a new method was
developed for measuring the grinding point temperature.
The following three findings were obtained with this new
method.

(1) The martensite layer depth was found to correlate
with the rise in the grinding point temperature. Based on
this relationship, grinding burn can be evaluated on the
basis of the rise in the grinding point temperature.

(2) Grinding burn judgment criteria were classified into
three categories: (a) no grinding burn, (b) slight grinding
burn, and (c) grinding burn (Table 3).

(3) Using thermocouples to measure the grinding point
temperature makes it possible to quantitatively evaluate
grinding conditions for preventing the occurrence of
grinding burn.

It is planned to use this method to shorten the cycle
time for machining pulleys. The details of this work will be
reported later.
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Summary Assembly lines capable of accommodating
transmission model changes and production volume
fluctuations in a short period of time and at low cost are the
ideal form desired for future production plants in the year 202x.
Full automation can be cited as one approach to achieving
such lines. An article in last fiscal year’s JTR described the
improvement of automated assembly rates through effective
use of robots.) The present article presents examples of the
implementation and evolution of assembly lines under the Jatco
Standard Line (JSL) concept being promoted by the Production
Division, as well as indicating the outlook for future activities.
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1. Introduction

The production environment at present is characterized
by a declining working population in Japan, diversification
of product types and rising labor costs at our overseas
manufacturing plants. In order to carry out production of
any type of product anywhere and anytime with high quality
and at minimum cost in such an environment, it is essential
to automate product assembly operations. We have been
working to promote automation by installing equipment
specially designed for each assembly process. However,
with existing assembly facilities it has not been possible to
cope with product design changes and production volume

fluctuations quickly in a short period of time. In addition, it

Full automation
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Fig. 1 Road Map to 202x assembly lines
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has not been easy to transfer specially designed equipment
to other assembly lines because of the high cost of
modifying the equipment when transferring it to other lines.
One approach to resolving such issues is commonalization,
i.e., to create common equipment platforms.

Based on the circumstances above, we have formulated
a road map (Fig. 1) that pursues automation and
commonalization as our assembly line strategy toward
202x and are proceeding with activities to accomplish
it. In these activities, we are developing new production
technologies using as tools articulated robots, which have
become lower in price in recent years. Technologies are
being developed for automating assembly operations based
on the use of robots, and commonalization of equipment
is being advanced by developing general-purpose platforms

suitable for assembly lines.

2. Automation of assembly operations

The following are examples of the automation
technologies developed for the global #8 (G#8) and global
#12 (G#12) assembly lines that launched mass production in
FY 2018.

(1) Temporary tightening of nuts on pulleys and other shaft
parts

(2) Installation of parts with multiple mating places like the
torque converter housing

The following sections will describe the temporary
tightening of nuts.

2.1 Overview of temporary tightening of nuts on pulleys

As shown in Fig. 2, fine-thread nuts of around
M20 in size are used in several places on CVT pulleys.
Engaging screw threads is a difficult task even for workers
to do manually and it requires a certain knack based on
experience. If too much force is applied to tighten the nuts
temporarily, it may damage the screw threads. This entails
the risk that foreign matter like burrs or metal power may
be produced as a result.

Therefore, control logic was developed for aligning the
screw threads using a force sensor in order for the robot to
reproduce the feeling of the manual task done by a human

worker.

2.2 Action of aligning screw threads
Control logic was developed for the following tasks in

the action of aligning screw threads:
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(1) Aligning the nut and pulley screw
(2) Detecting the starting point of male and female screw
engagement

Two types of control logic were developed to accomplish
these tasks by using a 6-axis force sensor capable of
measuring the force in the xyz directions and each individual
moment. Fig. 3 is a schematic diagram of the nut assembly
machine. A force sensor is positioned between the robot
hand and the robot proper to measure the force produced by
the hand. The purpose of the first task above is to eliminate
any misalignment caused by product tolerances or variation
in machine repeatability at the time of contact between the
nut held by the robot and the pulley screw. Alignment is
accomplished by feeding back the position of the nut to
the robot so as to reduce the force generated in the two
horizontal directions of the x-axis and the y-axis.

The purpose of the second task above is to detect the
phase for the engagement of the starting points of the male
and female screw threads, representing the starting point for
temporary tightening. While pressing the nut in the z-axis
direction for assembly with the pulley screw, the robot turns
the nut in the opposite direction, which produces force that
pushes the nut upward. When the starting points of the
male and female screw threads coincide, a large change
momentarily occurs in the force in the z-axis direction. The
point of that change is detected as the engagement point of
the screw threads.

This series of processes is shown in Fig. 4 as waveforms
indicating the changes in force. Segment A is during the
alignment process. Segment B is during the search for
the engagement point of the screw threads. Segment C is
the range in which engagement is detected. Segment D
indicates the change in force detected by the force sensor
during temporary tightening of the nut on the pulley screw.
Detection of the engagement point is indicated by the
change in the Fz force waveform (drop from 20 N to 0 N) at
an elapsed time of approximately 4.8 s.

2.3 Success rate for automation of temporary nut tightening

The newly developed nut assembly machine was
installed in three places on G#8 and in four places on
G#12. A success rate of 99% was achieved for automated
temporary nut tightening. Activities are now under way to
make improvements aimed at attaining a success rate of
100%.
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3. Commonalization of equipment

A fully automatic assembly line on which one
machine performs assembly operations is the ultimate
form of assembly processes. The Production Engineering
Division has made flexibility improvement, proportional
investment and downsizing the three pillars of its efforts
to promote equipment commonalization under the JATCO
Standard Line (JSL) concept and is moving ahead with
activities to accomplish them by 202x. The priorities for
the development of assembly line equipment are especially

flexibility improvement and proportional investment.

3.1 Flexibility improvement

Equipment referred to as a JSL platform machine and
incorporating articulated robots has been developed to
improve two aspects of assembly lines, namely, flexibility
for accommodating mixed model assembly and flexibility
for handling production volume fluctuations. Not only the
hardware composing the equipment, but also the software
design is intended to promote commonalization.

Mixed model production is accommodated by changing
only the robot hand of the same machine when assembling
parts having different shapes because of transmission model
differences. Previously, two different models were the limit,
but three or more models can now be accommodated on the
same line (Fig. 6).

The same concept is applied to volume fluctuations as to
mixed model assembly. Task flexibility has been achieved
for easily switching among various assembly operations
such as installation, tightening, measurement, press fitting
and visual inspection. Fig. 7 shows an example of how the
operations of assembling the snap ring and checking the
assembled condition are performed by switching between

two robot hands for executing these tasks.

Parts supply

/ Assembly hand
—

Checkmg hand

Robot hands
for different
purpose were
changed during
one cycle.

Fig. 7 Picture of snap ring assembly and checking
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3.2 Proportional investment

When the required volumes of a product increase or
decrease in a step-like manner, if the production capacity
of the assembly lines can also be adjusted similarly
according to the demanded quantity, capital investment in
equipment can be made in a timely way. Fig. 8 shows the
relationship between assembly line capacity and the level
of capital investment. Previously, specialized processes
were necessary for individual operations and the parts to be
assembled. Accordingly, equipment with large production
capacity and involving large investments was needed
regardless of the cycle time required by the assembly line.
In contrast, with JSL, processes can be integrated or divided
flexibly as desired without being influenced by the operation
or parts involved. The aim is to prepare production capacity
corresponding to the required cycle time by making capital
investments proportional to the capacity needed.

-Previous | Full assembly capacity

= 1
o
=
13}
<
Q %
<
&)
N
Y
=
<]
g
% o9 Gradual investment
> JSL matchipg required
,EJ production volume

Production volume

Fig. 8 Concept of proportional investment

The JSL concept for assembly operations provides
for volume

thus

flexibility accommodating  production

fluctuations, achieving proportional investment
matching the required unit volume. This is done by
combining several operations within the same process and
integrating processes in cases where a long cycle time is
required, whereas operations are broken up and processes
are divided in cases where a short cycle time is required.
In addition, processes can be easily integrated or divided
when the required production volume fluctuates, making it
possible to cope with such fluctuations in a shorter period
of time than before. In cases where the cycle time changes
for a long period of time in particular, processes can be
integrated regardless of the operations involved, and excess
equipment can be transferred to other lines, which is a

feature that previous equipment did not have (Fig. 9).
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3.3 Example of proportional investment for equipment
commonalization

This section presents an example of proportional
investment for G#12. Production in this process began with
the operation of press fitting two bearings each on the shafts
of differential gears and reduction gears, representing two
shaft parts. Previously, the general approach was to install
two press machines for the press fitting operation in order
to prepare specialized equipment with high production
capacity for the start of production. Because the required
production volume was low at the time of the production
launch on G#12, only one JSL platform machine was
installed initially to handle the press fitting operation, which
reduced the initial capital investment. After the required
production volume increased, another JSL platform machine
was additionally installed to accommodate the increase in
the required volume by performing press fitting in separate

processes for differential gears and reduction gears.
4. Direction of future activities

High levels of equipment commonalization and
automation were achieved on the G#8 and G#12 lines,
which began mass production in FY 2018, by implementing
platform-based equipment under the JSL concept. In the
next fiscal year and thereafter, it is planned to outfit JSL
equipment with the automation technologies for which

development has been completed and to deploy it in projects

were mass production is scheduled to be initiated.
5. References
(1) Norimitsu Kawamoto, “Improvement of Automated

Assembly Rates through Effective Use of Robots,” JATCO
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Summary JATCO launched a quality checkup program
in FY 2017 to promote self-initiated improvement activities
by suppliers through visualization of their weaknesses.
This article explains the issues and challenges revealed
by the results of the quality checkups and the effects
of improvement activities. In addition, it also presents
examples of improvement activities carried out by suppliers

with support from JATCO's related divisions.
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1. Aim of quality checkups and results of supplier visits in
FY 2017

JATCO initiated the quality checkup program in
FY 2017 to make clear quality assurance risks that are
unrecognized by suppliers with whom we have business
dealings. A quality checkup devotes a lot of time to
observation of the daily activities of the people working
in production workplaces. This involves interviews with
workplace leaders and employees, confirmation of actual
work operations and so on. A distinct feature of a quality
checkup is that it reveals in detail whether there are any
gaps between the standards set by suppliers and workplace
realities.

There are many reports of quality problems caused
by temporary work done at the time some trouble occurs.
Therefore, a quality checkup also rigorously evaluates safety
and workplace environment aspects as critical control items
for maintaining quality.
over 120
companies were visited in FY 2017, and the issues and

Thanks to the cooperation of suppliers,
challenges confronting each company were confirmed.
2. Quality checkup evaluation results and quality risks
Quality checkups were originally started as an activity

to make clear suppliers’ quality risks that could not be

measured from their data on the occurrence of problems in
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the past. Consequently, the evaluation level in the quality
checkup and the quality evaluation level based on problem
occurrence data did not coincide. Confirmation of the
causes of such inconsistencies made it possible to achieve a
shared recognition of quality risks with suppliers.

As a result, the distribution of the quality checkup
evaluation levels and the actual number of occurrences of
problems was arranged as shown in Fig. 1. This made clear
distinctive trends and problems in each of the zones from
(D) to 4).

(1) Zone (1)

Suppliers here previously had a low frequency of
problems and were regarded as having excellent quality,
but received a low evaluation in the quality checkup. They
have quality risks that were not recognized heretofore and
urgently need to implement improvement activities.

(2) Zone (2)

Suppliers here previously had a high frequency of
problems and also received a low evaluation in the quality
checkup. There are doubts about the effectiveness of the
improvement activities they are currently carrying out and
areview of the activities should be done immediately.

(3) Zone (3)

Suppliers here had a low frequency of problems and
received a high evaluation in the quality checkup. It can be
judged that their current practices are functioning well and
that they have high quality management capabilities. They
are asked to focus efforts on maintaining and continuing
high quality levels in the future.

(4) Zone (4)

Suppliers here had a high frequency of problems but
received a high evaluation in the quality checkup. There
are problems outside the operations evaluated in the quality
checkup. So that JATCO could also understand the specific
problems, the check sheet used in the quality checkup
evaluation was revised and additional items were added.

As the foregoing results indicate, the quality checkups
revealed the realities of suppliers’ production workplaces.
Even suppliers with few occurrences of problems recognized
that they have quality risks and need to implement
improvements.

The results also confirmed that the evaluation level in
the quality checkup correlates with not only the number of
problems but also the number of occurrences of one type of

problem.
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Summarizing the data again as shown in Fig. 2, a trend
is seen for the number of occurrences to increase as the
quality checkup evaluation level worsens. In addition, clear
differences can be seen at the dividing point between levels
A and B and levels C and D.

The foregoing results indicate that unless the quality
checkup evaluation reaches level B or higher, the risk of
problems occurring increases with respect to both the
number of problems and the number of occurrences.

Actually, many suppliers came to have a sense of crisis
about the quality risks revealed by the quality checkup and
proceeded to improve their levels in a short period of time by
promoting improvements. Moreover, there were suppliers who
had been implementing improvement activities previously but
were troubled because their efforts did not lead to results.
They have also confirmed that the number of problems and
the number of occurrences have been reduced by undertaking

improvements based on the quality checkup results.

\ Quality checkup results level
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Fig. 2 Quality checkup evaluation level and number of
occurrences per problem

3. Importance of improvement capabilities in quality

assurance

The progress of improvement activities based on the
quality checkup is periodically confirmed. There are
differences among suppliers with regard to the speed and
effect of improvements. Such differences are caused by
differences in the improvement capabilities of the suppliers
themselves for resolving issues in the course of striving to
change their current condition, as they themselves recognize
it based on the quality checkup, to a normal state.

This can be understood very easily if we liken it to
improvement of a person’s physical condition based on a

general medical examination.
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¢ If people themselves cannot recognize that their condition
is abnormal, they will let their poor physical condition go
unattended and it will get worse.

e If people recognize their condition but are unaware of a
suitable remedy, there are also times when healing may
take longer or the condition may conversely worsen.

® Even if people become healthy, if they do not make an
effort to maintain their health, they will revert to an
unhealthy condition again.

Quality improvement activities are the same. One must
be conscious of recognizing the current situation correctly
and make improvements based on a proper analysis and
using suitable methods. Improvement will only be achieved
when there is proper management for maintaining that state.

Even suppliers who had at a low evaluation level in the
quality checkup but possess improvement capabilities have
actually undertaken improvements in a short period of time

once they recognized the issues involved. In contrast to them,

Table 1 Level and aim of the improvement force

Improvement capabilities = analytical ability & driving force (correct analysis and quick execution)

Analytical ability

Level A Can delve deeply to the true cause, in addition
Good to just temporary factors

Level B Can correctly analyze why a gap occurs and
what factors are involved for preventing it

Level C Can correctly recognize the gap between what
should be and what is

Level D Can correctly define what the desired condition
should be

Level E Can correctly identify and recognize the
current condition

Level F Cannot correctly identify the current condition
Poor nor observe standards and rules
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Driving force

Level A
Good

Level B

Level C

Level D

Level E

Level F
Poor

Officer class and upper level managers
themselves promote improvements and make
efforts matching their authority (capable people)

Accurately report the results and effectiveness
of executing a plan and capable of managing

Can accurately determine the order of priority
and prepare a plan in a suitable amount of time

Has the know-how and methods for correctly
resolving issues and challenges

Can share issues and challenges with others in
the company

Cannot get a consensus regarding improvements

there are some suppliers who cannot easily resolve even
simple issues because they have low improvement capabilities,
despite receiving a high quality checkup evaluation and
having a highly regarded quality record. Improvement
capabilities are also expressed in the ability for maintaining a
good condition. There is concern that suppliers who have low
improvement capabilities may show a decline in quality in
the future due to their insufficient quality management ability
even though they have a high evaluation at present.

As indicated here, improvement capabilities are closely
related to a supplier's quality risk. In confirming the
progress of improvements, the quality checkup evaluates
improvement capabilities in terms of both analytical ability
and driving force and also encourages enhancement of

improvement capabilities (Table 1).
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4. JATCO's promotion of improvement activities

As described above, the quality checkups revealed
issues and problems that suppliers had not been conscious
of before. Many suppliers have reduced their quality risk
by implementing improvement activities. Meanwhile, there
are also many suppliers who understand the importance
of implementing improvements, but cannot seem to make
progress toward improvement. In providing cooperation
to suppliers having trouble achieving improvements, the
reasons why improvements did not advance were confirmed.
It was found that various problems were related especially
to workplace management as indicated below.

(1) Employees have not secured sufficient skills through
education and training, and only some are able to do
analyses and other improvement-related tasks.

(2) Planning training programs for skills acquisition,
creating new forms and other tasks for which there are few
opportunities to be involved are mainly taught through on-
the-job training (OJT), but it is difficult to master the skills
needed for such work. Even among managers, supervisors
and leaders, there are few people who have experience
in such practical tasks, so they cannot instruct their
subordinates.

(3) Because employees are hard-pressed by other work,
the man-hours that can be allocated for improvement
activities are limited. Efforts tend to end in simple measures.

The number of suppliers that were troubled by these
kinds of serious problems was more than we imagined, and
we learned again that many tissues were human-related. It
was also evident that suppliers could not actually resolve
these kinds of issues by themselves in a short period of
time.

Therefore, attention was focused on improving
workplace management for which there were many
requests from suppliers among the problems that were
raised. JATCO began providing various forms of support
progressively, including dispatching managers and persons
with foreman experience. The following are examples of the

types of requests received from suppliers.

Various types of training and guidance

¢ Explanations and guidance for planning training for skills
acquisition, creating new forms and other tasks for which
there are few chances to be involved

* Explanation of the significance and procedure for

observing work operations
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* Explanation of the quality items required by JATCO
® Explanation of the various forms used at JATCO and
proposals for adjusting them for use by suppliers

Improvement of workplace management capabilities
® Proposals for improving organizational structures and
production line reports
* Guidance on improving workplace meetings
* Basic training for managers and supervisors
¢ Guidance for 5S improvement
As noted here, requests from suppliers cover a wide
range of areas, from short-term to long-term items. In
responding to these requests, JATCO has started gradually

to penetrate support through human resources as well.

5. Conclusion

Approximately two years have passed since JATCO
started quality checkups for improving the quality system
of suppliers by making unsatisfactory aspects visible. The
results of this program are gradually beginning to appear. At
present, JATCO has also launched various support activities
and the quality levels of suppliers are steadily improving.

JATCO and suppliers are working together to improve
quality, aiming to achieve the goal of zero defects. From
the perspective of the quality checkup program, activities
for strengthening workplace management and improving
workplaces, among other things, will be needed to maintain
and improve quality levels in the future. In addition to that,
we also recognized once again the importance of educating
and training the people who actually carry out those
activities

Finally, the author would like to express his deep
appreciation to the suppliers for their cooperation with this
program and their continued efforts to improve quality

levels.
B Author H
Tadashi KANEKO
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Introducing the Jatco CVT8 (JFO16E) for the Nissan Altima

20184F 1012k K THFe S - H i H B sk X 4
DOF I H Altima | 1ZJatco CVT8 (JFO16E) 233 # X
7z

JFO16E T Ml D % 7 14 & i i 25 % W 37 L 7= 9 i it
2N — NNV T DR E BRI 52 L ARY A
D ks, EHRLKIELRTIZar OBBIZED, HiH#l
MIEOIR G LTy Rez s [ EML, B - @ik
RED 74— 7] LR EVERR I LICHBKL T 5.

Fig. 1 Main cross-sectional view

The Jatco CVT8 (JFO16E) is installed on the new-
generation Altima that Nissan Motor Co., Ltd. released
in North America in October 2018. The JFO16E adopts a
newly designed control valve that provides both control
stability and high responsiveness to achieve a dramatic
improvement in shift response along with a further
substantial reduction of friction. As a result, the JFO16E
helps to elicit the full performance of the newly developed
4-cylnder engine, thereby contributing to an improved
feeling of power performance and driveability as well as

enhanced fuel economy.

Table 1 Specifications of JFO16E

Torque capacity 250 Nm
Control system Electric
Torque converter size 236 mm
Pulley ratios 2.631-0.378
Ratio coverage 7.0
Reverse gear ratio 0.745
Final gear ratio 4.828
Number of selector positions 5(P,R,N,D,L)

+Manual shift mode
Overall length 361.4 mm
Weight (wet) 93.4 kg

Nissan Altima

o1l
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Introducing the Jatco CVT7 (JFO15E) for SAIC-GM's Buick Excelle
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Fig. 1 Main cross-sectional view

The Jatco CVT7 (JFO15E) is mounted on the Buick
Excelle (Chinese model name: Kaiyue) that SAIC-GM
Co., Ltd. released in China in June 2018. This is JATCO’s
first application development for a Chinese vehicle
manufacturer. The JFO15E marketed in China as the
CVTT7 features cutting-edge technologies such as a start-
stop system and Dynamic Step (D-Step) Shift Control for
improving both fuel economy and driveability. It is also
the first CVT to implement GM's cybersecurity system for
analyzing incoming communications for stronger security.
This system reinforces security against unauthorized

external access in the form of attacks or alterations.

Table 1 Specifications of JFOISE

Torque capacity 130 Nm
Pulley ratios 2.2-0.55
Auxiliary transmission gear | Ist 1.821
ratios 2nd 1.000

Rev 1.714
Ratio coverage 7.3
Final gear ratio 3.882
Number of selector positions P,R,N,D, L
Overall length 341.2 mm
Weight (wet) 70.13 kg

SAIC-GM’s Buick Excelle
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Introducing the Jatco CVT7 (JFO15E) for the Nissan Micra
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The Jatco CVT7 (JFO15E) is installed on the new-
generation Micra that Nissan Motor Co., Ltd. released
in Europe in March 2019. The JFOIS5E features wide
ratio coverage and low friction, thanks to its auxiliary
transmission. Combined with a newly developed 3-cylinder
1.0L turbocharged engine, it improves launch and
acceleration performance and also contributes to class-
leading fuel economy as well as compliance with Europe’s
Euro6DTemp exhaust emissions standard. The lockup
damper in the torque converter was newly designed for
application to the new 3-cylinder engine and contributes to
improving both noise and vibration performance and fuel

economy.

Table 1 Specifications of JFOISE

Torque capacity 150 Nm

Torque converter size 205 mm

Pulley ratios 2.2-0.55

Auxiliary transmission gear Ist 1.821

ratios 2nd 1.000

Rev 1.714

Ratio coverage 7.3

Final gear ratio 3.882

Number of selector positions 5

Overall length 342.1 mm

will Weight (wet) 67.3 kg

Fig. 1 Main cross-sectional view
Nissan Micra
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1. JATCO exhibits at motor shows

JATCO presented a booth at the 2018 Beijing
International Automotive Exhibition (Auto China 2018)
held at the China International Exhibition Center in Beijing
from April 25 to May 4, 2018. China is one of the most
important markets for JATCO's continued growth. By
displaying products at motor shows in China, JATCO
has emphasized its contributions to the development of
China’s motorized society through the provision of CVT
technologies providing outstanding vehicle fuel economy
and driveability. At this motor show, JATCO exhibited for
the first time its 48V mild hybrid transmission designed for
the age of vehicle electrification.

JATCO also exhibited products at the auto parts and
accessories section of the 16™ China Guangzhou International
Automobile Exhibition (Auto Guangzhou 2018) held at the
China Import and Export Fair Complex from November
16-25, 2018. The main products displayed were the units
being produced by JATCO (Guangzhou), including the
Jatco CVT7, Jatco CVTS and the Jatco CVT7 W/R. Also on
display was JATCO's 48V mild hybrid transmission.

2. Participation in and support for JSAE-sponsored events

JATCO presented a booth at the 2018 Automotive
Engineering Exposition held at the Pacifico Yokohama
Exhibition Hall from May 23-25, 2018. By displaying the
latest CVT technologies related to vehicle fuel economy and
power performance, JATCO introduced the strong points
of CVTs and emphasized how the transmission contributes
significantly to vehicle performance.

JATCO also presented a program at Kids Engineering
2018 that was held at the Pacifico Yokohama Exhibition
Hall on July 27, 2018 and at the 3M Sendai City Science
Museum on November 23, 2018. The previous program that
had continued for ten years was completely redone under the
theme of “let’s make and operate a car that shifts by rubber
bands.” The kids made a simple model car and experienced
first-hand differences in operation, such as going fast and
climbing a slope, by changing the size of the transmission

pulleys. Hands-on classroom activities, demonstration
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programs and exhibits at this event enable the participants to
learn about science and technology in various technical fields
centered on vehicles, ranging from vehicle mechanisms to
environmental issues. JATCO has been a supporter of this
event since it was first organized in 2008.

The 16" Student Formula SAE Competition of Japan
was held at the Ogasayama Sports Park (ECOPA) from
September 4-6, 2018. JATCO and JATCO Engineering
provided support for this competition, and employees also
contributed to the event by serving as judges. Volunteers
from the two companies also gave technical support to the
student teams from Meijo University and Chiba Institute of
Technology, Meijo University achieved excellent results and
Chiba Institute of Technology performed solidly.

3. Participation in SAE conferences in various countries

JATCO employees presented a total of 11 technical
papers at SAE-sponsored conferences heldinthe U.S., China,
South Korea and Japan. Their presentations introduced
JATCO's activities in a broad range of technical fields,
including the company’s latest CVT control technologies,
production engineering technologies, CAE techniques, and
testing and measurement technologies, among other areas.
JATCO also presented a booth at the SAE Congresses held
in Japan and China, which enabled visitors to these events
to recognize the outstanding fuel economy and excellent
driveability achieved with CVTs.

4. Participation in VDI conference

The 18" International VDI Congress “Drivetrain
for Vehicles” was held in Bonn, Germany, on June 27-28,
2018, sponsored by the Verein Deutscher Ingenieure (The
Association of German Engineers). A JATCO employee

gave a technical presentation on the company’s new torque



2018 FMhEY IR

5. CTIEBREE~NDSM

SHI4H~1THIZRIZ A VN 2 34 T 12 CTI
YRV AUSAID SN, YA By s 7y
A8 DA G 24T o7

9H18H~20HICH [ b i CRAfE S 72T 47 CTIY
YARTY AChinal T, VY MIA MO B AT AIv g
Y OB IR T 5 144D 2 & 7R 3k 3 G
FEMBLZ. T2, Ut BTy s 7y THIE O
(F 3 Aoy

12 H3H~6HIZA V) TR SN 72T 8517 CTI
YRVIAL]T, B AT U AIv T ar Db N —
F ¥V THERR 3 B FEERR A, 48VANVEINA T RNT
YAV ar OO B #EHE T o7

6. FISITAZ{iT#EENDESM

10H3H ~5H, 24215 B fiE o B B ¥ 5 2 ) I
=g o [E B 4% TdH A[FISITA World Automotive

converter lockup control for obtaining outstanding fuel
economy and driveability. The JATCO booth displayed
a cut-away model of the 48V mild hybrid transmission
that was exhibited for the first time in Europe. JATCO
France engineers gave a first-ever demonstration on how to
disassemble the Jatco CVTS.

5. Participation in CTI Symposiums

A JATCO employee presented a technical paper on
the company’s new torque converter lockup control at the
12th CTT USA Symposium held in Novi, Michigan, on May
14-17, 2018.

A JATCO (Guangzhou) employee gave a keynote
speech on JATCO's thinking for coping with the age
of transmission electrification at the 7th China CTI
Symposium held in Shanghai, China, on September 18-20,
2018. In addition, a JATCO employee presented a technical
paper on the new torque converter lockup control.

Two JATCO employees gave technical presentations
at the 17" International CTI Symposium held in Berlin,
Germany, on December 3-6, 2018. One presentation dealt
with a test system composed entirely of virtual elements
except the transmission and the other one concerned
JATCO's 48V mild hybrid transmission.

6. Participation in FISITA World Congress

The FISITA World Automotive Congress 2018 was
held in Chennai, India, on October 3-5, 2018. Held once
every two years, this World Congress is one of the highest
level international conferences dealing with automotive
technology. A JATCO employee gave a technical
presentation concerning a dynamic performance analysis

of the torque converter lockup clutch.
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7. JATCO Korea Engineering holds 20th anniversary

ceremony

JATCO Korea Engineering Corporation (JKE) held
a ceremony in Seoul, South Korea, on May 25, 2018,
to celebrate the company’s 20th anniversary. The grand
celebration welcomed honored guests from automakers and
suppliers as well as successive JKE presidents. A review
was made of the past 20 years to date and a pledge was
given to strive for further development over the coming 100
years. JATCO established JKE in South Korea in May 1998
as a full-fledged overseas engineering center. Subsequently,
JATCO Korea Service Corporation was spun off, and both
companies have continued their business activities centered
on simulation work for the enter JATCO Group and on the
development of AT/CVT units primarily for South Korean

automakers.

8. Selected for a best practice at a METI-sponsored public

symposium

JATCO's activity for “making effective use of a
traceability system” was selected as a best practice for
strengthening the quality assurance system at a public
symposium sponsored by the Ministry of Economy, Trade
and Industry in June 2018. The theme of the symposium
was “toward strengthening the quality assurance system
of the entire supply chain.” JATCO's traceability system
was highly evaluated as being a very useful measure for
satisfying customers’ expectations in two respects. One is
the attainment of must-be quality in terms of peace of mind,
no dissatisfaction and quick repairability. The other is the
improvement of product attractiveness with regard to fuel
economy and the feeling of acceleration and smoothness

when driving.

9. Awards received at the Karakuri Kaizen Exhibition and
QC Circle Congresses

The Karakuri Kaizen Exhibition was held at the
Nagoya International Exhibition Hall (Portmesse Nagoya)
on October 25-26, 2018. Among the eight exhibits presented
by JATCO, the Band-Kirin was awarded the Idea Prize.
JATCO exhibits have received awards at this event for five
consecutive years.

At QC Circle Congresses, the Most Impressive Award
was won by the PMC Club at the National QC Circle
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Congress in February 2018, by Gear Sun-mid at the National
Congress in July and by Red Bull at the National Congress
in September. These awards for Karakuri Kaizen, which
have no special power source or control devices, and for QC
circle activities to improve quality on the shop floor were
presented because of the high evaluation given to JATCO's
firm commitment to quality in production workplaces and

its outstanding creativity for making improvements.

10. JATCO (Guangzhou) selected among top 500
companies and top 100 manufacturers in Guangdong

Province for three consecutive years

An awards ceremony was held at the Guangzhou
Baiyun International Convention Center on August 9,
2018 to recognize over 500 companies and over 100
manufacturers in Guangdong Province. These awards
sponsored by Guangdong Province are based on a
multifaceted evaluation of each enterprise operating in
the province. JATCO (Guangzhou) ranked 128th among
the 500 commended companies and 41st among the 100
commended manufacturers. JATCO (Guangzhou) has

received both awards for three consecutive years.

FE=dCTE o

11. Announcement of establishment of JATCO (Suzhou)

JATCO (Suzhou) Automatic Transmission Ltd. was
established in Zhangjiagang City, Jiangsu Province, as
JATCO's second CVT production plant in China in order
to expand the company’s CVT production capacity in that
country. Along with the expansion of CVT demand in the
Chinese market, the annual production volume of JATCO
(Guangzhou), which launched production in 2009, now
exceeds one million units. JATCO (Suzhou) was established

to increase production capacity further in the coming years.
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A ground-breaking ceremony for the new plant was held
on September 27, 2018, attended by representatives of
Zhangjiagang Economic and Technological Development
Zone and people related to the construction project.
Production is expected to begin at the end of 2019 with an
initial annual production capacity of 480,000 units and a
workforce of approximately 1,000 employees. The plant is
scheduled to produce the Jatco CVTS for use on midsize to

large front-wheel-drive vehicles.

12. Jatco CVT8 shipment ceremony held on CVT global
#12 line

A Jatco CVT8 shipment ceremony was held on the
CVT global #12 line (G#12 line) in the company’s Fuji Area
No. 2 on December 7, 2018. As JATCO’s state-of-the-art
production line, the G#12 line is equipped with articulated
robots for automated assembly operations as well as
incorporating various innovations for gradually increasing
production capacity according to the required production
volume based on the Jatco Standard Line concept. Further
details are given in the article entitled “Assembly line

evolution toward 202x" on pages 79-84 of this issue.
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[SUMMARY OF THE INVENTION]

A CVTECU includes a secondary-pressure control section
and a line-pressure control section that performs a same-
pressure control to equalize a line pressure and a secondary
pressure with each other if a predetermined start condition
is satisfied. The line-pressure control section realizes a
same-pressure state between the line pressure and the
secondary pressure by lowering the line pressure below
a target secondary pressure, and then controls the line
pressure such that an actual secondary pressure is brought
to the target secondary pressure by hydraulic feedback
control while maintaining the same-pressure state. The
secondary-pressure control section includes a restriction
section that restricts an accumulation of integral term of an
integral action for a duration between a time point at which
the actual secondary pressure starts to be pushed down
and a time point at which the same-pressure state between
the line pressure and the secondary pressure is realized.
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2. Control device for continuously variable

(Fig. 2) transmission equipped with auxiliary transmission
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A control device for a continuously variable transmission
with an auxiliary transmission includes: a cooperative
control section; and a depression shift control section,
wherein when an actual transmission gear ratio of the
variator at the judgment of the depression shift control is
higher than a first transmission gear ratio set as a lowest
value of a control of the transmission gear ratio, the
depression shift control section configured to downshift
the variator, and to set a target transmission gear ratio at
the shift of the variator to a second transmission gear ratio
which is a restriction value that is higher than the first

transmission gear ratio.
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