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Toward Publication of JATCO Technical Review No. 4
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Hisayoshi KOJIMA

Three and half years have gone since the merger of
old Jatco with Trans Technology. Now, new Jatco is
born by the merger with Diamondmatic. | think it is
very important to have a fourth issue of JATCO
Technical Review at this important timing, April 2003.

As Mr. Sasaki, former Chairman mentioned in the
first issue of JATCO Technical Review’ , AT and CVT
require high engineering level, such as complicated
structures, highly accurate parts structures, and
sophisticated control technologies. Engineering is really
the basis of JATCO. In other words, JATCO lives on

engineering.

I want to touch uport engineering’ and science’.
Human created engineering to seek as much comfort.
They say the outcome of engineering is based 5% of
inspiration and 95% of sweat. This means there is
nothing engineering which does not care about the
users. This also leads to the importance of customer
satisfaction. On the other hand, if we systemize
engineering, it becomes science. It is needless to say
that the scientific backbone is important for the progress
of engineering. | believe JATCO Technical Review

covers both engineering and science.

To explain a complicated matter simple is essential
for a book like JATCO Technical Review’ which is
widely read. True authorities should be the people who
can describe a matter in an easy style so that everybody
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can understand. This is not limited to the world of
engineering. Everybody contributes to the society by
having a firm backbone of specialty. | would like you to
be proud of your specialties and experiences. However,
specialty has less meaning if you cannot convince others
with your specialty. Please bear in mind that you should
explain in a simple manner.

They say history’ is important for the progress of
engineering. | think this means to make a pile of
engineering is important. In other words, to have a firm
record of 95% of sweat which | touched before is
important. It is needless to say this will apply to any
other areas than engineering where the specialty exists.
In engineering world, it is important to maintain the
drawings, engineering standards, patents, and books like
this.

We have special editions of CVT which is one of our
biggest engineering and management issue, and the
introduction of Diamondmatic engineering. Please be
looking forward to read them, and read them carefully. |
hope our CVT engineering will further improve. | also
hope synergy created by the amalgamation of
Diamondmatic's engineering and Jatco's engineering. |
long for Jatco's engineering continuously occupies the
best position in the automotive industry.
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Development of Mobility, V ehicle
and Transmission Technology

Prof. Dr.-Ing. Ferit Kiiciikay

Director of the Institute of Automotive Engineering
Technical University of Braunschweig

Germany

Everything changes: the only thing that remains constant
is change itself, which is particularly true for automotive
technology.

Ever since the wheel was invented about four to five
thousand years ago, its complexity has increased
enormously, as shown in figure 1. It is interesting to take
a closer look at the intervals between forward leaps in
the innovative standards of wheel technology. A few
examples shall suffice here to demonstrate these
developments: from the first wheel roughly 7000 years
ago, to the Roman chariot about 2000 years ago, finally,
a self-propelled vehicle, which uses a steam engine and
was invented by a French engineer in the year 1769.

clean,
accident-free,
autonomous /-
driving car

State of the development
T T T T T

Time
202x

L |
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Figure 1: History of automobile development

The year 1886 marked the birth of the automobile, when
Carl Benz developed the motor coach. That year can be
regarded as the actual starting point in automobile
history. We are now in the year 2003 AD, in which our
example of the current state-of-the-art technology is the
BMW 7-series. It is evident from the graph in the figure
that the rate of development has increased continuously,
and the last 100 years in particular have seen an
enormous rise.

If one is to extrapolate the observed rate of development
into the future, one can predict that automobiles will
operate - at least in certain regions - without pollution,
accident free and completely autonomous. What actually
are the reasons that made us, and still make us, develop
better and better automobiles? The answer lies in the
growing need for mobility, or, in other words, the growth
in mobility, which is shown in figure 2.

If we take a look at the different means of transport, we
have in earlier times primarily water ways and horses.
The summation curve is shown in black. 200 years ago
we find that the total distance that a human being
traveled was a mere 30 meters per day.
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Figure 2: Growth rates of human mobility

Around 1850, people started to use rail transport as
well, which raised the mobility radius per person to
about 1000 metres per day. This was further increased
with the advent of buses and cars. Finally, the available
means of transportation also included aircraft. The
summation curve clearly reflects downward trends
during the world wars. In this semi-logarithmic graph,
the summation curve can also be interpolated by a
straight line. If we now compare the point in the year
2000 with that of the year 1800, with respect to the
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mobility per day per person, we find that the rate of
increase corresponds to a factor of more than 1000, and
there is no indication that this line might cave in. On the
contrary: to maintain and raise the level of prosperity
we have reached, mobility has to continue to grow. This
is demonstrated by figure 3.
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Figure 3: Mobility and prosperity

The y-axis shows the rate of mobility, displayed as
"distance covered per inhabitant per year". The gross
national product of each respective country is plotted on
the x-axis, and is expressed in US Dollars per inhabitant.
For increased clarity, countries are ordered into three
groups, based on their varying Gross National Products
(GNP): "high", "middle" and "low". Comparing the GNP
to its respective mobility rate yields an interesting result.
What becomes evident now is a clear relationship
between rate of mobility and gross national product. This
obvious relationship allows us to draw the following
conclusion: mobility is one of the basic needs of human
beings, just like the air we need to breathe. But mobility
is also one of the basic requirements for prosperity
(expressed in GNP).

It can therefore be summarized that mobility is a basic
prerequisite for ensuring prosperity, and that the
automobile is essential to the guarantee of an efficient
mobility system.

Automotive technology is currently marked by an
unprecedented flood of innovations. Numerous novelties
in the development of vehicles manufactured in serial
production occur worldwide on a daily basis, the variety
of which having increased by a factor of two from that of
about ten years ago.

Since automotive technology represents a relatively
highly intensive industrial sector in terms of research and
development, many different industries are necessary:
information technologies, microtechnology, material
technology, production engineering, etc.. These different

branches of industry combine synergistically in the
automotive industry, thus explaining the great variety of
innovations. The fields of electronic and sensor
technology play an especially important role. In this
case, not only the "Suboptimization” of the functions
matters in the more than fifty controllers of the various
aggregates (among others the transmission) of a modern
automobile. The achievement of an overall optimum
which confer more value to the automobile than the
simple sum of the "local" intelligences, through skillful
or intelligent combining of such "local" intelligences. A
much tighter linking of drive functions (including motor,
chassis and car body) is essential in the future, especially
in connection to alternative power systems (such as
hybrid powertrains containing hydrogen cells).

What are developers of transmissions doing in this
respect? Is their position characterized by reacting to
other areas of automotive technology? Or are they acting
in a comparably creative way? The answer to these
questions is more straightforward than it would have
been ten years ago: with the broadest range of new
transmission concepts, the transmission developers are
most definitely in the game as far as the design of future
automotive technology is concerned. (see figure 4).

Transmission variety

Individualisation,
new powertrain components
(hybrid, fuel Cell)

Optimal 71
* MT (5-, 6-Speed)
* AT (4-, 5-, 6-Speed)
* AMT
« VT
« DCT
* Antonov
+ Cone ring transmission

cost-
production volume-
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* AT

T T T
yesterday today tomorrow

Figure 4: The development of transmission variety

Transmission expansion has generally grown. This
allows an optimal compromise in regard to the demands
of driving performance and fuel consumption to be
realized. Modern transmissions boast a total gear ratio of
about six. Larger values will follow in order to cope with
future environmental and customer demands.

While the transmission types "Automatic Transmission
(AT)" of conventional design with torque converter and
planetary gear set and "Manual Transmission (MT)"
currently dominate, the variety of concepts has recently
increased explosively: Although the above named
concepts continue to dominate the market, their
variations are not to be ignored. Twenty years ago - as
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the 4-speed MT was still the standard - one considered
an MT with 6 gears unreasonable due to ergonomical
reasons. In Europe today - where MT dominates - one
can assume that the 6-speed MT will become the
standard.

The AT range is moving in the same direction. The 4-
speed AT, however, continues to exist in large
quantities, especially in the USA, while the European
supplier BMW and its subcontractor ZF have
successfully kicked-off the "6-speed AT Wave". The
modern 6-speed AT according to the L'epellitier concept
is lighter, more compact and - not officially verified by
the manufacturing companies - more cost effective, at
least in the long run, than its predecessor, the 5-speed
AT. This is also the reason why the L'epellitier patent
has been purchased and in some cases brought into serial
production by numerous transmission manufacturers.
This transmission concept has the necessary
prerequisites to become a standard in the AT sector.

The CVT concept (Continuously Variable Transmission)
remains questionable in terms of its market acceptance.
This type of transmission seems to have a better future in
Japan (the traditionally stronger CVT market) than in
Europe (see figure 5).
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Figure 5: Trends of production volumes of different transmission types

The fact is that in Europe the CVT concept is under a lot
of pressure from the 6-speed AT and the "Automated
Manual Transmission (AMT)". The optimal efficiency
characteristic of the transmission type AMT now exists

in more than 10 automobile makes in serial production in
Europe. The first "Double Clutch Transmissions (DCT)"
have been recently introduced in Europe, with others in
the beginning phase. The concepts of AMT and DCT
play only a very little role outside of Europe.

What happens next? Which transmission concept will
play the leading role? The questions are actually more
complicated: Which CVT concept is worth pursuing:
Belt CVT or Toroidal CVT? We need to go one level
lower in order to answer this question: Does a geared-
neutral CVT of company Torotrak have better prospects
than the serially produced and well-known CVT of
Nissan Cedric? Can interesting serial solutions be found
from the concepts "Antonov" and "Cone ring
transmission" (Fa. GIF) if there is intensive further
development? Wet or dry clutch for DCT? Could the
Torque Converter (TC) be replaced by a wet or dry
clutch? The answers to these questions are impatiently
expected and crucial. It is a fact that the automation of
transmissions will gain more acceptance for reasons of
comfort and security. Consequently, MTs will surrender
production volumes to AT, CVT, AMT and DCT.

It can be further expected that in serial production the
current diversity of transmission concepts will not persist
eventually. Predictions rather suggest that in the long run
only such transmission concepts will "survive" which
offer an optimal ratio of cost/production volume and
allow the optimal implementation of naturally all
customer-relevant features expected of transmission such
as efficiency, comfort, performance etc.. As a matter of
course the new power concepts such as hybrid
powertrain or - in the long run - electric powertrains
using hydrogen technologies will have a considerable
influence on the selection of the transmission system.
The question of when the new concepts will be
implemented depends on additional boundary conditions
which are being further discussed: 42 Volt on-bord
voltage, availability and secure storage of hydrogen are
just two examples.

The field of transmissions remains exiting and therefore
interesting.

Another aspect concerns development methods. Upon
the introduction of electronic transmission control and its
integration into the powertrain management in the early
80s, development engineering has become more
complex and extensive (see figure 6).
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Figure 6: Reduction of calibration effort by using SW-
oriented development methods

Transmission control mainly assumes the following tasks:
1. Choice of gear ratio.
2. Control of the gear shifting.

3. Fault diagnoses.

In the last two decades, the introduction of numerous
new functions was necessary due to constantly
increasing demands on ease of driving, comfort and
quality. Up to now, the functional parameters, also called
calibration parameters, have had to be investigated and
determined in extensive test trials for all specific vehicle
models and transmission types. Due to the immensely
increased number of variants in vehicle-engine-
transmission combinations, the extent of calibration
work has grown rapidly in the last 20 years. It should
also be mentioned that the calibration work can only be
accomplished by well-experienced engineers. This is one
of the reasons why in the last years research has been
done on SW-oriented development methods, whereas up
to 1980, alongside the usual construction, only HW-

oriented function development was in the center of
attention (see figure 6). Thus, approximately for the last
six years, the Institute of Automotive Engineering at the
Technical University Braunschweig, Germany, has done
intensive work in the following fields:

= Hardware-in-the-Loop (HIL): tools for the
development and optimization of functions as well as
SW tests.

= Objective evaluation of shifting comfort of stepped
automatic transmissions.

= Transfer of the testing from the road to a roller
dynamometer in the laboratory and on a dynamometer
with combustion engine and DC motor.

= Calibration or/and optimization of shifting comfort of
stepped automatic transmissions (AT, AMT, DCT) on
dynamometers.

= Automated shifting comfort calibration and
optimization of functions.

= Virtual calibration with Hardware-in-the-Loop (HiL).

= Simulation of representative load populations for parts
of the transmission and for the complete transmission.

= Simulation and optimization of gear ratio with respect
to driver, vehicle and road parameters.

The above mentioned virtual development tools, some of
which are available for serial development, assist in
assuring that the effort and expenditure for research and
development will not increase excessively in the next
years but can be held within boundaries. It can in fact be
expected that in 15 to 20 years the expenditure per
transmission calibration will further decrease due to the
dominance of the virtual development methodology (i.e.
optimisation by simulation). A minor HW-oriented share
will, however, always remain, as our customers will
further make decisions to purchase vehicles according to
subjective criteria instead of virtual development results.
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Development of a New Steel-belt CVT for 150-Nm Frontdrive Cars
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Summary Asawareness of environmental issues has
continued to rise in recent years, there have been
stronger demands to improve the fuel economy of
vehicles. Moreover, customer expectations of driving
performance have also become more demanding with
every passing year. As aresult, interest has been growing
every year in continuously variable transmissions
(CVTs) as a technology for meeting these conflicting
trends. This article describes the new steel-belt CVT that
we developed for 150-Nm class front-wheel-drive cars in
response to these market needs. This new CVT was
adopted on the new-generation Cube that Nissan Motor
Co., Ltd. released in October 2002.
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1. Intr oduction

In 1997, JATCO led other manufacturers in
developing a steel-belt CVT for use on 1.8-2.0L front-
wheel-drive cars. Subsequently, we developed a toroidal
CVT in 1999 for application to rear-wheel-drive vehicles
fitted with a 3.0L turbocharged engine, followed by the
development of a steel-belt CVT for 2.5L class front-
wheel-drive cars in 2001. October 2002 saw the
development of the new steel-belt CVT for 150-Nm
class front-wheel-drive cars that is described here. This
CVT was adopted on the new generation of the Nissan
Cube. Moreover, in December 2002, we put on the North
American market a steel-belt CVT for use on front-
wheel-drive cars having a maximum torque output of up
to 350 Nm. These efforts are leading to the creation of a
full CVT lineup. Figure 1 shows our current lineup of
CVTs.

Stecl Belt CVT J

|
H Toraidal CVT |
|

Torque Capacity (Nm)

00000
Experiment Department No. 1

_7_

Fig. 1 CVT Line-up
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2. Development Objectives

2.1. Compact package

To achieve a more compact package for use on 1.5L
class cars, this steel-belt CVT features a newly designed
ultra-flat torque converter and a single hydraulic piston
for the primary pulley.

2.2, Fuel economy improvement

Fuel economy is improved through proactive control
of the engine and CVT. One measure taken to improve
fuel economy is the adoption of an improved shift
schedule that makes effective use of the region of good
engine operating efficiency, especially at a small throttle
valve opening. In addition, low-speed lockup operation
control works to improve fuel economy during
acceleration and continues the fuel cut-off during
deceleration until the low speed range, thereby achieving
a substantial improvement in fuel economy.
Belt friction, which greatly affects overall CVT friction,
has also been reduced by controlling the secondary
pulley pressure independently, instead of regulating it
directly by the line pressure as was done before. This
method makes it possible to reduce the secondary pulley
pressure to the minimum necessary level at all times.

2.3. Driveability and power performance
impr ovem ent

(1) Drivability improvement

High levels of driveability and power performance
have also been attained. Driveability has been enhanced
by enabling the driver to manually select the shift mode,
from among a manual shift mode, a Sport mode and a
Low mode, that matches the driving conditions. In
addition, the driver's operation of the accelerator pedal is
automatically detected, and the CVT automatically
switches among the multiple shift schedules available to
deliver acceleration performance matching the driver's
wishes.
(2) Power performance improvement

The adoption of a wider gear ratio range allows the
use of a 10% lower gear ratio than that of previous units
for improved power performance during standing-start
acceleration.

3. Basic Structure and Features

The major specifications and dimensions are given in
Table 1. Figure 2 is a main cross-sectional view showing
the construction of the CVT. The unit mainly consists of
a torque converter, oil pump, forward clutch,
forward/reverse actuation planetary gearset, primary
pulley, steel belt, secondary pulley, output gear,
reduction gear, idler gear, link gear and differential.
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Table 1 Major Specifications and Dimensions

Specifications 150-Nm CVT
Capacity Torque Capacity 150 Nm
Max. Eng. Speed 7,000 rpm
Specifications| Torque Ratio (Torque Converter) 1.90
Ratio Range 6.00
Pulley Ratio 2.561~0.427
Final Ratio 5473
Fwd/ Rev. Ratio 1.00/1.05
Manual Mode 6-speed 1st 2.525
2nd 1.671
3rd 1.218
4th 0.990
5th 0.787
6th 0.584
Package Total Length 357.6 mm
Eng. ~Differential Center 186 mm
Weight 72.8 kg (wet)
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Fig. 3 Cross-sectional View of Torque Converter
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Fig. 2 Main Cross-sectional View

3.1. Torque converter

The adoption of a torque converter enables the CVT to
provide creep capability for improved driveability when
starting off on an uphill incline or putting the vehicle in a
garage. Moreover, the use of a newly developed torque
converter with a greater flatness ratio (215 mm diameter)
and incorporating a lockup clutch achieves a space-
saving design (Fig. 3). A lockup clutch facing material
with superior durability and friction performance was
developed, enabling lockup operation to be actuated at
lower driving speeds for a substantial improvement of
fuel economy.

FORWARD

Fig. 4 Power Transmission Path of Forward/Reverse
Planetary Gearset

3.2. Steel belt

This CVT adopts a 24-mm-wide Vee belt made by
Van Doorne's Tranmissie, which also has a record of use
in other companies' CVTs. The steel bands are made of
12 layers.
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3.3. Forward/reverse actuation planetary gearset
The forward/reverse actuation mechanism adopts a
planetary gearset that is built with four double pinions,
which changes the power transmission path as illustrated
in Fig. 4. This has made it possible to achieve a low
reverse gear ratio of 1.05 for improved hill-climbing
capability in reverse gear. Moreover, the change from
three pinions previously to four pinions has given this
steel-belt CVT a completely symmetrical structure that
further reduces noise, vibration and harshness (NVH).

3.4. Linear solenoids with two-way val ve

Three linear solenoids with a two-way valve are used
to achieve more accurate hydraulic pressure control than
before, thereby improving shift performance and
reducing friction.

Because accuracy varies from one linear solenoid to
another, it is necessary to calibrate each one separately.
Each linear solenoid is calibrated at the time of shipment
and the results are written to a ROM unit incorporated in
the control valve assembly. At the time the automatic
transmission control unit (ATCU) is connected, the
calibration results are read from the ROM unit to correct
the variability in accuracy of each linear solenoid.

Calibration work is done with an electronic
calibration system adopted previously for a JATCO 5-
speed automatic transmission designed for rear-wheel-
drive cars. This system automatically generates
hydraulic pressure matching the variability in accuracy
of the linear solenoids, enabling them to be calibrated in
a short period of time. Besides improving hydraulic
pressure control accuracy, the system also contributes to
cost savings by allowing the accuracy requirements of
the individual linear solenoids to be relaxed.

3.5. Built-in linear inhibitor switch

The inhibitor switch that has previously been attached
to the outside of the transmission is now housed inside
the unit, resulting in a cost reduction by making it
possible to discontinue various measures that were
needed for protection against the harsh vehicle
environment. Those measures included waterproofing
seals and protection against damage by salt, sulfurous
acid gas or other substances.

In addition, the use of a linearly stroking inhibitor
switch allows direct attachment of the switch to the
manual valve body, thereby eliminating the need for the
selector lever position adjustments that were done
previously. As shown in Table 2, the On/Off states of
four contact switches are combined to output the code
indicating the selector lever position. A gray code has
been adopted that allows only one bit to be changed in
adjacent patterns at all times. This feature, as well as the
provision of intermediate positions between the usual
selector lever positions, makes it possible to detect
abnormal patterns, such as when a broken wire or some
other problem occurs.
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Table 2 Inhibitor Switch Patterns
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Shift position | SW1 Sw2 SW3 SW4
P 0 0 0 0
P-R 0 0 0 1
R 1 0 0 1
N-R 1 1 0 1
N 1 1 0 0
N-D 1 1 1 0
D 1 1 1 1
D-L 0 1 1 1
L 0 1 1 0
1: ON
0: OFF

_‘I‘I_

3.6. Automatic transmission fluid (ATF)

A newly developed fluid was adopted that allows the
oil viscosity to be reduced at low temperature to improve
the low-temperature performance of the hydraulic
pressure actuators and expand the hydraulic pressure
control range.

3.7. Communication system

A Controller Area Network (CAN) is used to
facilitate real-time communication between the CVT and
the engine or other vehicle components. For instance, the
optimum hydraulic pressure can be set to match the
actual engine torque by obtaining the torque signal from
the engine. Compared with previous units, this reduces
friction for an improvement of fuel economy.

3.8. Control
3.8.1. Hydraulic pressure control system

A schematic diagram of the hydraulic pressure
control system is shown in Fig. 5. The hydraulic pressure
generated by the oil pump is adjusted to the line pressure
by a line pressure solenoid. The line pressure is regulated
to the secondary pulley pressure, which is controlled by
a secondary pulley solenoid, and to the primary pulley
pressure, which is controlled by a stepping motor and a
primary pulley control valve. The balance between these
two hydraulic pressures controls upshifts and
downshifts.

The clutch pressure, which is regulated by a clutch
pressure regulator valve, is controlled to the forward
clutch pressure or to the reverse brake pressure by a
lockup solenoid. In addition, the output circuit of the
lockup solenoid is switched between the forward
clutch/reverse brake circuit and the lockup clutch circuit
by a switching solenoid, making it possible to regulate
the lockup clutch engagement pressure as well.
Consequently, one linear solenoid is capable of
controlling both hydraulic pressure levels.
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3.8.2. Shift control system

The shift control mechanism is the same as that of the
steel-belt CVT for 2.0-liter class front-wheel-drive
vehicles that Nissan and JATCO developed in 1997.
However, this new 150-Nm CVT incorporates a
dedicated solenoid for controlling the secondary pulley
pressure independently instead of regulating it directly
by the line pressure as was done previously. This change
has made it possible to improve hydraulic pressure
control accuracy compared with the previous unit. As a
result, the hydraulic pressure can be optimally controlled
to match a wide range of driving conditions. Besides
contributing to improved shift performance, this
enhanced controllability also allows the hydraulic
pressure applied to the steel belt to be set at a lower level
than before, which helps to reduce friction for improved
fuel economy.

3.8.3. Shift control

Hydraulic pressure during N-D and N-R shifts is
controlled by an electronic control system that directly
regulates the clutch pressure instead of controlling it by
means of an accumulator as was done previously. The
adoption of this new control system improves hydraulic
pressure control accuracy, enabling the hydraulic
pressure to be optimally controlled to match diverse
driving environment conditions. As a result, this
provides improved control of engagement torque during
N-->D and N-->R shifts. It has also led to a cost
reduction by eliminating the accumulator.
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3.8.4. Shift modes

In addition to automatic shifting when the selector
lever is in the D position, drivers can choose three other
shift modes--a 6-speed manual shift mode, a Sport mode
and a Low range mode--by operating switches or the
selector lever (Fig. 6).

(1) In the D position mode, the CVT shifts
automatically from the lowest to the highest gear ratio.
From this position, drivers can select (2) the 6-speed
manual shift mode by pressing the manual main switch,
allowing the transmission to be shifted manually by the
upshift/downshift buttons mounted on the steering
wheel. In addition, pressing the S range switch selects
(3) the Sport mode in which only the low-ratio shift
region of the D position is used. Moreover, moving the
selector lever to the L position allows drivers to select
(4) the Low range mode in which the shift region is
limited only to the vicinity of the lowest gear ratio. This
choice of shift modes enables drivers to obtain power
performance matching their wishes and the driving
conditions. Theoretically, the manual mode can be set to
provide any number of speed ranges, but six speeds have
been set for the new CVT as this was thought to be the
optimum number in terms of practical use.

Primary Pulley speed

Vehicle Speed

Fig. 7 Start-off Mode Shift Schedule

3.8.5. Start-off, Auto power and Linear mode shift schedules

Besides the normal shift schedule when the selector
lever is in the D position, the new CVT also incorporates
the three shift schedule modes explained below. It
switches automatically among them according to the
vehicle speed, throttle valve opening and the speed at
which the driver depresses the accelerator pedal, in order
to deliver the acceleration performance demanded by the
driver.

(1) Start-off mode: Designed to meet the demand for
powerful acceleration when starting off, this shift
schedule (Fig. 7) improves standing-start acceleration
at a large TVO by using lower gearing than that of
the normal mode shift schedule.
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(2) Auto power mode: This shift schedule corresponds to
the demand for passing acceleration while on the
road (Fig. 8). The CVT switches to this mode when
the driver depresses the accelerator pedal relatively
quickly at a small TVO. This shift schedule provides
more powerful acceleration than the normal mode
shift schedule by using lower gearing in all speed
regions. Figure 9 shows conceptual waveforms of
the engine speed and vehicle longitudinal
acceleration, which illustrate the effect of the Auto
power mode.

Auto Power Modg

VO A

Eng. Speed

eleratio

Fig. 9 Auto Power Mode Acceleration Performance

(3) Linear mode: This shift schedule provides even more
powerful acceleration while the vehicle is moving.
The CVT switches to this shift schedule when the
driver depresses the accelerator pedal at a faster speed
with a large TVO. This shift schedule slows the shift
speed midway in the execution of a shift so as to
sustain a feeling of increasing engine speed and
acceleration. Figure 10 shows conceptual waveforms
of the engine speed and vehicle longitudinal
acceleration, illustrating the effect of the Linear mode.
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3.8.6. Uphill shift control

This steel-belt CVT provides improved power performance
for climbing hills when it detects that the vehicle is traveling
uphill (based on the road grade signal obtained from the engine
controller). That is accomplished by downshifting more to a
lower gear ratio when the driver depresses the accelerator pedal
further, compared with the amount of downshifting done on a
flat road when the driver presses the accelerator pedal deeper.
It also raises the coasting shift line to improve re-acceleration
performance when the driver depresses the accelerator pedal
again after coasting with the accelerator released.
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3.8.7. Downhill shift control

If the CVT itself detects a downhill grade, it shifts the
pulley ratio to the low side to automatically apply engine
braking. It also varies the pulley ratio according to
changes in the road grade so as to provide the optimum
level of engine braking.

3.8.8. Lower vehicle speed for lockup operation

The vehicle speed at which lockup operation is
initiated has been lowered by developing a new friction
material with improved thermal resistance and friction
characteristics. This makes it possible to complete
lockup clutch engagement at a vehicle speed of 17-18
km/h when the air-conditioner is turned off.

3.8.9.Adaptive learning control of lockup pressure
during coasting

When the lockup clutch is engaged at low vehicle
speeds with the accelerator pedal released, the driver's
On-Off operation of the accelerator pedal produces
longitudinal vehicle vibration. With this new CVT,
however, the lockup clutch engagement pressure during
coasting is set at the minimum necessary level that
enables the transmission of engine torque. This works to
prevent longitudinal vehicle vibration by allowing the
lockup clutch to slip instantaneously when the driver
depresses the accelerator pedal while the vehicle is
coasting. Engine torque during coasting changes
gradually according to the driving environment.
Accordingly, adaptive learning control of the lockup
pressure during coasting has been adopted to enable the
minimum necessary lockup clutch engagement pressure
to be set under all sorts of conditions. The control
algorithm gradually reduces the lockup pressure
following lockup clutch engagement while the vehicle is
coasting and it raises the lockup pressure to a certain
specified level as soon as micro-slipping of the lockup
clutch is detected. This control procedure thus facilitates
lockup clutch engagement at all times at the minimum
necessary pressure for transmitting engine torque during
coasting (Fig. 11).
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In addition, resistance to engine stalling during
sudden braking on low-m road surfaces has also been
improved. This is accomplished by reducing the lockup
clutch engagement pressure to a lower level than before
so as to shorten the lockup clutch disengagement time
compared with that of previous units (Fig. 12).

4. Conclusion

The adoption of this new 150-Nm steel-belt CVT for
front-wheel-drive cars on the new generation of the
Nissan Cube launched in October 2002 has resulted in
the following improvement of fuel economy and power
performance (Fig. 13).

(1) Fuel economy improvement
Fuel economy under Japan's 10-15 test mode has
been improved by 4.9% (16.4- 17.2 km/L)
compared with the same vehicle model equipped
with the same 1.4-liter engine and an automatic
transmission. Nissan's in-house test data for the
practical driving mode show a fuel economy

improvement of 11.8%.

(2) Power performance improvement
In terms of power performance, acceleration time

from 0 to 100 km/h has been shortened by 5.8%

(13.9-13.1 sec) compared with the same vehicle

model fitted with the same engine and an automatic

transmission.

Fuel Economy (Japanse 10-15 mode)

150-Nm CVT

4-speed AT

Acceleration Time ( 0-100 km/h )

14 58% |
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Fig. 13 Performance Comparison
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Summary New-generation CVTs are premised on
use in global markets and have been developed with the
aim of achieving a more compact design, lighter weight
and a wider ratio range, among other objectives. Their
product appeal has been substantially enhanced based on
previous experience acquired in developing a 2.0-
2.5litersclass CVT.

This paper describes the major specifications of the
New-generation CVTs, powertrain construction, pressure
control system and experimental data measured with a
test vehicle incorporating this CVT, which show its
effect on improving fuel economy.
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1. ABSTRACT

New generation includes three belt CVTs, ranging in
torque capacity from 100 to 350 Nm. The CVT3
described in this paper has the largest torque capacity of
the three, handling torque levels up to a maximum of
350 Nm.

To improve the product appeal of these new-
generation CVTs, a super ultra-flat torque converter,
single pressure chamber primary pulley, and other
components were developed. In this connection, a new
pulley pressure control system was developed, the
pressure control valve was reduced in size and pressure
control accuracy was enhanced, among other
improvements.

2. DEVELOPMENT OBJECTIVES

The following major objectives were set for the
development of the new-generation CVTs(Fig. 1), based
on the development experience and market results
attained with the previous CVT model that was released
in 1997 for use with 2.0-liter class engines.

(1) Compact size
(2) Light weight
(3) Wide ratio range

Development work focused on these principal
objectives with the aim of achieving CVTs that would
have global market applicability, could be substituted for
existing automatic transmissions and would provide
further improvements in fuel economy and power
performance.



JATCO Techmical Review

No.4 (June, 2003)

Fig. 1 High Torque Capacity New Generation CVT
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Table 1 Major specifications of CVT3 and Hyper CVT

Belt CVT CVT3 | Hyper CVT
Engine Type 3.5LVé 2.5L14
Max torque
350/4400 | 250/4400
(Nm/rpm)
Position of | CVT side | Engine side
starter Motor |Engine side
CVT Ratio Ratio range 5.401 5.359
Low 2371 2326
§ § §
oD 0.439 0.434
Final gear ratio | 4.878~ |5.473, 5.743
6.327
Manual-shift 6-speed 6-speed
EWE Overall length | 50 396.0
Dimensions (mm)
Distance
between
Pulley shafts 173 168
(mm)
Type of primary-pulley .
Pressure Chambers Single o
Maximum pulley pressure
(MPa) S:7 4.6
0il pump discharge capacity 2.4 19.6
(cm” /rev)

3. MAIN SPECIFICATIONS

The main specifications of the belt CVT3 with high
torque capacity are compared with those of the Hyper
CVT in Table 1. A main cross-sectional view of the
CVT3 is shown in Fig. 2. The torque capacity of the
CVT3 has been increased to 350 Nm, compared with
250 Nm for the Hyper CVT, primarily by increasing the
distance between the pulley shafts and the pulley
pushing force. The ratio range of the CVT3 has also
been expanded to reduce fuel consumption further. The
strength of the pulley components and that of the belt
have been increased as well as increasing the oil pump
discharge capacity. In addition, the CVT3 design strikes
a good balance based on previous experience acquired in
developing Hyper CVT among the measures for
expanding the ratio range, its compact construction and
higher efficiency. The ratio range achieved by the belt
and pulleys of the CVT3 has been expanded to 5.401
compared with 5.359 for the Hyper CVT and obtained
wider ratio range as a CVT for 3.5liter engine than CVT
for 2.5L engine. The CVT3 is 9.1 mm shorter in overall
length than the Hyper CVT as a result of adopting more
compact components and improving their layout.

Based on the premise that the CVT3 would be mated
to large engines on front-wheel-drive cars, it has been
designed to allow the starter motor of V-type engines to
be mounted at the side of the unit. Accordingly, the
pressure control valve is located at the bottom of the
CVT3 so as to allow ample space for installing the
starter motor on the front side of the case.
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Fig. 2 Main cross-sectional view
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Fig. 3 Front view of CVT3

4. POWERTRAIN CONSTRUCTION

The powertrain construction is fundamentally the
same as that of the Hyper CVT released in 1997, and the
key components were finely designed and engineered to
accomplish the development objectives.

To shorten the overall length from the mating face
with the engine to end of the side cover (Fig. 3), a super
ultra-flat torque converter with a flatness ratio (A/B in
Fig. 4) of 61% was developed. The flatness ratio was
reduced from a figure of 83% for the previously used
torque converter. The flow of the automatic transmission
fluid (ATF) through the torque converter was analyzed
repeatedly in order to achieve the required
hydrodynamic performance. The impeller, turbine and
stator geometries were then designed so as to form a
flatness ratio of 61%. As a result, the overall length was
shortened by approximately 23 mm, compared with the
specification of the previous torque converter.

A high-pressure crescent-less internal gear pump was
developed as the oil pump. At high engine speeds, the
flow control valve regulates the flow rate supplied to the
pressure control valve and the flow rate through the main
strainer. This works to improve pressure control
accuracy, avoids cavitation noise and also improves the
operating efficiency of the oil pump.

_ 19_
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The forward/reverse actuation mechanism consists of
a planetary gearset and two clutches. In order to increase
available drive torque when backing up, the gear ratio in
reverse was lowered to 0.745 from 0.683 for the Hyper
CVT. A single pinion construction was also adopted to
reduce gear noise when the planetary gearset operates,
based on the assumption that the CVT3 would be
adopted on upscale car models. The number of pinion
gears was increased to six, compared with three in the
Hyper CVT, with the aim of reducing excitation forces.
The torque converter output is transmitted to the ring
gear of the planetary gearset via the input shaft. The
primary pulley is connected to the sun gear of the
planetary gearset. With the selector lever in the D
position, the ring gear and sun gear are coupled by a
clutch. In the R position, the reverse clutch is engaged to
lock the carrier to the case.

The outer diameter of the primary pulley had to be
reduced so that the pressure control valve could be
attached at a higher position on the transmission case in
order to raise the minimum ground clearance of the
CVT. In the case of the Hyper CVT, the outermost
diameter of the pulley assembly is the diameter of the
pressure chamber. That meant the outer diameter of the
pressure chamber had to be reduced. Therefore, a new
pulley pressure control system was developed to support
the smaller pressure area of the primary pulley.

The CVT3 uses a metal push belt consisting of 30-
mm-wide elements and 12-layer bands on either side. As
shown in the side view in Fig. 5, the distance between
the pulley shafts has been increased by 10 mm to 178
mm, compared with 168 mm for the Hyper CVT, in
order to achieve greater torque capacity.

|||||“_""|||
I

Fig. 5 Side view of CVT3
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The belt is constructed such that lubrication oil is
provided on the inside at two places for efficient cooling
of the belt when transmitting high levels of torque. The
elements making up the belt generate heat due to micro-
slipping that occurs between them and the pulley surface
as the belt travels around the pulleys.

In the case of the Hyper CVT, special attention was
paid to heat generation during high-speed operation and
lubrication oil was provided at one location at the point
where the belt enters the secondary pulley. With the
CVT3, attention was also paid to belt heat generation on
the primary pulley during the Low ratio by high torque
start including traction, and lubrication oil is also
provided at the point where the belt enters the primary
pulley. As a result, the lubrication oil flow rate has been
reduced by approximately 3 L/min for an improvement
in overall unit efficiency while still attaining the same
level of belt cooling performance.

The fixed primary and secondary pulleys are secured
to their respective side covers by means of a bearing and a
retainer so as to control the belt alignment with good
accuracy, improve the belt's power transmission
efficiency and reduce belt noise. This construction
improves belt efficiency and reduces belt noise, compared
with the Hyper CVT where both bearings of the primary
pulley are press fitted to the case and side cover.

To increase belt and pulley torque capacity with

minimum pulley surface wear the surface of primary
pulley was hardened by micro shot treatment.
The front layout of the secondary pulley shaft features a
smaller front bearing diameter with a housing-mounted
construction. This design facilitates the use of a large-
capacity torque converter and shortens the overall length.
As the foregoing explanation indicates, the powertrain
was developed to achieve a compact, lightweight
construction.

The CVT3 is 9.1 mm shorter in overall length than
the 2.0-2.5liters class Hyper CVT as shown in Fig. 3.
Reduction of the dry weight of the CVT assembly is
shown in Fig.6. Compared with the typical weight of
existing belt CVTs, the CVT3 is approximately 8 kg
lighter.

CVT2 PROTO

100

200

300

Torque Capacity (Nm)
A :JATCO measurement
Fig. 6 Weight and torque capacity
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5. PRESSURE CONTROL SYSTEM

A block diagram of the control system of the CVT3 is
shown in Fig. 7. The principal signals input into the
CVT3 control unit (C/U) for control use include the

following:

(1) engine speed signal

(2) throttle position signal

(3) primary pulley speed signal
(4) secondary pulley speed signal

Apart from these signals for basic control use, other
input signals from within the CVT include:

(5) primary pulley pressure signal

(6) secondary pulley pressure signal

(7) ATF temperature signal
(8) inhibitor switch signal

Signals from the vehicle include:
(9) brake switch signal
(10) ABS signal
(11) vDC signal
(12)air-conditioner signal

(13)engine coolant temperature signal

Oil pump

< Control valve >

Stepper

motor

Secondary
pressure
solenoid

______________________ M

Shift control
- valve I

valve

Line Pressure
regulator valve

pressure
solenoid

Clutch
solenoid
Switch
solenoid

Switch
valve

Manual
valve .

Lock-up

control valve .

Clutch
regulator valve
Torque converter

regulator valve

Primary
pulley
Secondary
pulley

Forward clutch

Reverse clutch

orque converte)
Lock-up ON

- Torque converter

Lock-up OFF

[ Lubrication & cooling systems ]

Fig. 7 Block diagram of control system
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Table 2 Electronic parts specifications of CVT3 and Hyper CVT
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(1) Stepper motor

This electrical component controls the pulley gear
ratio by regulating the shift control valve that is
connected to the stepper motor via a servo link. The
number of steps of the stepper motor is approximately
200 over the entire ratio range. This step number is
controlled digitally to control the pulley ratio.

(2) Line pressure control solenoid

This solenoid controls the maximum line pressure of
the CVT3 and provides the source pressure for the pulley
pressures. A linear solenoid has been adopted to ensure
accurate pressure control for improving CVT efficiency.
The output signal of this solenoid is used as the control
pressure of the pressure regulator valve that controls the
discharge pressure of the oil pump.

(3) Secondary pulley pressure control solenoid

A single pressure chamber (Table 1) has been
adopted for the primary pulley to allow the pressure
control valve to be attached to the transmission case at a
higher position. As noted earlier, that was done to raise
the minimum ground clearance of the CVT.
A prerequisite condition for controlling the pulley ratio
on the High side is that it must be possible to control the
pulley pushing force such that Fpri (primary) > Fsec
(secondary). Since the oil pressure area of both pulleys
combined is approximately 141 cm? the secondary
pulley pressure must be controlled to a level below the
primary pulley pressure. To accomplish that, the
pressure signal of this solenoid is fed into the secondary
valve, which functions as a pressure reducing valve, to
control the secondary pulley pressure. A linear solenoid
has been adopted for improved pressure control
accuracy.

(4) Clutch control solenoid

In combination with the switch solenoid, this solenoid
controls the forward/reverse clutch pressure and the
lock-up clutch pressure. A linear control solenoid has
been adopted to achieve a smooth responsive shift feel
when moving the selector lever from the N to the D
position and to accomplish smooth control of the lock-up
clutch pressure.
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(5) Switch solenoid

This On-Off solenoid controls the switch valve that
switches the pressure signal of the above-mentioned
clutch control solenoid. This allows one solenoid to be
used in common to switch the forward/reverse clutch
pressure and the lock-up clutch pressure.

The following hydraulic valves are used in the CVT3.

(1) Pressure regulator valve

This valve regulates the line pressure that controls the
maximum pressure level in the CVT3 and provides the
source pressure for both pulley pressures.

(2) Shift control valve

This valve controls the primary pulley pressure by
means of the integrated use of the step number of the
stepper motor and the shift servo link. Haunting-less
pulley shift is realized by feedback of stroke of primary
pulley to servo link.

(3) Secondary pulley valve
This valve functions to control the secondary pulley
pressure to a level below the line pressure.

(4) Clutch regulator valve

Using the line pressure as the source pressure, this
valve controls the forward/reverse clutch pressure and
lock-up clutch pressure.

(5) Manual valve

This valve switches the clutch pressure, which is
controlled on the basis of the pressure signal of the
clutch control solenoid, between the forward clutch
pressure chamber and the reverse clutch pressure
chamber.

(6) Lock-up control valve
Based on the pressure signal of the clutch control
solenoid, this valve controls the lock-up clutch pressure.

(7) Torque converter regulator valve

Using the clutch regulator pressure as the source
pressure, this valve controls the pressure in the torque
converter. The lubrication oil that flows through this
valve passes through an oil cooler and is then used to
lubricate the parts of the powertrain.

SHIFT CONTROL SERVO LINK

As shown in Fig. 8, a feedback link that operates in
tandem with the shift control valve has been adopted to
control the travel of the primary pulley (i.e., pulley ratio)
mechanically. This makes it possible to achieve the
target pulley ratio stably through digital control of the
stepper motor. The feedback link facilitates stable
control of the target pulley ratio in the vehicle operating
environment without being appreciably influenced by
changes in pressure control conditions such as the fluid
temperature. The link is positioned vertically in the
vehicle to allow a compact CVT design and in particular
to ensure space for the subframe that contributes to a
safe vehicle construction.
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Fig. 8 Sectional view of CVT3 and subframe
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CONTROL PRESSURE MEASUREMENT

The pressure characteristics of each pressure control
valve in the CVT3 are measured and the measured
values are used to select characteristics that most closely
match the operating map data preprogrammed in the
CVT-C/U for each powertrain component. The selected
map characteristics are recorded in a ROM incorporated
in the CVT3, and the CVT-C/U calls up the map
numbers of pressure characteristics stored in the ROM
for use in issuing control commands. This pressure
calibration system facilitates outstanding pressure
control accuracy and contributes to improving the
overall efficiency of the CVT.

HYDRAULIC ACTUATORS

The actuators of the pressure control system are listed
below and are shown in the main cross-sectional view in Fig.
2 and in the block diagram of the control system in Fig. 7.
(1) Primary pulley actuator
(2) Secondary pulley actuator
(3) Forward clutch actuator
(4) Reverse clutch actuator
(5) Lock-up clutch actuator

COMMON USE OF CONTROL VALVE BODY

The CVT3 and the CVTL1 share the same pressure
control valve body in order to promote common use of
control parts among the new-generation CVTs. Shared
use of the control valve body has been achieved, for
example, through the design of the engagement pressure
characteristics of the forward/reverse clutches when
moving the selector lever from the N to the D position.
That is done by tuning the orifices of the separator plates
so that the characteristics match the character of the
vehicle.
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Table 3 Main specifications of test vehicle

Vehicle weight 1573 kg

Tire running radius 0.31' m

Front area 2.10 m?
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6. EXPERIMENTAL MEASUREMENT

VEHICLE TESTS 1

The preceding sections have presented an overview of
the CVT3. Various components of this CVT were
explained to illustrate how the development objectives of
a compact design, light weight and a wide ratio range
were accomplished.

The third objective of a wide ratio range is intended

to improve vehicle fuel economy and power
performance.
This section explains the fuel economy improvement
obtained in tests conducted with a test vehicle fitted with
the CVT3. In order to measure the effect of the CVT3 on
improving fuel economy and power performance with
good accuracy, measurements were made using the same
engine and the same vehicle, which was alternately fitted
with the CVT3 and a 4-speed stepped automatic
transmission.

TEST VEHICLE

The main specifications of the test vehicle fitted with
the CVT3 are given in Table 3. A production model
equipped with a 4-speed stepped AT was selected as the
test vehicle.

Table 4 Main specifications of 3.5 liter V6 engine

Type V6 DOHC
Displacement 3498 cm?
Max torque 333 Nm/4400 rpm
Max power 188 kw/5800 rpm

ENGINE SPECIFICATIONS

The major specifications of the engine used in the
tests are given in Table 4. To obtain stable fuel
consumption measurements, the test vehicle was driven
approximately 5,000 km and then a fuel consumption
comparison was made between the two transmissions.

GEAR RATIOS

Table 5 shows the through gear ratios of the CVT3
and the 4-speed stepped AT that were used in the tests.
The final gear ratio of the CVT3 was set such that its
wide ratio range was evenly distributed between the Low
(1st gear) and High (4th gear) sides with the aim of
having a well-balanced ratio distribution for improving
fuel economy and power performance.
Specifically, the 5.401 ratio range of CVT3 was
approximately 35% wider than the 4.013 ratio range of
the 4-speed AT. In terms of the through gear ratio, the 4-
speed AT had a 1st-gear ratio of 10.596 while that of the
CVT3 was 12.265, which meant that the latter was
geared lower by approximately 16%. The 4th-gear ratio
of the 4-speed AT was 2.640 while that of the CVT3 was
2.271. In other words, the CVT3 was also geared
approximately 16% higher on the High ratio side. This
wider ratio range is designed to provide a good balance
between fuel economy and power performance.

_26_
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Table 5 Through gear ratios used in the tests

Gear ratio CVT3 4-speed AT
1st (low) 12.265 10.596

2nd | 5.879

3rd I 3.805

4th (high) 2.271 2.640
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Fig. 9 Shift schedule of CVT3

SHIFT SCHEDULE

The shift schedule of the CVT3 used in the tests is
shown in Fig. 9. The shift lines used were determined on
the basis of repeated test drives conducted in the United
States and calibrations. Shift lines that provided
acceptable power performance in the test drives were
used in making fuel consumption measurements.

The shift schedule of the 4-speed AT used in the test
had a record of previous use in the market and were
presumed to provide acceptable power performance.

TEST RESULTS

The measured fuel consumption results are shown in
Fig. 10. Measurements were made under the LA4 and
highway driving modes and the figures were then
combined for comparison. The fuel economy level
obtained with the CVT3 was approximately 14% better
than that obtained with the 4-speed AT. As has been
reported elsewhere, this fuel economy improvement can
be attributed to the following two major factors based on
the wide ratio range of the CVTS3.

(1) Lower engine speeds while driving

With a stepped AT, a vehicle cannot operate at
intermediate gear ratios. In contrast to the use of one
gear ratio on the Low side of a stepped AT, the CVT3
allows the use of a ratio range that is not restricted by the
engine speed, which allows the engine to run at an
optimum operating point.
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Table 6 Main specifications of test vehicle (AWD)

Nissan Murano A Car B Car
Engine Type V6 3.5L V63.5L V63.0L
Max torque  |333Nm/4400 rpm |339Nm/3500 rpm | 301Nm/4400 rpm
Max power  [183 kw/5800 rpm | 194 kw/5750 rpm | 164 kw/5800 rpm
Vehicle weight 1796 kg 2005kg 1780kg
/™M CVT SAT 4AT
Ratio Spread 5.40 5.07 3.86
Fuel Economy
(City/Hwy) 20/24 17/23 18/22
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(2) Expansion of fuel cut-off region during vehicle

deceleration

With a stepped AT, if the fuel supply is continuously
cut off during vehicle deceleration, large shift shock can
occur unless the lock-up clutch is disengaged. For
instance, continuous cut-off of the fuel supply in a
locked-up state in 4th gear requires a downshift to 3rd
gear at a certain vehicle speed. Since there is a step-like
difference in gear ratios, the lock-up clutch must be
disengaged when the downshift to 3rd gear is executed.
Accordingly, fuel consumption cannot be reduced if the
fuel cut-off is discontinued. In contrast, because the
CVT3 can continuously vary the gear ratio, the fuel cut-
off can be maintained until a low vehicle speed of
around 15 km/h without any need to disengage the lock-
up clutch, making it possible to reduce fuel consumption.

VEHICLE TEST 2

Vehicle Test 1 shows CVT's effect of fuel
consumption compared with different unit. This section
shows the fuel economy comparison between vehicle
adopting CVT3 and other produced vehicles categorized
same group.

TEST VEHICLE

Main specifications of test vehicle are shown in
table.6. Ratio spread of CVT3 is 6.5% wider than A car
(5-stepped AT), and 40% wider than B car (4-stepped
AT).

180T
B car (4AT) : 100
5 110
Q 98 100
=
= 100
<
B
2
3
2
3 50
£
@]
£
5
5
Nissan A Car BCar
Murano

Fig. 11 Test results of fuel consumption (Combined)

TEST RESULTS

The results of fuel consumption tests are shown in
Fig.11. These indexes were calculated measured city and
highway fuel consumption. Fuel consumption of vehicle
adopting CVT3 is better fuel economy approx. 12%
compared with A car (5-stepped AT) which has 3.5 liter
engine, and 10% compared with B car (4-stepped AT).
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This result was obtained by controling engine at the
best fuel consumption. Compared with stepped AT
which has relatively high frequency of shifting, CVT has
relatively constant engine revolution, as a result of this
difference city fuel consumption is better fuel economy
approx. 17%.
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Fig. 13 Test results of fuel consumption (Highway driving mode)

7. CONCLUSION

(1) Compact size

A compact belt CVT with high torque capacity has
been developed by adopting a super ultra-flat torque
converter, reducing the maximum outer diameter of the
primary pulley, optimizing the layout of the front
bearing of the secondary pulley and reducing the bearing
diameter, and using a stepper motor and a vertically
positioned servo link for ratio control, among other
measures. Further advances in the construction of safer
vehicles require that CVTs be shorter in overall length,
have greater minimum ground clearance and allow
sufficient space for a sub-frame. The CVT3 described
here achieves a compact design that meets all of these
requirements.

(2) Light weight

The CVT3 is approximately 8 kg lighter than the
average weight of existing belt CVTs. This has resulted
from the more compact unit design described above and
the total weight reductions achieved for individual
components.
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(3) Wide ratio range

The CVT3 provides a wide ratio range of 5.401.
Generally a vehicle with a high torque engine has good
performance by using same gear range which is used for
smaller vehicles with smaller engines. CVT3 has higher
torque capacity with wider ratio range than Hyper CVT
for use with 2.00 2.5 liter engine.

This wider ratio range, together with the compact
design, lighter weight and higher efficiency of the
CVT3, contributes to an estimated 14% improvement in
fuel economy over a conventional 40 speed stepped
automatic transmission, based on the results of fuel
consumption measurements made with an actual vehicle.

Shouji WATANABE Takashi SHIBAYAMA
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Summary  Mitsubishi Motors Corporation (MMC)
spun off its AT and CVT development and production
divisions in April 2002 to establish Diamondmatic Co.,
Ltd. (DMC), which subsequently merged with JATCO in
April 2003. By fusing the technologies accumulated by
each company over the years, we aim to achieve further
growth in the coming years as the world's leading
specialized manufacturer of ATs and CVTs. This article
describes the history and major features of the
technologies developed by DMC.
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1. History and Features of DMC's Technologies

The site of DMC's head office in Kyoto used to be the
Kyoto Machinery Works of Mitsubishi Heavy Industries,
Ltd. (MHI). When the automotive division was separated
from MHI in 1970, it became MMC's Kyoto Plant,
which was positioned as a major components factory,
responsible for the development and manufacture of
engines and transmissions for passenger cars and
forklifts. The division that manufactured machine tools
and cutters for machining gears and the engine valve
manufacturing division remained with MHI, while the
transmission development and production division,
including gear manufacturing, became part of MMC.
Consequently, engineering fields related to gears have a
long history at the plant dating back to MHI's time, and
still another feature is that relations with associated
learned societies have continued over many years.

At automakers, the transmission division tends to
have an inconspicuous existence compared with the
more colorful work of the body and engine divisions.
Nonetheless, the development and production of
transmissions requires wide-ranging technologies, and
the engineers involved in the mass-production
transmission division worked assiduously with the other
engineering divisions in the Mitsubishi Group. With
their aspirations and unyielding spirit, they constantly
strove to make technological innovations and built up
DMC's technologies to their present levels.
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Domestic production of ATs began in the 1970s. In
1975, MMC put into production an AT for rear-wheel-
drive cars that it had developed with its own
technologies. Subsequently, it led the industry in
bringing out in 1979 a full-fledged 3-speed AT for
transversal mounting on front-wheel-drive cars. That
was followed in 1983 by an electronically controlled
front-drive 4-speed AT, which evolved into a new type
of transmission in 1994 as a result of improving the
constituent components and mounting method. That led
to the production of a front-drive 5-speed AT in 1995.
Moreover, a rear-drive 5-speed AT that shared parts with
this front-drive AT went into production in 1997. The
AT production volume at the Kyoto plant has now
reached 60,000 units a month.

In parallel with these units, transmissions were also
being produced for minicars, beginning with a rear-drive
2-speed AT in 1981. A front-drive version was launched
in 1984, followed by a front-drive 3-speed AT in 1987
and further expansion to a front-drive 4-speed AT in
1993. A rear-drive 4-speed AT also went into production
in 1998. The latter transmissions are built on a line
directly connected to the vehicle assembly lines at
MMC's Mizushima Plant in Okayama Prefecture.

Development of CVTs was launched in the latter half
of the 1980s, and implementation on production vehicles
was achieved in the early 1990s. Production of CVTs for
use with 1.3-1.5L engines was launched in April 2000, at
a time when greater emphasis came to be put on
reducing fuel consumption, and these units have also
been exported to South Korea and Taiwan. Additionally,
CVTs were adopted on all models of the new Mitsubishi
Colt that was rolled out in November 2002. Monthly
production of CVTs at the state-of-the-art Yagi Plant is
now approaching a level of 20,000 units.

The main development group responsible for creating
these new transmissions is at MMC's Research &
Development Office in Okazaki, Aichi Prefecture.
Originally, the Kyoto Plant was the center of MMC's
component business and was responsible for the
development and production of passenger car engines
and transmissions. Development personnel were later
concentrated at the Okazaki Research & Development
Office in order to undertake comprehensive product
development activities for cars. For that reason, the
majority of the transmission development group also
moved from Kyoto to Okazaki, but the prototyping and
testing groups remained in Kyoto. The intention is to
promote concurrent production preparations with the
production engineering group and to facilitate
continuous quality improvements in connection with
market quality data on production vehicles.

2. Cooperation with Other Mitsubishi Group Com panies

DMC has consistently developed and produced
transmissions at the cutting edge of the industry in line
with the ongoing progress of automobiles. Along with
the emergence of environmental and energy issues in
recent years, results have been achieved in the field of
electronic control in collaboration with Mitsubishi
Electric Corporation. Examples include optimization of
fuel consumption through integrated control of the
engine and transmission, as well as integrated control
with the throttle in the case of 4WS and Traction Control
(TCL) in response to demands for improved safety.
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Many improvements for reducing noise levels have
also been attained in cooperation with MHI. These
include the development of engineering methods for
gears and the construction of flexible and highly efficient
NC cell transfer machine lines.

The expansion of AT and CVT unit exports to other
automakers in the Asian and ASEAN regions, in
addition to supplying them to MMC, has been
accomplished with the assistance of Mitsubishi
Corporation, which has built a global network and is
thoroughly familiar with the market situation in
countries around the world.

Japan's unique system of keiretsu corporate groupings
is being re-examined today amid international economic
changes. At DMC, we also actually separated from the
Mitsubishi Group and have become a new member of
the JATCO family. In today's open and global context,
we hope to achieve further advances, which will require
stronger cooperative ties with Mitsubishi-affiliated
companies than ever before.

3. Concluding Remarks

To the merger with JATCO, DMC brought its many
technologies accumulated in the transmission field from
MMC's time and its manufacturing culture. There is no
doubt that the two cultures, which have so far been
nurtured separately, will advance to even higher levels
through a process of fusion and refinement in the coming
years.
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Summary The product development group at
Diamondmatic Co., Ltd. (DMC, formerly the drivetrain
development group of Mitsubishi Motors Corp. and now
merged with JATCO) developed new transmissions that
aggressively incorporated splendid technologies
unparalleled by those of other companies, despite having
a very small staff. This article traces the development
history of those distinctive automatic transmissions
(ATs) and continuously variable transmissions (CVTs)
and the strategic concepts underlying their creation.
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1. Intr oduction

With just a small staff, the drivetrain development
group at Mitsubishi Motors Corp. (MMC) developed one
new key technology and transmission after another and
brought to market distinctive products that were squarely
focused on future needs. This article reviews the
development philosophy and technological strategies of
representative products, citing actual examples from the
development process.

2. Beginnings

Mitsubishi ATs and CVTs began with a rubber-belt
CVT that was developed around 1955 for use on
scooters. The first fully automatic transmission created
for passenger cars was the Single Coupling Automatic
Transmission (SCAT) featured on the Colt 1000 model
that was released in 1964. Built around a manual
transmission (MT) for rear-wheel-drive cars, that 3-
speed AT combined an electromagnetic powder
automatic clutch with electric motor-based shift control.
It was, in fact, an automated manual transmission (AMT)
of the type now widely used in Europe and other
markets. However, because power delivery was
interrupted during shifting and electronic components at
that time were not sufficiently reliable, production was
suspended after a little more than two years and a switch
was made to ATs with a torque converter.

Okazaki Product Development Department

Product Development Center No. 1
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In 1960, a rear-drive 3-speed AT was procured from
Borg-Warner of the U.K. and used on the 2.0L Debonair
and other models, but various problems with that unit
heightened a move to develop ATs in-house. One
stemmed from the use of band brakes, which gave the
AT a large girth and required a body design with a
bigger transmission tunnel than that for MTs. Another
was that a 3-2 coasting downshift required a response
time longer than two seconds. A further problem was
that delivery was frequently delayed due to strikes by
longshoremen.

3. Fullfledged Effort to Develop ATs In-house
As a result, an effort was launched in 1969 to

develop a rear-drive 3-speed AT and the resulting
KM150 (Fig. 1) went into production in 1975.

Fig. 2 KM170

This AT featured a simple construction that adopted
discs in place of band brakes for all the friction elements
and did not use one-way clutches (OWCs) except for
first gear. That was done because the girth of the AT had
to be slimmed down for use on car bodies designed for
MTs.

As a result, 2-3 shifts had to be executed without
using OWCs and band brakes. A timing valve was newly
developed that allowed variable control, by means of the
throttle valve opening, of the overlap between the
engagement pressure of the disc plate for second gear
and the clutch for third gear. When the hydraulic
pressure of one was raised, that of the other was
automatically reduced. In addition, for the piston of the
multi-plate brake for second gear, a mechanism was
devised for automatically adjusting the clearance so as to
compensate for disc wear. Simultaneously, a variable
flow-rate valve was newly provided, making it possible
to obtain excellent shift quality in all vehicle speed
ranges. That was accomplished by delaying the
engagement timing of the brake for second gear,
following the release of the clutch for third gear,
according to the increase in vehicle speed in a 3-2
power-on downshift.

This AT was adopted on the 1.6L Lancer Celeste in
1975, followed by use on the 2.0L Debonair.
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4. Transverse Front-drive Layout

The idea of a front-drive layout for the next
generation of a small passenger car was brought up in
response to societal demands for energy conservation
and improved fuel economy triggered by the oil crisis in
1973. A transverse front-drive layout was decided as the
development concept for the Mirage in 1974. Toward
that end, a shorter overall AT length was set as the first
objective. The KM170 3-speed AT (Fig. 2) that was
developed for use on front-wheel-drive cars incorporated
a flatter torque converter and was mounted on the 1.5L
Mirage released in March 1979.

Subsequently, all Mitsubishi passenger cars,
including the Galant, Lancer, Debonair and RVF, were
converted to a front-drive layout.

Switching to a transverse front-drive layout resulted
in positioning the exhaust pipe of engines previously
produced for rear-wheel-drive cars on the driver's side.
Because the engines adapted for front-drive use
continued the same construction, the engine was located
on the passenger's side and the transmission on the
driver's side. This resulted in the adoption of what was
called the W-E layout, in which the engine was on the
west (W) side and the AT on the east (E) side of the
vehicle, with the front being to the north (N). With this
mounting arrangement, the engine crankshaft and the
tires rotated in opposite directions, creating a layout
without precedent anywhere in the world. This layout
was burdened with the handicaps described below, but,
unfortunately, that did not become completely clear until
several years later.

O Addition an idler gear for counter rotational use
Besides the cost, it was difficult to design a tooth
profile for reducing the gear meshing noise of both
the drive and driven gears because both sides of the
tooth face were used in transmitting power.

O Opposite direction of rotation of engine crankshaft

and tires

The reactive force from driving the tires and the

reactive force from the idly rotating flywheel

applied inputs to the mounts in opposite directions

(in the same direction in the case of an E-W layout).

Accordingly, the force inputs to the mounts changed

from positive to negative to positive during a 3-2

kick-down shift, causing large powerplant vibration

that worsened shift shock. Moreover, it was found
that idle vibrations also worsened in relation to the
vibration mode of the body frame.

Around 1988, it was concluded that these handicaps
inherent in the W-E layout were critical items that could
not be overcome. Accordingly, a major decision was
made to switch entirely to an E-W layout in all new cars
beginning from those scheduled for release in 1994.

_36_
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5. Riding the Wave to Electronic Control

Starting from 1979 on, the following advanced
mechanisms were developed and implemented one after
another ahead of other companies, overturning what had
been common practices in the industry up to that point.
That was done to meet a variety of needs, including the
trend toward front-wheel-drive passenger cars, the
addition of more speed ranges to ATs, the improvement
of shift functionality, and demands for smaller, lighter,
less expensive and fuel-saving transmissions.

5.1. Electro-hydraulic converter

A patent application was made as early as 1973
concerning a technology for improving the shift feel by
applying a linear control type of electro-hydraulic
converter to control the hydraulic pressure of the
clutches used in shifting. Various attempts were
subsequently made to develop electro-hydraulic
converters. A high-accuracy, high-response solenoid
valve for duty control was developed jointly with
Mitsubishi Electric Corp. and was first implemented in
1982 for slip lockup control use. During the
development process, it was found that the opening and
closing of the ball valve caused a water-hammering
effect that produced high-pressure vibrations. Pressure
waves propagating at the speed of sound rebounded from
the end of the hydraulic circuit, and the influence of that
pressure prevented the ball valve from operating as
desired, thereby causing the control pressure to fluctuate
on account of variation in the speed of sound. Measures
were then taken to resolve that problem. Subsequently,
many electronically controlled ATs throughout the world
came to incorporate this type of solenoid valve.

5.2. Torque converter with slip lockup control

By thinking about the problem day and night, we
devised several methods for completely isolating
flywheel vibrations induced in its direction of rotation by
engine torque fluctuations. As a result, we arrived at a
basic principle for fully isolating engine torque
fluctuations by allowing the lockup clutch of the torque
converter to slip minutely all the time. That was done by
using the above-mentioned electro-hydraulic converter
for feedback control of the lockup clutch engagement
pressure. It was found that applying this principle to lock
up the clutch from very low vehicle speeds could
improve fuel economy under Japan's 10-15 test mode by
approximately 10%. This control principle was
incorporated in the front-drive KM171 3-speed AT (Fig.
3) that was adopted on the 1.6L Cordia and Tredia
models. The designation ELC (ELectronic Control) was
applied to ATs that adopted this slip lockup control, and
this term later came to symbolize Mitsubishi's
electronically controlled ATSs.

In the 20 years since then, slip lockup control has
steadily spread to ATs in all countries around the world
and is now regarded as a chief means of reducing fuel
consumption.
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Fig. 3 KM171
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Fig. 4 KM175

5.3. Electronic control of clutch engagement

pressure for shifting

Development work on an electronically controlled
AT, aimed at electronic control of clutch pressures,
continued following the patent application in 1973. As a
result, the front-drive KM175 4-speed AT (Fig. 4) was
adopted on the 2.0L Galant Sigma released in 1983. In
addition to slip lockup control, this AT provided full-
fledged electronic control and achieved four speed
ranges with just a 23-mm increase in its overall length.

Although the history of AT development at
Mitsubishi does not go back so far, one notable point is
that efforts to develop elements associated with
electronic control, as mentioned above, were initiated
even before microcontrollers appeared. Furthermore,
new mechanisms and products were developed and
brought to market in a timely manner in line with the
subsequent progress of microcontrollers.

The full-fledged electronically controlled ATs, which
incorporated the newly developed slip lockup control
and direct electronic control of the supply pressure of the
clutches used for shifting, were revolutionary units that
led other companies' products. However, those ATs
experienced various quality problems in rapid succession
due to degradation of automatic transmission fluid
(ATF) durability and an insufficient margin of strength
to cope with increases in engine output, among other
factors. Though we were soundly frustrated by every one
of those problems, we used them as springboards for
undertaking the next challenges in a spirit of being
undaunted by setbacks.

6. Extension of ATs to Minicars

In 1981, the rear-drive MR40 2-speed semi-automatic
was developed and adopted on the 0.36L Minica
minicar. That low-cost version, which took into account
commercial feasibility, was in response to a preference
for ease of driving in minicars, just as in ordinary
passenger cars.

This unit was then adapted to an E-W front-wheel-
drive layout in 1984, followed by the development of the
front-drive MR60 2-speed fully automatic. In addition,
the front-drive MR80 3-speed AT was developed in
1987 and adopted on the 0.55L Minica.
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In response to needs for a further reduction of fuel
consumption, the front-drive FA41 4-speed AT (Fig. 5)
was then developed in 1993 and fitted on the 0.66L
Minica. The FA41 was the first electronically controlled
4-speed AT with slip lockup control for use on minicars.

That was followed in 1998 by the development of the
rear-drive R4A1 4-speed AT. The RA41 shares as many
parts as possible with the F4A1 and is featured on the
0.66L Pajero Mini.

7. Advance into 4WD Components

Attention was also paid to 4WD components from
around 1983. Even before the viscous coupling unit
(VCU) appeared, we reasoned that new value could be
imparted to torque split control in drivetrain systems by
applying a coupling that would allow the transmitted
torque to be increased in proportion to an increase in the
rotational speed difference between the two axles.

We thought that it would be particularly significant to
install such a coupling in the propeller shaft of a 4WD
system that directly linked the front and rear axles. That
would allow torque to be apportioned in response to
rotational speed differences between the front and rear
wheels based on differences in their driving force. In
short, before the tires transmitting large torque began to
slip (i.e., before deformation of the rubber caused the
rotational speed of the tires to increase even though the
vehicle speed remained the same), torque could also be
transferred to the other tires. We had strong expectations
that this would lead to the completion of a compact and
practical 4WD system.

It suddenly occurred to us one day that if the case side
of the oil pump was used as a rotating element, torque
could be transmitted between there and the input shaft.
We were convinced that a compact, low-cost coupling,
which was truly needed at that point, could surely be
achieved by closing the discharge port of the
incompressible fluid and returning the discharged fluid
through a small orifice to the suction side.

Specifically, we decided that a vane pump would be
suitable because of its advantages in providing high
pressure and a high flow rate. After building a number
prototypes and improving them with respect to torque
fluctuation and torque capacity, we approached Koyo
Seiko Co., Ltd. about developing a production unit. In
1988, the resulting unit, dubbed the Hydraulic Coupling
Unit (HCU, Fig. 6), was adopted on the Minicab and
Minica.
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Regrettably, before the HCU reached the market,
Volkswagen rolled out a one-box 4WD car with a VCU
incorporated in the propeller shaft. Their concept was the
same as ours. Moreover, we were surprised at and also
had respect for their approach of using only the shear
force of a silicone oil to transmit power, which indicated
that European manufacturers were also working on
grand concepts.

In 1989, we developed the new F4A3 4-speed AT for
use on 3.0L front-wheel-drive cars. This unit had the
same basic structure as previous 4-speed ATSs, but it
featured the largest capacity of any front-drive domestic
AT. Moreover, to meet 4WD needs, we also developed
the W4A3 4-speed AT (Fig. 7), which was based on a
front-drive 4WD layout, but was equipped with a center
differential incorporating a VCU to provide full-time
4WD capability.

Fig. 7 W4A3
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This 4WD system featured a simple structure with a
center differential provided in the second shaft and it
took maximum advantage of the merits of the W-E
layout. Beginning in 1988, we changed the model names
of our ATs and MTs and adopted a designation system
that distinguished between front- and rear-wheel drive
and between 2WD and 4WD, and also indicated the
number of forward speed ranges, among other details.

8. Stepped ATs without One-way Clutches

The 4-speed AT that we brought out in 1983 featured
direct electronic control of the clutch supply pressure
during shifting. We subsequently realized, though, that it
could hardly be called electronic control without having
adaptive learning control of the actual shift time and
feedback control using the rate of change in the
rotational speed of the input shaft during shifting as the
target value. Those control features were developed and
implemented in about two years.
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At about that time, there were lively engineering
exchanges with Chrysler Corp. about engines and ATSs.
Simplification of the AT structure, which would
contribute to a lighter weight, lower cost and the addition
of more speed ranges, and optimization of the shift
schedule were thought to be the most important factors
in eliciting the maximum benefits of electronic control.
It was decided to pursue vigorous R&D efforts with
regard to both aspects.

The elimination of one-way clutches in particular was
one issue of greatest interest to both companies in
preparing to add more speed ranges to ATs in the future.
Toward that end, both companies contributed new ideas
regarding the powertrain structure, hydraulic circuit
configuration, solenoid valve structure, electronic
control methods and other aspects. It was decided each
company would also refer to the other's ideas in
developing an AT without one-way clutches.
Accordingly, each one independently developed a new
4-speed AT based on a similar concept, though the basic
elements were not necessarily the same. Chrysler
achieved its concept first in 1989 in the form of the
front-drive A604 4-speed "Ultradrive" AT. It was a
brilliant accomplishment that won an SAE engineering
prize for being the world's first 4-speed AT without one-
way clutches.

Mitsubishi had also aimed to complete its
transmission in the same time frame, but the
development project was temporarily abandoned because
of a mismatch with the timing for the development of the
vehicle. This project to develop an AT without one-way
clutches was subsequently revived in conjunction with
the decision mentioned earlier to switch to the E-W
layout. It was decided to develop a next-generation AT
around the concept of a lightweight, compact unit with
outstanding shift quality and a high level of driving ease.

To achieve an AT without one-way clutches, each of
the clutches (or brakes) used in shifting between speed
ranges was provided with a solenoid valve to allow
independent control of its pressure. When a shift was
executed, the control method that was adopted allowed
the disengaging clutch to slip minutely first, and its
engaging force was automatically reduced as that of the
engaging clutch was increased.

Shifts above the second speed range were no problem
at all. However, until the very end we were troubled by a
reduction of drive torque (producing a feeling of
braking) just before the onset of a 1-2 upshift and slight
shift shock in a 2-1 downshift when the vehicle was
stationary. It was extremely regrettable that a one-way
clutch for first gear had to be added soon after the unit
went into mass production.

The direct reasons for the addition of the one-way
clutch were the large difference in gear ratios between
first and second gears and the fact that shift shock
resembling the feeling of running over a small stone was
not acceptable while the vehicle was stationary. The real
reason, though, would appear to be that we had been
remiss in developing a solenoid valve with good
responsiveness.
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Elimination of one-way clutches is a technical hurdle
that must be overcome by all means when one considers
the future trends of AT technologies. So long as effective
control can be accomplished, it would provide a superior
shift feel at lower cost compared with shifting by means
of one-way clutches. It is also a necessary technology for
the development of ATs with additional speed ranges,
such as 6-speed and 8-speed units.
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Fig. 9 V5A5

In addition to the foregoing AT concept, the
INVECS-II shift schedule control was developed in
1994, which implemented a neural network optimally
suited for pattern recognition of the road conditions and
driving conditions. INVECS-11 was incorporated in the
front-drive FAA4 4-speed AT with a sports shift mode.
The F4A4 was adopted on the 2.0L Galant FTO to
provide a dramatic improvement in driving ease.

Moreover, in 1995, the front-drive F5A5 5-speed AT
was introduced on the 3.0L Diamante. Based on the
F4A4, the F5A5 had the second gear shift elements
(reduction/direct engagement) positioned on the second
shaft to achieve five speeds.

That was followed in 1997 by the development of the
rear-drive V5A5 5-speed AT (Fig. 9), which was
adopted on the 3.5L Pajero, among other models. The
V5A5 shared parts with the above-mentioned units and
was provided with a transfer case for 4WD capability.

In creating new generations of ATSs, it was necessary,
as described here, to develop combinations of 4- and 5-
speed units, front- and rear-drive units (with the
maximum possible sharing of parts between the two),
large and small capacity units and 2WD and 4WD units
nearly simultaneously, in addition to adopting the latest
mechanisms and controls. That required exceptionally
large-scale development projects, which involved the
body development group and production engineering
group as well.

Moreover, other products that were also being
developed simultaneously with ATs included large and
small capacity MTs for front-wheel-drive cars, the new
Super Select 4WD system for the Pajero and the Active
Yaw Control (AYC) 4WD system with right and left
wheel torque split control for the Galant VR-IV. All of
those projects placed a tremendous load on the drivetrain
development group.
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An abnormal situation where we cut our sleeping
time to the bare minimum seemed to continue for several
years, but the new technologies that needed to be
implemented were all incorporated in the units
developed during that period. We were overcome with
immeasurable emotion when the Galant FTO, fitted with
the first 4-speed AT to be launched, won the Japanese
Car of the Year award in 1994-95.

9. INVECS ATs

From around 1985, we were proceeding at Mitsubishi
with the development of intelligent ATs, typified by the
Intelligent & Innovative Vehicle Electronic Control
System (INVECS). That was based on the recognition
that a shift schedule incorporating a new concept had to
be developed in order to elicit the maximum benefits of
electronic control. Up to that point, the shift schedule
had mainly been designed for driving on level roads, but
a shift schedule was needed that would provide driving
comfort on mountainous and winding roads as well.

As a result, a shift strategy incorporating fuzzy
control was introduced in 1992, and INVECS was
adopted for the F4AA2 and F4A3 ATs to provide
intelligent capabilities ahead of other companies.
INVECS improved the transmission's ability to hold a
low-speed range, particularly on mountainous roads, by
judging the road conditions.

New control theories such as fuzzy control and a
neural network were implemented to estimate the road
and driving conditions based on a limited number of
sensor outputs. The drivetrain development group
always seemed to be vigorously striving to achieve such
new control theories and methods. Such efforts were
possible precisely because of the following philosophy
that permeated the group's culture. "If something is
needed, we will involve ourselves in that field, acquire
the theory or method, regardless of whether it is difficult
or easy, and put it to use."

That was true for INVECS-II, which uses a neural
network to detect not only the road conditions but also
the driver's driving habits and adjusts the shift schedule
accordingly, a sports shift mode that facilitates manual
gear selection, a freely matching control that provides an
excellent shift feel by tuning the shift schedule to
accommodate differences between different types of
engines and friction materials, a fill-for-life ATF and
other developments.

All of the new innovations incorporated in these next-
generation ATs represented extraordinary developments
that were difficult to accomplish. Yet, they were
successfully attained as a result of the selfless struggles
by all members of the group to achieve our common
goals.
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10. Introduction of CVTs

Advance engineering work on a CVT was initiated in
1985. Initially, we thought that a Borg-Werner product
was the most likely candidate for the belt because of cost
and availability considerations. However, it was
concluded that the issue of chain noise due to meshing
vibration would be difficult to resolve, so it was decided
in 1992 to switch to a belt made by Van Doorne's
Transmissie (VDT), and the development work was
begun all over again.

A comparison was made of the relative strengths and
weaknesses of an electromagnetic powder clutch, a fluid
coupling, a torque converter and other devices for use as
the start-off element. Based on the results, a torque
converter was adopted because of its superiority with
respect to durability (large heat capacity), fuel economy
and smoothness.

After carefully considering market trends and
evaluations concerning CVTs, the front-drive FIC1 CVT
(Fig. 10) was adopted on the 1.8L Lancer Cedia that was
rolled out in 2000. When teamed with a direct gasoline
injection (GDI) engine, this CVT provides outstanding
fuel economy and driveability. Thanks to INVECS-III, it
also controls the rate of increase in engine speed relative
to the increase in vehicle speed during acceleration to
provide an acceleration feel previously unobtainable
with other CVTs, along with improved driving ease.

This CVT also attained a high degree of perfection
with respect to cost, quality and other aspects as a result
of the concurrent development efforts undertaken in
close cooperation with the product development group
and production engineering group from the initial stage
of development. Another contributing factor was the
installation of state-of-the-art facilities at the Yagi Plant
that was newly prepared specifically for CVT
production.

The history of DMC transmissions is outlined in Table 1.

I

Fig. 10 F1C1
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11. Summary of Drivetrain Development Philos ophy

This article has reviewed the development history of
Mitsubishi drivetrain units over a period of more than 30
years. The philosophy that has continuously formed the
foundation of this development work is summarized below.
O Improvement of fundamental disciplines

Possess the energy for life-long study of fundamental
disciplines and do not hesitate to employ difficult theories
whenever necessary.

O Devotion to trail-blazing technologies
Instead of following others, go back to the basics, devise
original ideas and develop technologies that surpass those
of others by 30%.

O Don't loiter along the way
Imagine the situation 20 years from now and give priority
to developing technologies for arriving at that destination.

O Nurturing of human resources
Nurture personnel capable of solving problems by being
able to identify issues, pursue self-initiated study toward
their resolution and undertake the challenge of resolving
them.

O Projecting oneself into certain situations
Imagine the state when something is completed and the
path leading there will become clear, or imagine that one
is a defective product and the causes will become evident.

0O Pursuit of the truth to the end
Half-baked analysis will not reveal the truth. Knowing
the truth is a short-cut to essential technology and a
source of joy.

O Be undaunted by setbacks
Learn from mistakes and defeats. Have the tenacity not to
get up empty-handed when knocked down and muddied
by defeat.

O Dimensional analysis-like thinking
The torsional strength of a shaft and gear strength are
equal to the third power of their diameter; the torque
capacity/thermal capacity of a torque converter is equal to
the fifth power/third power; the torque capacity/thermal
capacity of an electromagnetic powder clutch is equal to
the third power/second power; if that is true, the key focal
point for increasing torque capacity is . . . .

O Love one's enemies and have a margin of respect
Development work is a combination of opening up a path
(the very idea of oneself) and learning humility (loving
one's enemies).

O Learn peripheral technologies and from users
Learn peripheral technologies, know the dissatisfactions
of users and develop elements suitable to the type of car
or AT to be built.
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12. Concluding remarks

In tracing the history of drivetrain development at
Mitsubishi, it is clear that we were blessed with excellent
senior employees, outstanding and tenacious colleagues and
good younger employees. They all made it possible for us to
develop one new product after another that eclipsed those of
other companies. We would first like to thank all of them
from the bottom of our hearts.

Additionally, although not touched on here, we also
received tremendous understanding, support and
encouragement concerning our development challenges
from many individuals in the production group and in
related companies. We would also like to express our
heartfelt appreciation to them.

Toyoji OHNISHI Mitoshi MIURA
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Summary Diamondmatic Co., Ltd. (now merged
with JATCO) positioned and implemented clutch-to-
clutch shifting as a key technology for reducing the size,
weight and cost of automatic transmissions (ATs) and for
facilitating the addition of more speed ranges. In order to
assure good shift quality in clutch-to-clutch shifting, it is
necessary to control electronically the torque capacity of
each clutch minutely and independently. This article
describes the control technologies involved.
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1. Intr oduction

In October 1994, Diamondmatic rolled out a new-
generation 4-speed AT that implemented clutch-to-
clutch shifting. Previously, the use of one-way clutches
was regarded as the best way to secure good shift
quality, and there was a tendency to avoid clutch-to-
clutch shifting in ATs with up to four speed ranges
because of the advanced shift control technology that
was required. However, Diamondmatic undertook the
challenge of developing clutch-to-clutch shift control
technology, recognizing that this shift control method
was critically important as a key technology for enabling
more speed ranges to be added to ATs.

This article outlines the control method for clutch-to-
clutch shifting.

2. Electr o-hydraulic Control System

In clutch-to-clutch shifting, the operational timing
and torque capacity of the disengaging and engaging
clutches have to be correlated and controlled with high
accuracy. To accomplish that, the new-generation AT
adopted a hydraulic control system (Fig. 1) capable of
controlling the torque capacity of each clutch
independently. That was achieved by providing a duty-
control solenoid valve for electric signal-hydraulic
pressure conversion for each clutch in the AT.

The method adopted for electro-hydraulic control
incorporates a pilot valve that regulates the clutch piston
pressure using the output pressure of a three-way
solenoid valve (Fig. 2). This approach inhibits the
hydraulic pressure pulsations that are produced when the
pressure in the clutch piston chamber is controlled
directly by the duty-control solenoid valve. It thus
reduces the current consumption of the solenoid valve
and the amount of heat generated by the solenoid valve
drive circuit.
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Fig. 1 Concept of hydraulic control system

3. ZRHIE T &

gooooooooobooboobobDbDbDbbobo
gboboboboboboboob

BLNT—=F2 T w77 Ml
3110000000

Fig. 3040 ATO2-30 000000000000
0000000000000 000000O00n
0000000000000 0000ooooQ
00000000000000000D0001000
0000000MO000000o0ooooooon
000000oO0o0ooowdloOoOoOoOoooooon
0000000000000 0mooooo
0000000000000000000000
00000000000 0000000O0

0000000000000 00000O00n0
0000000000000 00000oOoooQ
ATOOO0ODOO0000O0O00O0O0D0OO00O00O0O0
0000000000000 000000000
O000000ATOOOOOMOOOOOOOQ
00@MOo00000000000oooomo
000000000000000000mOo0n
0000000000000 000000000
0000000000000 00000O0O0O0n
ooooo

312000000000
gobboooobooooboooooboooo
gobooooobobooooooooobooboogon
gooooooooooboobooboobbbbbobobo
gobbodgogooboboouobboooobogoo
gobooobooboooboobobooobooboobon

_5‘]_

Clutch piston

Accumulator

Solenoid
valve

Line
pressure

Ex.

Fig. 2 Hydraulic circuit for clutch pressure control

3. Shift Control Method

This section explains the basic control method for
upshifts and downshifts under a power-on condition.

3.1. Power-on upshift control
3.1.1. Torque phase

Figure 3 shows the actual measured data for a 2-3
upshift of the new 4-speed AT.
The duty ratio of the solenoid for the engaging clutch is
first set to 100% (maximum fluid supply) for a certain
interval of time corresponding to the amount of play in
the clutch piston so as to take up the play in the shortest
time possible. The duty ratio of the solenoid for the
disengaging clutch is then set to 0%, and the duty ratio
that applies the slope of the pressure increase of the
engaging clutch relative to the slope of the pressure
decrease (i.e., slope of torque capacity decrease) of the
disengaging clutch is output to the solenoid valve on the
engaging side.

The pressure release timing of the disengaging clutch
is set so that the torque capacity corresponds to the
torque input from the engine to the AT at the time the
engaging clutch begins to engage. If the release timing is
too early, the rotational speed of the AT input shaft will
increase above the in-gear rotational speed before the
transmission shifts, giving rise to what is commonly
called engine flare-up. Accordingly, the moment minute
slipping of the clutch is detected, the pressure of the
disengaging clutch is instantaneously increased again to
inhibit engine flare-up.

3.1.2. Inertia phase

The onset of an actual shift is detected when the input
shaft rotational speed begins to fall below the in-gear
rotational speed. The duty ratio of the solenoid for
controlling the engaging clutch is feedback-controlled in
real time so that the rate of change in the input shaft
rotational speed coincides with a predetermined target
value.
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Fig. 3 Power-on 2-3 shift (actual data of 4-speed AT)
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Fig. 4 Power-on 4-2 shift (actual data of 4-speed AT)

When synchronization with the target in-gear rotational
speed is detected, the duty ratio is raised to 100% (equal
to the line pressure) to complete the shift control
operation.

It should be noted that reduction of the engine torque
is also controlled in the inertia phase to inhibit torque
fluctuations and improve shift response at the same time.

3.2. Power-on downshift control
3.2.1. Disengaging clutch

The actual measured data for a 4-2 downshift of the
new 4-speed AT are given in Fig. 4.

Simultaneous with a downshift judgment, the duty
ratio of the solenoid for the disengaging clutch is first set
to 0% so as to release the pressure at the maximum flow
rate. The duty ratio of the solenoid for the disengaging
clutch is feedback-controlled so that, if incipient clutch
slipping is detected, the rate of change in the input shaft
rotational speed can be made to coincide with a
predetermined target value.

If the input shaft rotational speed exceeds the in-gear
rotational speed to be attained following the shift, the
rate of change in the target input shaft rotational speed is
switched so as to maintain a state where the input shaft
speed stays just slightly above the in-gear rotational
speed.

Subsequently, upon detecting the onset of
engagement by the engaging clutch, the pressure of the
disengaging clutch is quickly released.
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3.2.2. Engaging clutch

The duty ratio of the solenoid for the engaging clutch
is set to 100% (maximum fluid supply) for a certain
interval of time corresponding to the amount of play in
the clutch piston so as to take up the play in the shortest
time possible. The timing for the onset of this pressure
supply is determined by predicting in real time the
amount of time needed for the input shaft rotational
speed to reach the in-gear rotational speed following the
downshift.

Once the play is taken up, a duty ratio is output that
applies a pressure increase corresponding to the pressure
decrease at the disengaging clutch. After switching the
clutch that is engaged, the duty ratio is finally raised to
100% (equivalent to the line pressure) to complete the
shift control operation.

4. Learning of Shift Control Parameters

Functions for learning the shift control parameters
were extensively adopted in the new-generation 4-speed
AT to avoid deterioration of shift quality due to
transmission variation at the time of production and
changes occurring with use. This section explains the
principal learning functions adopted.

4.1. Learning of time needed to take up dutch
piston play

The time needed for taking up the play in the piston
of the engaging clutch (i.e., amount of piston travel) is
learned so that the switch in engagement with the
disengaging clutch can always be executed with
precision timing when the transmission shifts.

A table is created in advance for the relationship
between the duty ratio of the solenoid valve and the
clutch piston travel speed for taking up the play. During
the interval from the onset of control to take up the
clutch piston play until the onset of clutch engagement is
detected (judged on the basis of the change in the input
shaft rotational speed), the piston travel speed relative to
the duty ratio output in each control cycle is read from
this table. The result obtained by integrating the speed
values is regarded as the amount of piston play to be
taken up this time. The learned value is updated by
comparing this value with the amount of play learned in
shifts through the previous one. The control time needed
to take up the clutch piston play in each shift is
calculated for each fluid temperature.

Because this learning control allows the piston
position to be monitored constantly, it shortens shift
response time and enables a suitable pressure level to be
supplied from the initial phase of engagement.
Accordingly, this control procedure has made it possible
to discontinue the cushion spring of the clutch piston. It
is also a key technology that displays its effectiveness in
facilitating change-of-mind shifting (i.e., after initially
accelerating, thereby inducing a downshift, the driver
decides to decelerate instead, thus returning the AT to
the original speed range) and the jumping of speed
ranges in the process of executing a shift.
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4.2, Learning of the release interval of
disengaging clutch during upshifts

Besides learning the time needed for taking up the
piston play of the engaging clutch, the pressure release
interval of the disengaging clutch is also learned. That is
done to make sure the timing for the switch in
engagement with the engaging clutch in the torque phase
is reliable and stable.

The time from the start of disengagement by the
disengaging clutch to the onset of slipping (i.e., the state
after the torque capacity assigned to the clutch becomes
equal to the AT input torque) is detected; the learned
value is updated by comparing the detected time with the
pressure release interval learned in shifts through the
previous one.

4.3. Learning of pressure at onset of shifting

The pressure (i.e., duty ratio) output just after the
onset of an actual shift is learned. For upshifts, this is the
duty ratio of the solenoid for controlling the engaging
clutch; for downshifts, it is the duty ratio of the solenoid
for controlling the disengaging clutch. This is done to
minimize the amount of correction made to the duty ratio
based on feedback control during shifting and to make
the rate of change in the input shaft rotational speed
coincide with the target rate of change so as to stabilize
the shift time and output torque waveform.

The learned pressure value is updated by comparing
the rate of change in the input shaft rotational speed
following the onset of an actual shift (onset of change
related to the rotational speed) with a predetermined
target value. This target value is determined in relation to
the target value for feedback control.

4.4. Learning during coast down and garage

shift situati ons

The amount of piston play to be taken up and the
pressure at the onset of shifts are also learned in coast
down and garage shift situations, respectively, for the
purpose of stabilizing shift feel. These shifts are usually
executed in the region of a fully closed throttle valve,
where the fluid temperature and engine speed have an
especially large effect on the amount of fluid and
pressure supplied to the clutches. Accordingly, by
learning the amount of piston play and onset pressure in
relation to the fluid temperature and engine speed, the
influence of these factors can be eliminated in these shift
situations.

5. Conclusion

Clutch-to-clutch shift control was developed as a key
technology for reducing the size, weight and cost of ATs
and facilitating the addition of more speed ranges. In
keeping with these aims, it has taken root as an
indispensable technology for enabling recent 5- and 6-
speed ATs to be mounted in the limited space available
on vehicles. Continued efforts will be made in the
coming years to develop and improve shift control
technologies in order to enhance shift quality further.
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1. Intr oduction

The speed range of an AT is generally controlled on
the basis of a shift pattern that has the vehicle speed and
throttle valve opening as its parameters, as shown in Fig.
1. The shift pattern is fixed and is mainly designed in
consideration of drivability on flat roads, which often
makes it unsuitable when driving uphill or downhill. For
instance, whenever the driver lets up on the accelerator
pedal while going into a curve on an uphill road, the
transmission upshifts unnecessarily, and when coming
out of the curve, the driver has to depress the accelerator
pedal deeply owing to a lack of sufficient driving force
until the transmission downshifts. This shift behavior
degrades smooth driving performance. On the other
hand, because the transmission stays in the high speed
range when traveling downbhill, engine braking is not
effective, forcing the driver to decelerate by pressing the
brake pedal frequently.

The same problems also occur with CVTs because
their speed ratio is controlled according to a pattern that
likewise has the vehicle speed and throttle valve opening
as its parameters, as shown in Fig. 2.

Accordingly, we have developed and implemented
optimum control methods for the AT shift pattern and
CVT ratio pattern that are designed to control the speed
range or the speed ratio to match the driver's wishes
under all sorts of driving conditions. By taking
advantage of the characteristic of CVTs that they are
capable of controlling the speed ratio seamlessly and
continuously, the problems stemming from the stepped
ratios of conventional ATs have also been resolved.

This article outlines the optimum control methods
applied to ATs and CVTs.
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2. Optimum AT Shift Pattern Control

2.1. Control method
2.1.1. Overview

A block diagram of the control method is shown in
Fig. 3. Depending on the driving conditions, this control
method switches the AT between a downhill mode and
an uphill or flat road mode to provide the speed range
that matches the wishes of individual drivers. The
downhill mode incorporates a neural network, fuzzy
logic and learning control, while the uphill or flat road
mode features continuously variable control of the shift
pattern.

2.1.2. Downhill mode

The need to downshift when traveling downhill is
determined by various factors such as the road gradient
and vehicle speed, making it difficult to express the
driver's intention to shift in a mathematical equation.
Therefore, engine braking applicability is calculated by
the neural network on the basis of various information
inputs as a variable expressing the driver's intention to
shift (Fig. 4). That variable is then fed into the fuzzy
logic block to determine the necessity of downshifting.

The output characteristics of the neural network are
determined on the basis of the strength of various
connections. The strength of the connections was found
with an off-board learning procedure based on actual
driving data so as to faithfully reproduce a veteran
driver's intention to shift.
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Fig. 4 Calculation of Engine Braking Applicability
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Even though the veteran driver's downshift timing is
faithfully reproduced, it is not necessarily the optimum
timing for all drivers because of individual differences.
Therefore, a learning control procedure was also added
that judges a driver's dissatisfaction with engine braking
based on the person's operation of the accelerator pedal
and brake pedal and corrects the operating conditions in
the direction preferred by that individual.

As illustrated in Fig. 5, a driver will depress the
accelerator pedal if the transmission downshifts when
the person thinks that engine braking is unnecessary. In
this case, the operating conditions are minutely corrected
toward the side where the transmission is less likely to
shift. Conversely, if the transmission does not downshift
when the driver thinks engine braking is necessary, the
person will depress the brake pedal frequently to
decelerate the vehicle. In this case as well, the operating
conditions are minutely corrected toward the side where
the transmission is more likely to shift.

These minute corrections are repeated until the
driver's dissatisfaction disappears so as to converge the
operating conditions to the individual's preferences.
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2.1.3. Uphill or flat road mode

With an ordinary shift pattern, the transmission
upshifts when the driver momentarily lets up on the
accelerator pedal such as when entering a curve. As a
result, there are times when there is insufficient driving
force at the moment the driver depresses the accelerator
pedal again.

Therefore, a continuously variable AT shift pattern
was adopted with the aim of securing sufficient driving
force when the driver depresses the accelerator pedal
again (Fig. 6).

The shift lines move only so far as to secure the
necessary reserve of driving force corresponding to the
power required for climbing hills and satisfying the
driver's style of driving.

The style of driving is judged on the basis of a
variable called the sporty driving level, as shown in Fig.
7. The sporty driving level is found by calculating the
average vehicle load level as a result of filtering
whichever is larger, either the engine load level or the
tire load level. The filtered result is then corrected so that
the amount of change in the shift pattern is finally
suitable. The engine load level is expressed as the
proportion of the engine torque that is available for
acceleration. The tire load level is expressed as the load
ratio relative to the critical friction force of the tires.

2.2. Control benefits
2.2.1. Downhill mode

A certain downhill course was driven by manually
shifting to the optimum speed range and by letting the
automatic transmission shift naturally under the same
driving conditions. Figure 8 compares the percentage of
time the new shift schedule and a conventional shift
schedule agreed with the manually selected speed range.
The results show that the new shift schedule controlled
the speed range selection so as to match the driver's
wishes accurately.
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2.2.2. Uphill or flat road mode

Figure 9 compares the number of times the
transmission shifted under the conventional and new
shift schedules when climbing a hill with the shifter kept
in the D range only. The results are shown for both
moderate and sporty driving styles. The new shift
schedule displayed its effectiveness under both driving
styles, holding the speed range well so that the
transmission shifted fewer times.

3. Optimum CVT Ratio Pattern Control

3.1. Control method
3.1.1. Overview

A block diagram of the control method is shown in
Fig. 10. Similar to the AT shift pattern control, the CVT
control method switches between a downhill mode and
an uphill or flat road mode depending on the driving
conditions. To provide CVT ratios matching the driver's
wishes, the downhill mode incorporates target
acceleration control and learning control, and the uphill
or flat road mode adopts continuously variable control of
the ratio pattern.

3.1.2. Downhill mode

Because a CVT varies the ratio continuously, it
allows optimum use of engine braking. As shown in Fig.
11, a target acceleration level is set in relation to the road
gradient and the vehicle speed so as to obtain suitable
engine braking. The control system then calculates the
amount of downshifting needed to obtain the target
acceleration.
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Even though the amount of downshifting is minutely
calculated with this control method, engine braking
power could differ at times because of variation in
engine characteristics or other factors. Therefore, a
control procedure was adopted that learns and
compensates for such variation during steady-state
downhill driving.

Additionally, because individual drivers have
different preferences with regard to engine braking
power, a control procedure was added that learns such
personal preferences, similar to the AT control method.

3.1.3. Uphill or flat road mode

Like the AT shift pattern control, the CVT control
method sets a lower engine speed limit and continuously
varies the ratio pattern to provide the necessary driving
force, as shown in Fig. 12.

In addition, the lower engine speed limit is varied
according to the sporty driving level so as to secure an
ample reserve of driving force corresponding to what is
required for climbing hills and satisfying the driver's
style of driving, similar to the AT control method.

3.2. Control benefits
3.2.1. Downhill mode

Figure 13 shows the percentage of braking time
relative to the total driving time when traveling on a
certain downhill course. It is clear that the new CVT
ratio schedule reduced the frequency of braking
compared with the conventional ratio schedule.
In addition, because a CVT downshifts gradually during
ratio control, shift shock does not occur, and engine
braking power is neither excessive nor insufficient.
Consequently, the new CVT ratio pattern control method
achieves an even more natural shift feel compared with
an AT.

3.2.2. Uphill or flat road mode

Figure 14 compares time histories of driving patterns
when accelerating while coming out of a curve. With the
conventional ratio pattern, the transmission ratio shifts to
Overdrive when the driver lets up on the accelerator
pedal upon entering the curve. Accordingly, even though
the driver again depresses the accelerator pedal, there is
a lack of sufficient driving force when coming out of the
curve until the transmission shifts to the Low ratio side.
The new ratio schedule holds the ratio on the Low side
even while cornering so that the vehicle can accelerate
smoothly again coming out of the curve.

_60_
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4. Conclusion

The optimum AT and CVT control methods
described here are designed to provide suitable engine
braking power in downhill driving and ample driving
force when traveling on flat or uphill roads. As a result,
these control methods achieve a further improvement in
driving ease.

Further efforts will be made in future work to develop
improved shift control methods that reflect the driver's
wishes even more accurately.

Hitoshi GOKA
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Summary We have been working on high-temperature
carburizing at 1050°C, higher than the usua carburizing
temperature of 910°-950°C, with the aim of shortening
the carburizing time for CVT pulleys, which require an
extremely deep case depth. Previously, there were no
precedents for continuous carburizing at 1050°C because
of such issues as furnace durability, furnace atmosphere
control and coarsening of materials. This article describes
how we resolved these issues and implemented a high-
temperature carburizing process.
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Fig. 1 CVT sectional view
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1. Intr oduction

Continuously variable transmissions (CVTs) feature
smooth acceleration/deceleration without any shift shock
and excellent fuel economy, among other benefits.
Because of their construction, however, they require a
steel belt and pulleys, components that demand high
precision and durability and are not found in
conventional automatic transmissions (ATS).

This article gives a general description of the high-
temperature carburizing technology that is among the
various new techniques incorporated in the
manufacturing process for CVT pulleys.

2. Required Pulley Quality and Carburizing Process

Power transmission in a steel-belt CVT is
accomplished by squeezing the metal belt between
sliding pulley faces actuated by hydraulic pressure on the
drive side and fixed pulley faces on the driven side (Fig.
1). As the steel belt is driven around the pulleys, it
constantly slips on the pulley surfaces, albeit minutely,
in the process of transmitting friction force under high
contact pressure. The pulleys thus require high pitting
resistance and wear resistance. Consequently, the case
hardening depth of the pulleys must more than twice that
of ordinary carburized gears. Carburizing is a type of
surface-hardening treatment whereby carbon (C) is
introduced and diffused into steel. Because the
carburizing time is proportional to the square of the
depth of carbon penetration, the process time must be
increased fourfold to obtain a case depth that is twice as
deep.
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It has long been known that the carburizing time can be
shortened by raising the process temperature so as to
quicken the rate of carbon diffusion. However, although
there are examples of some batch vacuum carburizing
furnaces that use higher process temperatures, there are
many issues that have so far prevented the use of higher
process temperatures in continuous carburizing furnaces.

3. High-temperature Carburizing Benefits and Issues

3.1. Benefits
The aim of high-temperature carburizing is to shorten
the process time. The target set at the planning stage was
to reduce the carburizing time from 480 min. for
ordinary carburizing to 100 min. It was expected that the
following four benefits would be obtained as a result.
(1) Reduction of capital investment by reducing the
number of carburizing furnaces needed
(2) Reduction of furnace installation space
(3) Energy savings
(4) Reduction of the amount of work in progress
Reduction of capital investment and furnace
installation space would produce especially large
benefits. With regard to capital investment, one high-
temperature carburizing furnace could do the work of
five ordinary carburizing furnaces. That would also
reduce the necessary installation space to one-fifth.

3.2. Issues and solutions
The issues involved in implementing high-
temperature carburizing were divided into the following
four categories.
(1) Preventing coarsening of part material grains
(2) Improved accuracy for analyzing the CO:2
concentration in the furnace
(3) Preventing heat treatment distortion of parts
(4) Assuring the durability of the carburizing furnace

3.2.1. Preventing coarsening of part material grains

The growth of coarser steel grains (Fig. 2) reduces the
resistance of carburized parts to fatigue and pitting. With
the previously used material, coarser grains developed as
a result of carburizing for 3-4 hours at temperatures
above 980°C.

One general way of preventing coarsening of
materials is to apply a two-stage quenching operation
whereby the part is initially cooled below the Al
transformation temperature before quenching and is then
reheated to the quenching temperature and subjected to
quenching. However, this method involves large energy
losses due to reheating, and it is also difficult to control
the part temperature.
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Table 1 Relation between carburizing temperature and
accuracy of COz analyzer

0 CP: 0.9%, COz2: 4%0
Temperature ("C) 900 950 1050
COz2in furnace (%) 0.23 0.13 0.048

Instead of adopting that method, we developed a new
steel as an alternative way of preventing coarsening of
material grains. Neodymium (Nb), aluminum (Al) and
nitrogen (N) have been added to the pulley steel. These
elements induce precipitation of Nb(CN) and AIN at the
grain boundaries, which works to prevent the growth of
coarser grains.

3.2.2. Improved accuracy for analyzing the CO2
concentration in the furnace

The carburizing capacity of the furnace atmosphere is
called the carbon potential (CP). To control the CP, the
quantities of gas supplied to the furnace are controlled
based on measurements of the CO, CO2 and CH4 gas
concentrations in the furnace. However, to assure a CP
of 0.9%, the CO2 content must be analyzed with
increasingly greater accuracy as the furnace temperature
rises (Table 1). A high-accuracy infrared CO2 analyzer
was adopted for that purpose.

3.2.3. Heat treatment distortion of parts

Heat treatment distortion of parts greatly affects the
amount of grinding subsequently done on carburized
parts. Various factors are thought to cause heat treatment
distortion, including the way parts are positioned in the
furnace, the state of the atmosphere in the furnace and
cooling characteristics during quenching. The latter
factor in particular greatly influences distortion.
Attention was paid to the fact that the minute water
content in the quenching salt bath strongly affects
cooling characteristics. A system was adopted for
obtaining uniform cooling by constantly monitoring the
water content.

3.2.4. Carburizing furnace durability

In general, the high-temperature strength of materials
declines sharply at temperatures over 9500
Accordingly, the components of the high-temperature
carburizing furnace that especially pose a problem are
the inside bricks, heaters, conveyor rollers, stirring fans
and trays (carburizing jigs). In selecting the materials for
these furnace components, attention was focused on
creep strength, based on data obtained from a furnace
manufacturer for an experimental 10500 high-
temperature furnace. Furnace distortion at high
temperatures was also examined.
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The materials selected for the furnace included mullite
for the inside bricks and Kanthal APM for the heaters,
thereby achieving heat resistance of 1400°C. An ultra-
high heat resistant steel with high Ni and C contents and
outstanding creep strength at high temperatures was used
for the rollers, fans and trays.

4. Structure of High-temperature Carburizing Furnace

An outline of the newly developed high-temperature
carburizing furnace is given below.
- Carburizing temperature: 1050°C
« Type: Continuous hearth roller carburizing furnace
« Quenching: Salt bath quenching at 200°C
. Atmosphere gas: In-furnace modified gas (butane + air)
. Furnace atmosphere control: Infrared CO/CO2
analyzer-based control

The furnace structure in particular is one of the key
points of this newly developed carburizing furnace. As
shown in Fig. 3, the furnace consists of eight chambers
separated by doors, allowing the atmosphere in each
zone to be controlled independently. A live roller
conveyor is used to transport the trays, and two laser
photoelectric sensors with high reliability are used to
detect the trays (Fig. 4).

The first zone is the degreasing chamber (1) where
the temperature is raised to 850°C and cutting oil residue
on part surfaces is removed by steam. The second zone
is the heating chamber (2) where the temperature is
increased to 950°C, and the third zone is the first
carburizing chamber (3) where the temperature is raised
to 1050°C, and the carbon concentration at the part
surface is increased.
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Fig. 3 Vertical section of High-temperature carburizing continuous furnace
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Fig. 5 Cross section of gas modifying tube

The fourth zone is the second carburizing chamber (4)
where the surface concentration of carbon is increased
further, thereby increasing the carbon concentration
gradient between the surface and the interior, resulting in
a faster rate of carbon diffusion toward the interior of the
parts. The fifth zone is the diffusion chamber where the
absorbed carbon diffuses from the surface toward the
interior. Following carburization, the parts pass through
the first and second cooling chambers (6 and 7) into the
heating chamber before quenching (8) where they are
kept at the quenching temperature of 840°C. The parts
then exit the furnace and are immersed in a salt bath at
200°C for rapid cooling and quenching.

A small amount of water is added to the salt bath to
improve quenching performance. The actual water
content is controlled to a ratio of 0.35% of the salt
weight, taking into account the quenchability of the part
material and the part shape, weight, core hardness, and
degree of heat treatment distortion. The water content is
monitored by an automatic water adder that is designed
to add water to the bath automatically whenever the
water content falls below the set level.

With this automatic water adding mechanism, a
heated sensor is immersed in the salt bath and the time it
takes for the sensor to cool to a predetermined
temperature is used as the parameter for determining the
amount of water to be added. The waste salt solution
discharged from the part washing process is concentrated
and the resulting fluid is used as the water that is added
to the bath, which also serves to recycle the salt.

A mixed gas is circulated through the furnace
chambers by means of a gas-modifying tube (catalyst)
installed under the furnace floor. This mixed gas
contains a minute amount of butane gas that is added to
the CO, H, and N, gases, which are modified by the flow
of butane and air. A platinum group catalyst is used that
allows the gases to be modified at a relatively low
furnace temperature. Although the catalyst is a precious
metal, an inexpensive two-way automotive catalyst is
used without any modification and allows easy
replacement (Fig. 5).
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5. Problems in Practical Implementation

One of the biggest problems encountered in the
course of implementing this carburizing furnace was that
the desired case depth was not obtained at the initially
planned carburizing time. Another major problem was
that coarsening of the grains was frequently observed in
the microstructure of the carburized parts when the steel
and forging lots changed. The former issue was
addressed by provisionally lengthening the carburizing
process time, and the latter issue was dealt with by
lowering the carburizing temperature by 30°C.

As a result of investigating the causes of these
problems, it was found that the Nb element added for
preventing the growth of coarser grains was interfering
with carburization. Among the factors inducing that
interference, it was thought that the addition of Nb led to
the growth of ultra-fine grains and narrowed the y
region, thereby lowering the critical temperature at
which carbon can form a solid solution.

Figure 6 shows the results obtained when SCr42H1
steel, with and without the Nb additive, was carburized
at a high temperature of 1050°C. The steel specimens
with the Nb additive showed a reduction in the effective
case depth of 30-40% compared with the specimens
without Nb. However, the specimens without the Nb
additive displayed marked growth of coarser grains. It
was also confirmed experimentally that carburization
performance was degraded as the Nb content was
increased.

The material used initially for the pulleys was
SCr420H1-VM steel, prepared by adding Nb to the base
SCr420H1 steel, but the desired case depth was not
obtained as mentioned above. Because that problem was
not resolved, we switched to SCr422M-VM steel in an
effort to improve carburization performance. This new
type of steel has a higher manganese (Mg) content that
expands the y region. As a result, it was possible to
shorten the carburizing process time from 185 to 120
min.

The factors causing the growth of coarser grains were
also investigated repeatedly. It was found that simply
controlling the additive quantities alone did not result in
stable material quality. Other control parameters found
to be important included the steel rolling temperature
and the forging temperature, which affect the uniform
dispersion of the Nb element added to prevent
coarsening of the grains. However, it was not possible to
ascertain the behavior of ultra-small Nb(CN) and AIN
particles even with the aid of a high-performance
analyzer. Consequently, a method of quantifying
uniform Nb dispersion has still not been established at
this point. For that reason, the grain size of every lot of
received steel is being confirmed at present, and only
those lots that meet the grain size criterion are accepted.
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Fig. 7 High-temperature continuous carburizing furnace
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6. Conclusion

The high-temperature carburizing furnace has been in
operation for nearly four years now since it was brought
on line in May 1999 (Fig. 7). Although no major
problems have occurred so far, many improvements have
been made in the intervening years.

In the course of developing the new steel for high-
temperature carburizing in particular, a great deal of
effort was expended in preventing the growth of coarser
grains and in accumulating material know-how for
improving carburization performance even after the
furnace was installed. That work was done jointly with
the Material Engineering Department of Mitsubishi
Motors Corp., Nippon Steel Corp., a steel maker, and
Gohsyu Corporation, a manufacturer of forgings. Upon
reflection, one major reason why it took so much effort
was our unfamiliarity with the properties of steel for
high-temperature carburizing. We are confident that the
knowledge gained through that work will be a big asset
in improving high-temperature carburizing further in the
future.

High-temperature carburizing has made it possible to
reduce the process time substantially, but the carburizing
process is still under development. In the future, we want
to find the optimum conditions with respect to
productivity, durability and cost.

Finally, the author would like to thank many
individuals for their continued support over many
months in connection with the development of the high-
temperature carburizing process.
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Summ ary Electronic control has been applied to
automatic transmissions to achieve a compact,
lightweight design combined with high performance.
Most of the control system consists of the software
implemented in a microprocessor chip in the control
unit. Because the scale and complexity of the control
software have been increasing rapidly, software
verification technology is a key element of quality
assurance. This article outlines a hardware-in-the-loop
simulator (HILS) that has been developed for verifying
control software and presents examples of its application
and benefits.
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1. Intr oduction

There has been a growing need in recent years for
vehicles to attain an optimal balance of exhaust emission
performance, fuel economy and comfort, among other
performance requirements. In this connection, there have
also been stronger demands to improve automatic
transmission (AT) performance, including size and
weight reductions, improvement of response and
mitigation of shift shock. One approach taken to achieve
the required performance has been to apply electronic
control to ATs. Even higher levels of performance have
been achieved in recent years by eliminating one-way
clutches or by modulating the clutch control pressure
directly.®?

Electronic control of an AT is accomplished by
implementing the software in the AT control unit
(ATCU). The volume and complexity of this control
software have been increasing at an accelerated pace, as
the control tasks have rapidly become more sophisticated
(Fig. 1). On the other hand, it is also necessary to shorten
the development lead time for control systems and
software from the standpoint of getting improved
products to the market faster. This has prompted efforts
to improve development work efficiency.®
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The development of extremely complex, defect-free
software requires enormous amounts of time and labor.
The Capability Maturity Model (CMM)® and other
guidelines have been proposed as approaches to the
development of high-quality software. However, for
automotive powertrains that require high levels of
reliability, it is necessary to verify the operation of newly
developed control software by using a real AT or
simulations. It is particularly necessary to verify an AT
control program under an environment resembling the
conditions of real-world use. Such programs include
failure diagnostics for the sensors and actuators, failsafe
control and many feedback systems for the objects of
control.

This article outlines a hardware-in-the-loop simulator
(HILS) that we have developed for verifying the
operation of ATCU software efficiently and presents
examples of its application and benefits.

2. Structure of ATCU Software

The basic structure of ATCU software is shown in
Fig. 2. The software mainly consists of the following
components:

(1) Interfaces necessary for processing input/output
signals

(2) Shift control for achieving smooth driving
performance by varying the shift parameters
according to the road surface and driving conditions

(3) Lockup control for improving fuel economy and
operating quietness

(4) Pressure control for optimally controlling the
hydraulic pressure supplied to all of the clutches and
brakes so as to achieve smooth shifting with little
shift shock

(5) Diagnostics for detecting control system failures and
issuing warnings and failsafe control for ensuring
safe driving

_70_
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3. Issues in the Conventional Process for ATCU
Software Verification

The development of an electronic control system
involves a series of operations, as outlined in Fig. 3.
These include control system design, control logic and
software design, ATCU program development and
debugging, control logic verification and calibration
based on actual driving tests. Among these operations,
control logic verification means ensuring that an actual
vehicle will function as specified in the control system
specifications.

In the conventional process, the control software was
verified by sending signals from a simulator to actuate
the ATCU being tested. The simulator was not based on
a simulation model, but was simply a signal generator
used to operate the ATCU (Fig. 4). Consequently,
verifying the control logic was a time-consuming task
because it was difficult to set the test conditions so that
they were identical to those of actual use on real
vehicles.

An outline is given here of the procedures for
verifying the shift control and diagnostics/failsafe
control software, the functionality of which has
increased markedly among the components of the
control software.

[ [ |rmme TR
B = i -
PC |_| W 000}59000000000
% 8 Load Box D 4O
S‘:;al Operation Box <]A[:> (L:QL*E!EBDC};L‘E)

Tester

Fig. 4 Conventional ATCU simulator

3.1. Verification procedure for shift control software

The shift control software contains predetermined
driving mode switching points and shift points. The
verification process involves confirming that the AT
switches driving modes and shifts properly according to
these predetermined points. Mode switching points and
shift points are determined by intricate combinations of
various parameters, including the vehicle speed, throttle
valve opening, temperature and other conditions. In the
conventional process, it was difficult to ensure the
accuracy of the parameter settings because they were all
set manually. That made it necessary at times to redo the
confirmation tasks, among other problems.
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3.2, Verification procedure for diagnostics/failsafe

control software

In verifying the software related to diagnostics and
failsafe control, priority must be given to the following
two points.

(1)When a failure is intentionally induced in a control
system during ATCU operation, does the software
recognize the failure and does it switch to the failsafe
operating mode?

(2) Does the software mistakenly judge that a failure has
occurred even though the system is operating
normally?

The conventional ATCU simulator itself did not
include a feedback system based on a simulation model.
Accordingly, the various operating parameters, including
the vehicle speed, temperature and the like, basically had
to be set manually, making it difficult to simulate the
behavior of the system accurately. That gave rise to the
following problems.

(1) It was difficult to verify failure detection performance
under certain special driving patterns such as the U.S.
Federal Test Procedure (FTP) mode for exhaust
emission testing.

(2)Verifying that a failure was not mistakenly
recognized under normal operation was a time-
consuming task.

(3) It took a great deal of time and labor to verify the
detection of all possible failures owing to the large
number of parts and subsystems subject to diagnostics
and the many different types of failure modes,
including broken wires, short-circuits, incomplete
operation and others.

4. Overview of HILS

To resolve the above-mentioned issues, the HIL
simulator was developed which incorporates real-time
simulation models of the AT, engine, vehicle and other
elements. Figure 5 is a photograph of the simulator's
external appearance. As indicated by the logical and
physical schematics in Figs. 6 and 7, a real ATCU is
connected electrically to the simulation models on the
computer and actuated via the HIL simulator.

HIL simulator

Failure/load boards

Power supply

U6 boaros
oards
(PC )
Processor| D m
PHS| |4—(output
HOST | g board  |Bus
PC Serial¥{ ISA ATCU
PCI Bus| Bus o ol IIRGoTs
board  |gys:

1/0 board input

1/ board output

Serial

Fig. 7 Physical schematic of HIL simulator
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4.1. HILS configuration and operation

The operation of the HIL simulator is briefly
explained here. An ATCU is connected to the HILS
hardware via an electrical harness for exchanging
input/output information in the form of electrical signals
with the various simulation models running on the
simulator's internal processor board (Figs. 6 and 7).

The simulation models are created and modified
using MATLAB/Simulink that reside on a host PC, and
are then downloaded to the HIL simulator (Figs. 7 and
8). The tasks of setting the operating conditions of the
simulation models and the ATCU and monitoring the
operating data of the software inside the ATCU and the
operating data of the simulation models, including the
vehicle speed and other parameters, are all done on the
host PC (Fig. 9). The failure generation board
incorporated in the HIL simulator replicates actuator
failures, including those of the solenoids (Fig. 7).

Fig. 9 Simulator operation and monitor window

4.2, Real-time simulation models

The simulation models that run on the HILS
processor board are created using MATLAB/Simulink,
which have become a de facto industry standard (Fig. 8).
This also ensures interoperability with our joint
development partners of the various simulation models.

To facilitate real-time operation of an ATCU, the
simulation models must be able to handle calculation
cycles of 250 p sec. The speed of the various parts of the
simulation models has been increased while maintaining
the necessary accuracy. Figure 10 shows an example of
the accuracy maintained in a gear ratio parameter
calculation. Pressure control during a shift must ensure a
sufficiently accurate gear ratio. The results indicate that
the difference between the simulated result and a real
system was kept within 3%.
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4.3. Automation

Automatic operation of the simulator is effective
when verifying a large number of failure modes
continuously. Functions have also been developed to
facilitate automatic operation. The HILS control
software (ControlDesk) that runs on the host PC
incorporates auxiliary functions for stimulus signal
generation and Python Script, which are utilized to
achieve automatic operation. These capabilities and the
failure generation board completely automate the
verification process for the diagnostics/failsafe control
software, and they also facilitate the creation of reports
of the verification results.

5. Examples of HILS Application and Benefits

This section describes the application of the HIL
simulator to our newly developed 5-speed AT (JF506E)
for use on front-wheel-drive cars.

5.1. Application example

Figure 11 shows the verification results for the shift
control software. The change in the mode flag confirms
that the shift mode switched properly according to the
change in the driving conditions.

The verification results for the solenoid diagnostics
control software are shown in Fig. 12. These results are
for operation midway through the first acceleration
phase of the FTP mode. The change in the mode flag
confirms that failure detection was completed during this
phase of FTP mode driving.

The experimental data obtained with an actual vehicle
under identical driving conditions are also shown in
Figs. 11 and 12. These results confirm that the HIL
simulator provides sufficient accuracy for verifying the
operation of control software.

5.2. Benefits
The application of the HIL simulator achieved the
following benefits.
(1) Improved efficiency
The use of the HIL simulator reduced the man-hours
needed for software verification by approximately
25% compared with the previous situation without it.
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Fig. 12 Results for solenoid diagnosis
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(2) Improved accuracy

A comparison was made with the results for the
conventional ATCU simulator when verifying the pressure
control during shifting. The HIL simulator reduced the
maximum difference between the simulated results and the
experimental data obtained with a real system to 3%, a
reduction of 46% compared with a difference of 49% seen
for the conventional simulator (Fig. 13).

6. Conclusion

A hardware-in-the-loop simulator (HILS) has been
developed for verifying ATCU software efficiently and
with high accuracy, and its effectiveness has been
confirmed in an application to a real AT. We are now
using a model-based development method to improve the
efficiency of developing AT control software on a
computer, and the HIL simulator is an important element
in line with this objective. Continuous improvements will
be made to this simulator in order to speed up the
development of new products and improve quality further.
In addition, we also plan to examine expanding the scope
of its application to include verification work for control
systems, calibration work and other activities.

Finally, we would like to thank many individuals for
their tremendous cooperation in connection with the
development of the HIL simulator.
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Summary Prediction of the contact pressure
distribution and temperature distribution of the clutches
in an automatic transmission is an important issue in
examining shift performance and clutch durability.
Clutch engagement involves a coupling problem of hest
and contact, representing nonlinear phenomena. This
article describes the prediction of the contact pressure
distribution and temperature distribution of a wet multi-
disk clutch using ABAQUS, a CAE analytical tool. The
predicted results and simulation methods are explained.
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1. Intr oduction

There have been growing demands in recent years for
improvement of automatic transmission (AT) durability,
in addition to further enhancement of shift performance
such as by reducing shift shock. As a result, prediction of
the contact pressure distribution and temperature
distribution of the wet multi-disc clutch used in ATs has
become an important issue. A great deal of research has
been done over the years on prediction methods.”?

Among the techniques announced so far,
thermocouples have been embedded in the oil grooves of
friction materials to facilitate experimental analysis of
heat generation in the AT shift process. The contact
condition of friction materials has also been analyzed by
using microscopes and image processing. However, one
sees very few reports about the use of simulations to
predict the contact pressure distribution and temperature
distribution of AT clutches.

At JATCO, we have conducted such simulations
using ABAQUS, a CAE analytical tool that has long
been used for numerical analysis.

In previous analyses of contact pressure distribution
in particular, contact has conventionally been defined
using a hypothetical element that assumes force is
transmitted when the element thickness becomes zero.
However, in this case, it is not always possible to
complete a calculation trial in one attempt because of the
influence of the strain of surrounding elements.
Therefore, it has taken considerable time to perform
simulations because of the time needed to modify the
calculation model.

This article describes a method of simulating the
contact pressure distribution and temperature distribution
and presents calculation examples. This method uses a
new definition of contact and substantially shortens the
time needed to run a simulation, while providing the
same analytical accuracy as conventional methods.
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2. Constituent Parts and Operating Conditions

As shown in Fig. 1, the object of this analysis was the
wet multi-disc clutch (2-4/B) of a 5-speed AT. This
multi-disc clutch engages in 2nd, 4th and 5th gears, as
indicated in Table 1. In this study, the contact pressure
distribution and temperature distribution were calculated
for a 1-2 upshift.

Table 1 Clutch schedule of the 5-speed AT

sttt lever | Rev/C | H/C [Lowsc|ierm | GON | 248 | orc | FOEN [ O
P O
RO O O
N O
st O|lA@® O @
2nd O O O .

D| 3rd O|0 O )
4th O O O @
5th O O|0

QO: Operative

A Operative in 2 or 1 range
@: Operative during "progressive"acceleration
REV/C: Reverse clutch
HI/C: High clutch D/C: Direct clutch
LOW/C: Low clutch RDCN/B: Reduction brake
L&R/B: Low & reverse brake LOW OWC: Low one-way clutch
2-4/B: 2-4/brake RDCN OWC: Reduction one-way clutch

3. JATCO's Simulation Environment and Simulation Flow

3.1. Simulation envir onment

At JATCO, we use EDS PLM Solutions' I-DEAS as
the pre/post-processors, ABAQUS provided by Hibbitt,
Karlsson & Sorensen, Inc. (HKS) as the solver and
Microsoft Corp.'s Excel as the software for calculating
heat generation from the contact pressure distribution.
The Excel program was written in-house and is designed
to process the input numerical data automatically. As
computers, we use two UNIX machines (CPUs) of the
J6000 Series.

3.2, Simulation flow

As outlined in Fig. 2, the contact pressure distribution
of the wet multi-disc clutch was calculated as the first
step. Then, our in-house Excel program was used in the
second step to calculate heat generation from the surface
of the friction material. Finally, as the third step, the heat
generation data obtained in the second step were input
into a simulation model to calculate a time history of the
temperature distribution. The models used to calculate
the contact pressure distribution and temperature
distribution were designed specifically for their
respective purpose.
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4. Contact Pressure Distribution

4.1. Boundary conditions and definition of contact

The parts around the wet multi-disc clutch were first
modeled using continuous elements. Next, the piston
loading force and spring reaction force at the moment of
wet multi-disc clutch engagement were calculated from
the hydraulic pressure in the piston chamber and the
piston area subjected to pressure, and those values were
adopted as the boundary conditions.

The contact relationships are shown in Fig. 3. The
boldface portions are the master surfaces and the dashed-
line portions are the slave surfaces. The contact
relationships are as follows:

(1) The retaining plate (RET_P) and drive plate
(DRIVE_P)
(2) DRIVE_P1 to P3 and DRIVEN_P1 to P3
(3) DRIVEN_P3 and DRIVEN_P4
(4) DRIVEN_P4 and the piston

Accordingly, contact was defined from the
relationships between the master and slave surfaces,
using hard materials for the former surfaces and soft
materials for the latter surfaces. For example, the
surfaces denoted as G1_MASTER and G2_SLAVE in
Fig. 3 are in contact. A small sliding function was used
to make the calculations converge readily by defining a
small amount of sliding at the contact surfaces.

4.2, Calculation results

Figure 4 compares the contact pressure distribution
calculated between DRIVEN_P3 and DRIVE_P3 using
the conventional method and the new method. Figure 5
shows the condition of wet multi-disc clutch deformation
during engagement. Figure 6 shows the time required to
analyze the contact pressure distribution with each
method.

With the conventional method, the calculation trial
was not always completed in one attempt because of the
influence of the strain of surrounding elements. It took
approximately three hours to modify the model and rerun
the calculation. In contrast, with the new method, the
calculation trial was nearly always completed in the first
attempt without modifying the calculation model.
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The combined time for modeling and running the

calculations was approximately two hours with both the

conventional and new methods. Thus there was no

difference between them in that respect. The results

made clear the following points.

(1) The new method provides the same level of
calculation accuracy as the conventional method.

(2) The new method shortens the time needed to modify the
calculation model and rerun the calculations, enabling
the simulation time to be reduced substantially.

Fig. 5 Displacement and stress

Modeling

Modify model & calculat

method

Conventional about 120 min

Calculation again
19 sec about 180 min
19 sec almost nothing

New method | about 120 min

Fig. 6 Modeling and calculation time
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5. Calculation of Heat Generation

Using our original in-house Excel program, the
maximum heat generation rate at each node of the
friction material surface was found based on the heat
generation rate determined in the experimental analysis
and the friction material contact pressure calculated from
the contact pressure distribution.

6. Temperature Distribution

6.1. FEA model and boundary conditions
6.1.1. Overview of FEA model

The wet multi-disc clutch was modeled using
continuous elements that transmitted heat. The model
was composed of minute square elements in order to
enhance the accuracy of the calculations. Compared with
the model used in calculating the contact pressure
distribution, the model used in the calculation of the
temperature distribution was finer.
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Heat flux was input at the places in contact with the
automatic transmission fluid (ATF) in order to define the
transfer of thermal energy. Heat insulation material was
used for the friction material.

6.1.2. DGAP element for heat transfer between two
interacting nodes

The DGAP element serves to connect two nodes. This
element was used to model contact between
DRIVEN_P3 and DRIVEN_P4. The DGAP element was
newly provided in Ver. 6.0 of ABAQUS. Previously,
modeling was done with a hypothetical element for heat
transfer, but with the newly established DGAP element,
it is no longer necessary to support a hypothetical
element.

A very thin ATF film is present between
DRIVEN_P3 and DRIVEN_P4 and there is resistance to
the transfer of heat, so a heat transfer coefficient was
applied to the *GAP CONDUCTANCE® in the
ABAQUS input file. Moreover, area information was
applied to the *GAP® in the ABAQUS input file because
it is necessary to enter area data for each DGAP element.
The unit for the heat transfer coefficient is W/(m* x K),
where W is the amount of heat transferred per unit time,
m? is the area and K is the absolute temperature.

6.1.3. Heat transfer element

The friction materials of DRIVE_P and DRIVEN_P
or RET_P were coupled by a heat transfer element
capable of expressing both heat generation and heat
transfer. A function for time-related change was added to
the heat generation data calculated at each node in
Section 5 above to facilitate a time-history calculation of
the temperature distribution.

6.1.4. Number of increments

The ambient temperature was set at 12000 , and the
temperature distribution was calculated twenty times in
one-second increments from the onset of clutch
engagement.

6.2. Calculated results

Figure 7 shows the temperature distribution obtained
with the new method at the time the temperature reached
its maximum. Figure 8 shows typical points on the
surface and in the center of DRIVEN_P1 where marked
temperature differences occurred. The calculated results
are shown in Fig. 9, where the constantly changing
temperature is compared with the results obtained with
the conventional method.

The onset of heat generation shows a slight delay
with the new method compared with the conventional
method, but no difference is seen for the peak
temperature, clearly indicating that the new method
provides virtually the same level of calculation accuracy.
The calculation time and modeling time are the same for
both the conventional and new methods.
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7. Conclusions

A comparison of the conventional and new methods
with respect to a simulation of the contact pressure
distribution shows that:

(1) The new method provides the same degree of
calculation accuracy as the conventional method.

(2) The new method substantially shortens the
simulation time compared with the previous method
because it reduces the time needed for modifying the
simulation model and running the calculations again.

With respect to a simulation of the temperature

distribution:

(3) The new method provides virtually the same level of
calculation accuracy as the conventional method,
with the peak temperature showing no difference,
although the onset of heat generation shows a slight
delay with the new method.

(4) The simulation time is the same for both methods.
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Summary Automatic transmission fluids (ATFs)
designed for improved control performance are being
used more widely today, but they also have properties
that are undesirable for gear lubrication, such as a higher
metal-to-metal friction coefficient. Tooth surface failures
of carburized gears owing to contact fatigue are
increasing for that reason. In this study, pitting fatigue
strength tests were conducted on carburized gears whose
tooth surfaces had been strengthened by two different
methods. Three kinds of ATF were used to investigate
differences in the development of gear pitting due to the
different properties of the lubricants.
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1. Intr oduction

The power output of passenger car engines has risen
markedly in recent years. At the same time, there have
been strong demands to reduce the size and weight of
automatic transmissions (ATs), add more gear ranges and
enhance their electronic control systems in order to
improve the fuel economy and driving comfort of cars
fitted with ATs. Measures taken to improve fuel economy
include improvement of the lockup clutch and expanded
use of slip lockup control at low speeds by means of
electronic control.®” Accompanying these and other
technological advances, new types of lubricants have also
been developed for use as automatic transmission fluids
(ATFs). The working fluid of an AT also serves to
lubricate the transmission gears. Measures have been
taken to improve the viscosity characteristic, oxidation
stability, friction characteristic and other properties of
ATFs as a working fluid. Raising the friction coefficient
of an ATF increases the torque transmission capacity of
the clutches, enabling the size and weight of an AT to be
reduced. For this reason, there has been a tendency to
increase the friction coefficient,®® but that results in
undesirable properties with respect to gear lubrication.®®
These factors are creating an increasingly severe usage
environment for AT gears.

Surface hardened gears used in ATs, including
carburized and quenched ones, have traditionally been
strongly resistant to pitting. Their main issue has been
the bending strength of the dedendum.®” As a result of
advances in shot peening and other hardening
techniques, the bending fatigue strength of the dedendum
has been markedly improved. In recent years, therefore,
contact fatigue has increasingly become the factor
governing the service life of surface hardened gears.®
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Gear contact strength can mainly be determined as a
ratio of the surface hardness and hardness near the tooth
surface to the surface roughness and lubricant film
thickness that forms during operation. Because of these
relationships, the properties of the lubricant have a large
impact on the contact strength of AT gears, making it
necessary to clarify the influence of the ATF on the
pitting fatigue strength of the gears. Toward that end, we
conducted pitting fatigue strength tests on carburized
helical gears with and without a surface treatment of
manganese phosphating and combined with three kinds
of ATF. The purpose was to examine the influence of the
ATF properties and the tooth surface treatment on the
pitting fatigue strength of the tooth surface.

2. Properties Required of ATFs

Everyone recognizes that the ATF is the factor that
has the greatest influence on AT performance, as the
fluid is often likened to the "blood of an AT." There are
many properties required of ATFs, and the necessary
levels of performance are among the highest of all
automotive lubricants. The following capabilities are
required of an ATF to enable the structural elements of
an AT to operate smoothly:

(1) power transmission medium (torque converter),

(2) shift control (hydraulic pressure control, driving ease
and comfort),

(3) lubricating action (lubrication of gears, bearings,
etc.), and

(4)friction characteristics (lubrication of friction
materials, maintenance of suitable friction
characteristics and slip lookup control).

3. Experimental Procedure

3.1. Test ATFs

Three types of ATF (ATF-A, -B and -C) were used in
the experiments. The typical properties of these ATFs are
given in Table 1. The metal-to-metal (M/M) friction
coefficient of the ATFs was measured with a Falex block-
on-ring friction and wear test machine (LFW-1). An
outline of the LFW-1 apparatus is shown in Fig. 1. Figure
2 shows the change in the friction coefficient of the three
ATFs as a function of the slip factor. The friction
coefficient was measured under conditions of an ATF
temperature of 11000 and contact pressure of 657 MPa.
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Fig. 2 u -V characteristics between metal components
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Table 1 Typical properties of test ATFs

ATF-A | ATF-B | ATF-C
Density g/em’ @15°C 0.869 | 0.867 | 0.857
Kinematic viscosity mm?/s
@100°C 7.41 7.55 7.34
Average friction coefficient| 0.102 | 0.128 | 0.137
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3.2, Test equipment

A schematic of the power circulation-type gear test
machine used in the experiments is shown in Fig. 3. This
test machine mainly consists of (1) a power source and
apparatus for transmitting driving force to the gears, (2) a
loading device, (3) a lubrication unit and (4) a measuring
device. A 55-kW inverter motor is used as the main power
source. The sliding of the helical spline twists the overall
spring system to apply the load during the test. The
lubrication unit is divided between the lubricant tank for the
test gear and the lubricant tank for the mechanism that
transmits the driving force. The control unit can be
switched between automatic operation under PC control and
manual operation from the control panel. The measured
data that are acquired include the input speed, input torque,
vibration acceleration of the test gear, lubricant
temperature, lubricant flow rate and integrated speed.

3.3. Test gears

The specifications of the test gears used in the
experiments are given in Table 2. The gears were made of
two types of material, chromium steel (SCr420H) and
chromium-molybdenum steel (SCM818H). The latter is a
high-strength gear steel that has been developed in recent
years. Two types of drive gears were used as test gears.
One type was carburized and quenched after being
shaved, and for the other type the tooth surface was
ground and coated with manganese phosphate after being
carburized and quenched. The driven gears were only
carburized and quenched following shaving. The tooth
surface hardness of the carburized and quenched gears
was greater than HRC58. It is generally considered that
bending stress is virtually unaffected by the type of
lubricant used.® All the test gears were shot peened twice
following carburizing and quenching in order to prevent
tooth damage during the tooth surface fatigue strength test
and to inhibit tooth surface roughness. The projection
conditions for shot peening were an arc height of
approximately 1.0 mmA in the first shot peening and
approximately 0.3 mmN in the second shot peening.

Figure 4 shows the distribution of residual stress at the
tooth bottom following the first and second shot peenings.
The results indicate that residual stress near the surface
was higher after the second than after the first shot
peening and that the peak shifted closer to the surface. In
addition, surface roughness worsened after the first hard
shot peening, but it was improved again to nearly the
same level as that of the as-carburized gears by the
application of the second shot peening process.
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Table 2 Specifications of test gears

Specifications Drive Gear IDn'ven Gear
Normal module (mm) 2.86
Normal pressure angle (deg) 17.5
Helix angle (deg) 26.8
Number of teeth 23 66
Pitch circle diameter (mm) 73. 6 211.4
Tooth width (mm) 20
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Fig. 4 Distribution of residual stress at tooth bottom

It is thought that reduction of the intergranular
oxidation layer is also one factor that improves bending
fatigue strength.” Figure 5 shows the surface roughness
along the tooth profile of the test gears after (a)
manganese phosphating, (b) shaving followed by
carburizing and quenching and (c) carburizing and
quenching followed by double shot peening.

3.4. Test method

In the tests, the gears were subjected to loading under
normal operating conditions by first breaking them in.
The drive gear was operated at a speed of 1,500 rpm and
an ATF temperature of 1200 + 200. Forced lubrication
was applied from above the gear mesh region at a rate of
2.5 L/min. An acceleration sensor was used above the
bearing of the shaft supporting the gear to detect tooth
surface damage. To determine the pitting fatigue life of
the test gears, the gear test machine was stopped at
suitable intervals to allow observation of the development
of pitting and measurement of the pitting area rate (i.e.,
the ratio of the pitting area to the total tooth contact area).
Following the test, the amount of dedendum wear was
also measured.
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4. Experimental Results and Discussion

4.1. Pitting fatigue life with each ATF

Figure 6 shows the results obtained for the three types
of ATF when the tooth surface was subjected to
maximum contact pressure of Pmax = 1,730 MPa. The
horizontal axis indicates the meshing cycles, and the
vertical axis shows the pitting area rate at each stage of
the test. As seen in the figure, pitting fatigue life increased
in the order of ATF-C, -B and -A. A comparison at a
pitting area rate of 7% indicates that ATF-A improved
pitting fatigue life by nearly twofold compared with ATF-
B. Additionally, when manganese phosphating was
applied following carburizing and quenching, gear surface
fatigue life was improved by more than threefold, thereby
confirming the effect on improving pitting fatigue life.

Pitting occurred in these tests only on the smaller drive
gear, and the condition of the tooth surface is shown in
Fig. 7. In the initial stage of pitting, small pits (micro-
flaking) developed on the tooth surface in the mesh onset
area near the tooth bottom. As the number of load cycles
increased, the pits expanded across the face width and
then progressed straight down toward the tip, resulting in
the flaking of small fragments there that coincided with
the direction of slipping.

It was concluded from the test results that the ATF
greatly affected tooth surface damage. The major ATF
properties given in Table 1 indicate that the test ATFs had
virtually the same kinematic viscosity, but their M/M
friction coefficient differed considerably. Accordingly, it
was concluded that the friction coefficient was closely
related to pitting fatigue life and that lowering the friction
coefficient tended to reduce the likelihood of tooth
surface pitting. This is attributed to the following reason.
With a higher friction coefficient, it is thought that
friction force produces more heat, resulting in a higher
surface temperature, which shortens pitting fatigue life
even at the same level of contact stress. Consequently,
pitting fatigue life must be assessed in a comprehensive
evaluation that also takes into account the influence of the
ATF. It is necessary to evaluate the rise in the tooth
surface temperature, lubricant film thickness and other
factors, taking friction characteristics into account as well,
in addition to kinematic viscosity.
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4.2, Dedendum wear of test gears

Figure 8 shows the dedendum wear measured for the
test gears with each ATF in relation to the meshing
cycles. Tooth surface wear mainly occurred near the
dedendum, and the amount of wear increased as the
number of meshing cycles increased. The ATF type used
influenced the wear level. The results indicate that the
gears with a long pitting fatigue life suffered relatively
large dedendum wear. It is thought that when ATF-A was
used, wear had a breaking-in effect that improved the load
capacity. With ATF-C, because the tooth surface was
resistant to wear, the load tended to concentrate locally
when small pits developed in the tooth surface. Once
stress at those points exceeded the fatigue limit, cracks at
the front edge of the pits propagated quickly and
presumably caused the growth of large pits.
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Depth below contact surface ( ¢z m)

Fig. 9 Distribution of dedendum stress

4.3. Residual stress at tooth surface following testing

Figure 9 shows the residual stress measured for the
meshed and unmeshed tooth surfaces of the smaller drive
gear following testing. These results were measured by x-
ray diffraction analysis near the tip at the center of the
face width. Because the residual stress of the unmeshed
tooth surface was higher than that of the meshed tooth
surface, it is assumed that surface residual stress was
more attenuated by the friction heat of the meshed tooth
surface. It is known that the temperature of contacting
tooth surfaces substantially affects tooth surface
strength.® In addition, the ATF temperature in an AT is
above 800 in the range of normal use. In this research,
the flash temperature Tf at the tooth surface contact point
was calculated, as proposed by the American Gear
Manufacturers Association (AGMA).®” The highest flash
temperature Tf at the contact surface was approximately
1400 . Accordingly, it is thought that the tooth surface
temperature of AT gears rises as high as approximately
26000 even under proper lubrication, which is higher than
the ordinary tempering temperature (1300 -2000). In
general, it is necessary to maintain tooth surface strength
in a temperature range of around 30001 .
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4.4. Effect of manganese phosphating

Figure 10 shows scanning electron microscope
observations of the tooth surfaces of manganese
phosphate coated gears before and after running a fatigue
loading test with ATF-B. The coated tooth surface was
black in color with a non-glossy appearance. The coating
was approximately 15 ym thick, and the surface
morphology was smooth without any evidence of grinding
marks. It was confirmed that the pitting fatigue life of
gear pairs coated with manganese phosphate was greatly
improved with both ATF-C and ATF-B. This immersion
process formed a thin film of manganese phosphate on the
gear surface, which wore sacrificially to create an even
smoother sliding surface (initial breaking-in effect) while
preventing direct metal-to-metal contact. That presumably
had the effect of reducing friction and inhibited the
generation of friction heat compared with non-coated test
gears. 42
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5. 3D A nalysis of T ooth Surface Shape Following Testing

Following the test, the Hertzian stress of the tested
gears was found at arbitrarily chosen meshing points
using the relative error curves of the tooth profile/tooth
trace on the tooth surface and the input load. The results
are shown as contour curves on an action plane in Fig. 11.
It is seen that the contact pressure after the test was
locally higher at the dedendum of the smaller drive gear,
which had a smaller relative radius of curvature. At the
dedendum, the rolling direction (mesh contact point) and
sliding direction (direction of rubbing by the mating
surface) are opposite, and that is thought to be the reason
why pitting begins at the dedendum. ®¥
Figure 12 shows in contour curves the distribution of the
flash temperature rise for the same tested gears following
the test. The relative error curves of the tooth profile/tooth
trace on the tooth surface and input load were used to find
this distribution for the overall gear action plane. It is seen
that the tooth surface temperature was higher at the tip
and dedendum surfaces having a large slipping speed and
contact pressure. It is inferred that softening resistance
relative to the temperature rise that occurs when gear pairs
mesh must be taken into account. **
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6. Conclusion

The influence of different kinds of ATF and tooth
surface treatments on the fatigue strength of carburized
gears was investigated, and the following results were
obtained.

(1) It was confirmed that an ATF with a lower friction
coefficient leads to an improvement in pitting fatigue
life because less heat is generated by slipping at the
tooth surface.

(2) It was verified that gears with a manganese phosphate
coating have greater resistance to pitting, which is
attributed to a lower friction coefficient due to solid
lubrication at the tooth surface layer and improved
affinity resulting from reduced surface roughness and
smoothing of the asperities of the mating gear surface.

(3) Test results concerning the tooth surface pitting
fatigue life and wear level for different types of ATF
showed that the amount of tooth surface wear
increases with increasing durability test cycles. Gears
having a long pitting fatigue life specification tend to
incur relatively large wear.

This experimental research examined the influence of
the ATF on gear pitting fatigue life, however, the effects
of ATF additives and other factors are still unclear and
will be the focus of continued research in the future.
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Summary Thetoroidal CVT has been developed as a
future type of automatic transmission that combines
environmental friendliness with extraordinary driving
performance. This article describes its advantages in
comparison with other automatic transmissions and the
measures taken to address the particular technical issues
of thetoroidal CVT.
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1. Intr oduction

There has been increasing interest in CVTs in recent
years as a technology for reducing vehicle fuel
consumption in response to heightened concern about
the environment. Moreover, the toroidal CVT achieves
fast ratio changes, something that was difficult for
conventional CVTs to accomplish. Compared with
stepped ATs, therefore, the toroidal CVT not only
eliminates shift shock, it also enables drivers to shift as
they please. Since it was first released, the toroidal CVT
has attracted the attention of many journalists as a future
form of CVTs.

This article describes the shift performance features
of the toroidal CVT in comparison with conventional
transmissions and discusses the measures taken to
address certain technical issues characteristic of the
toroidal CVT.

2. Comparison of Shift Performance with
Conventional ATs

2.1. Shift performance in D range during acceleration

The toroidal CVT (T-CVT) requires no clutch
engagement or release when shifting. It also shifts more
quickly because the amount of servo piston travel needed
to execute ratio changes is exceptionally short,
approximately 0.5 mm, enabling the fluid to fill the
cylinder in an extremely short period of time. As a result,
the toroidal CVT can execute downshifts more quickly
and smoothly than a conventional 4-speed AT, when the
driver presses the accelerator pedal hard for rapid
acceleration (Fig. 1).

Additionally, because it incorporates several
parameters for calibrating the shift performance to match
the vehicle, the toroidal CVT can be tuned according to
the character of different car models.
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1) By changing the shifting speed setting, the shift feel
can be varied from one of smooth shifting to shift
performance that emphasizes a feeling of rapid
acceleration, albeit with a slight time lag (Fig. 2).

2) Shift response from the moment the driver presses the
accelerator pedal can also be improved by calibrating
the shift performance according to the use or non-use
of an electronically controlled throttle. A typical
example of the acceleration waveform obtained without
electronic throttle control is shown in Fig. 3.

3) By not releasing the lockup clutch when the driver
presses the accelerator pedal hard, shift response can be
improved as well as improving the feeling of
deceleration following lockup again (Fig. 4).
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2.2, Shift performance in the manual mode
(M range)
(1) Upshifts

The time needed to complete an upshift in the manual
mode has been shortened to around one-fourth of that
required by a conventional 5-speed AT or even an
automated MT, representing the latest transmission
system. The difference in actual performance is even
greater than in the Drive range (Figs. 5 and 6).

With a conventional AT or an automated MT, torque
drops for an interval of around 0.1 to 0.5 sec when the
clutch is released. This is one factor that degrades the
feeling of performance because it is contrary to the driver's
desire to continue accelerating. In contrast, not only does
the toroidal CVT shift faster, it also provides a good shift
feel because its inherent structure does not produce any
head nod. However, inasmuch as it shifts quickly, end
bump tends to be somewhat larger on account of shift
inertial shock. To avoid that, the shifting speed is designed

to strike a good balance between responsiveness and shift
shock.
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(2) Downshifts

The toroidal CVT also executes downshifts quickly,
just as it does upshifts (Fig. 7). In the case of engine
braking in particular, an important parameter is the lag
time (t1) from the moment a downshift command is
issued to the moment deceleration becomes perceptible.
The toroidal CVT shortens this shift lag to
approximately one-third to one-eighth of that for a
conventional AT or an automated MT (Fig. 8). With the
automated MT, deceleration finally begins about one
second later on account of blipping the throttle to adjust
the engine speed.

tl
-«> t2

N
o

N

Time (sec)
- &

os—&———% FA
L ®----@----0----@
M54 M43 M32 M2

A : Conventional 5-speed AT @ : T-CVT
Fig. 8 Shift lag (Downshift)



bOA % )VCVTZERERED s & BAMREAN DX

2.3. | &g FETT B D BXEN 1 & (Drive L > 2)
goooocvibooooooooobooobobo
gobboooobbooooboooobobooogo
goboboogooobooooboboooobooo
gogbboobboood4doATLOOnoooooon
goboooobooooboooobobooogon
o000 O0000MFig. 9O
ubboboboobooboobogboobo
gocviooooooooboooboboogo
OO000DOoO00DOoO0oO0bOOo0ObOOOrg. 100

Frequency

0~ 1~ 2~ 3~ 4 G B~ T~

Change in TVO (*/8)
Fig. 9 Frequency of the change in TVO

2.4. RE R N DEB
go40dATOODOOOI0O00000010000

goooooboog

gbobobobcevioboATODODODO

) oooobooooobobooooboboooo
UATODODO00oO0ooobOooooooooog
gobodgboooo.

2) LuboooobobobuooboboooDbgoon
Lvdooogoogooooooooooooa2sn
obobobobo4010b0obobom

gobooboooobooboooobg

3. a4 FILCVTEEH O B T

3.1. bS50 3 MREERI
gbooooceviobobogoobobobooooo
gobooboobooboobooboboobg
goodoobobooobboooo4nbonooon
gbobooooooooboobobobobob
gobooboobooboobooboobooobo
goboobuooboobbooboobooaoboo
goobooooboooboUoimFrig. 110

2.3. Drive torque controllability in the D range
during mountain road driving

Another advantage of the toroidal CVT is that it allows
outstanding drive torque control. A comparison was made
of drive torque control characteristics on a mountain road
using the same engine and the same drivers. The results
indicate that the toroidal CVT reduced the frequency and
magnitude of accelerator inputs compared with a
conventional 4-speed AT (Fig. 9). Additionally, the
toroidal CVT kept the change in engine speed within a
smaller range, thereby providing performance closer to the
driver's wishes (Fig. 10).

~ T-CVT ‘

Conventional 4-speed AT

Frequency

12 3 45 6 7 8 91011121314
Change in engine speed ( X 200 rpm)

Fig. 10 Frequency of the change in engine speed

2.4. Contribution to improving fuel economy
Compared with a conventional 4-speed AT, the toroidal

CVT has the effect of improving fuel economy by

approximately 10% under Japan's 10-15 test mode. This is

attributed to the following features of the toroidal CVT in
comparison with conventional ATs.

1) Because the toroidal CVT can control ratio changes
continuously, it enables the engine to operate in a speed
range of good combustion efficiency compared with
conventional ATs.

2) The substantial expansion of the region where lockup
operation is possible greatly reduces the frequency of
using non-lockup operation, which has a lower level of
efficiency. (The frequency is reduced to one-fourth as
often under the operating conditions in section 2.3.)

3. Unique Technologies Applied to the Toroidal CVT

3.1. Traction assurance technology

The torque capacity of the toroidal CVT is determined
by the traction capacity, which is dependent on the traction
oil, the loading capacity of the force applied to the variator
and the torque distribution capacity of the four power
rollers. The traction capacity determined by the traction oil
shows large temperature dependence, making it necessary
to determine whether sufficient torque capacity is obtained
at both high and low temperatures (Fig. 11).
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Fig. 11 Coefficient of traction
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Surface temperature of the disks and power rollers is
also measured for improved accuracy.

e ] i
- A'&

W A sensor is attached to the four power rollers to
| monitor each tilt angle.

Fig. 12 Durability testing

(1) Traction assurance at high temperatures

The traction oil temperature is raised to a level that
exceeds the transmission's guaranteed temperature by a
certain extent (+all ) to create the severest mode for
traction assurance. Under that condition, it is confirmed
that the tilt angles of the four power rollers do not differ
simultaneously. Previously, the oil temperature in the oil
pan was used as a representative temperature. The
traction surface temperature is also measured because
the relationship between the traction surface temperature
and the oil temperature in the oil pan is not stable under
extreme operating conditions, including durability
testing. A noncontact method of measuring the
temperature has been examined recently with the aim of
obtaining more accurate measurements of the traction
surface temperature.

Moreover, it is confirmed during durability testing
that changes in
1) loading capacity
2) traction performance of the traction oil, and
3) torque distribution capacity of the four power rollers
do not cause simultaneous tilt angle differences. To
accomplish that, each tilt angle is monitored and the
durability test is automatically stopped if even the
slightest degree of simultaneous difference is detected.
Various types of data are recorded to facilitate an
analysis of what happened before the test was
automatically suspended (Fig. 12).
(2) Traction assurance at low temperatures

At extremely low temperatures, it is important to
avoid any sudden increase in the input torque level of the
toroidal CVT. Toward that end, a special control
measure is incorporated in the CVT's forward/reverse
changeover clutch and control valve and in the engine.
This control prevents any sharp torque rise from
occurring at very low temperatures.
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In confirming the validity of traction assurance at
extremely low temperatures, tests are also conducted to
visualize various CVT parts in order to detect CVT
slipping more accurately (Fig. 13).

Visualization of the disks and power rollers is also

possible.

Fig. 13 Col
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3.2. Torque shift calibration

One calibration technique uniquely applied to
the toroidal CVT is torque shift control. Torque shift is a
particular property of the toroidal CVT. It refers to a
tendency for the toroidal CVT to shift automatically to a
somewhat lower ratio when the torque input into the
variator increases and to a somewhat higher ratio when
the torque level decreases. This torque shift is caused
largely by the play and elastic deformation of the
component parts of the toroidal CVT, such as the power
rollers and the disks (Fig. 14).

Feedback control is adopted to prevent such
ratio differences by predicting the amount of torque shift
and adjusting the shift command slightly to the same
extent. Under transient driving conditions in particular,
the speed ratio may differ from the target ratio if suitable
adjustments are not applied, making it impossible to
obtain the desired shift performance. Consequently,
torque shift has to be calibrated for each engine
separately. Figure 15 compares traces of downshift
performance in response to an accelerator input with and
without compensation by this torque shift control.

_~~ _ Without torque shift control
~

Ratio

With torque shift control

Time (sec)

Fig. 15 Ratio change at downshift
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4. ix1&IC 4. Conclusions
oooooCcvIoOoOooooOoOoooooon As explained here, although the toroidal CVT must
00000000000 000Automatic incorporate measures to deal with particular technical

T sion00000000000000000 issues, its potential as an automatic transmission is
ransmission extremely attractive. Further efforts will be made to

boboboooo bring out its remarkable features and to develop it into an
oooooooooooooooooooon even more attractive and high-quality product.
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Summary Automatic transmissions (ATs) and
continuously variable transmissions (CVTs) have fewer
gears than manual transmissions (MTs). However,
regardless of the type of transmission, gears need to be
reduced in size and weight while still meeting the
requirements for noise, strength, durability and other
performance parameters. This article describes the
present state of gear processing techniques at JATCO,
especially with regard to gear accuracy.
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1. Intr oduction

In every vehicle category, it is essential to isolate
noise from the passenger compartment and maintain
quietness in order to provide a feeling of high quality.
Noise produced by the rotating elements of the
drivetrain, including the engine, AT, tires and other
parts, sounds unpleasant and is jarring to the ear.

Various studies have been conducted over the years
with the aim of reducing gear meshing noise in
particular. While improvements have been made, the
stricter demands of customers have necessitated the
implementation of further improvements and measures
to enhance quality with respect to noise.

This article describes various measures that we have
taken over the years to reduce gear noise.

2. AT and CVT Noise/Vibration Evaluation Methods
and Quality Assurance System

In general, the noise (vibration) produced by a
transmission is broadly divided between structure-borne
noise that is transferred to the passenger compartment
via mounts and the vehicle body and air-borne noise that
is transmitted directly to the vehicle interior from the
engine compartment.

The procedure adopted between JATCO and the
automakers in recent years is to evaluate noise and
vibration levels at specific places on fully assembled
transmissions and to make accept/reject decisions on the
basis of a comparison with the standards agreed upon by
the two companies. For that reason, we use the vibration
level of the transmission case in the final test process of
our transmissions as the yardstick for evaluating gear
noise.
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Case Vibration (dB)

Drive Shaft Rotational Speed in D Range

Correlating subjective evaluations of noise with
measured values is a complicated and difficult process
that includes clarifying the characteristics of the
structure-borne system of the vehicle and noise
propagation through the air. The noise/vibration
standards determined for our transmissions are based on
analyses of data accumulated over a period of more than
ten years.

Nearly every transmission we produce today
undergoes a vibration evaluation of the fully assembled
unit before it is shipped. Figure 1 shows examples of
noise evaluations based on case vibration.

Case Vibration (dB)

Drive Shaft Rotational Speed When Coasting

Fig. 1 Examples of evaluation by case vibration
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3. Relationship Between Gear Accuracy and
Noise/Vibration of Fully Assembled
Transmissions

Case vibration caused by gear meshing in a fully
assembled transmission is measured quantitatively.
Every gear in a transmission must be manufactured so
that the vibration level measured for the assembled unit
meets the agreed upon standard.

When a pair of gears having tooth profiles with
correct involute curves mesh under a no-load condition,
the rotational angles of the two gears are normally
directly proportional. However, if the tooth profile is
incorrect or if the applied load induces tooth deformation,
the rotational angles of the two gears do not become
directly proportional, giving rise to transmission error.
This transmission error and meshing vibration, produced
by such factors as the torsional stiffness or rotational
inertia of the drive shaft and bearing stiffness, become
exciting forces that are transmitted to the bearings and
case surface to become the sources of gear noise.

So long as gears are manufactured with profiles close
to the correct involute curves, i.e., high-grade gear
profiles as specified by the JIS and DIN standards, gear
noise is technically less likely to occur, though
transmission error is not necessarily reduced.

As mentioned above, in addition to tooth bending
under a loaded condition, deformation of the bearings or
transmission case can cause tooth flank deflection. The
magnitude of such deflection also varies from one
transmission to another depending on the stiffness of the
bearings and the case. Moreover, transmission error can
also be induced by error that occurs at the time of
assembly.
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For that reason, the tooth flank topology is modified,
taking such error into account in advance. Accordingly,
when manufacturing a pair of gears, the tooth flank
topology is determined so that little vibration occurs
during meshing, and the tooth flanks are modified,
taking into account the respective tooth flank deflection
of the mating gear as well.

At JATCO, we run simulations to calculate the
deformation of the case and other parts. Highly robust
gear face profiles are calculated that are not likely to be
influenced by the torque load or other conditions.
Additionally, the validity of the calculated profiles is
confirmed experimentally.

Validation is done by visually confirming tooth
contact when pairs of gears actually mesh. This suitable
approach is also helpful in modifying the tooth profile so
that it approaches the desired profile. However, because
of the considerable manpower required, parallel
predictions are also made of the meshing condition of
the tooth flanks. That is accomplished through the use of
various methods, such as by calculating and evaluating
the simultaneous contact lines and by evaluating the
tooth flank topologies.

Meshing vibration is also measured directly by using
a high-accuracy rotary encoder and a laser velocimeter.

Figure 2 shows the measured case vibration when the
target pressure angle on the starting and ending sides of
meshing was modified slightly to produce bias-in
contact. Figure 3 shows the measured case vibration
when the case vibration characteristics and tooth profile
roundness were changed.

-20

-25

-30

-35

Case Vibration (dB)

-40

0 5 10 15 20
Profile Modification (u m)

Fig. 3 Correlation between profile crowning and case vibration

The gear grinding machine used at JATCO to
produce tooth flank geometries incorporating such target
specifications is shown in Fig. 4, and one example of the
data for a prototype tooth flank topology produced on
this machine is given in Fig. 5.
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Fig. 4 Maag topological gear grinding machine
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4. Validation with Fully Assembled T ransmissions

Although ATs and CVTs have a complex internal
structure, one precondition of their design is that the
resonant frequencies of the case and constituent parts
should not occur in the region where gear noise becomes
a problem. Temperature characteristics, dynamic
characteristics and other factors must also be reflected in
the noise and vibration design, as they also affect the
bearing stiffness of the case and vibration transfer
characteristics. Transmissions that are said to be of poor
quality are often ones for which the resonant
characteristics and other properties were not resolved in
the frequency region where noise and vibration are an
issue. Consequently, gear noise can still be an annoying
problem even though tooth flanks has been suitably
tuned and manufacturing variability has been reduced.

The results of the above-mentioned tooth contact
analysis are fed back and used in manufacturing gears
having a prototype tooth flank topology. The gears are
then assembled into fully completed transmissions,
which are evaluated, including their resonant
characteristics, under various operating conditions, such
as different rotational speeds and loads.

Figure 6 shows examples of the case vibration
measured under various operating conditions for fully
assembled transmissions incorporating prototype
gearsets. The target tooth flank topology for use in
production transmissions is determined on the basis of
such evaluations.
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Table 1 Comparison of finishing methods at JATCO and
various automakers
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Fig. 7 Comparison of dispersion of pressure angle error

5. Manufacturing of Tooth Flank Topology

In the course of putting a transmission into mass
production, the tolerance control range must be
determined by manufacturing and confirming upper and
lower limit specimens with respect to the target tooth
flank topology.

For transmissions having a stringent vibration control
value, the control range allowed for the tooth flank
topology becomes extremely narrow. To maintain the
desired tooth flank topology, gear accuracy must
sometimes be controlled to within several microns. Gear
teeth are surface finished following heat treatment in
order to control variability in gear accuracy.

Honing and grinding are the surface finishing
techniques applied to tooth flanks following heat
treatment. At JATCO, we have devoted many years to
the development of honing and grinding technologies as
methods for reducing variability induced by heat
treatment strain.

A survey was made of the final surface finishing
methods applied to the tooth flank of gears manufactured
at JATCO and at different automakers, and the results
are compared in Table 1. Figures 7, 8 and 9 compare the
error dispersion found for the gears (N = 30 samples) of
JATCO transmissions and other companies' ATS.
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Fig. 8 Comparison of dispersion of helical angle error
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These figures indicate that JATCO's production gears
are superior to others in terms of variation in accuracy,
suggesting that ample production engineering
technologies have been accumulated for controlling gear
noise and reducing overall noise levels.

6. Future Efforts

Fierce competition for survival is currently unfolding
among the makers of automotive parts. In order to
survive this competition successfully in the years ahead,
it will be necessary to meet customers' demands by
stepping up efforts to shorten development lead times
and reduce costs. Toward that end, computer simulations
will increasingly replace much of the testing work
previously done on actual transmissions in the
development of noise and vibration performance.

At present, however, it is often necessary in the end
to go through the steps of producing prototype gears,
assembling them in actual transmissions and conducting
tests to make performance evaluations. Accordingly, in
terms of production engineering, we intend to pursue
production engineering technologies for improving
interior quietness further through close cooperation with
the transmission development departments, keeping in
mind the concept of minimal cost.
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Summary The JATCO Excellent Production System
(JEPS) activity is being deployed throughout the
company as a tool for reconstructing our production
systems with the aim of making them among the best in
the industry. The JEPS activity was described in volume
No. 3 of the JATCO Technical Review. This article
presents examples of the application of this activity to
the machining lines for transmission cases and torque
converter housings, for which we have succeeded in
achieving 0.1 minute/operation, something that was
initially thought to be difficult to accomplish.
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1. Intr oduction

On lines where employees carry workpieces to
different machines and fixture them in jigs for
machining, there have been demands to shorten manual
task time and walking time as much as possible with the
aim of improving productivity and stabilizing line
operations, i.e., achieving a constant work rhythm. The
JEPS activity was first applied to the inner race
machining line at the Fujinomiya Plant in the second half
of FY 1999. This activity has currently achieved 0.1
min/operation on 38 production lines.

2. Issues Involved

The following issues were tackled on the machining
lines for transmission cases and torque converter
housings.

Issue No. 1: Poor fixturability
Because of the large size of the workpieces, it was
necessary to hold them in both hands when
fixturing them in the jigs (Fig. 1).

Fig. 1 Posture when fixturing workpieces
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Issue No. 2: Poor jig approachability

With general-purpose machines and conveyors,
there is usually a large distance between the jig and
the conveyor line (approximately 500-700 mm).
That makes it necessary for the operator to lean
forward toward the machine, and there are times
when the operator cannot reach the jig. Previously,
that problem was addressed by narrowing the
conveyor in front of the jig (Fig. 2). However, the
operator still had to lean forward considerably
toward the jig.

Tilt

Fig. 3 Orientation of tilting jig

Issue No. 3: Long time needed for fixturing and removing
workpieces from jigs
The size of the workpieces limited how fast they
could be fixtured and removed from the jigs.

Issue No. 4: Lack of unified direction in work motions
The flow of work motions performed by operators
can be summarized as follows. The operator first
sets aside the workpiece transported to his station
on the conveyor, removes the workpiece from the
jig on the machine and sets it on the conveyor to
the next station. The operator then turns around in
the opposite direction of conveyor movement and
sets the new workpiece to be machined in the jig.
The operator's body thus turns toward the jig twice
and also moves in the opposite direction from the
movement of the conveyor. As a result, the
operator's motions completely break the directional
continuity of the work flow.

3. Example on CVT Line

The following measures were taken to address certain

issues on the machining lines for the torque converter

cvioHscu convunooounoonoood housings of continuously variable transmissions (CVTSs).

gooooooooo

Issue No. 1: Improvement of fixturability
A tilting mechanism for rotating the jig 90° was
added to make it unnecessary for the operator to
support the workpiece when fixturing it in the jig.
With this improved construction, the workpiece is
put in the jig horizontally, rotated 90° and
machined vertically (Fig. 3).
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Issue No. 2: Improvement of jig approachability
Previously, it was necessary to position the
workpiece with both hands when fixturing it in the
jig. A positioning jig shaped in the form of the
workpiece was adopted as shown in Fig. 4. This
"shape guiding jig" enables the operator to position
the workpiece in the jig reliably with just one hand.
As a result, the operator does not have to lean
forward toward the jig as much as before.

e -
=~ N Part

Carrying direction

Fig. 5 Machine layout on CVT line

Issue No. 3: Shortening of time for fixturing and removing
workpieces from jigs

An unloading device was added that automatically
unloads machined workpieces and places them on
the conveyor (Fig. 5). By eliminating the need for
the operator to remove workpieces from the jig,
this device greatly shortens the time spent on
manual tasks.

Issue No. 4: Unification of direction of work flow

Since the operator does not have to remove
workpieces from the jig, it is no longer necessary
to turn in the opposite direction of conveyor
movement. Moreover, the operator only has to face
in the direction of the jig once, and the amount of
body movement has been reduced due to the
resolution of Issue No. 2. As a result, the work
flow has been unified in the direction of conveyor
movement (Fig. 5).

New issues on CVT line

Issue No. 5: Increased equipment cost
The addition of the unloading device increased the
equipment cost.

Issue No. 6: Lost time due to larger jig
The adoption of the tilting jig increased the size of
the front cover. It was found that, in cases where
the equipment impinged on the cycle time because
the operator had to wait for the machine, time was
lost when fixturing the workpiece in the jig.
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Fig. 6 Jig layout on CVT line
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4. Example on Front-drive 5-speed AT Line

After reflecting on the situation for the CVT line, it
was decided to make a thoroughgoing effort to achieve a
compact and simple jig for the machining line of 5-speed
ATs for front-wheel-drive cars.

On the CVT line, the tilting axis of the jig is
positioned close to the center of the workpiece. The
components making up the tilting axis extend beyond
both sides of the workpiece (Fig. 6).

—
=
E e i N |

Tilt center

R - = _-" |
IR SiEasE
Fig. 7 Jig layout on front-drive 5-speed AT line

Issue No. 5: Discontinuation of unloading device
Compared with the jig on the CVT line, the overall
size of the jig was reduced on the front-drive 5-
speed AT line by positioning the tilting axis
between the jig and the conveyor line (Fig. 7).

A side view of the AT line jig is shown in Fig. 8.

Part center /

Fig. 8 Side view of jig on front-drive 5-speed AT line

-108-



JEPSEE SYWMI S 1 > 1015 /ITi21 OBN

FigsDOOooDOoooDOooooooooooDoo
goboobooobooooboobooon
gobboooboboooooboooooogn
goooooooooboobobbceviooooo
gs500mmdnnon0OFrFSOATOOOONO
1sommO00000ooooOobobooonog
gbozoooboooooooo

gobbooogobboooboooabboo
goooomoosmooboboboooonomo
g4mogono

gbed0boboooOoOOOOODbDOOOO
gobobooooooooboboooobooon
gobboooboooooboboooooogn
oobooooooobooobbOooDnFig 9O

As is clear from this figure, the distance from the center
of the conveyor to the position where the workpiece is
fixtured in the jig has been significantly reduced.

A comparison is made here of the distance the
operator moves the workpiece from the conveyor to the
jig when fixturing the workpiece. Compared with a
distance of approximately 500 mm on the CVT line, the
distance has been shortened to around 150 mm on the
front-drive 5-speed AT line for a substantial
improvement in jig approachability (Issue No. 2).

As a result, the unloading device became unnecessary,
which shortened the unloading time (Issue No. 3) and
unified the direction of work flow (Issue No. 4).

Issue No. 6: Downsizing of front shutter cover

The above-mentioned improvement of the tilting jig
made it possible to reduce the overall size of the jig. As a
result, the front shutter cover was also made more
compact (Fig. 9).

Front-drive
5-speed AT
900 mm

L HE

vy

; CVT
- 2,000 mm

Fig. 9 Cover size
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This has reduced the time interval from the opening
of the cover to the fixturing of the workpiece in the jig,
even in cases where the machine impinges on the cycle
time. The time lost in fixturing workpieces in the jig has
been reduced as a result (Issue No. 6).

5. Benefits

A time of 0.1 min/operation, according to the JEPS
evaluation, has been achieved on both the CVT line and
the front-drive 5-speed AT line. On the CVT line, one
operator can now handle 15 machines, and, on the front-
drive 5-speed AT line, one operator can run 20
machines.
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6. Future Tasks and Acknowledgments

For cases and housings, there is a tendency to think
that it is difficult to reduce the spacing between general-
purpose machines on account of their universal nature.
There have been few opportunities to compile examples
of improvements that shorten walking time in ordinary
work operations. Accordingly, the examples presented
here have also focused principally on the reduction of
manual task time.

However, in order to shorten task times further in the
future, attention must also be focused on identifying
issues that should be addressed to reduce walking time
as well.

The author would like to thank Hiroshi Ogasawara
and Tatsuya Furugori for their full cooperation in
connection with the writing of this article. In the Unit
Production Engineering Department, the former is
responsible for CVT torque converter housings and the
latter is responsible for front-drive 5-speed AT cases.
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Kenji MATSUMOTO
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Examples of Netshaping Using Plastic Working Techniques
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is one effective approach to addressing issues such as
cost, size and weight reductions for automatic
transmission (AT) parts. Specifically, we have been
developing and implementing flow forming and cold
forging techniques to accomplish netshaping. This article
presents examples of the netshaping of AT parts using
these techniques.
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1. Intr oduction

Demands for lower cost AT parts have become
increasingly stronger in recent years, along with greater
needs to reduce the size and weight of parts. Netshaping
by plastic working techniques is one effective method of
meeting these needs. Not only does netshaping reduce
the material cost, it also allows subsequent operations
(e.g., machining processes such as cutting and grinding)
to be eliminated, improves productivity (i.e., shortens
lead times, etc.) and is effective in reducing the size and
weight of parts as a result of improving their strength. In
addition, it is also an effective method for achieving
large cost reductions in the integrated forming of
multiple parts.

From the standpoint of environmental protection in
AT parts manufacturing, on the other hand, the most
important issues are to minimize wasteful use of
materials and energy consumption. For these reasons as
well, netshaping is truly a requirement of the present
times.

It also goes without saying that reducing the weight
of parts improves fuel economy as well. Therefore,
netshaping is also expected to contribute substantially to
reducing energy consumption and exhaust emissions in
the entire road transportation sector.

This article describes the general application of
netshaping processes to AT parts, from the past to the
present, and discusses future trends and issues to be
addressed in the coming years.

2. Netshaping Developments

Plastic working operations at JATCO include forging
in Fuji Manufacturing Department No. 2 and press
forming and flow forming (including some forging) in
the Fujinomiya Manufacturing Department. Fuji
Manufacturing Department No. 2 has a long history of
forging, but this process was begun only recently in the
Fujinomiya Manufacturing Department.
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Table 1 shows typical examples of the plastic
working techniques that we have developed at JATCO to
date. Major focus has been on reducing material usage
and implementing netshaping by cold forging. The next
issue is to expand netshaping to other parts in the future.

Table 1 Examples of developed plastic working techniques

Advantages
Part name Technical issues . Process |Material Die Weight Parts Next issues
Lead time ; . T . .
reduction [reduction [simplification| reduction |reduction
Final gear Hot roll forging& rotary forging © Quter helical gear forming
Input shaft Cold extrusion of splines ©
Internal gear  |Cold rolling mill © O Inner helical gear forming
Clutch gear One-piece forming of clutch gear O © O O Main gear helical forming
Pinion planet  |Helical gear forging @] © O Die cost reduction
Hub, sleeve One-piece forming of clutch gear (@] © (@] Weight & thickness reduction
Output shaft  |Forming of inner splines O © O
Inner race Forming of inner splines Q
Clutch drum  [Flow forming of one-piece drum| QO @) (@) O © Increase thickness & splitting
Pulley One-piece forming with park gear| QO O Q Weight reduction
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This article describes examples of recent efforts
undertaken in the Fujinomiya Manufacturing
Department. Since 1996, highly novel plastic working
techniques have been examined, flow forming and cold
forging facilities have been installed, and netshaping
methods have been developed and put in use. The
following two examples are typical of the activities
carried out to reduce the cost of AT parts and to improve
product appeal through size and weight reductions: (1)
Flow forming of the clutch drum and the forming of
torque converter covers through a technique of
increasing the wall thickness; (2) netshaping of inner and
outer gear teeth by cold forging and integration of large
parts.

The following sections describe examples of the
techniques that have been implemented.

3. Examples of Activities

3.1. Flow forming of dutch drum

This example concerns the integrated forming of the
inner and outer pieces of the clutch drum in a flow
forming process. Figure 1 compares the clutch drum
geometries before and after integration.

Compared with press forming, a flow forming
process greatly reduces the die cost and also the
equipment cost. Though productivity does not match that
of press forming, we selected a flow forming process for
the following reasons. (1) It would reduce the cost of
small-lot parts by using equipment suitable to our
company's production scale. (2) It would enable the
forming of parts with intricate geometries through the
use of such approaches as increasing the wall thickness,
splitting and material collection, among others.
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OQuter drum

Fig. 1 Difference between two-piece and one-piece drums
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Step 1 Burring

Step 3 Inner forming

Fig. 3 Flow forming process
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Fig. 2 Reverse clutch drum

The clutch drum, which makes use of a brake band,
was previously produced by press forming the inner and
outer drums separately and then joining them by electron
beam welding (EBW). With flow forming, both the inner
and outer pieces can be formed together, as shown in
Fig. 2, making it possible to eliminate one forming
operation, EBW, pre-cleaning, weld sputter removal and
post-cutting to the specified concentricity.

As illustrated in Fig. 3, the flow forming process
performed on a flat piece is completed in three steps.

Outer drum

Inner drum

=

% Q

Press-formed drum Flow-formed drum
Straight length A<B (same tooth height)

Fig. 4 Difference in straight length of gear teeth

Another benefit of flow forming is that the die
accuracy of the boss outer diameter and seal portion near
the spline is transferred unchanged to achieve good
concentricity because no cutting is done. There is also no
need to remove contamination that was previously
caused by EBW splatter.

Additionally, integration of the two drum pieces
reduces the diameter by an amount equal to the inner
drum thickness, and a straight tooth length can be assured
even for low-height teeth because there is little spline
deflection. As a result, the clutch drum can be downsized,
which translates into a weight reduction (Fig. 4).
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Park gear

‘ Output shaft
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[ N Inner splines

Fig. 7 Output shaft integrated with park gear

Part strength can also be increased because process
hardening and fiber flow are related since forming takes
place as the material is being drawn.

In this example, boss height variation following flow
forming was a problem initially, but it was resolved by
optimizing the die and the forming conditions.

An issue for future work is to continue to expand the
application of this process to the forming of more
intricate shapes through the use of such approaches as
increasing the wall thickness, splitting and material
collection, which are among the applied techniques of
flow forming.

Figures 5 and 6 show examples of parts for which the
flow forming process has been implemented so far.

Fig. 6 Torque converter cover

3.2. Forming of inner splines of output shaft

This example concerns the forming of the inner
splines inside the output shaft where it is integrated with
the park gear. The geometry of this integrated part is
shown in Figs. 7 and 8.

We developed a cold forging process for this part
because gear shaping of the inner splines would be
difficult to accomplish in mass production. Even with
cold forging, it was difficult to assure accuracy because
of restrictions due to the shapes of the shaft base and
shaft hole for the integrated park gear and inner splines,
including the center shape. However, it was
accomplished by devising an innovative forming method
and by determining suitable shapes in the intermediate
machining process and an appropriate die geometry,
among other measures. The production process of the
output shaft is shown in Fig. 9.

¢ T "i.l'l: rinkk
Fig. 8 Output shaft integrated with park gear
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Fig. 9 Sequence of operations for producing output shaft
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Fig. 10 Inner race of one-way clutch
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Fig. 11 Inner race of one-way clutch

In this example, a cold forging lubricant is used in
place of the zinc-phosphating process normally employed
in cold forging. A cold forging process has been provided
in the machining line after the intermediate machining
operation (Fig. 9) to accomplish in-line forming of the
inner splines.

It was thought that one potential issue might be a
shortening of die life due to insufficient lubrication as a
result of adopting the cold forging lubricant. However,
that issue was resolved by developing a new die and a
method of coating the die to avoid insufficient
lubrication.

Cold forging the inner splines on the machining line
made it possible to concentrate the manufacturing
operations, resulting in shorter lead times and a total cost
reduction throughout the entire process from the raw
material stage to the finished part.

3.3. Netshaping of end faces of inner race and inner splines

This example concerns netshaping of the end faces of
the inner race and inner splines of the one-way clutch in
the torque converter. The part geometry is shown in Figs.
10 and 11.

This part was previously produced by hot forging
followed by overall machining, including first turning,
second turning, broaching, carburizing and finish turning.
However, netshaping of the non-perforated inner splines
is now accomplished by cold forging, including both end
faces of the inner race and chamfering of the inner
diameter. As a result, three of the subsequent machining
operations have been eliminated, leaving only the finish
turning process done in one fixturing following
carburizing. This has reduced the investment in
machining facilities and lowered the part cost.

In this example, the issues included assuring the
dimensional accuracy of the spline specifications and the
surface finish and accuracy of the netshaped end face that
serves as the sliding surface of the stator of the mating
part with which it is assembled. These issues were
resolved by the measures adopted for the cold forging
process, facilities and the die.
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Fig. 12 One-piece high clutch hub
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3.4. Integrated cold forging of the high clutch hub

This example concerns the integrated forming of the
high clutch hub by cold forging. The integrated part
geometry is shown in Fig. 12.

In the past, the high clutch hub and sleeve carrier were
formed and machined separately as the two constituent
parts and then joined by EBW. Because the outer tooth
diameter of this part is a large 110 mm, one issue
involved in the integrated forming of this part by cold
forging was to achieve the desired tooth shape accuracy.
That was accomplished by the measures applied to the
cold forging process and the die, making it possible to
eliminate or concentrate some of the subsequent
machining operations and to do away with welding,
thereby achieving a substantial cost reduction.

4, Conclusion

This article has described several examples of the
netshaping of AT parts. A flow forming technology has
been established for the clutch drum, and cold forging
has been applied to form the inner splines of the output
shaft on the machining line, to netshape the inner race of
the one-way clutch, and to produce the large high clutch
hub in an integrated operation.

The next issue to be addressed is to continue to
expand netshaping further, including parts integration, so
as to contribute to reducing the cost, size and weight of
AT parts by taking advantage of the strengths of plastic
working techniques.

Specifically, efforts will be made to apply netshaping
to intricate part geometries through the use of such
approaches as increasing the wall thickness, splitting,
material collection and other applied techniques of flow
forming. In addition, efforts will also be made to achieve
netshaping by expanding the above-mentioned cold
forging process to even larger parts, including splined
parts, pulleys and the like, as well as to inner helical
gears and other parts.
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Summary The JF506E-V (FPH) is a 5-speed AT that
meets Ford's standards for use in the European market
and is featured on the Ford Mondeo. As one member of
the FPO series of ATs, the FPH incorporates an ultra-flat
torque converter, a seaed differential and other new first-
time technologies at JATCO, despite having been
developed in a short period of just 21 months. It can be
teamed with two types of engines, a 2.5L gasoline V6 or
a 2.0L TDCi inline-4 diesdl. It is JATCO's first front-
drive AT to adopt coasting slip lockup control, which
was applied to improve coasting responsiveness for
application to diesel-engine cars.
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1. Intr oduction

With the application of the FPH to the facelifted Ford
Mondeo (Fig. 1), the JF506E series of 5-speed ATs for
front-wheel-drive cars has now been adopted by six
automakers. For use on European cars, the FPH can be
mated to either a diesel engine or a V6 gasoline engine,
while the version for application to cars in Taiwan or
Japan can be teamed with a V6 gasoline engine. The
provision of the FPH to Ford Motor Company has made
the automaker a repeat customer again for the first time
in as many as 23 years, including supply from the former
JATCO Corp.

Fig. 1 Ford Mondeo
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2. Development Aims

The following new items were the major focus of the
development work, along with making the FPH
compatible with the vehicle.

(1) New ultra-flat torque converter
(2) Larger idler gear module
(3) Coasting slip lockup control

3. Structure and Specifications

3.1. Structure

A cross-sectional view of the FPH is shown in Fig. 2.
The external shape was changed to facilitate mounting in
the vehicle, but the internal powertrain is shared with
other series members so as to reduce the cost. In
connection with the adoption of a larger idler gear
module, the housing geometry was optimized for better
mountability and to hold down the weight increase.

To ensure sufficient coupling rigidity with the engine,
NASTRAN analysis was used to improve and optimize
the rigidity of the housing.

3.2. Major Specifications

The major technical specifications of the FPH are
given in Table 1. These specifications were carefully
selected to secure the vehicle's top speed and driving
performance at low to intermediate speeds, in
consideration of the driving conditions in Europe.

Fig. 2 Cross-sectional view of JF506E-V
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Table 1 Technical specification

Model Mondeo 2.5L V6 Mondeo 2.0L Mondeo 2.0L
Drive System 2WD — —
Vehicle Weight (kg) 2,190 2,230 -
Engine type Duratec 2.5L Puma Diesel 2.0L 115 PS | Puma Diesel 2.0L 130 PS
Max. power (DIN) 170 PS/ 6,100 115 PS /4,000 130 PS /3,800
Max. torque (DIN) 222 Nm /2,746 280 Nm / 1,900 310 Nm /1,800 - 2,100
Torque converter EFJ AAD
Gear ratio 1st 3.801 —
2nd 2.131 —
3rd 1.364 —
4th 0.935 —
AT 5th 0.685 —
Rev 2.970 —
FDR 3.712 3.491
Center distance (mm) 200 —
Dry weight (kg) 96 95
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4. Newly Developed Items

4.1. New ultra-flat torque converter

A new ultra-flat torque converter was developed and
adopted to ensure vehicle mountability. The performance
curves of the new torque converter are shown in Fig. 3.
Despite its flatter shape, this torque converter provides
performance nearly equal to that of the previous torque
converter.

4.2, Larger idler gear module

As one measure against gear noise, the module of the
idler gear and reduction gear was increased and a
method was adopted that allows the optimum region to
be selected with respect to the background noise
characteristics of the vehicle. This method works to
reduce the noise level.

New ultra-flat torque converter
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Fig. 3 Torque converter performance curves
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4.3. Coasting slip lockup control

With the adoption of the new ultra-flat torque
converter, one issue that had to be addressed was
insufficient torque capacity when coasting. Insufficient
torque capacity causes a response lag when the driver
accelerates again from a coasting state. Another problem
was the shock that occurred when the torque converter
locked up again after the transmission shifted in the
coasting state under coasting lockup operation. These
issues were resolved by adopting coasting slip lockup
control, which ensures good response and alleviates the
shock when the torque converter locks up again.

Figures 4 and 5 compare the performance following a
power-off shift. A transition is made from an unlocked
condition to a slip lockup state, which works to suppress
the shock when the torque converter locks up.

Sp!
Output brake torque & vehicle speed

==—Engine spesd  ===Turbine speed  ===Vehicle speed  —— Output brake torque

|

Time

Fig. 5 Performance with coasting slip lockup control
5. Other Improvements

The additional controls previously incorporated in the
FPO control system were further improved in
performance and adopted for the FPH. The control
features are noted below.

(1) Fast lift-off control: When the driver lifts off on the
accelerator pedal faster than a certain predetermined
speed, this control serves to hold the gear position at
the moment the accelerator is released. The system
judges that the driver desires to decelerate quickly
and applies engine braking by inhibiting an upshift,
thereby providing performance intended to match the
driver's wish.

(2) Idle neutral control

(3) Uphill mode control

(4) Downhill control

(5) High-temperature control
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Shift performance was also substantially improved by
adopting a 32-bit AT control unit (ATCU) together with
improvement of controllability by adding a solenoid to
the control valves.

6. Conclusion

Extensive driving tests matching the driving
conditions in Europe were conducted, including cold-
weather testing in Rovaniemi, Finland, hot-weather
testing in Italy's Nardo region and hill-climbing tests on
the Grossglockner highway in Austria. In addition,
ample shift performance tests were also conducted at the
Fujikawa Proving Ground, resulting in the development
of an AT that satisfies the customer's requirements.

In conclusion, the author would like to thank many
individuals at Ford Motor Company, JEG, JEG-UK and
in related departments at JATCO for their cooperation in
connection with the development of the FPH.
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Summary  The JFA05E-G automatic transmission
(AT) was newly developed based on the JF405E-H 4-
speed AT for front-wheel-drive cars and was adopted on
the Matiz car model (Fig. 1) produced by GM Daewoo
Auto & Technology Company. This article describes
some of the application engineering techniques that were
utilized for this new AT.
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1. Intr oduction

The newly implemented JFA05E-G 4-speed AT was
quickly and optimally adapted to the car specifications of
an overseas automaker by making full use of various
analytical tools and application engineering techniques,
including:

(1) Part strength design based on finite element analysis (FEA)

(2) Improvement of gear noise evaluation by changing
the gear specifications

(3) Improvement of shift performance based on
simulation analysis

This article describes the analytical tools and
application engineering techniques that were employed
for this AT.

Fig. 1 Matiz

0000000
Product Engineering Department No. 2
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2. Part Strength Design Based on FEA

The engine and AT are attached to the car body by
means of mounts. These mounts are important parts that
significantly influence a vehicle's ride quality and noise
and vibration performance. Car manufacturers indicate
their requests concerning the location of the brackets for
attaching the mounts to an AT, the method of securing
the brackets and so on. In line with an automaker's
requests, we determine the bosses for attaching the
brackets of the AT concerned and the boss reinforcement
ribs and also execute their strength design.

For the JFA05E-G AT, dedicated bosses were
provided at three places on the side of the transmission
housing along with boss reinforcement ribs. These
changes were then examined by using FEA to analyze
their effect on the strength of related parts and by
making stress measurements with an actual transmission.
Figure 2 shows the FEA model used and one example of
the stress analysis results. This analysis revealed the
places where stress concentrated, indicated by the color
differences in Fig. 2, making it possible to reinforce
those areas, such as by increasing the wall thickness
there.

Expected correlation line
for JFADSE-G AT

| [OPrevious AT @IF405E-G AT

Limit

Evaluation points

™
\

Radiation noise level measured at 7cm above AT
Fig. 3 Correlation between AT noise and vehicle noise evaluation

3. Improvement of Gear Noise Evaluation by Changing
Gear Specifications

3.1. Measures against vibration sources

In examining measures for addressing gear noise, it is
necessary to separate gear noise caused by gear meshing
inside the AT from noise produced in the process of
transmitting vibration from its source to the vehicle. The
following discussion describes the measures applied to
this AT, focusing on the meshing of the output gear and
idle gear in the transmission as the source of vibration.

3.2. Verification of correlation between trans mission

and vehicle noise evaluations

The first important point in reducing gear noise by
addressing the sources of vibration is to correlate an
evaluation of AT noise alone with an evaluation of
vehicle noise. It was confirmed that the radiation noise
level directly above the target gears in this AT correlated
with certain points in the vehicle noise evaluation.
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A: Perceptible noise level of previous AT
B: Perceptible noise level of JF405E-G AT

Background noise level of vehicle |

Noise level (dB)

2% Particular gear meshing frequency range having a noise peak in relation
to the change in vehicle speed

Vehicle speed (Km/h)

Fig. 4 Background noise and noise peak in relation to vehicle speed

Figure 3 shows the correlation between the radiation
noise level measured 7 cm above the AT in the final test
and vehicle noise evaluation points. The results are
compared for the previous AT specification and the
improved JF405E-G specification. It is seen from the
figure that the expected correlation line was confirmed
for each AT. These results indicated that gear noise in
the vehicle evaluation could be managed by controlling
the level of noise radiated from the JF405E-G AT itself.
However, it should be noted that simply controlling the
noise radiated from the AT alone will not provide a good
correlation with an evaluation of vehicle noise, in cases
where a large portion of the overall noise stems from the
routes by which vibration is transmitted to the vehicle.

3.3. Improvement of gear noise evaluation using
alarger gear tooth module

Another important point when evaluating gear noise
in a vehicle is the magnitude of the target gear noise
level in relation to the noise level (referred to
collectively as the background noise level) produced by
other parts during driving. If the noise level of the target
gears is lower than the background noise level, it is
masked by the latter and is imperceptible to the vehicle
occupants. Conversely, when the target gear noise is
greater than the background noise level, the magnitude
of that difference alone is what the occupants perceive as
the gear noise level.

Figure 4 shows the sound pressure levels measured
for the previous AT and the JF405E-G AT along with
the background noise level as a function of the vehicle
speed. The measurements were made in a particular gear
meshing frequency range that has a sound pressure peak
in relation to the change in vehicle speed. The results
indicate that the background noise level of the vehicle
also rose with increasing vehicle speed. Accordingly,
even though the sound pressure of the gear noise peaked
at the same level for both transmissions, the difference
between that level and the background noise level
decreased as the vehicle speed increased, resulting in a
good gear noise evaluation by the occupants for the
JF405E-G AT.

By increasing the size of the gear tooth module in this
AT, the vehicle speed at which the sound pressure of the
first-order gear meshing component peaks in this
particular meshing frequency range was shifted to a
higher vehicle speed. That had the effect of improving
the occupants' evaluation of gear noise.
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4. Improvement of Shift Performance Based on
Simulation Analyses

The shift performance of an AT is a key factor that
greatly influences a vehicle's power performance,
including standing-start and quarter-mile acceleration
times, and fuel consumption. Both the hardware and
software specifications of an AT are involved in shift
performance. The former include the specifications of
the torque converter, final drive gear and other parts,
while the latter include the specifications of the AT
control unit (ATCU), such as the shift schedule, lockup
schedule and hydraulic pressures. In order to execute the
optimum design for each specification, simulation
analyses were conducted to clarify the contribution of
each specification to shift performance, and the final
specifications were determined on the basis of the
results.

As one example of the results of the simulation
analyses conducted in this work, Fig. 5 shows the
simulation data for fuel consumption under Japan's 10-
15 test mode. From the top, the vertical axis shows the
transmission gear range, throttle valve opening (TVO),
vehicle speed and fuel consumption rate in relation to
elapsed time indicated along the horizontal axis. The
optimum specifications were determined by changing the
shift schedule, lockup schedule and other items so as to
reduce the fuel consumption rate.

Gear range

o

TVO

V (Km/h)

Fuel consumption
rate (L/sec)
o = N W B
T

0 200 400

600

800 1000 1200

Time (sec)

Fig. 5 Simulation of fuel consumption
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Finally, the author would like to take this opportunity
R e e R to thank various individuals at GM Daewoo Auto &
pobobooboooodobdobdobd Technology Company, at other related companies and
within JATCO for their tremendous cooperation in
connection with the development of this AT.
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Fig. 1 Main cross-sectional view

The JF404EO0W (FDO) AT features a lightweight,
compact design as a result of adopting one Rabinow
planetary gearset instead of the two Simpson planetary
gearsets used previously and also reducing the number of
one-way clutches from two to one. This 4-speed AT is
designed for use on front-drive compact cars. It was first
adopted on the Volkswagen Polo in 1995 and its
application was expanded to the Skoda Fabia in
December 2000. Moreover, it has continued to be used
on the new generation of the Volkswagen Polo that was
released in January 2002.

Table 1 Specifications

Max. input torque 150 Nm
Max. input speed 7,000 rpm
Max. vehicle weight (GVW) 1,550 kg
Control system Electronic
Torque converter 215 mm dia.
Ist 2.875
2nd 1.512
Gear ratio 3rd 1.000
4th 0.726
Rev. 2.656
Final drive gear ratio 3.47~4.38
No. of selector positions 7P,R,N,D, 3,2, 1)
Overall length 360.8 mm
Center d.istance between engine and 174 mm
differential
Dry weight 60 kg
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m (] Major Features m

The biggest differences between the Skoda Fabia and
the previous and current generations of the Polo are in
their platforms. The following changes were made to the
AT to accommodate these platform differences.

(1) Improvement of AT mountability
The bosses of the bolts that couple the case and
the torque converter housing were repositioned and
chamfering was added to the swing support bosses,
among other changes, to improve vehicle
mountability.

(2) Noise reduction
Steps were taken to reduce the noise of the oil
pump and output gear in line with the reduction of
overall vehicle noise.

(3) Improvement of selection quality

The load of the low clutch dish plate was reduced
S0 as to raise the pressure in the process of releasing
the low clutch pressure when a D-R selection is
made. This works to delay the timing for full release
of the low clutch and thereby improves D-R selection
quality.

Pressure control at the time of an R-D selection
was further improved to enhance R-D selection
quality.

m [J Typical models fitted with the JF404E-W (FDO) AT =

Fabia
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The JF405E-H (FRO) AT is one of the world's most
compact and lightest ATs, making it an ideal gearbox for
small cars. Designed for application to front-wheel-drive
cars, it was first fitted to Suzuki Motor Corporation's
WagonR RR in October 1998. Application was further
expanded to the ALTO Lapin in January 2002.

Table 1 Specifications

Max. input torque 110 Nm
Max. input speed 7,800 rpm
Max. vehicle weight (GVW) 1,235kg
Control system Electronic
Torque converter 186 mm dia.
=0 Ist 2914
[ [ J %T‘: 2nd 1.525
I
Tj =i" . Gear ratio 3rd 1.000
— [ LN
N—— % 4th 0.725
o Rev. 2.642
N
— L Final drive gear ratio 4.017~5.804
/ \/ No. of selector positions 6(P.R.N,D,2,L)
BN Overall length 359.9 mm
g Center distance between engine 172 mm
3 and differential
Dry weight 45.7kg

Fig. 1 Main cross-sectional view
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m (] Major Features m

(1) A compact, lightweight package has been achieved
by reducing the part count.

(2) High performance has been attained by adopting a
compact torque converter.

(3) A simple and compact hydraulic pressure control
system is used to provide the optimum pressure for
controlling the AT. Moreover, it also facilitates idle
neutral control, slip lockup control and prevention of
hunting when climbing hills.

m  Typical model fitted with the JF405E-H (FRO) AT =

ALTO Lapin
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Intr oducing the JF405E-Q (FRA) 4speed AT for Frontdrive Cars
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In March 2000, the JF405E-Q (FRA) AT was adopted
on the Hyundai Atoz and the Kia Visto, both of which
are available with a 0.8-liter or a 1.0-liter naturally
aspirated engine. This unit is the first 4-speed AT to be

040000000000000000000000 used on Korean minicars. In addition to the South

gbobobgooo

goporoodi1iooogosL TurRBOD DO OO O

goboooooan

gbooboobooo

Fig. 1 Main cross-sectional view

Korean market, it is also exported to Europe and the
Middle East. Application was further expanded to
include a 0.8-liter turbocharged model in November

2000.
Table 1 Specifications
Max. input torque 98 Nm
Max. input speed 6,000 rpm
Max. vehicle weight (GVW) 1,316 kg
Control system Electronic
Torque converter 186 mm dia.
Ist 2914

2nd 1.525
Gear ratio 3rd 1.000

4th 0.725

Rev. 2.642
Final drive gear ratio 4.017~4.880
No. of selector positions 6 P,R,N,D,2,L)
Overall Length (Excludir?gs r?l.c?ugtlirnr; bracket)
Cente'r distan.ce between engine 172 mm
and differential
Dry weight 46.1 kg
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m000000m m (] Major Features m
() 000000000000 0000O0oooOon (1) A compact, lightweight AT was achieved by
000 reducing the part count.
@ O00000000000000000000 (Z)A compact torque converter was adopted to obtain
high performance.
oood (3) A small, simple hydraulic pressure control system is
@) bobuooooooooooooodoon used to provide the optimum pressure for controlling
O0doo0obOOoooooooooooooad the transmission. Moreover, a shift schedule designed
O0o00ooooooooooooooooog for optimum fuel economy has been adopted along
0000000000000 000oooon with expanding the range of lockup operation. As a
00000000000 000000 result, not only does this AT provide optimum power
performance, it also improves fuel economy as well.
000000000000 0000m m [ Typical models fitted with the JF405E-Q (FRA) AT =
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Intr oducing the JF506E-R (FPO) 5-speed AT for Front-drive Cars

JF506E-RO 0000 00O 0990 70 O Rover MG
GroupOd O Rover750 Land Rover Groupd O Freelander
000000000 0O0O0'01070 00 Rover MG
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Fig.1 Main cross section

The JF506E-R 5-speed AT was first adopted on
Rover MG Group's Rover 75 in July 1999 and on Land
Rover Group's Freelander in August 2000. Its
application was further expanded to Rover MG Group's
Rover 75 Tourer in July 2001.

Table 1 Specifications

Max. input torque 310 Nm
Max. input speed 7,000 rpm
Max. vehicle weight (GVW) 1,900 kg
Control system Electronic
Torque converter 250 mm dia.
Ist 3.474 3.801
2nd 1.948 2.131
Gear ratio 3rd 1.247 1.364
4th 0.854 0.935
Sth 0.685 0.685
Rev. 2.714 2.970
Final drive gear ratio 29~4.1
No. of select positions | 7 (P, R, N, D, 4, 3, 2)
Dry weight 95 kg
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Rover 75 Tourer

m (] Major Features m

(1) Vehicle mountability was improved by adopting a
single one-way clutch and an ultra-flat torque
converter.

(2) The adoption of five speeds with a wider ratio range
achieves both excellent fuel economy and powerful
acceleration performance.

(3) A high-rigidity case construction has been adopted to
withstand true off-road driving conditions when
coupled with the 4WD transfer case.

(4) A flow-tube system is used that enables the AT
fluid to be filled accurately without using a level
gauge.

(5) A manual shift mode (CommandsShift) is provided
that delivers sporty driving performance and reliable
control in off-road driving.

(6) Adaptive shift control has been adopted to suppress
frequent shifting when climbing hills and to provide
optimum engine braking on downhill grades.

(7) The JF506E-R also incorporates the following
controls.

O A mode switch for selecting the desired driving
mode among three settings--Normal, Sport and
Snow

O Adaptive learning control for the shift time to
suppress changes in shift shock over time

O Real-time feedback control of the hydraulic
pressure during shifting so as to suppress variance
in shift shock

m (] Typical models fitted with the JFS06E-R (FPO) m

Freelander
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The JF506E-L 5-speed AT was adopted on the Jaguar
X-Type in January 2001. Representing Jaguar's first
compact premium car, the X-Type is fitted with the
Traction 4 all-wheel-drive system to continue the Jaguar
tradition of driving performance. This was the first
application of the JF506E AT to a car powered by a 3.0L
gasoline engine. Various parts of the transmission were
reinforced to secure sufficient durability for handling
high torque and rotational speed levels, and new controls
were adopted to provide shift performance befitting a
luxury car. Improvements were also made to meet the
customer's needs with respect to environmental
protection and driveability.

S |

i

Fig. 1 Main cross-sectional view

Table 1 Specifications

Model X-type 2.1L X-type 2.5L X-type 3.0L
Drive type Front-wheel drive All-wheel drive All-wheel drive
Weight (kg) 1,489 1,620 —
Vehicle [Engine type V6 DOHC — —
Max. power (DIN) |117 kw (159 ps)/6,750 rpm| 145 kw (198 ps)/6,800 rpm| 172 kw (234 ps)/6,800 rpm
Max. torque (DIN) 198 Nm/3,750 rpm 244 Nm/4,000 rpm 284 Nm/3,000 rpm
Totque converter 236 mm dia.with lock-up [ 250 mm dia.with lock-up —
1st 3.802 — —
2nd 2.132 — —
Gear ratio 3rd 1.365 — —
AT 4th 0.935 — —
Sth 0.685 — —
Rev 2.97 — —
FDR 4.153 3.898 —
Center distance (mm 205.9 — —
Dry weight (kg) 95 — —
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m (] Major Features m

1. The strength of various parts of the JF506E-L AT was
further improved over that of the base JF506E-R AT in
order to secure ample durability for handling high
torque and rotational speed levels.

(1) The number of pinions in the front planetary gearset
was increased from three to four and the number in the
rear planetary gearset was increased from four to five.

(2) To increase the volume of lubricating oil, the discharge
volume of the oil pump was increased by improving its
notch geometry.

(3) The thrust bearing of the second shaft was increased in size.

2. One of the customer's requests was that the transmission
should provide the same level of shift performance as
that of the Jaguar XJ Series, a more upscale model than
the X-Type. Another request was that shift performance
should be robust against changes that occur with the
passage of time, variability among individual units and
environmental differences. The following development
work was undertaken to meet those requirements.

(1) A flat upshift waveform was attained.

(2) A new automatic transmission fluid was adopted to reduce
the end bump at the conclusion of clutch engagement.

(3) Downshift performance was improved by applying
real-time feedback control to downshifts.

(4) The adaptive learning range for shift time was expanded.

(5) Lockup shock was reduced.

(6) Shift performance at high altitudes was improved.

3. The following improvements were made for enhanced
environmental protection in order to comply with the
EURO4 exhaust emission standards in Europe and
California's LEV-I1 exhaust emission standards.

(1) The vehicle speed for lockup operation was lowered.

(2) The coasting lockup range was expanded.

(3) Line pressure is now optimized by using highly
accurate engine torque signals.

4. The following items were developed to improve driveability
and achieve the supple driving performance desired by Jaguar.

(1) Sequential upshift control

(2) 3-map uphill mode

(3) Optimized shift map, cooling mode map, traction
mode map and cruising mode map

5. As examples of other improvements that were made, the
following items were adopted to provide compatibility
with Jaguar's manufacturing and diagnosis systems.

(1) Support for selectable tuning and end-of-line (EOL)
capability to allow data concerning the market where a car
will be used to be selected on the Jaguar assembly lines.

(2) Compatibility with the Jaguar Diagnosis System (JDS) tester.

m [J Typical model fitted with the JF506E-L (FPD) AT =

Jaguar X-Type
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Intr oducing the Transverse W5A51 (BKO) 5-speed AT for Front-drive-based 4WD Cars

WHAS1I0 00000009000 DODOO0O0d The W5A51 AT became the world's first 5-speed AT
to be used on a front-wheel-drive car when it was

DOooosuATH 00000 omooon adopted on the Mitsubishi Diamante in 1994. Down to
gooboobogoboooobooooomom the present, it has continued to be featured on the high-

000000000000 00o000O00oo0onn performance cars of Mitsubishi Motors Corporation and
enjoys an excellent market reputation. In addition to
uvooooooboooubooooooood making further improvements to the W5A51 this time, it
OVIDGT-ALD OOODDODMDEVOLUTIONLT has now become the first AT to be used on the
Mitsubishi Lancer Evolution VII GT-A. The W5A51 AT
ooooboboooobbooooooood provides outstanding functionality, high response and
000000 ooooo excellent durability befitting the Evolution brand.

Table 1 Specifications
Max. input torque 343 Nm
Max. input speed 6,200 rpm
Max. vehicle weight (GVW) 1,755 kg
Control system Electronic
: Torque converter 260 mm dia.
= T Ist 3.789
1 2nd 2.057
Gear ratio ird 1421
4th 1.000
Sth 0.731
Rev. 3.865
Final drive gear ratio 3.333
No. of selector positions 4+sports mode (+/-)
Dry weight 107 kg

Fig. 1 Main cross-sectional view
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m (] Major Features m
(1) Compared with rival transmission models, first gear
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Lancer Evolution VII GT-A
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is geared lower to emphasize start-off acceleration
while overdrive is geared higher for better fuel
economy with emphasis on the cruising range at high
speed. (As an example, compared with the AT used
on the Mitsubishi Legacy B4, the total gear reduction
ratio of 1st gear is 11.449 and that of overdrive is
2.853.) The other gear ranges are optimally
distributed between 1st gear and overdrive.

(2) The W5A51 incorporates the INVECS-II control

system that controls the shift pattern to match the
road conditions and driving style. An "Optimum
Control" mode provides shift timing that feels just
right to the average driver. Adaptive learning control
is also utilized to judge the preferences of individual
drivers and to vary the shift timing according to their
personal tastes.

(3) Manual shift buttons for the conventional Sports

mode of Mitsubishi cars have been added to the
steering wheel to deliver the enhanced shifting
performance that is demanded in sporty driving. The
transmission can also be shifted manually by
manipulating the shift lever, just as before. By
moving the shift lever to the manual gate side, fast
upshifts and downshifts can be executed by simply
nudging the lever forward or backward or by
pressing the steering wheel buttons. Compared with
automatic shifting in the D range, shift response is
approximately 10% shorter, providing quick
responsiveness that underscores the car's sporty
driving performance.

m [J Typical models fitted with the W5A51 =

AirTrek Turbo-R 4WD
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Intr oducing the JR402H-T (RKB) Hydraulically Controlled 4-speed AT for Rear-drive Cars

JR402H-TO O OO O OO 0O20020 10 0 London The JR402H-T 4-speed AT was adopted on the TX 1l
Taxi Inc. D O00OLTIMOTXMOOOOOOOOOO London Taxi of London Taxi Inc. (LTl) in January 2002

along with a Ford diesel engine. It is based on an AT
OFordD0OO0OOOODOOOODOOODOO0OO used on 2.5L car models of Nissan Motor Co., Ltd. and

000000 o@obooooboooooa?2sL0 was modified to meet a request for quick development
O0000ATOOD0D00000000000LTION by LTI, a new customer.
gdobooooouooooouooooo

Fig. 1 Main cross-sectional view

Table 1 Specifications
Max. input torque 200 Nm
Max. input speed 4,400 rpm
Max. vehicle weight (GVW) 2,307 kg
Control system Hydraulic
Torque converter 250 mm dia.
Ist 2.785
2nd 1.545
gear ratio 3rd 1.000
4th 0.692
Rev. 2.269
Final drive gear ratio 4.1
No. of selector positions 6 PR,N,D,II, 1)
Overall length 823.6 mm
Dry weight 78 kg
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m000000m m [] Major Features m
010000000 (1) Long-mileage durability S
The RKO long-mileage specification (market
oooooobooboobabidiRKoD warranty of 500,000 km) with a field-proven record
O00Ooos0kmO OO0 OooOan as a unit with long-mileage assurance was adopted
0000000000 000000000000 for the JR402H-T. Though simple in construction,

the JR402H-T provides outstanding durability.

02000000 (2) Hydraulic control

Ratio changes and lockup clutch engagement/release
booboooooooimoooomon are controlled by the governor pressure. The line

Oo0O000oOoO00oOOoo0ooooOoooon pressure is determined by a throttle wire connected
0000000000000 00000 directly to the engine.
(3) Driveability
Oo30o00d The clutches, planetary gearsets and other
0000000000000 00000000 components have been reduced in size and optimally
laid out for improved responsive. A field-proven
boboooobbboooobboooonon torque converter with a flat design and high
0000000000000 00O0oOoooaog reliability has been adopted to ensure stable speed
response. Combined with the car's high body
e stiffness, the JR402H-T delivers excellent shift
pooooooododououoooood performance for a hydraulically controlled AT.

goooboooooboATOOODOOO0OO0On
goooooooooo

000000000000 b00dlm m [] Typical model fitted with the JR402H-T AT =

LTI TX Il London Taxi
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Intr oducing the JR405E-K (RZB) 4-speed AT for Rear-drive Cars

JRAOSE-KIRZBLI OO D OOOODOOOOODO Introduced here is the JR405E-K (RZB) 4-speed AT

0000000000000 D-MAXOOODODOO that has been adopted on the D-Max pleUp truck
marketed in Thailand by Isuzu Motors Ltd. Although the
ooooooooodb-MAXOOODDOOoaoo D-Max is not sold in Japan, it ranks No. 1 in market

0000000000 O0OO0O0D0OO0OO0O0dNo.1OO share in Thailand. The production volume has grown
0000000000000 00000000 steadily ever since the model went into mass production.

Fig. 1 Main cross-sectional view

Table 1 Specifications

Max. input torque 294 Nm
Max. input speed 7,000 rpm
Max. vehicle weight (GVW) 3,250 kg
Control system Electronic
Torque converter 250 mm dia.
Ist 2.785
2nd 1.545
Gear ratio 3rd 1.000
4th 0.694
Rev. 2.272
No. of selector positions 7(P,R,N,D,3,2,1)
Dry weight 63 kg

- 143-



JATCO Techical Review

No.4 (June, 2003)

e00J0000m

10

20

30

gbobobooobombpeESCODOmMboOogn
gbobooboooobooboboobo
gbooboooooboooobobooooon
goooooooooooon
obobooooobobooooz24b0obgon
gbooboobooobooboobobooon
gbooobobooobobooobobooobo
gbobooboooobooboboobo
gbooboooooboooobobooooon
goooooooooo

40 20030 0400000000000DDOO

goooooobobobobobobobob
gooooooooooooboooobn

000000000000 b00dlm

O Major Features m

. The adoption of a direct electronic shift control

(DESC) system for the clutch pressures and a high-
performance torque converter that matches the
engine output characteristics enables the RZB to shift
smoothly and deliver powerful start-off acceleration
performance.

. Stable outstanding shift quality has been achieved by

adopting centrifugal balance clutch chambers, multi-
plate brakes for the 2nd-4th gears and adaptive
learning control.

. The use of hill-climbing shift control prevents

frequent shifting on uphill grades and automatically
provides optimum engine braking on downhill
grades.

. Multi-gear lockup operation has been adopted for the

2nd, 3rd and 4th gears for improved fuel economy
and more direct feedback to the driver while driving.

O Typical model fitted with the JR405E-K (RZB) m

D-Max
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Intr oducing the JR402E-M (RJD) 4speed AT for Rear-drive Cars
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The JR402E-M (RJD) is the latest addition to the
JR402E series of 4-speed ATs for rear-wheel-drive cars.
Cumulative production of over five million units and a
track record of worldwide use attest to the outstanding
reliability and stable high quality of the JR402E series.

In May 2003, Ford Motor Co. executed a full model
change of its Ranger pickup truck that is marketed in the
Asia-Pacific region. The R402E-M (RJD) was adopted at
that time because an AT specification was added to the
4x4 model fitted with a 2.5L diesel turbo engine.

D |0k oo~ oo [k

Fig. 1 Main cross-sectional view

Table 1 Specifications

Max. input torque 262 Nm
Max. input speed 5,000 rpm
Max. vehicle weight (GVW) 2,632 kg
Control system Electronic
Torque converter 250 mm dia.
Ist 3.027
2nd 1.619
Gear ratio 3rd 1.000
4th 0.694
Rev. 2272
No. of selector positions 6(P,R,N,D,S,L)
Dry weight 73 kg
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m (] Major Features m

1.

The RJD delivers powerful start-off acceleration
performance, thanks to its ultra-wide gear ratio range
for a 4-speed AT and high-performance torque
converter that matches the engine output
characteristics.

The surface treatment applied to the front planetary
gearset was improved to enable the RJD to display
excellent durability even when used under high-
speed, high-load conditions.

The following pressure controls were adopted.

(1) Adaptive learning control during shifting
Clutch operating pressures are adjusted during
shifting to obtain the optimum time needed for
shifting, which works to inhibit degradation of
shift shock with continued use.

(2) Line pressure control
To improve fuel economy, the line pressure is
modulated to the pressure needed for the
operation of each clutch and also to the level that
minimizes oil pump losses, according to the
driving conditions.

m [ Typical model fitted with the JR402E-M (RJD) =

Ford Ranger
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Intr oducing the JR507E (RXO0) 5-speed AT for Rear-drive Cars

JREO7ED 00O OODOCOOIO1I0DODOOODODO The JR507E 5-speed AT was initially adopted on the

00 MO00000000ooo0oOoo2080 000 Nissan Cima in January 2001, and itS- application was
further expanded to the new Fairlady Z in August 2002.
oooozooooooooooo

Fig. 1 Main cross-sectional view

Table 1 Specifications

Max. input torque 450 Nm
Max. input speed 7,000 rpm
Max. vehicle weight (GVW) 3,190 kg
Control system Electronic
Torque converter 250 mm dia.
Ist 3.540
2nd 2.264
Gear ratio 3rd 1471
4th 1.000
5th 0.834
Rev. 2.370
Final drive gear ratio 3.357
No. of selector positions 4 (P, R, N, D)+Manual Mode
Dry weight 74 kg
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Fairlady Z

m (] Major Features m

(1) The JR507E 5-speed AT is one of the smallest and
lightest units in its class, thanks to the adoption of a
new transmission schematic, downsizing of the
torque converter and extensive use of aluminum.

(2) The adoption of a wide 5-speed ratio range achieves
excellent fuel economy combined with powerful
acceleration.

(3) The use of a new multi-plate lockup clutch allows
slip lockup control over a wide speed range.

(4) The world's highest level of shift performance has
been attained by adopting an electronic system for
direct control of the clutch pressures and a real-time
feedback control system. On the Fairlady Z, the
transmission is tuned to provide quick response
befitting a sports car.

(5) Beginning with the Nissan Elgrand and Fairlady Z,
the JR507E has adopted an integrated electro-
mechanical system with the AT control unit (ATCU)
incorporated in the transmission. This has resulted in:
1) Creation of a compact electrical harness and

component module, including the ATCU, in a
small space.

2) Increased freedom for the vehicle layout and
contribution to vehicle cost reductions because the
space previously needed for installing the ATCU
is no longer necessary on JR507E-equipped cars,
nor is the wiring harness that was formerly used to
connect the AT and ATCU.

(6) Beginning with the JR507E used on the Fairlady Z, a
manual shift mode with fixed gear ratios has been
adopted to enable drivers to enjoy driving
performance matching their wishes in the same
manner as with a manual transmission. In addition, a
sporty shift lever has also been adopted with a
straight gear position layout (P-R-N-D) combined
with a manual shift mode (+/- gate).

m [J Typical model fitted with the JR507E (RXO) m

Fairlady Z interior
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Intr oducing the Steel-belt F1C1 CVT (BAO) for Frontdrive Cars

FicliocvToooooooooomomDoa The F1C1 CVT was adopted on the Mitsubishi Lancer

cvVTOOOOOODODOOoOOoOoDoOoooOooooon Ceﬁdiai.n2-000aStthirStCV.TevertOb-eUsedor].a
Mitsubishi car. It has been highly acclaimed for its

pooboooobobbdobdoooooon outstanding shift quality and low fuel consumption.
00obOoOd0OoobOoOoOoobooOoooooooo Further improvements have now been made to attain better
0000000000000 000000000 fuel economy and a lighter weight, and application of this

unit has been expanded to the Mitsubishi Colt as well.
Table 1 Specifications

Engine For 1.3L Engine For 1.5L Engine
2WD/4AWD 2WD 4WD 2WD 4WD
Max. input torque 125 Nm -« 150Nm -«
Max. input speed 6,000 rpm ~ <~ ~
Max. vehicle weight (GVW) 1,375 kg - - -
Control system Electronic ~ <~ «
Torque converter 236 mm dia. ~ <~ <~
Ratio FWD 2.319~0.445 “ “« “«
REV 2.588 “« “« “«
Ratio coverage 5.211 A A a
Final gear ratio 5.219 5.686 5.219 5.686
No. of select position 6 (P,R,N,D,Ds,L) «— « <«
Dry weight 76.8 kg 77.8 kg 77.8kg 78.8 kg

Fig. 1 Main cross-sectional view
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m (] Major Features m

1. High efficiency

(1) Leakage from the hydraulic pressure circuit was
reduced by adopting an aluminum spool valve and
improving component accuracy, allowing the oil
pump to be downsized. As a result, oil pump drive
losses have been substantially reduced.

(2) A shift control has been added to improve integrated
control with the engine and thereby minimize engine
fuel consumption.

(3) Lockup control has been further improved to achieve
quicker response combined with reduced shift shock.

2. Weight reductions
Weight reductions were achieved by making pulley-
related components in particular specific to the 1.3L
and 1.5L models, enabling the part geometries to be
optimized.

3. Gear ratios
The final gear ratio was changed to match the 1.5L
Lancer Cedia for improved driveability combined
with lower fuel consumption.

m [ Typical models fitted with the W5A51 =
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Intr oducing the Longitudinal 4-speed AT (RAM) for 4WD Cars and Front-drive Cars

0000DmoODmoooOoOooooooi9970d Fuji Heavy Industries Ltd. has been using JATCO

0000000000000 000000000 powertrain components and control valve parts on its

Subaru Forster since 1997. Subsequently, application
bobooboobobboobooooooogn was also steadily extended to the Impressa, Legacy

gooboobobooooooobos400Onooon Wagon and B4.
gooboboboooo

Fig. 1 Main cross-sectional view

Table 1 Specifications

Max. input torque 319 Nm
Max. input speed 7,000 rpm
Max. vehicle weight (GVW) 1,570 kg
Control system Electronic
1st 2.785
2nd 1.545
Gear ratio 3rd 1.000
4th 0.694
Rev. 2272
No. of selector positions 7®P.R,N,D, 3,2 1)
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m (] Major Features m

(1) A compact construction was achieved by
discontinuing the overrun clutch and the one-way
clutch for 3-4 upshifts.

(2) Shift control capability was improved by adopting
multi-plate brakes in place of the previous band
brakes and by detecting the turbine speed directly.

(3) Slip lockup control was adopted to improve fuel
economy and reduce the transmission of vibration.

(4) The manual "Sports Shift" mode was adopted to let
drivers enjoy quick shifting response and sporty
driving performance.

m [ Typical model fitted with the RAM AT =

FORESTER
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Fuji AT Ltd Director

1. Profile of Fuji AT Ltd

Location: 1-1-1, Izumi, Oizumi-machi, Oura-gun,
Gunma Prefecture (at the Oizumi Plant of
FHI's Gunma Main Plant)

Established: January 23, 2003

Capital: 450 million yen

Workforce: 11 employees

JATCO Ltd and Fuji Heavy Industries Ltd. (FHI)
both provided half of the start-up capital to establish Fuji
AT Ltd in January 2003 for the purpose of developing
and manufacturing new continuously variable
transmissions (CVTs) for use on minicars and
subcompact cars (1.0-1.3L class).

2. Purposes of Establishment

Ever since it successfully implemented a steel-belt
CVT on a production vehicle in 1987, FHI has
repeatedly improved and refined its CVTs and now
boasts a cumulative production volume of more than
1.85 million units. It intends to expand the possibilities
of the CVT component business further. JATCO has also
been strengthening its CVT business with the aim of
building the world's only full lineup of CVTs, capable of
covering applications from minicars to luxury cars fitted
with a large displacement engine. Fuji AT was
established with the objective of making the most of
these mutual advantages to both companies.

Fuji AT contracts the development of new CVTs to
FHI and JATCO. Additionally, it plans to manufacture
the newly developed CVTs using the production
facilities at FHI's Oizumi Plant, located in Oizumi-
machi, Oura-gun, Gunma Prefecture. These CVTs will
be sold through JATCO to FHI and other automakers.

Fuji AT's eleven employees are currently engaged in
development activities in cooperation with the design
and testing staffs of both companies' development
organizations. Seven of them are working at JATCO's
Fuji Manufacturing Department and the other four are
working at the Tokyo Engineering Liaison Office of
FHI's Tokyo Office. Fuji AT plans to launch
manufacturing and supply activities in FY 2005 with a
monthly production volume of 10,000 units. At the point
when operations become stable in FY 2006, it aims to
have a plant workforce of 200 employees who will be
producing 17,000 units a month.
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Fig. 1 Statue of Yoshisada Nitta

3. Surrounding Environme nt

The head office of Fuji AT is located in the town of
Oizumi in the Oura district in the southern part of
Gunma Prefecture. Oizumi is an industrial town, which,
together with the neighboring city of Oota where FHI's
Gunma Main Plant is located, is at the heart of the area's
automotive industry. Its industrial foundations were
established by Nakajima Aircraft Co., Ltd., founded by
Chikuhei Nakajima. Those technologies were passed on
even after Nakajima Aircraft was broken up after World
War Il and have contributed to the town's ongoing
growth as an industrial center. Oizumi is also known for
having the largest number of foreign residents of any
town in Japan, with foreigners accounting for 13.4% of
its total population as of 2000. Samba parades can be
seen as one part of local festivals.

This region is also said to be the birthplace of
Yoshisada Nitta, one of the leading military commanders
in Japan's middle ages, along with Takauji Ashikaga and
Masanari Kusunoki. Because of its association with the
Nitta clan, it is called the "home of the Taiheiki" ("A
Chronicle of Great Peace™). Many historical sites related
to Yoshisada Nitta are located here and there.

Oota Station, the closest train station to the Oizumi
Plant, has a statue of Yoshisada Nitta (Fig. 1). Also
located nearby is Mt. Kanayama, where one can see the
ruins of Kanayama Castle that was built by the Nitta
clan. The stone walls still remain today, and Nitta
Shrine, dedicated to Yoshisada Nitta, stands on the
former site of the castle keep. The entire surrounding
area has been designated as a national historic site.

Fig. 2 Daikouin Temple
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Located at the foot of Mt. Kanayama is Daikouin
Temple (Fig. 2), built by leyasu Tokugawa to mourn the
spirit of his ancestor, Yoshisada Nitta. It is a favorite
place of the local residents and is referred to by the name
of its founding priest, Donryu, known for his efforts to
raise abandoned children. Many worshipers still visit the
temple even today.

The Oizumi Plant, which got started as FHI's AT
plant, observed the 20th anniversary of its establishment
last year. The trees that were planted at the time it was
built have now grown tall. The row of cheery trees along
the Kyuuhaku River that flows near the plant blossomed
magnificently again this year, providing an enjoyable
sight for peopling traveling on the road (Fig. 3).

In the future, Fuji AT plans to produce CVTs at the
plant. The plant intends to proceed with production
activities in harmony with the surrounding natural
environment and friendly to the local residents (Fig. 4).

Fig. 3 Row of beautiful cherry trees near the plant entrance
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Fig. 4 Overall view of Oizumi Plant

4. Future of Fuji AT

CVTs have attracted attention as next-generation
transmissions that optimally combine high driving
performance with low fuel consumption. They are
expected to be increasingly adopted by automakers in the
coming years as transmissions that are particularly
friendly to the environment. The chief priority for Fuji
AT at present is to achieve the levels of quality and cost
targeted for the new CVTs now under development and
to bring them to market on schedule as CVTs with an
outstanding future potential.

m (] Author =
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1. Overview

This article describes the Kyoto operations, formerly
Diamondmatic Co., Ltd. (DMC), which were newly
merged with JATCO in April 2003.

Address: 1 Araki-cho, Uzumasa, Ukyo-ku, Kyoto

Workforce: 735 employees (combined total of managerial,
regular and seconded personnel as of
December 1, 2002)

DMC was newly formed in April 2002 when
Mitsubishi Motors Corporation (MMC) spun off its
transmission business as a new subsidiary. In April 2003,
DMC merged with JATCO and became a full-fledged
member of the JATCO family.

The Kyoto operations constitute JATCO's major
operating base in Western Japan and consist of the
Production Divisions' Kyoto Manufacturing Department,
R & D Operation Management Center' Kyoto
Engineering Center and one part of the Administration
Department.

The work done here includes stamping, machining,
assembly and inspection of electronically controlled 4-
and 5-speed automatic transmissions (ATs) for both
front-wheel-drive and rear-wheel-drive cars. These high-
quality transmissions are the major products produced in
Kyoto and are mainly supplied to MMC in a timely
manner.

Fig. 1 Assembly line of ATs for front-wheel-drive cars at the Kyoto Plant

‘o0og
Production Division
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Fig. 2 Location of Kyoto operations

2. History

The manufacture of transmissions has a long history
in this part of Kyoto, dating back to 1954 when the
Kyoto Machine Plant of Mitsubishi Heavy Industries
launched production of 3-speed manual transmissions
(MTs) for the renowned Jeep. Development and
production of MTs have been carried out here since then.
In 1970, the factory became MMC's Kyoto Plant. Three-
speed ATs for passenger cars were first developed and
manufactured here in 1975. Subsequently, 3-speed ATs
for front-wheel-drive cars were developed and produced
beginning in 1979, followed by the development and
manufacture of 4-speed ATs for front-wheel-drive cars
starting in 1983. Then, in 1994, production was launched
for electronically controlled 4- and 5-speed ATs (FA4)
for front-wheel-drive cars. These units are among the
principal products produced here today (Fig. 1).

Moreover, production of electronically controlled 4-
and 5-speed ATs (RA5) for rear-wheel-drive passenger
cars was launched in 1996, in a move to share parts with
units for front-wheel-drive cars. These low-cost, high-
quality transmissions are used on the Mitsubishi Pajero,
among other models.

Cumulative AT production reached 3.6 million units
in December 2002. The AT production volume in Kyoto
has now grown to a level that exceeds 60,000 units per
month. Vigorous activities are under way to enhance
quality further and to achieve production lines with even
higher levels of productivity.

3. Surroundings

Rich in history and culture, Kyoto is home to many
World Heritages, including Kiyomizudera Temple. In
recent years, active efforts have been made to address
environmental issues, such as by hosting the Third
Conference to the United Nations Framework
Convention on Climate Change (COP3) in December
1997.

e =

—

Fig. 3 Front gate of KA(')ryuji Temidle
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The Kyoto operations are located at the western end
of Shijo-doori, a large avenue that runs through the
center of Kyoto from east to west. To the north is
Koryuji Temple, famous for its wooden statue of Miroku
Bosatsu; to the south is the Katsura Imperial Villa; and
to the west is Matsunoo Grand Shrine, known for the
god of sake brewing. The Kyoto operations are thus
located in an area surrounded by many historically
famous structures in the old capital city of Kyoto (Figs. 2
and 3).

Also located nearby is the Kyoto movie studio of
Toei Co., Ltd. Occasionally, one comes across a movie
crew filming on the street. In this area, there are frequent
chances to watch live performances of actors and
actresses one usually can only see on the screen.

Another famous spot is Arashiyama hill near
Togetsukyo bridge, located upstream on the Katsura
River that flows nearby. This spot is thronged with
tourists from throughout the world especially during the
seasons for viewing cherry blossoms and red maple
leaves. At those times, one can truly feel all over again
the international atmosphere of Kyoto.

Located in this environment, the Kyoto operations
strive to live in harmony with the surrounding residential
area. For example, green belts have been planted along
the roadways on the premises in an effort to provide as
much greenery as possible. Development and production
activities are carried out in harmony with the natural
environment and in a manner friendly to the local
residents.

4. Future of Kyoto operations

The ATs produced at the Kyoto operations for front-
and rear-wheel-drive cars are still being used on
Mitsubishi's mainstay models and are supplied
throughout the world. It is expected that production
volumes will increase in the future as a result of
expanded use in the North American market and entry
into the Chinese market.

The production engineering staff members are
working together with the Development Group to build
production lines for manufacturing high-quality products
with high efficiency.

m ] Author m
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Fig. 1 JATCO Korea Engineering Office

" JATCO Korea Engineering Corp

1. Profile of JATCO Korea Engineering Corp.

Location: 8th FI, Yuhwa Building, 23-7 Youido-dong,
Yongdungpo-gu, Seoul, South Korea
Establishment: May 11, 1998
Capitalization: 300 million won (approx. 30 million yen)
Workforce: 143 employees (including managerial and
seconded personnel, as of January 2003)

JATCO Korea Engineering Corp. (JKE) is JATCO's
South Korean subsidiary, located in Seoul, the capital of
South Korea, which is Japan's closest neighboring
country. Established as JATCO's second engineering
base, JKE complements the engineering functions
located in the Fuji, Atsugi and Shin-Yokohama areas by
undertaking contract development of parts and software.
In the long term, it aims to become a global engineering
center that shares the contract development work for
derivative transmission units.

2. Purposes of Establishment

South Korea is the world's fifth largest producer of
vehicles. The percentage of vehicles equipped an
automatic transmission (AT) in South Korea has been
increasing rapidly every year since the early 1990s when
it stood at 20-some percent. It has now reached a level
where it ranks after Japan and the U.S., supporting the
formation of a solid AT market.
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Until the end of the 1990s, South Korean automakers
preferred to manufacture major components in-house.
Due to changes in the internal and external environment,
they have changed their policy to one of procuring major
parts from specialized manufacturers.

In addition, because South Korea has become the
only country in Asia, except Japan, that is capable of
manufacturing ATs domestically, the number of AT
engineers has also been increasing.

Against this backdrop, the establishment of a new
engineering base in South Korea became an urgent issue
for JATCO in order to advance our business favorably in
that market by making maximum use of that country's
talented human resources. Accordingly, JATCO set up
JKE in 1998.

JKE's first purpose is to support the activities of each
internal JATCO group, including the transmission
design, testing and hydraulic and electronic control
groups, within the framework of the company's global
engineering organization. It also undertakes contract
work for 3-D data analysis and the development of
transmission cases, housings, operating systems and AT
control units (ATCUSs).

Its second purpose is to provide quick and efficient
support for the development of products for South
Korean customers, including Renault Samsung,
Hyundai/Kia Motors, GM Daewoo and others. Toward
that end, JKE is responsible for activities such as testing
locally produced vehicles and providing quality
assurance, in addition to mountability design work.

Besides these activities, it gathers information and
surveys trends among South Korean automakers and
parts manufacturers for use in product planning work at
JATCO. Additionally, it also provides support for
JATCO's Production Engineering Group.

3. Surrounding Environme nt

JKE's office is located in the center of Seoul on
Youido, a small island of around 3.306 million m? in size
situated in the Han River that runs through the capital.
Called the Wall Street of South Korea, Youido is home
to the Korea Stock Exchange and the head offices of
many securities companies, banks and large
corporations. It is South Korea's center of banking and
finance in both name and reality.

As its office, JKE leases the entire eighth floor of a
20-story securities company building in that financial
district (Figs. 1 and 2). The office occupies a floor area
of approximately 990 m?, of which about two-thirds is
devoted to the laboratory and the remaining space
mainly consists of a reception room, a conference room
and an electronic testing room. The conference room is
equipped with a 3-D teleconferencing system that is
linked to the Fuji and Atsugi engineering centers, among
other places. There are also facilities for exchanging
design data with JATCO and a system for directly
viewing information from JATCO (Fig. 3).
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JKE located its office on Youido with the expectation that
it would be very effective in recruiting employees. As one of
South Korea's leading business districts with convenient
transportation connections, Youido is one of the desired
places to work, especially for South Korean engineers who
strongly prefer to be in Seoul. It is also a convenient location
for collaborative activities with automakers that have their
headquarters and laboratories in the suburbs of Seoul.

Situated to the west of the office is Youido Park, the
largest park in South Korea (Fig. 4). Employees spend their
lunchtime relaxing in nearby coffee shops or strolling through
Youido Park in small groups. To the east is located a 63-story
skyscraper, South Korea's tallest building. Inside is an
aquarium and a mammoth IMAX movie theater with a screen
that is nearly six stories high. If visitors take the express
elevators, they can enjoy the excitement of being whisked
straight up to the 60th-floor observation deck in just 80
seconds, as well as the pleasure of seeing the Seoul skyline,
which shows a different profile depending on the height from
which it is viewed.

Moreover, one can fully enjoy the pleasures of various
types of Korean cuisine in the evening, and there are many
other places within a 30-minute radius of the office. These
include the area around the City Hall where famous hotels
and department stores are concentrated, Seoul's foremost
entertainment/shopping districts of Myong-dong and Chong-
no, and the Namdaemun market for incredibly inexpensive
shopping.

4. Future of JKE

In approximately the five years since it was established,
JKE has grown to its initially expected scale by working hard
to securing competent engineers and putting in place its
infrastructure, including the necessary facilities and
organization. In order to discharge the purposes of its
establishment and fulfill its role as quickly as possible, JKE
intends to focus its efforts on human resources development,
cultivation of a corporate culture and implementation of
various systems so that it can develop global engineering
personnel as well as or even better than JATCO.

Eventually, JKE aims to shoulder one part of JATCO's
global development system both in name and reality as one
overseas subsidiary of JATCO that is at the world's forefront
in terms of technological and engineering capabilities.

Finally, the author would like to thank all of JATCO's
internal groups for their assistance and cooperation and ask
for their continued support in the years ahead.
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1. Control system for lock-up torque converter for
automatic transmissions

(Fig. 1 & Fig. 2)
Application Number: 4-37130
Application Date: 28.1.1992
Patent Number: 3076439
Registration Date: 9.6.2000
Title: Control system for lock-up clutch
Inventor: Naonori lizuka

O Summary of the invention™
It is an object of the present invention to provide a
control system for a lock-up clutch employed in a lock-
up torque converter for automatic transmissions, which
can optimally control a decreasing speed of engaging
force of the lock-up clutch, depending on the existence
of change-speed operation.

It is the other object of the invention to provide a
control system for a lock-up clutch employed in an
automotive lock-up torque converter, which can
optimally reduce so-called "select-shock™ or other
undesirable shocks, such as shock occurring during
releasing operation of the lock-up clutch.
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In order to accomplish the aforementioned objects, a
control system for a lock-up clutch employed in a lock-
up torque converter for an automatic transmission for an
automotive vehicle, comprises a lock-up clutch releasing
means for gradually releasing the lock-up clutch in a
manner so as to gradually reduce an engaging force of
the lock-up clutch in a transient state in which the lock-
up clutch is shifted from a lock-up clutch engaged state
to a lock-up clutch released state, a change-speed
determination means for judging whether a change-speed
operation of the vehicle should be performed depending
on the running condition of the vehicle, and for
generating a change-speed instruction when the change-
speed determination means determines that the change-
speed should be performed, a lock-up judgment means
for judging whether the lock-up clutch should be
conditioned in the clutch engaged state or in the clutch
released state, depending on the vehicle running
condition, and a quick releasing means responsive to the
change-speed instruction generated at the same time
when the lock-up judgment means determines the release
of the lock-up clutch, for reducing the engaging force of
the lock-up clutch at a higher speed than during non-
change-speed operation. It is preferable that the quick
releasing means reduces the engaging force of the lock-
up clutch at a higher speed than during up-shift, when
the down-shift operation is performed simultaneously
with the lock-up clutch releasing operation.

2. System and method for predicting failure in
machine tool
(Fig. 3)
Application Number: 3-40296
Application Date: 3.6.1991
Patent Number: 3100406
Registration Date: 18.8.2000
Title: System and method for predicting failure in
machine tool
Inventors: Yasumasa Mochizuki, Tomoaki Yoshino,
Shinichi Hasegawa

O Summary of the invention[

It is an object of the present invention to provide a
system and method for predicting or estimating an
occurrence of failure in a machine tool which are
capable of specifying a predetermined working process
from among a series of working processes of the
machine tool as a monitoring period of time for monitor
data so as to detect, at an earlier time, an abnormality in
the machine tool and to predict its occurrence of failure.

-163-



JATCO Techical Review

No.4 (June, 2003)

a) c)

DETECTING INGREER——"Y 9

A MONITOR DATE INFORMING

THE

COMPARE  |I——— ppepicTION

b) BLOCK

PREDICTION

LEVEL >
Fig. 3

Doooooon

gboboda@mboobooobbooboooon

gobbodoooobobooobboooobooo
gooooooooboodp@™oboooonogon
gobobooooobooobbooooobobooo
gboobodbcbO0OO0O0oboOobOOobOobObDan
gooooooooboobooOop@moonogon
gobobooooobooooobooooooboogon
gobbodgooobobooobbooobooogoo
goooooooooobooboobobbbbbbobo
00000000 DbO000DbO0dooOOOgn
gbobbodooobbooooobooooooogon
goooooooooobooboobobbbbbbobo
gooog

gboogooog
gobboooobbooouobboooaobboo
gooooooooooooboobbobDbDbbobb
gobobooooobooobbooooooogoon
gobbodgogoobobooobboooobooo
goooooooooooobooobobbbbbobb
gbooboooopoobooboboooooon
gbobbodgogooboboouobbdoobobooogo
gooooooooooooboobbobDbDbbobb
gobobooooobooooobooooooboogon
gbobbodgogooboboouobbdoobobooogo
gbobobobobobobobobob

The above-described object can be achieved by
providing a system for predicting an occurrence of
failure in a machine tool, comprising: a) first means for
detecting a monitor data which is changed according to
an operating situation in a series of working processes of
the machine tool; b) second means for setting a
prediction level of failure against the monitor data, the
prediction level being set according to the operating
situation; c) third means for comparing the monitor data
detected by the first means with the prediction level set
by the second means during a predetermined one of the
series of working process of the machine tool and
outputting a failure prediction signal when the value of
the monitor data exceeds the prediction level; and d)
fourth means for informing the prediction of the
occurrence of failure on the basis of the received failure
prediction signal.
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