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At JATCO, we are working to provide a full product
lineup of continuously variable transmissions (CVTs),
which we have positioned as the most important
products in our corporate business strategy. Our current
lineup ranges from steel-belt CVTs for minicars to steel-
belt CVTs for midsize cars and the Extroid CVT for
large cars. As the first step in the deployment of this
CVT strategy, we put a steel-belt CVT (150 N-m) for
small cars on the Japanese market in October 2002 and
a steel-belt CVT (350 N-m) for large cars on the U.S.
market. We are letting the marketplace judge the
attractiveness, quality and other attributes of our CVTs.
In a little over a year since then, we have seen very
satisfying results. Our products have received excellent
evaluations in Initial Quality Studies (IQS) and
Automotive Performance, Execution and Layout
(APEAL) Studies conducted by J. D. Power and
Associates, and cars fitted with our CVTs have been
enjoying robust sales.

This issue of the JATCO Technical Review contains
an seven-article special feature focusing on the
"technologies supporting steel-belt CVTs with high
torque capacity.” I myself was involved in promoting
this project as the person responsible for production
engineering. In the course of developing these CVTs,
we faced many challenging issues that we had never
experienced previously. The articles in this special
feature relate how these challenges were met through
steady research efforts. They also describe how various
issues were rtesolved through cooperative activities that
involved not only our engineering, manufacturing and
quality assurance departments, but also our suppliers
and even the vehicle manufacturers that are our
customers. We experienced any number of situations
just like those talked about on the "Project X" television
program in Japan.

While our CVTs have received high marks for their
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performance and quality as a result of those efforts, there
are still many issues left to be resolved with regard to
cost, The principal reasons for that include the high cost
of the parts specific to CVTs and the rigorous quality
requirements associated with the adoption of a CVT. In
order to resolve these cost issues and attain our high
goals, I feel it will be crucial to achieve breakthroughs in
manufacturing technologies, that is, in engineering
methods which also include materials.

If we shift our perspective to the external world and
consider the environment surrounding CVTs, it is clear
that we have plunged into a time of profound changes.
For example, markets are expanding, customers' needs
are diversifying, and dramatic innovations are occurring
in automotive technologies. CVTs themselves must be
capable of adapting quickly to these striking changes.

The very fact that this is a period of dramatic change
and it is difficult to foresee the future makes it all the
more important to shorten lead times from the start of
development to the production launch and to have
flexible design, engineering and manufacturing systems,
I feel that increasing innovation is needed in the way
CVTs are built.

Much of the work involved in achieving such
innovations is shouldered by the engineers. We need to
make further strides forward based on our accumulated
knowledge and expertise, including that possessed by
Diamondmatic Co., Ltd. (DMC), which merged with
JATCO last year. In that sense, it is vital to give concrete
form to our accumulated knowledge and expertise and to
incorporate it in technologies that are passed on as our
corporate assets. It is extremely significant, I think, that
our engineering staff, who have been running at full
speed all this time, have written articles for this issue,
describing how various challenges were met in these
changing times. 1 hope that everyone will read these
articles thoroughly and that the information contained in
them will serve as a springboard for taking further large
steps forward in the future.

In closing, it is our fervent hope that we can
successfully accomplish our CVT strategy, through the
hard work and passion of everyone involved, including
all of us at JATCO, our suppliers and the vehicle
manufacturers that are our customers, and thereby
contribute to the further benefit of society.
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Historical Continuously Variable
Transmission Developments:
The past, the Present and the Future.

Professor Andrew A. Frank
The University of California-Davis

History and Background

The CVT began in the agricultural industry in the 1850's.
These devices were generally very low power and
relatively inefficient and required continuous
maintenance, but they provided a useful function.

One of the more reliable CVT cars was the one designed
by the Reeves Motor Company shown in Figure 1. Its'
transmission was made with wooden blocks bolted onto
a leather and later rubber composite belt.

As the automotive industry began to emerge at the turn
of the last Century the early automobiles with low power
(5 to 10 hp) used CVT's for their transmission to match
the vehicle speed with the early gasoline engines which
could only run in a very limited speed range. These
transmissions worked but were not very durable due to
the materials used for their construction. The materials
were generally steel, wood, rubber and leather,

Reeves CVT Transmission®

They were unreliable and a source of low durability. As
engines began to become better and more reliable these
transmissions were no longer acceptable.

The invention and adoption of the multi-speed geared
transmission and the refinement of the multi-cylinder
gasoline engine reduced the need to have an infinite ratio
control for drivability. In fact, transmissions have
increased their numbers of gears and span of ratio over
the years for both cars and trucks, and engines have
increased the number of cylinders from one or two in the
early days to as many as 16 by the 1930's. There is an
inverse trade off between the number gears in the
transmission and the number of cylinders in the engine
for smooth driveability.

Reeves CVT car 1897*

Figure 1. The Reeves V-belt-chain transmission (CVT) car 1897

-3
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In the search for an automatic transmission in the late
1920's and early 1930's, many automobile companies
and inventors began to search the world for variable
speed concepts that could be adapted to the automobiles
and trucks of the day since the early CVT's were of such
low rated power, torque and durability. The reason was
motivated by the need for better fuel economy while
providing an automatic drive system. This research in
CVT's was slowed by the 2nd World War. At the end of
World War 11, there was an abundance of fuel in the
USA so some of the reasons for an efficient transmission
was no longer required. Thus the focus was on
drivability and smoothness and not efficiency and
emissions,

The torque converier was invented to make the discreie
transmission appear as a continuously variable
transmission system. The CVT's developed at the time
were compared with the multi-speed gear box with
torque converters and were found to be heavier, more
complex to control, more expensive to manufacture,
provide less isolation of the powertrain to the road, and
required special fluids to operate but provided better fuel
efficiency. The disadvantages made the CVT less
competitive in the 1950's.

By the 1980's to the 1990's and now in 2004 the
requirement for higher fuel economy and lower
emissions and better performance has caused the
transmission industry to increase the complexity of the
multi-speed transmissions by adding more discrete
ratios, increasing the ratio span and providing closer
ratio spacing. These transmissions today have as many
as 6 to 8 speeds with as many clutch packs and of
course, more weight and control complexity. As a result,
today the CVT can now be competitive to many
Automatic Multi-speed transmissions. This is true in all
the transmission performance parameters except torque
in most cases in the automotive industry. There are new
concepts that are addressing the torque and power issues.

Some of the reasons the CVT was not competitive in the
past with Multi-speed transmissions were, complexity of
control, weight, size, durability and cost. Today, many
of these reasons no longer hold. Especially with the
advent of modern electronics, control theory and new
mechanical concepts, the CVT is now competitive and as
volume builds will provide lower manufactured cost,
lighter weight and higher performance than equivalent
geared transmissions. Many CVT vehicles have shown
fuel economies better than equivalent automatic
transmissions vehicles but less than manual
transmissions. The theory, however, says that the fuel
economy should be better than both conventional manual
and automatic transmissions if the control system and
power transmission efficiency were equal and the
vehicle drivability can be as good or better.

It is up to researchers and development engineers to
create the new technology to make the CVT systems
competitive and better than the contemporary multi-
speed transmissions both manual and automatic. The
target areas for improvement are:

1. Weight.
2. Cost.
3. Driveability as good or better than conventional
transmissions.
4. Volume or size, similar or smaller.
5. Configuration similar or identical to existing
transmissions for simple vehicle integration.
6. Lower complexity i.e. fewer parts.
7. Better durability than the automatic transmission.
8. More flexible control system.
9. No cooling requirements due to much higher
efficiency
10. Much quieter and smoother in operation.
All these areas must be equal or better than conventional
transmissions or why should any manufacturer consider

a change in their manufacturing infrastructure?

This paper will explore some concepts that can make
current CVT's compete favorably in these areas.

Control of CVT and IVT Concepts and Driveability

There are two important levels of control for the CVT,
The first level is the clamping pressure and CVT system
mechanics to control the traction system. The second is
the energy management required for control and tuning
of the CVT for driveability and low fuel consumption
and emissions.

These two levels of control must interact with each other
but can be considered separately if the systems are
properly designed. The reason for separation is to
simplify analysis and design and make conceptualization
easier. The reason for the complexity is that the CVT is
unlike the conventional Multispeed transmission in
behavior. In addition the CVT is under continuous
power transmission as shifts occur, where as the
conventional transmission generally interrupts power in
some way.

Control of traction elements in CVT's

Traction in CVT's is necessary to provide drive torque,
The Coefficient of traction of rolling elements is on the
order of 0.05 to 0.1 with steel on steel and a little higher
for rubber on steel. This means that it takes 10 to 20
times more clamping force than force transmitied. To
accomplish this, many current designs use loading
mechanisms that are mechanical ramps or screws or
hydraulic hydrostatic pressure.
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These control mechanisms can consume enormous
amounts of energy if not carefully designed. The advent
of modern electronics, simple electric motors and low
cost hydraulic pumps allow the design of a low energy
controller. The following figure is a system that shows
energy consumption less than 10% of conventional
hydraulic pump-valve constant pressure controllers and
eliminates all close tolerance components. The concept
is known as the "Servo motor hydraulic pressure control
system". In addition, since it is electronically controlled

it can easily be combined with a higher level engine or

powertrain controller. This is a great advantage in high
level control. The advantage is even more emphasized
with the parallel hybrid electric powertrain system
because the electric traction motor can be used to aid in
driveability.

The advantage of this system is the low power required
to maintain high clamping pressure, and the fidelity of
control, This is due to high power-high frequency pulse
width modulation electronics. This kind of system
reduces the need for calibration and development since
there is no valve body or close tolerance moving parts
except the pumps. But these gear pumps are extremely
simple and the pressure transducer provides the proper
information for control under all conditions. This means
that a properly designed system will require no
calibration except the pressure transducers which can be
calibrated in the laboratory. The computer behind the
servo amplifiers makes the system very robust.

Control systef)

CvVT

_- CVT Balt

Chatgnat
Pull sy

High Presaure
Hydrawlic Linas

Toput,

Y
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“=~s._ Prassurs Relief
* Valvo
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TT=% Transducers

Figure 2. Servo hydraulic control system
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Control of fuel efficiency and driveability

A second level of control is the integration of the CVT
with the engine or power source. To understand this
second level more clearly the dynamic equations
governing the action of the CVT is discussed below.

The CVT and IVT dynamic control for a vehicle is
governed by the following model and equation of
motion.

The consequence of equations 1 and 2 and the model is
that the acceleration of the output shaft or the car is
dependent on two independent system inputs. These
inputs are:

I. The torque from a power source. Which may
come from the control of the I/C engine throttle or
an electric motor or both,

2. The rate of change of ratio.

Figure 3. CVT dynamic model

: rT,=rw, I,-T,

We =

wi’nput .
Where r = ——— = ratio of the CVT
w

auipur

Raon=rate of change of ratio

Tp = power source torque input
Ty = load and loss torques
W.=output speed

Wy =input speed

I. = output inertia

I, = input inertia

ks +I,:.'r2

Equation 1

Equation 2
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These two inputs can control the output torque equally at
every instant in time. In fact the rate of change of ratio
can provide a torque magnitude much bigger than the
power source since it's origin is from the inertias of the
load and the input momentum at a specific instant. This
term can easily break the shafts or destroy the CVT.

The existence of the rdot term can be viewed as a
"friend" or a "foe". If it is chosen as a foe then it must be
counteracted by an additional torque since it is generally
in opposition to a desired positive acceleration of the
output shaft or drive shaft. If it is treated as a friend
then it can be used to aid in the control of driveshaft
torque or vehicle acceleration. Thus it could and should
be controlled explicitly and independently.

In either case the ratio rate term must be accounted for in
order to control vehicle acceleration or deceleration
characteristics as we are currently used to in
conventional transmission vehicles,

Controlling ratio rate is dependent on the geometry of
the CVT or IVT i.e. the ratio and the inertias of the
engine and the vehicle. Thus, torque from the power

source must be coordinated with the rate of change of

ratio. The best way to handle this is to have two
independent sources of torque. This could happen if the
system is a parallel hybrid with both an internal
combustion engine and an electric motor at the
transmission input shaft. Then if there is enough torque
available from the electric motor to compensate for the

negative effect of the desired ratio rate as the
transmission is shifted then the vehicle can accelerate
smoothly with good acceleration response.

A parallel hybrid electric powertrain is ideal for this
purpose. This kind of powertrain shown in Figure 4
below which provides the ideal engine-CVT control for
both fuel efficiency and driveability.

The electric motor, of course, must be supplied energy to
provide the shift characteristics. This energy must come
from a separate source such as a battery. The energy
from the battery must be replenished at some time in the
future. These hybrids can return the energy used to
compensate for CVT shifting when the ICE is asked to
operate at very low torques and consequently low
efficiencies by using the electric motor as a generator
while the vehicle is in light load or deceleration or
braking. By declutching the gasoline or Diesel engine,
the system becomes a much more efficient electric motor
powertrain,

The overall average efficiency of the CVT hybrid can
have a very high average efficiency compared to the
conventional ICE discrete transmission drive train
providing less than 1/2 the driving cycle fuel
consumption or more than double the fuel economy.

Figure 4. A parallel CVT hybrid electric motor powertrain with ideal shifting characteristics



JATCO Technical Review

No.5 (September , 2004)

CVT concepts and currently manufactured CVT's
for automobiles

Some currently manufactured cars with CVT's are shown
in the following figure.

These cars are shown thanks to Bosch-VDT. The other
notable manufacture of CVT cars is Audi with a V-
Chain CVT by LUK. There are a number of vehicle
CVT's currently on the market and many new CVT
concepts are in development.

The notable CVT's currently in high volume production
use the Bosch-Van Doorne V-belt concept, The Luk V-
Chain concept, and the Toyota Electric power-split CVT
as in the Prius and the new Ford Escape Hybrid.

Some of these cars are shown in the Bosch VDT
brochure below.

(@

Overview Customer Applications 2003

In the industrial market it is the hydrostatic CVT
systems, and other low power concepts such as the
Reeves variator* and a host of other types of variators
such as ball disc systems the Bier drive system etc. None
of these concepts are suitable for power transmissions in
automobiles or trucks of the modern day.,

A CVT not often considered is the electric power split
system of the Toyota Prius. This electric generator and
motor combination with a differential gear set is every
way a CVT as any system and therefore must obey the
dynamic equation above. The reason for the powersplit
system is to increase the efficiency of the transmission
from a pure electric generator-electric motor CVT as in
Diesel locomotives. The other reason is that an electric

motor vehicle launch system eliminates the need for a
torque converter and provides low speed pure electric
vehicle operation

BOSCH

Honda

Toyota

Torss e 18

%

rop a1

) vDT

Boich Growp

Figure

. Cantaipian EAS 2410712002

5. Cars and light duty vehicles with the Bosch-VDT CVT
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This concept will appear soon in the Ford Escape, the
Toyota Highlander and many other vehicles. There are
other much simpler concepts that can accomplish the
same function as achieved by this powertrain today such
as the configuration shown above in Figure 4 above. At
the time Prius concept was in development in 1980,
there was no alternative mechanical solutions as there
are today. The alternative available now is the high
torque CVT's using chain technology. The Prius system
and the Bosch- VDT CVT are shown in the following
figure.

Toyota Electric CVT for the Prius

Bosch-Van Doorne Transmissie CVT

Figure 6. Toyota Prius Electric CVT ** and the Bosch-
VDT CVT

Pure hydrostatic CVT's have been in production for
many years but have never made it into the automotive
market because of high noise and low efficiency. These
have been and are currently used for industrial and
military machines and in applications where noise and
efficiency are not as important as in the current
automotive market. These systems have proven to be
very durable and reliable but produce very high noise
level and are low in efficiency

The theory of the Van Doorne V-belt, the Luk V-chain
are quite different and the efficiency, noise
characteristics and control of these transmission systems
differ. They offer the best efficiency, lowest noise and
most durable of all CVT's to date.

A concept, that has been under research, for many years
is the concept of the Toroidal CVT. The concept has
two variations, a full Toroid and the 1/2 Toroid. The
following figure shows the 1/2 Toroid system.

Baering(2)

Figure 7. 1/2 Toroid CVT (Kraus)

These concepts have been researched for many decades
but they suffered from durability, control, weight,
complexity, efficiency and size issues. They represent
some of the oldest researched concepts in the automotive
market. These concepts are being improved and may
eventually solve these deficits to be competitive with the
V-belt or V-chain systems.

There are other concepts that are even more efficient and
can provide yet simpler to manufacture, higher power,
durability, reliability, and better performance at a much
lower cost. One of these is the V chain concept of Gear
Chain Industries, GCI*##*, of The Netherlands. GCI is
currently researching concepts that can be implemented
to over 1000 kw. This concept is showing that the
efficiency can be higher, the noise lower, the durability
higher, the control system simpler, and be designed with
far fewer parts than any other transmission concept.
This promising concept may be able to replace other
concepts because it operates on a different principal.
The principal is similar to the concept of gears but it is a
CVT. The technology will be licensed to major
manufacturers in the near future because it shows great
promise to replace other current CVT concepts. The
following figures compare the GCI chain and the Bosch-
VDT belt for the same transmission.
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Figure 8. Bosch-Van Doorne CVT belt
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The Attractiveness of CVT's

The advantage of the CVT is potentially a very low
mechanical part count and a much simpler control
system. However, practical control is more complex
because it requires coordination of the transmission with
the engine since CVT efficiency and durability are
dependent on the torque and speed being transmitted
which determines the pressure between the Variable
elements. In addition, the CVT must be protected
against the sudden inertial shocks that occur as the
vehicle is operated on real roadways and highways by
the general public. Some manufacturers include torque
limiting clutches to address these sudden large high
frequency torques.

One of the disadvantages of the V belt or chain CVT in
the past is that the input and output shafts are often not
collinear. There are a number of ways to solve this
problem that involve gear sets and additional fixed ratio
chains etc. A simple In-Line CVT concept is required to
make the CVT adapt to conventional drive vehicles. The
requirement would be to design a CVT system to be a
direct (bolt to bolt) replacement for an equivalent manual
transmission and clutch system with about the same
overall size constraint, at of course at a lower cost and
lighter weight. This concept is being researched by the
University of California Davis. A preliminary sketch of
the transmission is shown in the following figure,

Figure 10. A new inline CVT designed by UCDavis for 500 NM and 200 kw
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The Future

To summarize the development in the last 100 plus years
in the development of CVT's, there have been many
inventions and developments that have made it now
possible for successful CVT systems, including the
understanding of the dynamics of CVT-engine control
systems as well as many new materials and intelligent
controls,

The future for CVT's is bright because of the need for
higher performance and better fuel efficiency, lower
costs and broader applications. It is clear that the new
concepts of the Hybrid Electric Vehicle, Hybrid
Flywheel Vehicles, and Hybrid Hydraulic Vehicles all
can use a CVT of some sort. The auto industry continues
to increase the number of gears of the discrete
transmission in the search for lower fuel consumption
and smoother driveability. The CVT's of the past had
been more expensive and less durable than discrete gear
transmissions, but new technology now exists for CVT's
with much higher efficiency and much lower costs and
far fewer parts. These CVT concepts are beginning to
compete with conventional multi-speed transmission
conecepts.

The concepts that will win the race will be the concepts
that are the most flexible and efficient that can be
adopted effectively to all powertrain configurations in
vehicles with conventional transmissions and the
evolving hybrid vehicle concepts. For example,
exchanging a conventional manual or automatic
transmission in a Sports Utility Vehicle directly with no
mechanical mounting modification to a vehicle with a
CVT or a hybrid with an electric motor/generator and
CVT. This kind of flexibility will make the CVT of the
future a compelling choice and the customer will have
full flexibility of choice with no change in the OEM
assembly plant. The transmission concept that will allow
this flexibility will begin to capture market share of
transmissions if the cost is equal or lower. This now
appears to be possible with many new concepts as
discussed.

_"|'|_

Some notable systems in production today are the Honda
Hybrid CVT's and the Toyota Prius Hybrid Electric
CVT. Hybrid systems work much better with a CVT
than with discrete ratio transmission systems because the
engine and electric motor/generator and battery system
can be much better optimized for efficiency and
emissions when the ratios are infinitely variable.

Drivability issues are also much easier to solve and
implement., Finally the CVT has the ability to reduce
mechanical parts count leading to much longer life,
higher efficiency, and lower costs. We at University of
California-Davis have constructed hybrid electric- CVT
vehicles with total powertrain mechanical parts count
that is less than 20% of the conventional car with no
sacrifice in performance. Of course these hybrids with
the CVT have more electronic controls than the
conventional car. Thus, we traded off mechanical
complexity in conventional drivetrains for electronic
complexity in Hybrid Electric CVT Drivetrains. This
trade-off is now possible because it results in lower costs
and higher reliability.

Some of the advantages that can be gained by the hybrid
electric CVT are:
1. No reverse gear system is required.
2. No vehicle starting device such as a torque
converter or clutch is required.

. No need for hydraulic transmission system
calibration since it can be accomplished
electronically with sensors to provide information
on temperature, age of the oil, and other
parameters requiring calibration. .

. The fewest number of mechanical parts in the
powertrain and transmission system.

. All accessory loads on the engine are removed to
increase the net thermal efficiency of the engine.
This can be done, since there is a large amount of
battery energy.

Examples of this concept are shown in the vehicles
constructed below. These vehicles all have fuel
economy that is at least double the conventional vehicle
but they do not weigh much more than the conventional
car and they can go 100 km all electrically before the
engine needs to come "on" to maintain the batteries at
about 20% State of Charge.
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Figure 11. CVT hybrid electric powertrains for 100 kw 250 NM 3 liter vehicles and a 250 kw 6 liter 700 NM vehicle
with double the fuel efficiency of the conventional vehicles constructed at the University of California at
Davis Hybrid Electric Vehicle Center,

Conclusions with steady high loads and durability is a stringent
requirement. The challenges for this industry segment is
The CVT concepts for the future needs of the automobile far more difficult than the light duty vehicles in
and truck market needs to be designed in such a way that passenger automobiles. Some of the requirements
it is adaptable to all manner of powertrain concepts, from include a different high level control system. For
manual transmission vehicles, conventional torque example, the engine is often used for braking down hill
converter automatic transmissions to hybrid electric and the transmission must be able to transmit torque with
powertrains for both front engine, front wheel drive absolute certainty. Failure under these conditions is not
vehicles to front engine rear wheel drive and all wheel acceptable. Thus the control systems and the
drive vehicles . In addition, the CVT concept should be transmission elements must be very robust under all
adaptable to other vehicular functions such as 4 wheel operating conditions and fail safe systems under all
drive transfer boxes and differentials. possible component failures must be designed.
There are many more applications for CVT's in vehicles Finally, the CVT can be the lowest cost, most efficient,
that have not been discussed. Some of these ideas are the smoothest, quietest, and the most durable
for example, constant speed drives for air conditioning transmissions of the near future. Every vehicle,
and accessories, CVT's for differential drives for four including electric vehicles can benefit from the CVT.
wheel drive systems, etc. Thus, future advance powertrains such as electric drive
system with power supplied by hybrids and fuel cells
Perhaps the biggest challenge will be large trucks and will be made more efficient and more controllable by the
bus main transmissions where power and torque are high CVT.
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The final question will be, what form will the future
take? Tt likely that many CVT and IVT forms will
occupy the CVT space.
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Development of a New Belt CVT with High Torque Capacity
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¥R T, MERIREEOUWEERAMRL, HoO Summary  Improving the fuel economy of vehicles
) E A s SRy 7 T}H’qm}; roTWwWh, —7, HilhZ has become an issue of worldwide concern in recent
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years in connection with the growing awareness of
global environmental issues. On the other hand, global
demand for automatic transmissions has also been
increasing. Against this backdrop, the application of
continuously variable transmissions (CVTs) has been
spreading at a rapid pace in recent years as a means of
attaining improved fuel economy. Until recently, CVTs
have mainly been used on 1.0-2.5-liter class vehicles, At
JATCO, we have succeeded in developing the world's
first CVT (CVT3) capable of being used on 3.5-liter
class vehicles (Figure 1). This paper describes the main
specifications, construction, hydraulic circuit and control
system of this new-generation CVT.
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Fig. 1 CVT3
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1. Introduction

The CVT3 is used on the Nissan Murano (Fig. 2) that
was rolled out in the North American market in November
2002 as well as on the Nissan Teana and the Presage in the
Japanese market. It has been popularly received by
customers for its excellent performance. Four objectives
were set for the development of this CVT:

(1) More compact size

(2) Lighter weight

(3) Enhanced fuel economy due to a wider ratio range,
improved pressure control and other improvements

(4) Improved acceleration performance

_14_

Fig. 2 Nissan Murano
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Table 1 Major specifications of CVT3 and Hyper CVT

Belt CVT CVT3 Hyper CVT
Engine Type 3.5LVaé 2.5L14
Max torque (Nm/rpm) 350/4400 250/4400
Fosition of starter CVT side Engine side
motor Engine side
CVT Ratio Ratio range 5.401 5.359
Low~0D 2.371~0.439| 2.326~0.,434
Final gear ratio 4.878~6.327| 5473, 5.743
Manual-shift mode G-speed 6-speed
CvVT Overall length (mm) 386.9 396.0
Dimensions Distance between 178 168
pulley shafts (mm)
Maximum pulley pressure (MPa) 5.7 4.6
Qil pump discharge capacity 224 19.6
(em*/rev)
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2. 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 Figure 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.

In addition, the CVT3 design strikes a good balance
based on previous experience acquired in developing the
Hyper CVT among the measures for expanding the ratio
range, its compact construction and higher efficiency.

Forward/Reverse
Actuation Mechanism
Primary ——— = Oil Pump
Pulley B
3 Tarque
ol - | . Converter
Secondary W -
Pulley ML
Jl.‘ ii _ '''''''' = 4= Final
-—l; i ! Reduction
; ~  Gear
Steel :
| | - 1 »
Belt !

Fig. 3 Main cross-sectional view

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 it has a wider ratio range as a CVT
for 3.5-liter engines than CVTs for 2.5-liter engines. 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.
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Fig. 5 Measured fuel economy results
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3. Improvement of Both Driveability Feeling
and Fuel Economy

Simultaneous improvement of the driveability feeling
and fuel economy was addressed both in terms of the
hardware and software. With regard to the hardware, steps
were taken to simplify the construction, lighten the weight
and widen the gear ratio range so as to achieve the three
major development aims. As for the software, many new
controls were adopted in addition to optimizing the shift
schedule. A control was added for automatically selecting
the shift schedule and shift mode to match the driving
conditions. A hill-climbing control, including automatic
engine braking, was also adopted along with a manual
shift mode.

(1) Optimization of shift schedule

Because the CVT3 was designed from the outset with a
wider gear ratio range than that of conventional 4-speed
ATs, it allows the engine speed to be kept low while the
vehicle is cruising, which works to improve fuel economy.
The shift lines are shown in Fig. 4 for reference. With
conventional CVTs, the initial acceleration response at the
moment the driver depresses the accelerator pedal tends to
deteriorate at low engine speeds. In contrast, the CVT3
allows the engine speed to be kept low when cruising on
level terrain without any concern about a decline in power
performance, thanks to its capacity to handle engine torque
of 350 N-m.

As a result of the foregoing improvements, the CVT3
has the effect of improving fuel economy under the U.S.
combined city/highway driving cycle by approximately
16% over a 4-speed AT and by approximately 8% over a
S-speed AT (Fig. 5).

(2) Shift schedule that adapts automatically to various
conditions

In addition to the adoption of an optimized shift
schedule, the CVT3 also automatically selects the right
shift schedule matching the operating conditions (the
driver's intentions) and the driving conditions (road grade,
etc.). This adaptability improves fuel economy while still
providing the power performance required under all sorts
of conditions.

The feeling of driveability has been markedly improved
especially when climbing hills. This is accomplished, for
example, by maintaining a low transmission ratio during
hill-climbing, when a large margin of reserve power is
needed, so as to keep the engine speed high even if the
driver releases the accelerator pedal, In addition, when the
vehicle is accelerated, the CVT3 also shifts further to the
low ratio side than on a level road so as to deliver more
powerful acceleration.
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4. Improved Driveability Feeling in Large-Engine Vehicles

Continuously variable transmissions began as units for
use on minicars, though their torque capacity has steadily
been improved in the intervening years. They were
originally teamed with low-power engines, with the engine
speed tuned on the high side. Setting a somewhat high
engine speed, however, gives rise to the following issues:
(1) Large engine noise
(2) Lack of a feeling of rhythm when accelerating
(3) Deterioration of fuel economy

These issues have been resolved by improving the shift
control of CVTs to make them suitable for use on vehicles
with large-displacement engines, which has completely
changed the previous image of CVTs. In short, because
there is ample power in reserve even if the engine speed is
kept low during cruising, quiet operation is achieved along
with powerful driving performance whenever it is needed.
In addition, when cruising at high speed while keeping the
position of the accelerator pedal nearly constant, the CVT3
can execute subtle ratio changes imperceptible to the driver.

Previously, shift control in CVT applications on small-
engine vehicles tended to produce a feeling of an
acceleration lag because torque was mainly consumed for
raising the engine speed right after the driver depressed the
accelerator pedal. Consequently, there was very little
vehicle acceleration, and the vehicle did not accelerate until
after the engine speed had risen. In contrast, vehicles fitted
with a large-displacement engine have high engine torque
available even at low speeds, so sufficient acceleration is
generated from the moment the driver depresses the
accelerator pedal without any need to increase the engine
speed hurriedly. That makes it possible to reduce engine
noise and maintain a feeling of high vehicle quality. It also
results in a feeling of synchronized linearity between the
increase in vehicle speed and the rise in engine speed. As a
result, the shift pattern specification has been improved
from one that was dependent on the transmission ratio,
whereby the ratio was substantially changed during
acceleration so as to generate the demanded driving force,
to one that allows the ratio to be changed within a narrow
range (Fig. 6).

* Change from a multipurpose shift pattern with large speed changes to

a pattern with small ratio changes

= Used effectively in the low-speed range when matched with an engine

providing high low-end torque
Previous control

Engine speed rises first

Engine speed remains low ‘
and rises

|

Marked fmprovement
RN

y

! ———

-

elayed i
acceleration
Vehicle speed also rises later

et

sec

Driver depresses aceelerator

Easy to adopt latest type of control with

in

r,.-‘
e’ Acceleration increases

. from the outset

Feeling of linear rise between vehicle
speed ond engine speed

L

arge-displacement engines

sec
Driver depresses accelerator

* Reduced engine noise enhances vehicle's high-quality feeling
* Large effect on improving fuel economy as well

Fig. 6 Example of Improved Shift Control for Use on Large-engine Vehicles
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In other words, with larger levels of engine
displacement and torque, smaller ratio changes are
possible, allowing the engine speed to be kept low and
resulting in the following benefits.

(1) Engine noise is reduced to enhance the high-quality
feeling of the vehicle.
(2) There is a large effect on improving fuel economy.

CVTs have an advantage over ATs in response at the onset of shifting
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Fig. 7 Comparison of initial shift response

5.¥=a7 N7 bE=FOXRBITREADEA

ToaTNYT FE=FTIX, BEOLARVA
DI R E LML 2B, CVTIFATERBL T
LHEOMMP L AR A0 ETIE, YAREFTHS.
ﬁg7mTTi)hATﬁﬁx7F}.ﬁi Epuliile
79y FEADNCMIESERI L, YA R HA B
O—2 LTHOTEENAY— T H5DI25 LT,
CVITCIE /= Do THeWEET 41— Ny &
B LCTWT, ROBHICMATWAI LG, ¥
7 MRS REBICEME A - TAILNTE

LH, ZDLEHICZITvFERAF DA PO — 2 |2
57 70Rwir, BROMENLTE .
HyperCVTTh Y= 77 FE— F2EHL

725, AEALAT— /D BEFNTRELEY =2
Thy7 FE-FIZ2WTIH, kKRR YV
HELT, SHICEFDMIE xR L7
ZHETOCVTD=T=a TNy 7 FE—FTII,
Fig. 8 & 512, 1O R T ~L b A5 F 5.

L, SuiRERREZBIAZ LD WES,
] TIEXHIMC > 7 5 X9 ICiREL TWwWiz.

Nwlm%MMbw7ﬁk%<4@HMkT%t
wiTKE &
b,ihmwnwwbmw /7I§ﬁéM?#

ot

_18.—

5. Improvement of Manual Shift Control for Application
to Large-engine Cars

Shift response is a critical performance parameter in a
manual shift mode. Owing to their inherent mechanism,
CVTs have an advantage over ATs with respect to
response at the onset of shifting. An AT does not actually
begin to shift until the piston of the clutch used in
executing the shift strokes under the application of pressure
after a shift command has been issued, as indicated in
Figure 7. In contrast, the clamping pressure of the pulleys
in a CVT is under constant feedback control in preparation
for the next shift, enabling the unit to begin shifting
immediately after a shift command is issued. Because there
is no time lag needed for the stroking of the clutch piston,
the shift response of a CVT is that much faster.

While the Hyper CVT also incorporated a manual shift
mode, the shift control of the manual shift mode designed
for the 2004 model year Murano was further improved for
use with a large-displacement engine.

The manual shift mode of previous CVTs was designed
to shift to the high ratio side under high engine speeds, as
shown in Fig. 8. That was done to prevent the belt from
exceeding its thermal strength limit due to the rise in the
belt temperature during operation in the first speed range
under high engine speeds. Because heat generation by the
belt increases in proportion to the torque level, the quantity
of heat produced increases with larger engine
displacement, making it necessary to shift to the high ratio
side at a lower engine speed.
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Fig. 9 Improved manual shift mode control

However, with these conventional shift lines, a true
feeling of acceleration like that of manual transmission
cars cannot be obtained.

To resolve that issue, a shift control was newly added
to the CVT3 to keep the transmission ratio more on the
low side than in the case of previous CVTs, when the beli
temperature is below the thermal strength limit. This
control constantly predicts the belt temperature based on
the fluid temperature, pulley speed and input torque level,
and it enables the CVT3 to deliver the same feeling of
acceleration as a manual transmission car even when
applied to a car model fitted with a large-displacement
engine (Fig. 9).

In order to predict the belt temperature accurately, the
operating speed of the delay circuit (filter) has been
increased at the time the output voltage of the fluid
temperature sensor is converted to a fluid temperature. In
addition, the output of the engine coolant sensor is used as
a substitute value for predicting the temperature of belt
cooling oil. These measures facilitate the above-mentioned
shift control without the addition of any new sensors.

6. Conclusion

Because CVTs were initially applied to minicars and
other vehicles fitted with small-displacement engines, it
was thought that they could only be used on such vehicles.
That image has now been dispelled by the development of
CVTs suitable for use on vehicles powered by medium to
large-displacement engines.

The Nissan Murano marketed in North America
received the highest ratings in its class in a survey
conducted by J. D. Power and Associates (Fig . 10), which
testifies to the popular reception of the CVT3 among
North American customers.



JATCO Technical Review No.5 (September , 2004)

90.00%
JATCO CVT3

BOOON[—— - _# — = = -
7000%|
i SRRy, =t TR T —— MuranoCVT3 |

A =& Maker H
&= Maker T

50.00% —— Maker T
—a— Maker N
—m—  Maker G

40.00% k - - - e S
= : == Maker G

—=—  Maker G

30.00%

20.00%

1000%

0.00%
Transmiasion: Rating of Perf Hard Accel Smoothness Of Shifting On Time Pagsing Power At
Overall Rating ~ Vehicle's Fuel Shift HWY Speeds
Econemy (MPG)

Percentage of respondents giving a perfect score of 10 (= superior)

Fig. 10 Comparison of J.D. Power's APPEAL Scores for Transmission Performance

RRICACVTZWET A 2H72), HEHBRE Finally, the authors would like to thank various people
(OB AL, EETHHTEHG - MES at Nissan Motor Co., Ltd. and other individuals concerned
DI ANV S L BT A, for their tremendous cooperation in connection with the

development of the CVT3.

B Authors W

Takashi SHIBAY AMA Hirofumi (5KAHARA Tatsuo OCHIAI

- 20_



B % |

35L2 S AEBNIL FCVTD ML O BEMRR

A Study on the Torgue Capacity of Belt CVTs for 2.0-liter and 3.5-liter Front Drive Cars
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measure the slip characteristics of 2.0-liter and 3.5-liter
class CVTs under a condition of their lowest pulley ratio.
The measured results were then used to calculate and
compare the element-pulley friction characteristics of
both CVTs and the active arc of the element compressive
force generated on their primary pulley. A 3-D finite
element model, capable of analyzing the 3-D dynamic
behavior of the belt and pulleys and stress, was applied
to compare the band tensile force and element PV values
of the two CVTs. As a result, it was found that the 3.5-
liter class CVT has approximately the same percentage
of torque capacity allowance and strength limits as the
2.0-liter class unit.
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1. Introduction

There have been growing expectations of continuously
variable transmissions (CVTs) in recent years as a
technology capable of significantly improving both the
fuel economy and driving performance of vehicles. In this
work, an actual-size belt box tester was used to measure
the belt slip characteristics of a 2.0-liter and a 3.5-liter
class CVT at the lowest pulley ratio (a condition of the
maximum reduction ratio) where a transmission reaches its
torque capacity limit. Based on the measured slip
characteristics, an analysis was made of both CVTs with
respect to the relationship between the sliding velocity and
friction coefficient between the elements and pulleys (i.e.,
-V characteristic) and their torque capacity allowance,
In addition, a dynamic 3-D finite element analysis was
made of the CVT belt under a state of maximum torque
transmission. The results made clear the PV values of the
elements, the distributions of the band tensile force and
element compressive force, and element behavior on the
primary pulley, among other characteristics.

2. Torque Transmission

2.1, Metal Belt Structure

A cross-sectional view of a belt CVT is shown in Fig.
1 and the structure of the metal belt is shown in Fig.2,
The metal belt consists of two laminated steel bands to
which approximately 400 steel eclements are
consecutively attached. Each laminated band is
composed of nine or twelve endless layers
approximately 0.2 mm in thickness. The metal belt is
wound around a pair of metal, V-shaped input and output
pulleys. Torque is transmitted both by the compressive
force between the elements, produced by the friction
force acting between the sides of the elements and the
cone-shaped pulley faces, and by the tensile force of the
laminated bands.
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Laminated steel bands

V-shaped steel elements

Fig. 2 Structure of a metal CVT belt

2.2. Distribution of Element Compressive Force
Under a Low Ratio

Under a low ratio condition, the radius of belt contact
on the drive pulley is small, so the band tensile force at
the entry side on the drive pulley is larger than that at the
entry side on the driven pulley. Accordingly, the band
tensile force acts in the direction to transmit torque.
When the input torque is small, the element compressive
force due to the friction force between the elements and
pulleys is distributed on the side acting against the
transmission of torque (Fig. 3). On the other hand, as the
input torque increases and exceeds the level that can be
transmitted by the tensile force of the laminated bands,
IT‘Iﬂmd [Thnnd = (Tl) = Tn) > R]], lhe elelnent CDmpl‘t‘.SSiVE fUI‘CB
due to the friction force between the elements and
pulleys is distributed on the side that assists the
transmission of torque (Fig. 4).

Fig. 4 Distribution of element compressive force and band
tensile force (Tum=T:)
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3. Slip Characteristics of Belt CVTs

3.1. Belt Box Tester and Test Method

A schematic diagram of the belt box tester is shown
in Fig. 5. The pulley ratio is set to a specified level using
the belt and pulleys of the CVT to be tested. The belt
clamping force is adjusted by the pressure supplied to
the piston chamber of the secondary pulley. The drive
motor is connected to the primary pulley shaft via a
torque meter, and the secondary pulley shaft is
connected to a load dynamometer via a torque meter,
The lubrication pipe for the belt and pulleys is positioned
in the same place as that of an actual CVT. During a test,
the pulley ratio is set to its lowest value, and the input
speed is kept constant at 4,000 rpm. Under these
conditions, the load torque is varied, and the output
speed (Nus) is measured for each torque condition. The
slip ratio S (%) under each torque condition is found
with the following equation.

Nouy, 100

No
where N, is the output speed under a no-load
condition.
Table 1 shows the specifications of the 2.0-liter and 3.5-
liter class CVTs used in the tests along with the test
conditions,

S(%)=(1- (1)

Table 1 Major specifications and experimental conditions

2L-class belt CVT | 3.5L-elass belt CVT
Pulley ratio [Low 2.326 2.371
: oD 0,434 0.439
Center distance of variator (mm) 168 178
™ Element widih (mm) 30 30
Belt specs Element thickness (mm) 18 1.8
Mnmber of band layers 9 12
Length of CVT belt (mm) 703 TH77
i Input speed 4000 rpm
PR Oil fcmp&alum 110’@
tal -
i Pulley ratio Lowest
Fonditians Input torque Mo lond~—Max. torque

3.2. Test Results

Figure 6 compares the slip characteristics found for
the 2.0-liter and 3.5-liter class CVTs. To facilitate an
easy comparison, the torque ratio along the horizontal
axis is expressed as a non-dimensional value in terms of
the input torque/nominal maximum torque. As is clear
from Fig. 6, the slip ratio of the 2.0-liter and 3.5-liter
class CVTs changed discontinuously at a torque ratio of
approximately 0.38 and 0.46, respectively. It is estimated
that the distribution of the element compressive force at
these torque ratios switched from the state in Fig. 3 to
that in Fig. 4. This would seem to indicate that the 3.5-
liter class belt CVT transmitted a larger proportion of
torque by the tensile force of the laminated bands than in
the case of the 2.0-liter class belt CVT.
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4. Theoretical Analysis of Torque Capacity and
Friction Characteristice

The torque capacity of a belt CVT depends greatly on
the s -V characteristic between the elements and pulleys
and increases with a larger friction coefficient .. The
magnitude of the limit torque capacity can be evaluated
on the basis of the relationship between the ratio of the
active arc ( 2 1) to the belt angle of contact ( « 1), (fBife),
on the small-diameter pulley and the torque ratio. The
active arc refers to the angle that contributes
substantially to the element compressive force within the
angle of belt contact on the small-diameter pulley. In the
following numerical analysis, the y -V characteristic and
the active arc ratio bl/al of the 2.0-liter and 3.5-liter
class CVTs will be found and compared.

4.1. Basic Equations

Figure 7 shows a model of the distribution of element
compressive force under a condition of large input
torque at the lowest pulley ratio, which is the severest
state for a belt CVT in terms of torque capacity.

Micro gaps are present between the elements from the
time the belt is assembled. The total amount of the initial
gaps (0 o) is called end play, Compressive force between
the elements is not generated at the onset of belt
engagement with the primary pulley. The element gaps
(& m) resulting from this end play o give rise to belt
slip."” Accordingly, the slip ratio S (%) can be expressed
as

S(%) = {c‘im (.Le . 5m)}:<100 — e ()

where Le is the plate thickness of one element.

The amount of torque transmitted by a belt CVT is
determined by the tensile force of the laminated bands
T(0) and element compressive force Q(f). The following
equations are derived from the balance of forces acting
on the elements and bands in a micro region of belt
contact d ¢, as shown in Fig, 8.%

7@)=11e"% +¢r T20) —— (3)

0(0) = @1e”? ~Tye"a® vce (Qs0)—— (@)

_ Hpcosg
k Ain @ + upSin g x cos ) ()

where

Cr : centrifugal force per unit length of the laminated bands
Ce: centrifugal force per unit length of the elements

pa: friction coefficient between the bands and elements
poo: friction coefficient between the elements and pulleys
¢ : pulley half vertical angle

¢ 1 deflection angle from the tangential direction of element sliding

=24-=
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Fig. 8 Forces acting on the bands and elements

The following relational equation holds true between
the band gaps ¢ . and the active arc [, within the angle
of belt contact on the primary pulley.

H 1)61 = Lc]

where & is the result of adding the amount of
additional gaps produced by the force acting on the belt
to the end play d .
The sliding velocity between the elements and pulleys
is given by

Le

ot

(6)

Bi=ay=—

1 "

LNy S

V(m/sec) = —
60 7, 100000

)

where N, is the input speed (rpm), I, the pulley ratio
and L the total belt length (mm).

Using the results of the slip characteristics test in Fig.
6, the p -V characteristic between the elements and
pulleys and the active arc ratio 2./« of the 2.0-liter
and 3.5-liter class CVTs were found according to the
procedure explained below. The end play &, is found
by substituting into Egs. (2) and (6) the slip ratio S, at
the input torque T. where the element compressive force
distribution changes, under the assumption that dt in Eq.
(6) is equal to & . The torque at the time the element
compressive force distribution changes is transmitted
only by the band tensile force, so the element
compressive force is regarded as being zero. The friction
coefficient . between the bands and elements is found
using Eqgs. (3) and (4). The test results for the slip ratio at
the torque ratio (Ti/Tww= Tie/Tan) Where the element
compressive force contributes to torque transmission are
then substituted successively into Eqgs. (2)-(7) to find the
friction coefficient s between the elements and pulleys
and the active arc /3. It is assumed that the share of the
torque transmitted by the band tensile force under an
input state where the torque ratio is Ti/Tuw Or greater is
constant (= T.).
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4.2. Element-Pulley u-V Characteristic

Figure 9 compares the element-pulley g -V
characteristics calculated for the 2.0-liter and 3.5-liter
class CVTs. The fluid of the 2.0-liter class CVT contains
the Zn-DTP additive. It has been reported that this
additive maintains a high z“. A new fluid without
ZnDTP has been adopted for the 3.5-liter class CVT
recently. It can be inferred from the results in the figure
that this fluid provides an equally high or even higher
s« The slip velocity V1 at a torque ratio of 1 was found
to be 0.71 m/sec for the 2.0-liter class CVT and 0.64
m/sec for the 3.5-liter class CV'T.

4.3. Limit Torque Capacity Allowance

Theoretically, a belt CVT cannot transmit torque once
the input torque reaches a level where the active arc ratio
( 51/ a1)is 1. Accordingly, the allowance with respect to
the torque transmission limit of a belt CVT can be
estimated by investigating the relationship between the
active arc ratio ( 1/ e 1) and torque ratio. Figure 10
compares this relationship for the 2.0-liter and 3.5-liter
class CVTs, It is seen from the figure that the smaller the
active arc, the higher the torque capacity allowance
becomes. As is clear from Fig. 10, the allowance of the
3.5-liter class CVT is as large as or even larger than that
of the 2.0-liter class CVT.
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Fig. 10 Active arc of 2L-class and 3.5L-class CVTs
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5. Comparison of Dynamic Behavior and Stress

Three-dimensional finite element analyses were
conducted to analyze and compare the dynamic behavior
and stress of the 2.0-liter and 3.5-liter class CVTs under
a condition of a torque ratio of 1.

5.1. Model Configuration”

Three-dimensional FEA data for each of the
components making up a belt CVT, namely the elements,
bands and pulleys, were coupled and the contact between
the elements, that between the elements and bands and
that between the elements and pulleys were all defined.
The laminated bands were approximated with a single-
layer model having equivalent tensile rigidity in order to
strike a good balance between accuracy and CPU time.
The pulleys and elements were treated as solids. The FEA
model of the belt-pulley assembly is shown in Fig. 11.

-Z26-
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5.2. Calculation Procedure

The PAM-SHOCK finite element program was used
as the computational code in order to calculate the multi-
contact model under the same restraints as an actual belt
CVT. Under a state of belt contact at the specified pulley
ratio, the input speed was gradually increased to the
prescribed speed from a condition of zero input torque
and zero input speed. The input torque was then
increased to the specified level, and the calculation was
run until the behavior of each component converged to a
steady state.

5.3. Calculation Results

The interactive forces, contact pressures, velocities
and other characteristics between the elements and
pulleys, between the elements and bands and between
the elements themselves were calculated for both CVTs
under conditions of an input speed of 4,000 rpm, the
lowest pulley ratio and a torque ratio of 1. Figure 12
shows the calculated velocity distribution at the center of
gravity of each element at a certain time under a steady-
state condition, the pulley velocity at the radius of
revolution corresponding to the element center of
gravity, the distribution of compressive force between
the elements and the band tensile force distribution. The
upper graph is for the 2.0-liter class CVT and the lower
one is for the 3.5-liter class CVT. The results indicate
that the elements of both CVTs were rapidly accelerated
to the pulley velocity right after the belt began to wrap
around the primary pulley. Subsequently, the active arc
state developed under which compressive force was
generated between the elements. The velocity of some
elements in this region was slower than the pulley
velocity, giving rise to a state of belt slippage. In the
case of the 2.0-liter class CVT, band tensile force
transmitted 38% of the input torque. In contrast, the band
tensile force of the 3.5-liter CVT transmitted 44% of the
input torque. The calculated results show good
agreement with the experimental data mentioned earlier.

The results in Fig. 13 were calculated for one element
from the time it began to wrap around the primary pulley
until it exited the pulley. The figure shows the thrust
force on the sides of the element and the change in its
sliding velocity relative to the pulley. The upper graph is
for the 2.0-liter class CVT and the lower one is for the
3.5-liter class CVT. For the 2.0-liter class CVT, the
sliding velocity between the element and the pulley
ranged between 0.5 to 0.8 m/s, whereas that of the 3.5-
liter class CVT was around 0.5 to 0.6 m/s. These results
nearly coincide with the sliding velocities mentioned
earlier that were calculated under a torque ratio of 1, For
both CVTs, the thrust force acting on the sides of the
element reached its maximum value right after the onset
of the active arc and was 940N-m for the 2.0-liter class
CVT and 1,404 N-m for the 3.5-liter class CVT.



JATCO Technical Review

No.5 (September , 2004)

21, Claga EVT
154 16
152 14
e Primary pullay valacity
h ‘\ “ IL Qf‘ af 12
148 :
114 10
146 = g
51“ 2215151 w . 5
gw A & . e -&Bnnd tensile forca g
145 Emgn#lw fores btween eleimants | &
;i < 4
118 4 — v
W Mtn ] n
136 ity - H
\"\ 3626N Sacondary pulley velogity
13.4 °
0 0 50 100" 11134150 167 g 200 oo 350
Flamant Kumbar
3.5L Class CVT
i
i Primary pulley velocity A 100 ' b
L e e e ‘]{7 T4
- . i =
154 - a2l
i AQ1EN " 3 T s - iH]
’ [ S, o ee= T and tansla force e
i.l 4t i r 5
144 - L]
Wana's o ot ans 4 & N oo A ug.
14.2 ¥ pulley Y 6
b Element valocity i .H..M-M-‘“--..u
! - -
i / } Comprassive farco batwaen slamants 1“"\.\ 4
) b ,f ’ 501N \‘1 3
TG \
134 el ()
o o 100114137 180760 a0p 28607 500 350 400
Elamant Numbar

Fig. 12 Comparison of dynamic behavior and siress of metal
CVT belts

3.5L class CVT

2L class CVT

Fig. 14 Comparison of element contact pressure on the primary
pulley

T A MMUEECER T 578X, WovTE b
T4 7T —7MGHEkCRRERY, 2L T
ACVTTIE940N, 3.5L%7 T ACVTTIE1404NTH 5,

Fig. 1413 AN 7= (ML TWA I L A ¥ Mi
RO AR DO LB R TH S, 2L T ACVT,
3.5L7 T ACVTE b LA o AT 0L < i o T
B2 o TWwWaA I Edbhas,

Fig. 1533 FiRGAOHBHERTH L, W
CVTE b AN T — ) %3 S MBI TNy FEIE
DIEHIRAKERD, 2LY 5 ACVTOHE, K
fHIZ37TMPa. 3.5L%7 7 A OB E1E39MPaTH 5.

-28=

2L Cluss CVT
2.8 1500
20
i P Sliding velacity in circumferantial direc 1200
o
‘E - \'\ '-'-l(‘f_,._ﬁ,—-_._,..-——-rﬂ-"l/ BME
§ 0.0 \-.lﬂh..l “.n.I\.J M.IA-M’—"J E
/ 0f01 . 0062 0003 0004 OGBS 0006 0o E
§-o.s /" — 600
e / ? Start of ativa are -
a5 — A
. ‘ Sliding valocity in radial directi Thrust force
-2.5 4]
Tima (s)
.51 Clans VT
2.5 1500
i Thiust &
g __,- rut farea / i
i 2 Eliding velocity in clreumferential diractio 5 o - T 3
o = ST b
0 | e - 5
i 0,008 0.004 0.005 0.006 0,007 E
i n 600
1 X Start of aotive arg
-Iis /y i Sliding velocity in radial diractior | s
i ¥
20 f -— —
Y
25 — g
Tira (3)
Fig. 13 Sliding velocity and thrust force of elements on the
primary pulley
3.5L class CVT

2L class CVT

Fig. 15 Comparison of band tensile force

Figure 14 compares the distribution of contact
pressure on the side faces of the elements in contact with
the primary pulley for both CVTs. The results indicate
that the contact pressure at the top of the element side
faces was high for both the 2.0-liter and 3.5-liter class
CVTs.

Figure 15 compares the band tensile force distribution
of both CVTs. Band tensile stress reached its maximum
level for both CVTs at the point where the belt began to
wrap around the primary pulley. The maximum stress
value seen for the 2.0-liter class CVT was 37 MPa and
that for the 3.5-liter class CVT was 39 MPa.




35L2 ZA&EBAIL FCVTOD B2 BB

54. T LAY NPV, /N> BiEHOH#E

53 MOFHAERICEDE, ML LT IO
HleBITA, 35L2 ALY ZAQOCVTEFNF
oL Ay bPVIEES Y FIn xRk 5. =1
A FPVIEDPIE, Figl3T, 7274 77—2H
2B A v RO T v T
WY HEPHE T TRz, VIZoWTIE L2 L
YAUCBIF AL ALY T MRS V%
w7z,

RH”J

ZIT, NEx LAY MlfiFEER, Eldxl
A v PR, LiiT LA r MMIRES, v EE
7, eldT LAy FUEEMNM O ST -
HTH D,

Y R i, BIRD IS or & MIFIET oM
DFELTTARTRD S,

NxE, xsin(p)
2% L, xR x(1-v*)xe

)

v =T(a;) (2% A, )+ Egt [(2%R;) )
o, T(a)id, Fig. RISRTAN T =125
ENFERGT AMEICBITATRYFRTHL, A
ARG S FICIAE TS Y, Esld /N FitEiR%g,
HI Ny PRI CH 2, LLEORHEIZ X bRz b
M2 LYFIIBITATL A FpViiiE, /32 FIE
T« DS R # Fig. 1612777, 3.5L7 7 ACVT®
IV A FPVfliX, 2LY 7 ACVTIZH~<TI10%FE
EOWINTHY, Ny FIEHic2WTIiE, 11I12H
SThAL, IR, 3.5L7 7 ACVTO 7S —) il
MEAT2L Y 5 ACVTIZ -8 L7 2 &, FEB)HAE
ViihEnwZ b, BXUORIR S Y Feod 61288
IR LAz EPEBRLZERDbNS,

15

-

=
wn

3.5L CVT/2L CVT

(=]

PV factor (MPa¥m/s)

7 (MPa)

Fig. 16 Comparison of PV factor and band stress between
CVTs

6. £&&

L% 9 ACVT&35L7 9 ACVTTORLOWIKTE
2B A A v T %~ P BOXHEERE Tl
L, TLAY M=V HMOu-VERET 2747
Tt IneDOEBERICESHTRALL
L7z, 72, P2 LT FUIBITAMCVTORE)
BI2EW), T2 WT3RITCFEM TN L, LLF D
Z e L .

=29=

5.4. Comparison of element PV values and band stress
Based on the foregoing calculated results, the element
PV values and band stress were found for both CVTs
under a condition of a torque ratio of 1. The value of P
here was found with the following equation as the
Hertzian contact pressure Pu, using the mean value of the
thrust force acting on the sides of the elements in the
active arc in Fig. 13. The element-pulley sliding velocity
Vi under a torque ratio of 1 was used as the value of V.

= J

where N is the vertical drag on the element sides, Ee
is the element modulus of elasticity, Ls is length of the
element sides, v is Poisson's ratio and e is the plateau
ratio of the surface profile of the element sides.

Band stress = was found with the following equation
as the sum of tensile stress o T and bending stress o m .

NxE, xsin{p)
2axL, xR x(1-v*)xe

(8

T =T(a,) (2% A, )+ Egt (2%R,) ©)

where T{ « 1) is the tensile force at the point where
the belt begins to wrap around the primary pulley as
shown in Fig. 12, Ar is the cross-sectional area of the
laminated bands, E: is the band modulus of elasticity and
t is the band thickness. The element PV values and band
stress  calculated with the foregoing equations for the
two CVTs under a torque ratio of 1 are compared in Fig.
14, The element PV value of the 3.5-liter class CVT was
found to be about 10% larger than that of the 2.5-liter
class CVT, whereas their band stress was approximately
equal. The following factors presumably contributed to
these results: the distance between the pulley shafts was
longer for the 3.5-liter class CVT than for the 2.5-liter
class CVT, the sliding velocity Vi was low, and the
number of layers of the laminated bands was increased
from nine to twelve for the 3.5-liter class CVT.

6. Conclusions

The slip characteristics of 2.0-liter and 3.5-liter class
CVTs were measured under a condition of their lowest
pulley ratio using an actual-size belt box tester. Based on
the measured results, the . -V characteristic between the
elements and pulleys and the active arc were calculated
and compared for the two CVTs. A 3-D FEA model was
used to analyze the dynamic behavior and stress of both
CVTs,. The results obtained made clear the following
points.

(1) The increased number of layers of the laminated
bands of the 3.5-liter class CVT enabled the band
tensile force to transmit torque up to a torque ratio of
0.45, which contributes to the greater torque capacity
of this unit.
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1) D. Kobayashi, et al.: A Study on the Torque Capacity
of a Metal Pushing V-Belt for CVTs, SAE Paper,
980822 (1998).

2) Becker, H. J: Berechnung des Van Doone cvt-
Schubgliederbandes, Aachen Kolloquim ier
Fahrzeug-und Motorentechnik, pp. 457-485 (1987).

3) #INEA W RV 2R b & A FCVTH
M, EA NS AHKD Y —2& b5 A KT Y-
LT AR AE (H371998-5), pp. 252-254(1998).

4) H.Shimizu, et al. | Development of 3-D Simulation
for Analyzing the Dynamic Behavior of a Metal
Pushing V-Belt for CVTs, SAE Paper, 2000-01-0828
(2000).

(2) The element-pulley ¢ of the 3.5-liter class CVT was
equal to or greater than that of the 2.5-liter class CVT
regardless of the relative velocity V. This also
contributes to the former unit's increased torque
capacity,

(3)It was estimated from the active arc ratio that the
torque capacity allowance of the 3.5-liter class CVT
was equal to or greater than that of the 2.0-liter class
CVT.

(4) Under the conditions of the lowest pulley ratio and a
torque ratio of 1, the dynamic behavior of the CVT
belt was approximately the same for both the 2.0-liter
and 3.5-liter class CVTs. A comparison of their
element PV values showed that the value of 3.5-liter
class CVT was around 10% greater than that of the
2.0-liter class CVT.

References

1. D. Kobayashi, et al., “A Study on the Torque
Capacity of a Metal Pushing V-Belt for CVTs,”
SAE Paper, 980822 (1998).

2. Becker, H.J., “Berechnung des Van Doone CVT-
Schubgliederbands,” Aachen Kolloquium iiber
Farrzeug und Motorentechnik, Aachen, 27-29
October 1987, pp.457-485.

3. K. Kakegawa, et al., “Lubrication Oil for a High
Torque Capacity Belt CVT,” Preprint of the Annual
Tribology Conference of the Japanese Society of
Tribologists, (Tokyo, May 1998), pp. 252-254 (1998)
(in Japanese).

4. H. Shimizu, et al., “Development of 3-D Simulation
or Analyzing the Dynamic Behavior of a Metal
Pushing V-Belt for CVTs ,” SAE Paper, 2000-01-
0828 (2000).

B Authors W

Yoshiaki KATO  Hiroshi YAMASHITA  Yoshihiro KONO



5 % |

BRIN)LZ O N—Y DR

Development of the Super Ultraflat Torque Converter
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ultraflat torque converter adopted for our new JFO10E
automatic transmission. The internal flow characieristics
of the new torque converter were invested by
Computational Fluid Dynamics (CFD).
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1. Introduction

A torque converter is a type of hydrodylmmic,
coupling that automatically varies torque in response to
the rotational speed difference between the input/output
shafts, which determines the level of torque that is
transmitted. Along with absorbing torque fluctuations
caused by engine explosions and other factors, a torque
converter functions to multiply input torque by
approximately twofold when the output shaft is stopped.
Additionally, it is also characterized as having smooth
torque transmission characteristics relative to sudden
changes in engine torque, high reliability with a large
heat capacity in relation to other start-off elements such
as dry, wet and electromagnetic powder clutches, and
other excellent features. A torque converter is now used
with various types of automatic transmissions, including
continuously variable transmissions (CVTs), as a
coupling that provides outstanding start-off capability.

However, there are strong needs for smaller torque
converters and enhancement of lock-up functionality in
order to meet demands for fuel economy improvements
and vehicle weight reductions. Efforts to develop
downsized torque converters have been reported in the
literature.”” Moreover, the space allowed for mounting a
torque converter has been increasingly reduced owing to
the adoption of larger engines with more cylinders in
front-wheel-drive systems and the higher functionality
achieved for automatic transmissions, including the
addition of more speed ranges and greater use of CVTs.
Accordingly, a flatter torque converter design with a
shorter axial length is strongly required.

Despite the remarkable advances seen in recent years
in both the hardware and software aspects of fluid
analysis, the complicated 3-D flow through the torque
converter has still not been accurately analyzed
quantitatively. However, it should be possible to obtain
the optimum design of a high-performance torque
converter by applying current analytical techniques to
analyze quantitatively the amount of change that occurs
as a result of varying each parameter from the present
design value.

This paper describes the torque converter developed
for the JFO10E AT against the backdrop of the above-

mentioned needs.
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2. Development of Hydrodynamic Elements

2.1. Trend toward a smaller aspect ratio
Front-wheel-drive systems began to be adopted on
many cars powered by small and medium displacement
engines from the early 1980s and are now the
mainstream drive configuration of such vehicles. Flatter
torque converters with a shorter axial length have thus
been developed for use with front-wheel-drive systems.
In considering ease of mounting on a vehicle, the main
point is the flatness ratio (W/D) of a torque converter,
but from the standpoint of hydrodynamic performance,
the key point is the unit's aspect ratio (W/H), as
illustrated in Fig. 1. The trend toward torque converters
with a smaller aspect ratio is shown here in terms of the
relationship between the aspect ratio and year of
production (Fig. 2). It is seen that rapid strides toward a
smaller aspect ratio have been made these last few years.

110

Rowsd Type (R)

Flat Ty (F)

070
h —
e Super Ui Flat (5UF) |
0.0 B
— "CCD
0.50
1270 1980 1980 2000

Year

Fig. 2 Trend of Aspect Ratio

2.2, Efforts to achieve a smaller aspect ratio

Figure 3 shows an example of a hydrodynamic
analysis in which the aspect ratio was reduced while
keeping the outer diameter of the flow passage and the
inlet/outlet angles of each element constant. It is seen
that both the torque ratio and the torque capacity
coefficient tend to decline with a smaller aspect ratio.
The calculations were performed with the commercially
available STAR-CD code. The standard kappa-epsilon
model was used as the turbulence model, and a first-
order upwind differencing scheme was used to discretize
the values. Each element was modeled with a mesh
pitch of 1 mm, using a hexa mesh and approximately
80,000 grid cells in total. This analysis method is
believed to be suitable and compares favorably with
other methods described in the literature.”* The actual
influence of the aspect ratio on torque converter
performance has been reported” and the same tendencies
were seen in the present analysis.
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The limit of the aspect ratio was found from the
acceptable limit of the performance reduction, with the
aim of achieving the smallest possible aspect ratio while
suppressing the degree of decline in torque converter
performance. As a result, an aspect ratio of (.62 was
selected when the aspect ratios of the pump and turbine
were reduced symmeirically. Additionally, in a study of
an asymmetrical reduction of the aspect ratios, it was
confirmed that there was virtually no decline in
performance when the turbine runners alone were
flattened to correspond to an aspect ratio of 0.60. Based
on these results, it was decided to develop the new
torque converter with an overall aspect ratio of 0.61.

2.3. Improvement of performance of a flatter
torque converter

The factors causing a decline in performance due to a
smaller aspect ratio were investigated in order to
improve the hydrodynamic performance of a flatter
torque converter, It was hypothesized that the biggest
factor was an increase in losses at bends, i.e., separation
caused by 2-D flow, due to the larger curvature of the
flow passage (Fig. 4). An effort was made to optimize
each design parameter, focusing on measures for
addressing that factor. The parameters were first
examined using a 3-D viscous flow analysis model and
the optimized parameters were then verified
experimentally. The flow passage area, bend curvature,
blade angle distribution and other parameters were
varied individually, Then, based on the amount of
change observed, the flow passage area, blade angle
distribution and other design parameters were
determined for a torque converter having the desired
aspect ratio.

2.4. Area ratio at pump impeller outlet

A model was created and calculated in which the total
flow passage area at the pump impeller outlet was
changed, taking into account losses caused by bends.
The area ratio at the pump impeller outlet (PR) was
defined as the ratio of the flow passage area at the pump
impeller outlet to the area formed by the outside
diameter (D) of the flow passage (D4 ). It was found
that above a certain aspect ratio, the torque capacity
coefficient decreases when PR is small;
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however, provided that the aspect ratio is somewhat
below that level, the torque capacity coefficient shows a
peak value when PR is small. The reason for that can be
understood as follows. Circulatory flow does not
increase due to separation even if PR is increased;
reducing PR, on the other hand, increases the mean
diameter of the flow passage and the bend in the core
section becomes smaller, making it less likely that
separation will occur,

The CFD results presented in Fig. 5 indicate that
separation is reduced when PR is made smaller. Since
other performance parameters also change depending on
PR (Fig. 6), the value of PR was determined by
considering the overall performance balance,

2.5. Area ratio at stator outlet

A model of the stator with a changed flow passage
arca was created and calculated in the same way as for
PR. The area ratio at the stator outlet (SR) was defined
as the ratio of the flow passage area at the stator outlet to
the area formed by the outside diameter of the flow
passage. It was found that the torque capacity coefficient
and stall torque ratio continue to increase with a larger
SR (Fig. 7). On the other hand, because efficiency
declines, SR must be set at a suitable value. These
changes are influenced by circulatory flow and the radius
ratio. Additionally, as the stator blade spacing is
narrower compared with that at the pump impeller outlet,
it is thought that secondary flow loss due to a bend will
not increase even if SR is made larger.
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2.6. Blade inclination

It was estimated that reducing the aspect ratio and
increasing the curvature of the flow passage might result
in greater secondary flow. Accordingly, a model with a
changed blade bias angle was created and calculated in
an effort to suppress secondary flow. The bias angle was
defined here as the angle formed by a straight line
connecting the centers of the pump impeller blades on
the shell and core sides and the center axis of the torque
converier. The CFD results obtained for a change in the
blade bias angle are shown in Fig. 8. The results indicate
that inclining the blade suppresses secondary flow.,
However, excessive blade inclination increases friction
losses due to the larger blade surface area, causing
performance to decline. Consequently, a suitable bias
angle was determined. As a representative performance
characteristic, the change in the torque ratio at a speed
ratio of 0.6 is shown in Fig. 9.
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Fig. 9 TC Performance versus Bias Angle

2.7. Stator axial length

With a smaller aspect ratio, it becomes necessary to
shorten the stator's axial length. Shortening the axial
length reduces the stator blade surface area, thereby
decreasing friction losses, which increases circulatory
flow to improve torque converter performance.
However, an excessively short axial length increases the
slip angle, causing the velocity conversion factor in the
direction of rotation to decrease, which degrades
performance. Accordingly, an optimum axial length was
determined (Fig. 10).
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2.8. Other factors
Other design factors that were examined included:
- inlet/outlet angles of each element,
+ blade load distribution, and
+ blade angle distribution from the shell to the core.
These design parameters were optimized on the basis
of the CFD results. Figure 11 shows a comparison of
each factor's potential for changing torque converter
performance. The performance obtained by changing the
outlet angle of the pump impeller is regarded here as the
equivalent potential. The optimum specifications
obtained in the CFD analysis were used to build a super
ultraflat torque converter, having an aspect ratio of 0.61,
or 26% smaller than the previous aspect ratio of 0.83.
Test results confirmed that this new super ultraflat unit
has a performance potential equal to that of the previous
torque converter. The measured performance of the new
unit and previous torque converter are compared in Fig.
12
Because the new torque converter is intended for use
with a CVT, emphasis was placed on start-off
acceleration performance. In this connection, its torque
ratio in the low speed ratio range was increased and its
torque capacity coefficient was lowered. A comparison
with the previous torque converter shows that the
performance potential of the super ultraflat unit is equal
to or even better than that of the former unit (Fig. 13).
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Fig. 12 Performance of Previous and New TCs
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3. Torque Converter Development

The previous torque converter was of the type with
the damper spring of the lockup clutch on the inner
perimeter. Because the position of the spring was near
the largest bulge of the turbine runners, the previous type
was at a disadvantage with regard to its axial length.

Every effort was made to position the spring on the
outer perimeter of the new torque converter so as to
avoid interference with the bulge of the turbine runners
and allow the axial length to be shortened.

The new super ultraflat torque converter was thus
developed by combining the new hydrodynamic
elements with a lockup clutch having the damper spring
located on the outer perimeter. Compared with the
previous unit for the FO4B automatic transmission, the
overall length of the new torque converter has been
reduced by approximately 21% (Fig. 14).

4. Conclusion

A torque converter is a functional component that
contributes directly to the power performance and fuel
economy of a vehicle. Moreover, because it accounts for
a large proportion of the space and weight allocated for
the drivetrain system, there is a critical trade-off between
its hydrodynamic performance and vehicle mountability.

In developing a new torque converter that has a
different geometry from previous units, it is not practical
to build and test prototype units repeatedly because of
the enormous cost and time involved. The use of
numerical analysis, as was done in the present case,
makes possible the quick development of challenging
products that resolve the above-mentioned trade-off,
although there may be some question concerning
accuracy.

In the present development project, emphasis was put
on shortening the axial length while still maintaining the
desired hydrodynamic performance. In future work, this
type of CFD approach will be applied vigorously to
develop even more compact torque converters without
being limited by previous performance considerations.
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Summary A new-generation steel-belt CVT (CVT3)
for use with engines up to the 3.5-liter class was
developed and fitted on the Nissan Murano in November
2002. The CVT contributes to improvements in both fuel
economy and driving performance. This article describes
the new hydraulic pressure, pulley ratio (shift) and
lockup clutch controls developed for the CVT3 and the
performance levels obtained.
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1. Introduction

Demands for fuel economy improvements have been
continually increasing in recent years, and many
automakers have strong expectations of continuously
variable transmissions (CVTs) in this regard. At JATCO,
we have newly developed the CVT3 on the basis of the
technologies and expertise accumulated through many
years of experience in developing and mass-producing
CVTs. Besides improving both fuel economy and
driveability, this new-generation steel-belt CVT is also
applicable to large-displacement engines.

This paper describes the hydraulic pressure control
(hydraulic circuit configuration), pulley ratio (shift)
control and lockup clutch control developed for the
CVT3. These three controls that constitute the CVT3's
fundamental control technology are explained in
comparison with those of the previous CK2 CVT.

2. Hydraulic Pressure Control
(Hydraulic Circuit Configuration)

A schematic diagram of the overall hydraulic pressure
control circuit is shown in Fig. 1. Like the CK2 unit, the
pulley pressure system, cluich pressure system and
torque converter pressure system are arranged in
hierarchical order from the highest to the lowest pressure
used. This arrangement minimizes the amount of
pressure leakage in each system.

With this structure as the foundation of the hydraulic
pressure control circuit, various technologies were
incorporated to improve response, accuracy, reliability
and other performance parameters further. The following
sections present specific examples of the technologies
adopted to improve the performance of the CVT3.
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2.1. Secondary pulley pressure reducing mechanism

The pulley (shift) ratio is generally controlled by
managing the ratio of the primary pulley clamping force
to that of the secondary pulley. Specifically, the Low
shift ratio state is achieved by reducing the clamping
force ratio so that the hydraulic pressure supplied to the
primary pulley is lower than that supplied to the
secondary pulley. On the other hand, the clamping force
ratio must be increased to achieve the High shift ratio
state, which means raising the hydraulic pressure of the
primary pulley. From the standpoint of improving
efficiency, it is desirable to reduce the hydraulic pressure
supplied to the secondary pulley at that time, because
that allows a lower primary pulley hydraulic pressure,
which is balanced with that of the secondary pulley. It
also allows a lower line pressure, which is the source of
all the pressure levels in the transmission.

The hydraulic circuit configuration of the CK2 CVT
only allowed the hydraulic pressure of the secondary
pulley to be set higher than that of the primary pulley in
all shift ratio ranges. That condition meant that the
overall hydraulic pressure was set at a higher level than
was necessary.

As shown in Fig. 2, a secondary pulley pressure
reducing mechanism has been incorporated in the
hydraulic circuit of the CVT3 to resolve this issue, and
transmission efficiency has been significantly improved
as a result,
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2.2, Increased degree of freedom for clutch pressure control

In the CK2, the solenoid for controlling the clutch
pressure when selecting forward/reverse also doubled as
the solenoid for controlling the secondary pulley
pressure. That arrangement restricted the degree of
freedom for setting the hydraulic pressure when making
a forward/reverse selection. With the CVT3, the solenoid
for controlling the lockup clutch pressure serves this
double function (Fig. 3), thereby avoiding this restriction
and securing an increased degree of freedom for setting
the clutch pressure. As a result, that made it possible to
eliminate the accumulator for forward/reverse selection,
which helped to reduce the size of the CVT3.

2.3. Large-capacity oil pump with flow rate control valve

A high-pressure crescent-less internal gear pump was
newly developed as the oil pump. The pump is made of
aluminum to achieve a lighter weight. A flow rate
control valve has been incorporated in the discharge
circuit. When the oil flow rate reaches a certain level at
high operating speeds, the valve functions to return oil to
the suction side of the pump. This regulates the oil flow
rate supplied to pressure regulator valve, which improves
hydraulic pressure control accuracy. It also prevents the
occurrence of pump cavitation by limiting the intake
flow rate at the main strainer, Pump efficiency is also
improved at the same time.

2.4. Two-directional linear solenoid
2.4.1. Pressure calibration system

Two-directional linear solenoids with a proven record
of performance in our 5-speed RXO AT were adopted as
the pressure control actuators. These solenoids replace
the three-directional pulse-width modulation (PWM)
type that was used previously. Like the ROX AT, the
CVT3 adopts a pressure calibration system that stores
the pressure characteristic data of each pressure system
in a memory incorporated in the transmission for use in
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control operations. This system achieves high pressure
accuracy for the entire unit, instead of relying on the
accuracy of individual solenoids.

2.4.2. Development of the hydraulic system, including
linear solenoids

It is well known that the characteristics of linear
solenoids are greatly influenced by the spool valves,
resistance in the hydraulic fluid passages, fluid passage
volume and other properties, corresponding to the
applied load. In this development project, a simulation
model of the hydraulic system was constructed that
included all the spool valves. The use of this model was
helpful in improving development work efficiency. As
one example of the application of the model, Fig. 4
compares the experimental and simulation results for the
pressure response in a downshift accompanying the
driver's depression of the accelerator pedal.

3. Pulley Ratio (Shift) Control

The hardware for pulley ratio (shift) control consists
of a stepping motor and a hydraulic servo linkage. This
configuration has the advantage of allowing the pulley
ratio to be maintained and controlled according to the
target value because of its robustness against
disturbances such as pressure and torque fluctuations. As
the software, a robust model-matching control method
was adopted that provides feedback compensation based
on the difference between the actual response and the
response of an internal model (Fig. 5). This basic
configuration of the shift control system is the same as
that of the CK2 unit, but substantial improvements were
made to both the hardware and software for the CVT3,

Specifically, the response characteristics of the
hardware were significantly improved by revising the
taper angle and amount of overlap (flow rate gain) of the
shift control valve together with changing the area ratio
of the pulley pistons (Fig. 6). The development
objectives for the software included improvement of the
capacity of the CPU and control gain optimization,
These improvements made to the overall control system
have enhanced both shift response and stability. A
comparison of the CVT3 and CK2 in terms of their
pulley ratio control performance in a manual 2-3 upshift
shows that the new unit greatly reduces the amount of
overshoot at the completion of the shift (Fig. 7).
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4. Lock-up Clutch Conirol

Extending lockup operation to a lower speed range
has a large effect on improving fuel economy, but it also
entails certain side effects that are usually regarded as
undesirable such as booming noise and an unpleasant
sensation due to a sudden decrease in engine speed. For
the CVT3, lockup operation is activated at an ultra-low
vehicle speed of approximately 20 km/h to improve fuel
economy. In addition, the unpleasant sensation due to the
abrupt decline in engine speed has been overcome by
substantially improving the lockup control logic. Start-
off smoothness has been achieved along with a change in
engine speed that matches the driver's sensibilities. That
was accomplished by setting the vehicle speed for the
onset of lockup operation at a very low level and by
adopting a slip lockup control designed specifically for
vehicle launch.

In more concrete terms, a two-degree-of-freedom
control system (Fig. 8) was adopted that incorporates
two compensators. One is a forward-positioned
compensator for setting the response and the other is a
feedback compensator for correcting the deviation from
the reference model. The plant, i.e., the lockup clutch, is
treated as a linear parameter varying (LPV) system,
allowing it to be processed as a low-order mathematical
model.
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To illustrate the effects of this control system, Fig. 9
shows the experimental results obtained for vehicle start-
off at a 1/32 throttle valve opening. The results indicate
that the slip speed was continuously controlled until a
specified turbine speed was reached. As a result, full
lockup operation was achieved at a vehicle speed of less
than 20 km/h without any large decline in engine speed.
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Fig. 9 Experimental Result
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5. Conclusion

This article has described the hydraulic and electronic
control technologies that were newly developed and
adopted for the large torque capacity CVT3. These
technologies contribute to substantial improvements in
the attractiveness of the CVT3 in terms of fuel economy
and driveability.

The authors would like to thank the development
team members as well as various people inside and
outside the company for their tremendous cooperation in
connection with the development of these control
technologies. Special thanks are due Messrs. K. Adachi
and S. Segawa of the Electronics System Engineering
Department at Nissan Motor Co., Ltd. for their
invaluable cooperation concerning the development of
the new lockup clutch control that was adopted for the
CVT3.
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Summary Push-belt continuously variable
transmissions (CVTs) have increasingly been adopted on
vehicles in order to meet market demands for improved
fuel economy and shift performance. Accordingly, these
CVTs are required to accommodate higher torque levels
and to improve driving performance under a wider range
of operating temperatures. A high-performance CVT
fluid is needed to enable CVTs to deliver their full
performance capabilities. This article describes the
characteristics of a newly developed high-performance
fluid for steel-belt CVT use.
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1. Introduction

A belt-drive CVT was first used on a production
vehicle in 1987, Since then, an increasing number of car
models have been fitted with steel-belt CVTs to meet
market demands for improved fuel economy and driving
performance, which continue to become more rigorous
every year."” In addition, the digplacement of the engines
mated to CVTs has also tended to increase. A steel-belt
CVT applicable to 3.5-liter engines has been
implemented on production models at present. Against
this backdrop, it has become necessary to have high-
performance fluids for use in steel-belt CVTs in order to
elicit their maximum performance. This article describes
the performance of a newly developed steel-belt CVT
fluid,

2. Development Aims

Along with the use of CV'Ts on a wider variety of car
models, steel-belt CVTs are also being adopted on
vehicles fitted with high-torque engines. Moreover, in
addition to their use on vehicles in Japan and Europe,
steel-belt CVTs are also being fitted on vehicles in the
North American market, including cold weather regions
like Alaska and Canada. As a result of this expansion of
their usage environment, steel-belt CVTs must be
capable of improving fuel economy and assuring
acceptable driveability in extremely cold weather
regions. They are also required to provide fill-for-life
capability for the sake of improving serviceability and
protecting the global environment and to be capable of
accommodating high-torque engines.

Table 1 shows the various performance attributes
required of a steel-belt CVT fluid. In view of the
requirements mentioned above, the aims set for the
development of the new fluid were to improve the
following areas of performance in particular,
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Table 1 CVT fluid requirements

[ Fluids Requirements Characteristics
CVTF |Transmission of lorque High M/M * friction coefficient
ATF|Improved Friction reduction | Lower viscosity
fuel cconomy |Weight reduction High friction coefficient
Fill for life Oxidation stability
Thermal stability
Shear stability
M/M* 1 stability
Anti-shudder
Component Anti=wear property
durability Anti-seizure property
Rolling fatigue protection
Anti-corrosion, Anti-rust
Materials compatibility
Better Low-temperature fluidity
driveability  [Noise and vibration |Friction characteristics
suppression
*M/M: Metal-to-metal
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(1) Improvement of fuel economy and driving performance
@Low-temperature fluidity
(2) Application to high-torque engines
@ High metal-to-metal (M/M) friction coefficient
(3) Fill-for-life capability
@ Shear stability
@ Retention of M/M friction coefficient
@Anti-shudder property
@® Anti-wear property
® Anti-seizure property

Table 2 Test fluids

s Developed

Fluids CV!‘IF A B C D
Kinematic viscosity 40°C 33.8 303 | 337 | 36.6 | 294
(mm*/s) 100°¢ 716 | 694 | 7.6 | 741 | 7.08
Viscosity index 183 202 | 205 | 175 | 218
Meutralization Acid number 1.26 053 | 0.75 | L.16 | 0.89
number (mgKOH/g) | Base number 1.13 1.07 | 213 | .76 | 242

3. Performance

3.1. General properties

The general properties of the developed CVT fluid
and those of four commercial fluids (A, B, C and D)
used in a performance comparison are shown in Table 2.
Fluids A and B were dedicated CVT fluids, and fluids C
and D were for use in both automatic transmissions
(ATs) and steel-belt CVTs,

3.2, Low-temperature fluidity and shear stability

A CVT fluid is required to have good low-
temperature fluidity in order to improve vehicle fuel
economy and driveability, such as engine startability, at
low ambient temperatures. Additionally, because a CVT
fluid functions as a working fluid to transmit hydraulic
pressure, it must retain its viscosity in order to maintain
the desired pressure level. A steel-belt CVT fluid must
have higher shear stability than AT fluids because it
undergoes severe shearing between the belt and pulleys
in this type of transmission.

Figure 1 shows the relationship between the low-
temperature fluidity and shear stability of the five fluids
examined in this study. Brookfield viscosity at -40C
was measured to evaluate low-temperature fluidity, and
shear stability was evaluated in sonic shear stability tests
conducted according to the procedure specified in JASO
(Japan Automobile Technologists Standard
Organization) M347-95.” The results show that the
developed CVT fluid possesses good low-temperature
fluidity and shear stability.
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Table 3 LFW-1 test conditions

Fluid temperature, “C 110
Sliding speed, m/s 0.025, 0.075,0.125, 0.25, 0.5, 1.0
Load, N 1112
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Fig. 2 LFW-1 block and ring

3.3. Retention of M/M friction coefficient

To provide fill-for-life performance, a steel-belt CVT
fluid must maintain the same level of M/M friction
coefficient as a fresh fluid even after aging with use. The
change in the M/M friction coefficient following aging
was evaluated by measuring this characteristic after
conducting an oxidation stability test. Oxidation stability
was examined by conducting an Indiana Stirring
Oxidation Test (ISOT) at a fluid temperature of 150C
according to the procedure prescribed in JIS K2514. A
Falex Model 1 friction and wear testing machine (LFW-
1), as described in ASTM D2714-94,"" was used to
measure the M/M friction coefficient. The sliding
condition of the test piece is illustrated in Fig, 3, and the
LFW-1 test conditions are given in Table 3. The value
measured at a sliding speed of 0.25 m/s was used as a
representative value of the M/M fiction coefficient, The
results measured at this speed are shown in Fig. 3. It is
seen that the developed CVT fluid maintained its initial
M/M friction coefficient even after the oxidation
stability test.
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Fig. 3 Metal-to-metal friction coefficient stability
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3.4. Anti-shudder property

There is a tendency to engage the lock-up clutch of
the torque converter of a steel-belt CV'T at lower vehicle
speeds these days for the purpose of improving fuel
economy. The increased frequency of clutch engagement
results in a longer sliding distance. For that reason, a
steel-belt CVT fluid must provide anti-shudder
performance just like AT fluids,
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The anti-shudder properties of the developed CVT fluid and
JASO standard fluid were evaluated using a low-velocity
friction apparatus (LVFA) and the results are shown in Fig. 4.
The test procedure was designed in reference to JASO M349-
98 and the lock-up clutch friction material of JATCO CVTs
was used as the friction material for evaluating the developed
CVT fluid. Shudder life was evaluated on the basis of the time
until the -V characteristic showed a negative slope (p 1/ p
50 > 1). The developed CVT fluid displayed a longer shudder
life than the JASO standard fluid, indicating that it is capable of
maintaining an excellent fiction characteristic over a long
period of time.
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Fig. 5 Friction coefficients and wear widths

3.5. M/M anti-wear property

When a steel-belt CVT is mated to a high-torque engine,
sliding between the belt and pulleys takes place under higher
contact pressure, Consequently, the CVT fluid must maintain a
high M/M friction coefficient over a long period of use and also
provide excellent anti-wear properties.

Figure 5 shows the relationship between the M/M friction
coefficient and anti-wear properties of the developed CVT fluid
and the four commercial fluids. The wear width on the block
test piece after the LFW-1 test was used in evaluating their anti-
wear properties. The results indicate that the developed CVT
fluid has both a high M/M friction coefficient and good anti-
wear properties, enabling it to provide excellent performance.

3.6. Anti-seizure property

In order to handle the higher contact pressure between the
belt and pulleys mentioned above, a steel-belt CVT fluid must
be able to maintain an excellent anti-seizure property over a
long period of time, in addition to providing good anti-wear
performance. To evaluate the anti-seizure property of each
fluid, LFW-1 tests were conducted under the same conditions as
in section 3.3 following the oxidation stability test, and a
comparison was made of the oxidation stability test time until
seizure occurred between the block and ring. Oxidation stability
was evaluated in ISOT tests conducted at a fluid temperature of
150°C and under the same conditions as in section 3.3.

Figure 6 compares the seizure time of the developed CVT
fluid and the commercial fluids following the oxidation stability
test using the LFW-1 test procedure. The results for the
commercial fluids indicate that seizure occurred after 48 hours
and 96 hours of the ISOT oxidation stability test. In contrast,
seizure did not occur with the developed CVT fluid even after
186 hours of the ISOT oxidation stability test, indicating that it
maintained good anti-seizure properties.
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3.7. In-vehicle testing

A driving test was conducted with a steel-belt CVT-
equipped test vehicle to evaluate the ability of the
developed CVT fluid to retain its M/M friction
coefficient. A time history of the M/M friction
coefficient of the developed CVT fluid is shown in Fig.
7. Similar to the results seen in the laboratory tests
described in section 3.3, the developed CVT fluid
maintained the same level of M/M friction coefficient in
the driving test as when it was fresh, despite the
continued increase in the distance driven. This result
indicates that the new CVT fluid has sufficient
performance to meet the demand for fill-for-life
capability in real-world driving.

4. Conclusion

A high-performance steel-belt CVT fluid has been
developed with the aim of achieving performance
characteristics allowing application to high-torque engines,
use in cold weather regions and fill-for-life capability.
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Improvement of CVT Pulley Wear Resistance by Micro-shot Peening
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(CVTs) with a metal pushing V-belt have been
penetrating the market in recent years in response to
demands for improvement of vehicle fuel economy and
driveability. Because metal-belt CVTs transmit torque by
means of friction force between the belt and pulleys, the
wear resistance of the pulleys is a key technical issue
that must be addressed in order to apply these
transmissions to high-torque engines and heavy vehicles.
This article describes the application of micro-shot
peening as a technique for improving pulley wear
resistance. The peening conditions were optimized by
using the Taguchi Method, and test results confirmed the
effectiveness of this approach. It was found that micro-
shot peening is a promising technology for resolving the
issue of pulley wear resistance.
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1. Introduction

In recent years, demands for improvement of vehicle
fuel economy and driveability have led to expanded use
of continuously variable transmissions with a metal
pushing V-belt made by Van Doorne's Transmissie b.v.
(VDT)."" Metal-belt CVTs transmit torque by means of
friction force between the belt and pulleys. Accordingly,
in applying these units to high-torque engines or heavy
vehicles, the clamping force that squeezes the belt
between the pulley faces must be increased. It is
necessary to prevent large micro slip from occurring
between the belt and pulleys and to assure their
durability.

However, tiny micro slip typically occurs between the
belt and pulleys even under normal operating
conditions.” Prevention of pulley wear under a condition
of greater clamping force in the presence of micro slip is
a critical technical issue with respect to increasing the
torque capacity of CVTs. This article describes the
application of micro-shot peening as a technique for
improving the wear resistance of CVT pulleys that have
to withstand higher clamping forces.
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2. Development of Pulleys for Large-capacity
Metal-belt CVTs

2.1. Ratio change mechanism of metal-belt CVTs

As illustrated in Fig. 1, a metal-belt CVT transmits
torque by means of friction force between the pulleys
and the elements that are major components of the belt.”
A ratio change is executed by moving the sliding pulley
half axially under hydraulic pressure to change the
distance between it and the fixed pulley half; the
movement of the elements in the pulley's radial direction
(downward direction in Fig. 1) changes the radius of belt
contact on the pulley. The contact friction surface of the
elements is referred to as the flank surface (Fig. 2) and
that of the pulleys as the sheave surface. These contact
surfaces have a large effect on the torque capacity of a
metal-belt CVT. Tiny grooves tangential to the area of
pulley contact are provided in the flank surface for the
purpose of increasing its friction coefficient.

Flank surface

Fig. 2 Schematic diagram of element flank surface

2.2, Peeling wear of sheave surface

In order to increase the torque capacity of a metal-belt
CVT, micro slip between the elements and pulleys must
be prevented by increasing the clamping force in relation
to the higher torque entering the transmission from the
engine or the tires. Increasing the clamping force causes
high contact pressure to act on the flank and sheave
surfaces. In addition, micro slip is typically present
between the individual elements and the pulleys of a
metal-belt CVT even under normal conditions.
Consequently, fatigue wear (referred to here as peeling
wear) stemming from a crack about 10 zm in depth can
develop in the sheave surface under harsh driving
conditions.

Figure 3 shows the peeling wear condition of the
pulley sheave surface of an actual CVT following a
severe durability test. Further progression of this peeling
wear produces a level difference in the radial direction of
the sheave surface, which can hinder the radial
movement of the belt and ultimately make it difficult to
execute ratio changes. Additionally, the orthogonality of
the belt relative to the center axis of the pulley is
rigorously adjusted when the belt runs around the pulleys
under a normal condition. The development of a level
difference can cause the orthogonality to deviate and
thereby adversely affect the durability of the belt.
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{a) Appearance of worn pulley (b} SEM image of peeling wear

Rotation direction

{c) Sectional view of pulley surface

Fig. 3 Peeling wear of pulley sheave
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Fig. 4 Relations between surface hardness and wear depth

2.3. Relationship between sheave surface
hardness and peeling wear

Figure 4 shows the relationship between the sheave
surface hardness and amount of peeling wear that
occurred in a CVT durability test. It is seen that the
peeling wear depth decreases with increasing hardness of
the sheave surface.

The general manufacturing process of the primary
pulley is outlined in Fig, 5. After the surface of case-
hardened steel is hardened by carburizing, quenching
and tempering, the pulley sheave surfaces are ground to
the specified accuracy and surface roughness,

With the aim of improving pulley wear resistance, we
added a micro-shot peening treatment to this process in
order to increase sheave surface hardness dramatically
compared with previous pulleys. This treatment makes it
possible to increase the surface hardness without
substantially affecting the surface roughness of the
ground sheave surfaces. The following section explaing
how we optimized the conditions of this micro-shot
peening method that we developed.

v

Grinding
|
|

v

Micro-shot peening |

_

Fig. 5 Manufacturing process of primary pulley
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3. Optimization of Micro-shot Peening Conditions

3.1. Concept for selection of peening conditions

In applying micro-shot peening to pulley sheave
surfaces, care must be taken not to increase aggressivity
toward the mating material by degrading surface
roughness, not to change the p -V characteristic and not
to produce uneven sheave surface hardness that would
cause wear variation, among other concerns. For that
reason, we decided to use the Taguchi Method (L18) to
confirm these secondary effects in the course of secking
the optimum peening conditions. Micro-shot peening
was applied to disk-shaped test pieces representing CVT
pulleys, and the pieces were then subjected to sliding
contact with belt elements to investigate the effect of the
peening conditions on various properties.

3.2. Experimental evaluation using the Taguchi Method
3.2.1. Selection of parameters
The seven parameters shown in Table | were selected
as factors that were presumed to affect wear resistance
and surface roughness in the micro-shot peening process.
These factors were arranged in an L18 orthogonal array.
As mentioned below, the selected factors include ones
related to the peening conditions as well as other factors.
® Peening condition factors: particle hardness, air
pressure, particle diameter, nozzle projection angle and
test piece rotational speed
@® Other factors: test piece material and type of
lubrication oil
The items selected for investigation were the (1)
surface hardness, (2) surface roughness (Ra) and (3) -
V characteristic of the disk-shaped test piece and (4)
maximum roughness (Ry) of the flank surface. Special
attention was paid to changes in the characteristics
before and after the sliding test. The following three
types of characteristics are desirable here.
® Larger-is-better characteristic: surface hardness and
flank surface wear (represented by maximum
roughness)
@® Smaller-is-better-characteristic: surface roughness (Ra)
of disk-shaped test piece
® Nominal-is-best characteristic: p -V characteristic

Table 1 Parameters of L18 experimental design

Parameter Unit | 1st.level | 2nd.level | 3rd.level

A Particle hardness Hv = 750 <750 -

B Air pressure Low Medium High
C  Particle diameter Small Medium Large
D TP material Steel A Steel B Steel C
E 5 "
F_Nozzle angle Deg 45 60 90

G Fluid - Oil A Oil B il c
H Rotational speed - Low Medium High

- 54_
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3.2.2. Micro-shot peening method

Disk-shaped test pieces, measuring 50 mm in
diameter and 7 mm in thickness, were produced in the
same heat treatment processes as actual CVT pulleys.
Micro-shot peening was performed according to the L18
orthogonal array given in Table 1. The micro-shot
projectiles used in the peening treatment were steel
particles; the particle size distribution and hardness were
varied in a diameter range of less than 0.2 mm. A
peening machine of the direct-pressure type was used.
Shot particles were projected under the specified air
pressure at the surface of a disk-shaped test piece at three
different angles (45°, 60" and 90° ), as shown
schematically in Fig. 6.

The disk-shaped test pieces were made of three types of
steel. Two types were case-hardened chromium steel
containing different amounts of chromium, and the third
type was a case-hardened chromium-molybdenum steel.
Three types of automatic transmission fluid containing
different additive packages were used as the lubrication oil.

Load .-~ Load

Fig. 7 Experlmcnml setup of wear test

3.2.3. Sliding test method

Sliding tests were conducted using the experimental
setup shown in Fig. 7. The amount of wear on the mating
flank surface and the x -V characteristic were measured
while paying attention to the change in torque capacity.
A flow chart of the wear test is given in Fig. 8. Since
tiny grooves are provided in the flank surface, we first
confirmed that all the test pieces retained their grooves
following the sliding test and then measured the
maximum roughness (Ry). That value was used as a
substitute for the wear amount, because a larger
measured value means a smaller amount of groove wear.
To investigate the change in the -V characteristic, the
friction coefficient was measured at the sliding velocity
of six locations before and after the test. An example of
the measured results is shown in Fig. 9.

The target set for the x -V characteristic was that it
should not show any change before and after the sliding
test because it is desirable that this characteristic should
not display any change midway through a durability test
of an actual vehicle,

_55_
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Step 1: Run-in

Y
Step2: -V measurement
Step 3: Wear test
Step4: 1 -V measurement

Fig. 8 Flow chart of wear test
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Fig. 9 Typical results of 12 -V measurement

3.3. Evaluation results

The analysis results obtained with the Taguchi Method
for each property are shown in Table 2. The (intensity)
(sensitivity) and SN ratio given in the table indicate the
degree of influence of each level relative to the magnitude
and dispersion of the individual property values. If the
levels indicated by the double (©) or single open circles
(O) are selected, it indicates either that their intensity
toward the property values is large or that they are
effective in reducing dispersion. In line with the analysis
procedure of the Taguchi Method, the intensity and SN
ratio did not have to be separated in making an evaluation
of the surface roughness of the disk-shaped test pieces,
which was a smaller-is-better characteristic. Accordingly,
the SN ratio alone was used in organizing the evaluation
results. The results for the element wear amount were
organized on the basis of the intensity alone. Error
attributable to differences in the test conditions was not
evaluated because only one test condition was selected,
i.e., a condition corresponding to the Low ratio state,
which is the severest condition with respect to wear. The
analysis results are briefly summarized below.

A combination of high air pressure, high particle
hardness and a 90” pr0|ectlon angle is advantageous for
improving the wear resistance of pulley sheave surfaces.
This desirable combination, indicated by the open circles
(O) in Table 2, provides high surface hardness without
any dispersion.

Among the peening condition factors, it was found
that reducing the shot particle size is effective in
reducing element wear. The same effect was also
observed for the surface roughness (Ra) of the test
pieces. This suggests that using small shot particles
reduces element wear without causing surface roughness
1o deteriorate.

The type of lubrication oil had a governing effect on
changes in the p -V characteristic, while the peening
conditions had only a slight effect. None of the test piece
materials examined was found to be superior with
respect to all the properties affecting sheave and flank
surface wear.

Based on the analysis results, the following
conditions were found to be optimum for suppressing
element wear and improving the wear resistance of
pulley sheave surfaces.

Air pressure: medium level; mean particle diameter:
smallest; particle hardness: high; projection angle: 90°;
and test piece rotational speed: medium.
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Table 2 Results of experimental design (L18) analysis

. ; Roughnes -V Elements wear
Surface hardriess Ra characteristic (Ry)
Parameters Larger-is-better Smaller-ig-better Nominal-is-best Larger-is-better
characteristic characteristic characteristic characteristic
Intensity | SN ratio | Intensity | SN ratio | Intensity | SNratio | Intensity | SN ratio
Particle hardness | = 750 - (@) @) - B - ﬁ
(Hv) = 750 A / kS ]
Low / @) A |
Air pressure Medium - / 2 @) |
High 0 1 A [
Small ] 5 @ I/
Particle diameter | Medium - - / A = - |
Large | % I
Steel A ]/ A A |
TP material Steel B - = [ A = 5] |
Steel C | O A |
/ |
Nozzle angle gg = II = N g ”
(deg) %0 o 1] © SR |
Rotational speed M[;g::m - = Il g = g é II
(rpm) High A A A 1]
Oil A A @ |}
Fluid 0il B E— © - A
Ol C A ©
( @ strongly effective, O: effective, /A somewhat effective, - ineffective)
4, PIBEEBEFEOERBR 4. Effect on Reducing Peeling Wear
4.1. Four-roller test
4.1. AP EER ) . The effect of changing the micro-shot peening
PR E— = ZRFOZETIZ L L FBEREFED K conditions on reducing peeling wear was confirmed in
* tests conducted with a four-roller tester (Fig. 10). The
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g L7z,

Test roller

Drive shaft rollers

Fig. 10 Schematic diagram of four-roller test

peening conditions used here were based on the above-
mentioned optimum conditions, but the shot particle size
was also varied. That was done because it was estimated
that the surface roughness of the test pieces would have a
large effect on peeling wear,

The test conditions were a contact pressure of 2.59
GPa and a relative sliding velocity of 1.26 m/sec. The
amount of peeling wear that developed was compared
after a given test time.

L= oo

Wear depth, um
=

(8]

Small Medium Large
Shot particle diameter

Fig. 11 Results of four-roller test

Not peened
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4.2, Test results

Figure 11 shows the wear depth following the tests.
The crack formation condition in the test piece surface is
shown in Fig. 12 (a) and (b), and the condition of crack
growth is shown in a cross-sectional view of the peeling
wear area in Fig. 12 (¢).

It is seen in Fig. 11 that all the peened test pieces,
regardless of the shot particle diameter, showed a large
reduction in peeling wear depth, indicating that peeling
wear was dramatically reduced, compared with the
unpeened test piece. The use of small shot particles in
particular avoided degradation of the test piece surface
roughness and resulted in the smallest amount of peeling
wear, As seen in Fig. 12 (c), peeling wear developed
from a micro crack of about 10 zm in depth. This four-
roller test thus reproduced the same peeling wear
phenomenon that was observed for the sheave surface of
an actual CVT pulley.

The roller test results indicated that reducing the
surface roughness is effective in reducing peeling wear.
It was also confirmed that the optimum peening
conditions mentioned earlier are advantageous for
reducing peeling wear,

Rolling direction

(h) SEM image nfpul:l.ngwtu

F1 Tolting divedion
(¢} Sactional view of peeling wear

Fig. 12 Peeling wear of roller test piece
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5. Wear Reduction Effect with Actual Pulleys

5.1. Wear test resulis

The effect of micro-shot peening on reducing peeling
wear was confirmed in a durability test of an actual
CVT. The sheave faces of the primary pulley halves,
which are susceptible to peeling wear, were micro-shot
peened and tested under a condition of a fixed CVT
ratio. The peeling wear depth was then compared with
that of unpeened sheave faces.

As shown in Fig. 13, the wear depth of the actual
pulley sheave faces was markedly reduced by micro-shot
peening. It was also confirmed that the amount of wear
on the element flank surfaces was at an acceptable level.
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Fig. 13 Results of CVT durability test
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Fig. 14 Main cross-sectional view of belt-CVT

5.2. Application to actual CVT pulleys

Figure 14 is a cross-sectional view of a metal-belt
CVT for use with 2.5-liter engines (engine torque of 250
N-m). Micro-shot peening is applied to the sheave faces
of the primary pulley halves to reduce peeling wear
substantially. That improvement, along with the adoption
of a stronger metal belt, has made it possible to increase
the torque capacity of metal-belt CVTs, which
previously were used only with engines up to 2.0 liters in
displacement (engine torque of 190 N-m).

6. Conclusion

This article has described a micro-shot peening
process that is designed to reduce the peeling wear of
metal-belt CVT pulleys. In future R&D work, we will
examine the possibility of using this micro-shot peening
process to reduce friction and increase strength. It is
expected that this process will become a key technology
for further improving the excellent fuel economy that is
characteristically obtained with metal-belt CVTs and also
for achieving further reductions in weight, size and cost.
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Summary  The CVTI and CVT3 assembly line can
produce CVTs having different component parts, torque
capacities and target vehicle applications. This mixed
assembly line assures high product quality while
allowing flexible adjustment of production volumes. It
produces the CVTs used on the Nissan Cube, Murano,
Teana and Presage models. This article presents an
overview of the CVTI1 and CVT3 mixed assembly line
and process design approach.
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1. Introduction

The CVT3 and the CVTI were developed
simultaneously in a short period of time and put into
production in July 2002. The former CVT can
accommodate even 3.5-liter engines, while the latter
CVT can be mated to engines displacing up to 2.0 liters.
Both models are based on the CK2 (ADO model) CVT,
our first steel-belt CVT designed for use on front-wheel-
drive cars.

To handle the production of these two CVTs, we
designed a two-model mixed assembly line capable of
producing both units efficiently on the same line.
Because CVTs require a higher level of cleanness than
stepped ATs, greater efforts than ever before were
devoted to preventing the occurrence and incursion of
foreign matter. In addition, in designing the production
facilities for mixed production of these two CVT
models, every effort was made to use the equipment and
fixtures in common so as to reduce the capital
investment and required factory floor space.,

2. Assembly Line Overview

2.1. Outline
Location: Plant No. 1 at CVT Manufacturing Department
Production launch: July 2002
No. of machines: 101
Rate of automation: 34%
Production capacity: 12,000 units/month as of July 2003
(can be increased)
Models produced: CVT1: | type
CVT3: 5 types
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224 TEOMN 2.2, Flow of assembly processes
Fig. 112, #7714 vo Lo zRd., &% The flow of the assembly line processes is outlined in
TG A AL TGS ET A YT A Fig. 1. The constituent parts assembled in the sub-
BL, HXCVTZ= v MZHAT TS, assembly processes are transferred to the main line and
Sy bE, 774 FNENLTFA T assembled into the CVTs in turn. Assembled CVTs
PERESCER L, HAFHE TR 2 C AT 2. undergo performance tests in the final test stage of the

assembly line and are then prepared for shipment.

CONTROL VALVE CLUTCH&PLANETARY GEAR

SUB ASS'Y LINE SUB ASS'Y PROCESS [PULLEY SUB ASS'Y LINE |
] e ,
, —— 4 - ;y| CASE MACHINING
sHIPPING ([ FINALTEST |¢=] MAIN ASS'Y LINE | ¢ [ CASESUB ASSY [ "7 ™ ks d
[ HSG-CONV SUB ASSY | SIDE COVER
T SUB ASS'Y LINE

[GEAR SUB ASS'Y LINE |
Fig. 1 Flow of CVT assembly processes

Fig. 2 Part of the assembly line

23. 479 2.3. Line layout
BT 4 DL A T bO—ER%EFig 2127R 7. A portion of the assembly line layout is shown in Fig.
T!ﬁ[_‘L I T A BB P B, ST S~ 2. The main assembly area is enclosed in a dustproof

oo R TN = : room to prevent dust and foreign matter from getting
BOEACTEIOBAEHETHLLE DI, fF into assembled parts. This also helps to improve the

HRBLOUEIZFFO T2, working environment

Bt/ —vea v 7’ E‘_IIHJJ sETTA I Thf automated assembly zone is located outside the
L, AT EERYTT A L OFER line, bypassing the conveyor. The manual assembly
V- RS L OFMmRE L, MR zones of the main line and the principal sub-assembly
R A M ESIETWVED, lines are located next to each other in a parallel

arrangement for improved work organization efficiency.
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CVT1&3 sub-assembly position._

3. Features of the Assembly Line

The distinctive features of the major assembly lines
are outlined below.

3.1. Pulley sub-assembly line

The processes for selecting bearing balls, assembling
the pressure chambers, press-fitting the gears, measuring
dimensions for making alignment adjustments and
assembling belts are arranged in order on both the
primary and secondary shaft sides. As illustrated in Fig.
3, the transfer jig (called the work base) that serves as
the assembly reference standard incorporates various
adjustable functions, enabling mixed production of the
two CVTs, having different overall lengths and distances
between pulley shafts, on one line with a minimum
investment in facilitics.

3.2. Control valve sub-assembly line

The control valve sub-assembly line consists of a
control valve assembly room and a test line where
pressure calibration and functional evaluations are done.
The control valve assembly room is separated from the
other assembly areas for more rigorous prevention of
foreign matter incursion (Fig. 4).

Both the investment in facilities and the required
floor space were greatly reduced by unifying the control
systems and pressure port positions of the CVTI1 and
CVT3 and by sharing many parts in common between
the two models. Valve testers have been fully automated
and require no setup work, thus facilitating common use
for both CVT models.

Work base

Adjustable

Fig. 3 Pulley sub-assembly process

Pre-assembly room for parts replacement

o ] '''' Control valve
L7 asaniison
“Imﬂ oo L] _L_GN Partition
y i EE
<%

Fig. 4 Control valve asscmbl' area
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Fig. 5 CVT assembly line fixtures
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3.3. Main assembly line

Various parts are attached in order from different
directions to the case that serves as the mother
component, making it necessary to change the attitude of
the CVTs on the line. To accomplish that, the case is
provided with a reference base, and a work base that
allows simple rearrangement of the case is used to
facilitate easy attitude changes (Fig. 5).

Compared with a rotating work base with complex
functions, this simple work base is less expensive and
helps to improve the positioning accuracy of various
pieces of production equipment.

A system of indicating which parts should be
assembled was also adopted to prevent incorrect
selection of part specifications, among other problems.

3.4. Final test line

The CVTI1 and CVT3 differ greatly in terms of the
structures of their external connections, including the
distance between their input and output shafts, fluid
pressure detection port and layout of wiring harness
connectors, Therefore, flexible connections were adopted
at places where the structures of the two CVTs differ in
order to facilitate efficient connections to each CVT
model. As shown in Fig. 6, a flexible final tester was
constructed so that it could be used for both the CVT1
and CVT3,

In addition, the special locating holes of the torque
converter housing share a common pitch on all models,
and a flexible connection is provided for preparing the
shift slots for the selector lever. These measures achieve
full automation without any setup work.

As a result of the foregoing measures, mixed
production of both CVTs in small lots became possible.
The work base is also shared in common for both
models,
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3.5. Quality assurance
Failure mode and effect analysis (FMEA) was used at
the process design stage to identify all previous and
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projected problems so that corrective measures could be
fully incorporated in the facilities, in foolproof measures
and in standard work procedures.

Before the production launch, process confirmation
meetings were held concerning various failure modes. It
was confirmed that the specifications adopted at the
design stage would prevent defects from occurring on
the assembly line and that any defects which might occur
could be detected on the line,

For all major parts, including purchased parts,
thorough records are kept for each production lot to
improve the traceability of problems.

4, Conclusion

This article has presented an overview of the mixed
production line for two CVT models and the process
design. The human element, however, is still
indispensable to production activities, Two new CVT
models were launched simultaneously on the same
production line, something that had never been done
before. The successful launch of the assembly line was
due to the sole fact that everyone directly involved in the
production of these CVTs redoubled their efforts to
accomplish it. The authors would like to take this
opportunity to thank everyone involved.

As the second anniversary of the production launch
approaches, various activities are still under way to
expand the model applications of these CVTs, to
improve their performance further and to reduce costs
and enhance quality further, among other goals. It is
expected that this assembly line will undergo further
development in the coming years.

Hisashi SAITO  Jun TAKAHASHI
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New Measuring System of Gear Noise at Non-integer Components of Meshing Frequency using the Gear Checker
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Summary This paper dealt with an inspection
method of gear noise at non-integer components of
meshing frequency. First, it was confirmed that this noise
was generated by tooth surface error formed by the
vibration of shaving machine tools in shaving process.
Second, we proposed the introduction of FFT processor
in a gear checker system in order to measure the periodic
component of tooth surface error. The gear with this
tooth surface error was estimated by this system. On the
other hand. the meshing transmission error (MTE) and
the vibration on the gear housing were measured. From
comparing these results, it is shown that the proposed
measuring system is effective to estimate the gear noise
at non-integer components of meshing frequency.
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1. Introduction

The gear productions for cars require the high-
technique of production engineering. Therefore, it is
important to improve processing efficiency for cost
reduction at each company's. Recently, at the plunge
shaving process, which is finish process of tooth surface
before the heat treatment, various know-how's are
needed for low cost"? and low noise gear productions,
which make frequency peak, such as the "meshing
frequency” generated gear meshing smaller.

However, in this process, tooth surface may be
effected by a periodic motion by vibration in a natural
mode of the machine (shaving machine) when improving
the cutting conditions for the improvement of processing
efficiency. Consequently, it seems that the non-integer
sound of meshing frequency is generated when meshing
the gears™ " . By the way, it is considered that is difficult
to evaluation at the gear checker in the last process of the
gear production line (Fig. 1) or the tooth surface
measuring system.

Therefore Car Company's engineers are troubled by
this noise. And there is no report evaluated about the
non-integer components of meshing frequency noise.
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Fig. 1 Processes of gear production
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The author's clarified the follows. First, it was
confirmed that this noise was generated by tooth surface
error formed by the vibration of shaving machine tools
in shaving process. Second, we proposed the
introduction of FFT processor in a gear checker system
in order to measure the periodic component of tooth
surface error. The gear with this tooth surface error was
estimated by this system. On the other hand, the meshing
transmission error (MTE) and the vibration on the gear
housing were measured. From comparing these results, it
is shown that the proposed measuring system is effective
to estimate the gear noise at non-integer componenis of
meshing frequency.

2.Generating Mechanism of Non-integer
Components of Meshing frequency

A model of the vibration at the gear meshing is
shown in Fig. 2. There are two items as meshing force,
change of tooth spring rigidity (-K (1)D)) and the tooth
error (F (1))™®. The meshing frequency of gear noise
(vibration at the gear meshing: this frequency = (number
of gear teeth) > (gear rotation speed)) has been
decreased, because of smaller change of tooth spring
rigidity as increasing of gear meshing ratio.

On the other hand, the tooth surface error is generated
the motion (vibration component) at the change of
relative motion between gear and shaving tool at gear
cutting. However, in the case of random vibration, the
tooth surface error is generated by the random motion, so
that the noise due to tooth error component at gear
meshing is white noise. Although, its over all level
becomes large, the noise is not generated on a certain
specific frequency.

However, if the relative vibration between tooth
surface and a shaving tool occurs on specific frequency,
it will be considered that a periodic wave is generated on
tooth surfaces.

If the cutting rotation of gear is n (rpm), base circle
diameter of gear is dg (mm) and vibration of tool is f
(Hz) at the shaving process, the length | (mm) of
vibration component indicated on tooth surface at one
cycle will be as follows.

I=(2 7 n/60)-(dg/2)/ £ (1)

Here, module is m, pressure angle is « and meshing
ratio is e at gears pair. The meshing length L of one
meshing is as follows.

L=e'm-cos (a) (2)
The normal base pitch te (mm) is as follows.

te=m-cos (a) (3)
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The meshing vibration component at gear meshing is H.

H=t/1 (4)

Therefore, H becomes non-integer components of
meshing frequency mostly. Here, because the motion
generated on the tooth surface is not finished within a
cycle of vibration in the case of L<l, the convex or
concave of error wave on the teeth does not remain. And,
the position of a convex will be predicted (this position
is decided by the phase of the motion). Even if
evaluating the profile of one tooth, the occurrence of
non-integer components cannot distinguish. In case of
L>1, although the convex and concave of non-integer
components on the teeth are observed, the phase of error
wave will change at each tooth.

The technique using gear checker considered as the

technique of measuring the existence of the periodic
surface error. Gear checker is an evaluating machine,
which measures change of the center distance generated
due to meshing with a master gear with no backlash.
Here, Eq. (5) shows the relation between surface error
amplitude A and measuring value E.
E=Asin(a) (5)
Moreover, FFT processing of the signal is used as the
technique of detecting the periodicity of the E, with
performing an addition average on a frequency do main.
That is, the motion without periodicity become
I/SQRT(N1), and only the periodicity motion can be
extracted by performing the addition average of N1 time.
Here, if the gear's rotation in gear checker is Ni,
evaluating frequency is as follows.

fi=f-ni/n (6)

3. Measurement Principle and Method

In general, at the last process of gear manufacturing
line, there is gear checker in order to measures run-out,
nick and over ball diameter (tooth size). That is the
change value of center distance between the test gear and
master gear (whose accuracy is 4th class (DIN) in our
company) is measured with no backlash meshing
operations.

3.1. New Evaluation System Including FFT

The new evaluation system with FFT make it feasible
to measure not only the run-out, the nick, and over ball
diameter of gear, but also the periodic surface error of
teeth. The outline figure is shown in Fig, 3.
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The base gear checker is made from Osaka-Seimitsu-
Kikai. So, the measurement conditions are as follows.
Measurement gear rotation: 12 rpm
Load torque: 2.6 N*m

FFT analysis machine (CF-360) is made from Ono-
Sokki. The measuring condition is the addition at
average random 16 times with a flat top window. The
evaluation value A is the change of center distance
(A=Efsin « )in meshing line direction,

3.2. MTE (Meshing Transmission Error)
Recently, MTE measuring is often used as evaluation
of meshing conditions of gears”"'", because Meshing
Transmission Error in rotation transfer is caused
meshing vibration forces due to spring variation of tooth
and tooth error. The outline figure is shown in Fig. 4.
Therefore, we also use the MTE system made from
Kokusai-Keisokuki, including encoder specification
4500 P/R. The measurement conditions are as follows.
Measurement gear rotation: 15 rpm
Load torque: 1 N+m
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3.3. Vibration Measuring Method of Transmission

Assembly

It is very important to grasp correlation between
value measured by gear checker and transmission
assembly vibration value. So, vibration of housing of
transmission assembly included the measuring gears is
measured at meshing frequency and non-integer
components of meshing frequency by the acceleration
pickup, which is attached by the shift cable bracket on a
transmission housing. There is high correlation between
vibration on shift cable direction and car interior noise.
Here, the measurement conditions are input rotation:
3000 rpm and load torque: 29.4 N-m, that is operation on
a highway (about car speed 100 km/h).

3.4. Dimensions of Gears
The Helical gears of this research are driven gears of

Ist meshing in automatic transmission, whose cross
sectional view is shown in Fig. 5. The dimension of gear
is shown in Table 1. The material of gear is JIS SCr420,
so0 it is hardened by carbonized with salt quenching. The
four kinds of gears used in this research. Among those,
two pieces; peculiar vibration of shaving machine may
not be transcribed on the tooth surface of gear, which are
held by the rigidly jig (mass of jig: 102 N, shown in Fig.
6-a). The other two pieces; peculiar vibration of shaving
machine was transcribed on the tooth surface of gear,
which are held by point support of simple jig on center
(mass of jig: 121 N, shown in Fig. 6-b). The cutting
conditions of shaving process are as follows.
Cutting rotation: 230 rpm
Cutting feed: 0.6 mm/min

Comparing with simple jig, the rigidly jig attains
about 20% lightweight and 2.3 times stiffness (in gear
radius direction).

Here, the gears on which peculiar vibration is not
generated are called "GOOD gear”, and the generated
others are called "NG gear."

Table 1 Dimension of gear

Module 1.75
Pressure angle (deg.) 17.5°
Number of teeth 89
Helix angle (deg.)[31.5°(LH)
Pitch circle dia. (mm)| 182.668

Reference circle dia. (mm)| 171.329
Whole depth (mm) 5.5
Outer dia. (mm) 186.1
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4. Vibration Characteristics of Shaving Machine

In this report, there are two kinds of gears ("GOOD
gear" and "NG gear"). The former has no tooth surface
error due to shaving process using the rigidly jig. The
latter has tooth surface error due to the simple jig.

Here, the relation between the cutting process and the
vibration at shaving is shown in Fig. 7. More, vibration
of shaving machine is measured in direction of
perpendicular by the acceleration pickup attached on
head stocks on the bed of shaving machine, as shown in
Fig. 8. Although, the vibration level of shaving depends
on the position of shaving cutter, the vibration indicates
high level near the finishing position of processing
where the amount of cutting volume per time become
maximum. Therefore, the spectrum of vibration of
shaving at finishing position of processing is shown in
Fig. 9. The transfer function on shaving machine
between the jig and the gear are shown in Fig. 10, From
these figures, it is clear that vibration level of "NG gear"
is higher than that of "GOOD gear" on both vibrations in
shaving process and overall of transfer function, These
differences between rigidly jig and simple jig is due to
lightweight ratio about 20% and rigidly ratio about
230%.

Furthermore, it is also clear from Fig. 10 that there
are similar peak tendency between vibration in shaving
and transfer function of shaving machine at "NG gear".
This peak indicates the vibration of coupled modes
occurred between shaving cutter and gear in shaving,
because the peak frequency is similar to peculiar
vibration of shaving machine, jig and gear. Therefore,
the design of the jig on the shaving machine can be
judged from the ratio between lightweight and support
rigidity.
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Fig. 9 Spectrum of cutting vibration in shaving

5. Characteristics of Each Evaluation System

5.1. New Evaluation System using gear checker
5.1.1. Vibration Evaluation of Shaving Machine

First, we evaluate the generated tooth surface error
caused by peculiar vibration of shaving machine by
means of new evaluation system for "GOOD gear" and
"NG gear”. The result (frequency analysis result of the
rotation direction A by Eq. (5)) is shown in Fig. 11. In
the case of "NG gear", peculiar vibration generated by a
shaving machine can be seen at (near 33Hz) and this
frequency is equal to rotation ratio (approximately
12/230) of the peak frequency at 650Hz shown in Fig. 9.
This ratio is equal to ratio of cutting rotation in shaving
to measuring rotation, Therefore, it is clear that it is
possible to evaluate tooth surface error generated the
peculiar vibration of shaving machine in high accuracy.
Therefore, the Eq. (6) is confirmed. Furthermore, it is
necessary that correlation among the vibration of
shaving machine, measured value by the new evaluation
system and the vibration on housing (transmission
assembly) is proved.



JATCO Technical Review

ol Meshing
E | frequency
B
:
g
=
=
=
&
Z
&
30 40 50
Frequency (Hz)
a) Good type gear
6
_— = Machine vibration
S Meshing i during shaving
= Fremuany | "
]
2
iy
=2
2 B
g
: M
=]
-
D L i Il I
0 10 20 0 40 50
Frequency (Hz)
b) NG type gear

Fig.11 Relation between rotational displacement and frequency
(In case of new measuring system)

5.1.2. FraFt A o E 24

Fig.12i2, ¥ x— ¥ ZiEOREE 235, #aF
i 77 BT ATk AR i o) deilh, B X OEET
Dr—AREERT. MEEL L 2—Er7#O
By L CHBLTBY, RABREICE AN
RE(R)IZ09LAETH 5,

52MTER X

MTE /5 3% Tl & # & %
b, BRI A & AR,
Bhas & W CIRBAFERE S LB & & b ig,
BRI AT0.9LL Ed A 2 EHHERT X 72,
MTES T ;IU??E%MGDW)RIQJ.AW?@ + 43
THETH A Z &% - 7=,

FETorHT L 7= f B &
Yr—VErZRoBE4LE
EAiT o
- T,

7 75 A

No.5 (September , 2004)
- ® Rotational displacement
E SR ; £ =
3 A Vibration on housing ® g
B 5
g 2 @ 1002 5
5 o
= 2
B g
= 1 0.01 g
: " g
'_g %“
é e
0 - RS2 ) 0.00
0 1 2 3 4
Vibration during shaving (um)
Fig. 12 Relation between vibration during shaving,

-— 72_

rotational displacement of new measuring
system and vibration on T/M housing

® MIE system : Machine vibration

" O New measuring system : Machine vibration
§ MIE system : Meshing frequency

| O New measuring syslam Meshing frequency

Rﬁ

0.373

Rotational displacement (1m)

1 b
5 ] R = 0,700
0.00 0.01 002 0.03 0.04
Vibration on housing (m)

Fig. 13 Relation between vibration of T/M housing and
rotational displacement

5.1.2. Correlation between the shaving vibration, new
evaluation vibration and vibration of transmission
assembly

The correlation among the shaving vibration,
vibration measured by new system and vibration of
transmission assembly is shown in Fig. 12. In this figure
values of vibration measured by new evaluation system
and vibration of transmission are converted into
equivalent values of the shaving machine vibration, As
shown in this figure, it is clear that measured value of the
new evaluation system and vibration on housing are also
high value when shaving vibration indicated high values.

The coefficient of correlation indicates more than

0.9(R?).

5.2. Evaluation by MTE System

The frequency component, which is equivalent to
peculiar vibration of shaving machine, can be also
observed from measurement with MTE system. The
coefficient of correlation also indicates more than 0.9.
By MTE measuring system, it can also be checked that
evaluation of the non-integer components of meshing
frequency is possible enough.
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6. Efficiency by using New Evaluation System

In order to investigate the efficiency by using a new
evaluation system based on gear checker at the non-
integer components of meshing frequency (peculiar
vibration of shaving machine) and meshing frequency,
the correlation among housing vibration and values on
these system are shown in Fig. 13. These show that the
values by each system have satisfied more than
correlation coefficient R’=0.9 at peculiar vibration of
shaving machine.

This is the reason why meshing condition under
running with no-backlash meshing is similar to both new
evaluation system and cutting in shaving. Moreover, in
the case of the MTE system, it is thought that meshing
condition is also similar to running of transmission in
motor car. However, when evaluating integer meshing
frequency component, it is confirmed that evaluation
value of the new system has very low correlation
coefficient R’=0.373 to housing vibration. According to
this new evaluation system, it is difficult to evaluate the
meshing frequency component. The integer components
of meshing frequency cannot be easily influenced of the
vibration of shaving machine, but can be influenced of
meshing characteristics of gears. Therefore, it is thought
that this is the reason why the meshing condition is
different between new evaluation system with no-
backlash meshing and transmission running with
backlash meshing.

7. CONCLUSION

(1) The design of the cutter holding jig on the shaving
machine can be judged from the ratio between
lightweight and support rigidity for avoiding the
non-integer components of meshing frequency
occurred on transmission in running,.

(2) The measuring results by new evaluation system are
high accuracy on evaluating the non-integer
components of meshing frequency caused by cutting
vibration in shaving.

(3) If it is necessary to evaluate not only the non-integer
components of meshing frequency but also the
integer components of meshing frequency, it is
necessary to adopt a MTE system.

Finally, the authors would like to thank Dr.
T.Hirogaki and Dr. E.Aoyama at Doshisha University
and Y.Anada of the Management planning department
and numerous other individuals for their invaluable
advice and copperation in connection with this research.
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Summary  The need for more compact and higher
performance automatic transmissions has resulted in
more sophisticated electronic control systems. The
software installed in a microcontroller chip constitutes
the major part of an AT control system. Rapid increases
in the scale and complexity of control software have
made software quality a crucial issue. The development
of high-quality software requires rigorous execution and
management of an elaborately defined development
process. This article describes the concept and specific
activities undertaken to systematize the quality
development process for AT control software. Some
activity examples and their benefits are also presented.
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1. Introduction

In recent years, vehicles have had to provide the
highest possible balance of performance in terms of
exhaust emissions, fuel economy and comfort. This has
increased the necessity for automatic transmissions
(ATs) to satisfy various conflicting performance
requirements. These include, for example, improved
response and shift feel while achieving a smaller, lighter
package and providing additional functionality such as
manual shift control.

The application of electronic control to ATs has been
promoted as one approach to achieving these
contradictory functions and performance capabilities,
Recently, higher levels of functionality and performance
have been attained through the elimination of one-way
clutches, adoption of direct control of clutch pressures
and other technologies."* The control logic of an
electronic control system for ATs is implemented as
software in the AT electronic control unit (ATCU). The
rapid enhancement of control features has dramatically
accelerated the increase in software volume and
complexity (Fig. 1). It is expected that this trend will
continue in the future.”

Meanwhile, it is imperative to respond to societal
demands by putting improved products on the market as
quickly as possible. Various types of development tools
are being used in an effort to boost the efficiency of
development work."
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In general, extremely complex control software may
contain various latent defects that prevent the control
system from operating as it was designed. Control
software represents the codification of human ideas and
wishes in the form of a program, and defects originate in
the extreme complexity and intricacy of software design
and manufacturing processes. Consequently, developing
defect-free control software while maintaining high
productivity requires close teamwork among the
engineers involved. In addition, it also requires rigorous
management of the elaborately defined software
development process.

In the ATCU development group at JATCO, we have
been working to enhance the quality of control software
by implementing measures focused on improving and
systematizing the quality development process for AT
control software from these perspectives. This article
describes some of the specific methods adopted and the
resulting benefits.

System design verification phase

Control system design

Software design
verification phasel Conirol logie desiga

| Software design |
hY
N

- / il
l E’mﬁrmmhff! | Debugging |

Fig. 2 Control system development process
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2. Recognition of Issues in the Software Development Process

An outline of the control system development process
in the ATCU development group is given in Fig. 2. An
AT control system is developed through a series of steps
that include control system design, control logic and
software design, control program creation and
debugging, control logic verification and control system
verification and calibration on the basis of driving tests
conducted with an actual vehicle. The main issues that
typically oceur in the development of a control program
include the following:

(1)Provision of the control program for in-house
evaluation is delayed beyond the originally planned
schedule.

(2) The control program provided for evaluation does not
operate properly.

An analysis of the factors giving rise to these issues
revealed the presence of the following circumstances:
(1)Frequent revisions or additions are made to the

required specifications during the development of the

control program.

(2) The progress of control program development cannot
be tracked accurately.
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Measures for dealing with such issues reliably are
needed to prevent delays in the provision of a control
program for use in evaluating an AT under development
and the occurrence of operational defects. The ordinary
approach to solving problems is to examine possible
solutions based on the results of individual analyses and
then decide and implement a suitable corrective measure,
However, this method cannot be expected to be effective
in the case of phenomena or factors that have never been
experienced before. Therefore, it was decided to
systematize once again the quality development process
for AT control software with the aim of obtaining more
definite benefits. Toward that end, we adopted the
framework of the quality development process that has
become the de facto standard in the software industry
and also incorporated our own individual and original
measures into it.

Learning

Stimulua fof changad &0

Fron hitpi//www.sel onu.edu/ideal .bridge.hinl

Establishing

Fig. 4 The IDEAL™ model

3. Model for Software Process Improvement

The framework used for the quality development
process was the Capability Maturity Model (CMM),
which is currently widely employed throughout the
world."”" As illustrated in Fig. 3, the CMM classifies
and defines the process maturity of a software
development organization in terms of five levels from
Level 1 to Level 5.” One of the model's features is that
the framework can be selectively applied to an
organization according to its level of ability and thereby
promote progressive improvements to a higher level. In
general, process maturity at Level 2 or higher indicates
that an organization has sufficient capability to develop
and supply software of stable quality. The CMM
includes the IDEAL model, which stands for the phases
of Initiating, Diagnosing, Establishing, Acting and
Learning (Fig. 4). It is recommended that organizations
promote activities in line with each of these phases.
Among them, the CMM framework is applied to
diagnose the software process in the Diagnosing phase.
As a result, weaknesses in the quality development
process can be identified, which is the starting point for
making improvements.
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4. Reorganization of Quality Development Process

An initial diagnosis was conducted to see if the
existing development process in Fig. 2 and the actual
practices of our software development activities
complied with the CMM framework or not.

4.1. Initial diagnosis
The results of the initial diagnosis revealed that the

following actions were needed.

(1)Reinforcement of the review of development
management activities

(2) Reinforcement of work estimates and schedules and
risk management

(3) Institutionalization of habitual methods of process
management

(4) Reinforcement of collection, analysis and utilization
of previous project data

(5)Extrication from the practice of depending on the
skills of certain engineers
The CMM framework analysis indicated that the level

of our software process maturity was 1.45.

4.2. Improvement plan
An improvement plan was drawn up based on the
issues identified by the analysis. The major points of the
plan are outlined below.
(1) Implementation of quality assurance foundations
The procedures for managing software
development projects should be explained in a
manual and systematized so as to stabilize
management activities and enable high-level results
to be reflected in other projects. In addition, the
extent to which software project standards are
faithfully observed, the amount of defects that occur
and other aspects should be managed quantitatively.
(2) Implementation of foundations for meeting deadlines
Scientific methods should be developed for
estimating and scheduling work accurately and tools
should be implemented for managing work schedules
and progress., Additionally, risk management
methods should be standardized and followed so as to
strengthen abilities for dealing with unforeseen
situations.
(3) Implementation of a process management system
The development process should be
reconstructed on the premise that the requirements
for AT control software are definite to a certain
extent and also by taking into account the fact that
requirements change. In addition, a Software Quality
Assurance (SQA) team should be formed to provide a
mechanism for judging project management activities
and activity results objectively from a position
separate from the software development project. The
overall planning and project promotion functions
should be concentrated in the SQA team to facilitate
the implementation of centralized improvement
activities.
(4) Improvement of human resources development
Training programs should be created and
implemented to enable all of the development
engineers to fully understand and effectively use the
institutionalized standards and tools.
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4.3, Systematized process
The systematized process described here was
established on the basis of the previous development
process and by instituting the improvements outlined
above.
(1) System of standard documents
The operational manuals that had been previously
created whenever necessary were reorganized into
standardized documents in a format consistent with
the CMM framework. The basic rules of the software
development process in the ATCU development
group were newly spelled out in documents to
provide the foundations for systematizing the
standardized documents. In addition, the inputs and
outputs of each process were redefined in terms of
results and forms.
(2) Software review sysiem
Software reviews were redefined as indicated in
Fig. 6 to provide a system for examining the status of
design activities related to control software
development, The objectives, time of
implementation, review perspectives, requirements
for the materials to be examined and other details
were defined for each review.
(3) Process audit system
In order to ascertain the status of project activities,
it is necessary to have a system for checking how
faithfully the instituted standards and norms are
observed. The audit system newly established in the
ATCU development group for that purpose is shown
in Fig. 7. This system facilitates reliable and timely
feedback by the SQA team and senior management.

5. Benefits

5.1. Diagnosis of process maturity level

The progress of the improvement activities was
confirmed from time to time by diagnosing and
evaluating their consistency with the CMM framework.
Examples of changes tracked over a 16-month period are
shown in Fig. 8. An official CMM assessment was made
in March 2003, and the results showed that process
maturity of Level 2 had been attained at that juncture.
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5.2. Direct effect on quality

A brief explanation is given here of the direct effect
on certain quality indexes used in development projects
for ATCU control software. As one index of quality, the
change in the software defect rate is shown in Fig. 8
along with the process maturity level, As is clear from
the figure, the quality index improved markedly in
tandem with process maturity improvement.

Along with promoting systematization of the entire
development process, the ATCU development group has
also been proceeding with parallel activities to improve
individual technologies. This includes improvement of
the check lists used in the software reviews and
automation of software verification devices, among other
improvements. Simply enhancing individual
technologies alone without improving the overall process
in which they are used would not enable them to
function fully. Conversely, merely systematizing the
development process without providing the necessary
technological support would not enable the system to
function as it should. Moreover, unless there are people
who can use the individual technologies effectively in
the systematized development process, neither the
process nor the individual technologies have any
meaning. Under this improvement program, significant
results were obtained through the multiplied effects of
the improvement activities carried out in the three areas
of the development process, individual technologies and
human resources,

]
B e Higher
5 % Process maturity level
e
©
g =]
g E Software defect rate
[=]
A A anr:r+
ook ok ok ol L0 SoRD
o @B @A G G
month-year

Fig. 8 Maturity level and software defect rate
6. Conclusion

The quality development process for AT control
software was newly systematized in the ATCU
development group and various benefits effective in
improving quality were obtained. In order to allow
flexibility for dealing with issues that have not surfaced
yet, process systemization was based on the Capability
Maturity Model (CMM), which is the global software
industry's de facto standard, Technical measures for
resolving specific issues facing the ATCU development
group were incorporated in the CMM framework to
maximize the level of perfection of the quality
development process. In addition, simultaneous efforts
were also made to develop human resources capable of
fully using both the systematized process and individual
technologies, thus enhancing the organizationls overall
capabilities.
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As the sophistication of AT electronic control
systems and control software continues to accelerate, it
is essential to view the development process, individual
technologies and human resources as an integrated
system and improve all three elements together, in order
to enhance the quality of control software further (Fig.
9). In JATCO's ATCU development group, we plan to
enhance AT control software continuously and will also
undertake vigorous efforts to promote an upward spiral
of all elements of the process.

Finally, the author would like to express his
appreciation to various individuals for their tremendous
cooperation in connection with the activities described in
this article.
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Summary It is well known that the temperature of
the traction unit in a toroidal CVT greatly affects traction
performance. The traction unit temperature is
substantially influenced by heat conduction from other
heat sources and by the cooling performance, in addition
to heat generated by spinning at the contact points. A
general-purpose nonlinear finite element analysis (FEA)
tool, ABAQUS, was used to analyze heat conduction and
heat transfer in a toroidal CVT. This article explains the
analysis method, examples of the simulation results and
insights gained through this study.
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1. Introduction

Toroidal CVTs have been by evaluated highly by the
marketplace for their outstanding power performance
and fuel economy benefits."” However, the traction
performance, i.e., ability to transmit power, of toroidal
CVTs must be enhanced to improve transmission
performance further. One conceivable way of doing that
is to improve the traction coefficient. Toward that end, it
is necessary to develop a high-performance traction fluid
and to reduce the temperature of the traction unit.
ABAQUS software was used to create a simulation
model for conducting a heat analysis in order to make
clear the effects of various parameters on the traction
unit temperature.

This software is capable of modeling the traction unit,
representing the heart of a toroidal CVT, with high
fidelity, making it possible to analyze many different
factors and to correlate the results of the analysis with
actual temperatures measured experimentally.

2. Development Objective

A main cross-sectional view of the toroidal CVT that
was analyzed in this study is shown in Fig. 1. Engine
torque is transferred from the torque converter to the
forward/reverse actuation mechanism and then to the
variator, The variator has two cavities positioned back-
to-back in the output disk section, with each cavity
consisting of a pair of input/output disks and two power
rollers. In other words, it adopts a dual-cavity design to
provide greater torque capacity.
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The variator utilizes a traction drive as its power
transmission principle. Power transmission in a traction
drive is accomplished by the shear force of the traction
fluid between the power-transmitting surfaces. The
larger the normal force and traction coefficient of the
power-transmitting surfaces, the more power the unit is
capable of transmitting.

Normal force is obtained by a loading cam
mechanism that generates loading force nearly
proportional to the input torque. A ratio change is
accomplished by tilting the power rollers around the
trunnion axis to change the radii of contact on the input
and output disks.

Spinning can occur at the power-transmitting surfaces
between the power rollers and the input/output disks.
While the amount of spinning varies depending on the
tilt angle of the power rollers, i.e., the CVT ratio, the
heat generated by spinning raises the temperature at the
power-transmitting surfaces between the power rollers
and the input/output disks.

Moreover, the normal force of the traction drive unit
causes the power rollers to produce force in the thrust
direction. That force is supported by the trunnions by
means of the power roller bearings. Because of the
nature of their construction, the power roller bearings
also experience spinning that generates heat which is
transferred to the power-transmitting surfaces between
the power rollers and the input/output disks.

Additionally, another factor that greatly affects
traction performance is that the traction coefficient tends
to decrease with increasing temperature.” Accordingly,
reducing the temperature at the power-transmitting
surfaces is an important factor in maintaining good
traction performance.

Heat generation at the power-transmitting surfaces of
the traction drive and at the power roller bearings can be
found with rather good accuracy on the basis of
elastohydrodynamic lubrication (EHL) theory.
However, a critical issue is to analyze quantitatively how
the generated heat is transferred to the power rollers,
input/output disks and other components. Therefore, the
development objective here was to elucidate by
computer simulation the ways in which such heat is
conducted and transferred from each heat source.

3. Simulation Model

3.1. Selection of FEA tool

Heat conduction and heat transfer are phenomena
with strong nonlinearity, and the problem to be analyzed
involves contact between the power rollers and the
input/output disks. For these reasons, the ABAQUS
general-purpose FEA tool, which has a proven reputation
in this field, was selected for use in the analysis.
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ABAQUS includes ABAQUS/Explicit for obtaining
explicit solutions and ABAQUS/Standard for obtaining
implicit solutions. With the explicit method, a solution is
found using time t or a term known in advance before t.
In contrast, with the implicit method, a solution is found
by solving a nonlinear algebraic expression for every
increment of time using time t + At and a term known
prior to t. Based on the results of actual analyses
performed with both methods, the latter
ABAQUS/Standard method was chiefly used in this
analysis from the standpoint of acceptable CPU time.

3.2. Simulation model

The traction drive unit mainly consists of the
input/output disks, power rollers, trunnions that enable
the power rollers to tilt freely, the balls and outer race
responsible for the loading force that acts between the
power rollers and trunnions, and the loading cam that
produces the loading force which pushes the input/output
disks against the power rollers. For the sake of
simplification, the model used in the analysis consisted
of an input disk, an output disk, two power rollers, balls
and an outer race, as shown in Fig. 2. In addition, the
entire model was treated as an elastic body.

The power rollers, balls and outer race were modeled
such that their tilt angles could be varied according to the
CVT ratio. That was done by using a parametric
technique to simplify the modeling of the tilted
condition. This technique made use of the Python
programming language embedded in ABAQUS to
describe the tilt angles.

3.3. Simulation steps

The simulation procedure was designed in the same
way as the actual operation of a toroidal CVT. First, the
distance between the input/output disks was adjusted,
and the outer race, balls and power rollers were then
loaded with the specified loading force. (The assembled
model is shown in Fig. 3.) The various components were
then rotated until they reached their specified operating
speed. The heat produced by slipping at the contact
surfaces was conducted and transferred to the different
parts, and at the point when their temperature reached a
steady state, the calculation was completed.

ABAQUS incorporates the capabilities for a fully
coupled thermal-stress analysis, in which thermal
deformation induced by heat generation changes the
state of contact, with the result that the condition of heat
generation changes. However, an uncoupled analysis
was performed here because of the objective of this
study. In other words, it was assumed that contact
influenced heat generation, but that heat generation did
not affect the state of contact. Several other resourceful
measures were also taken to reduce the resources (CPU
time, memory capacity, hard disk capacity, etc.) needed
to conduct the analysis.
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Fig. 3 Assembled simulation model

3.4. Treatment of heat generation

It is possible to determine the heat flux by using the
friction coefficient and the relative sliding velocity and
contact pressure found at the points of hertzian contact,
by treating heat generation between the input disk and
power roller, output disk and power roller, power roller
and balls and balls and outer race as a contact problem.
However, the heat flux value input into the simulation
model was found in this study from the losses estimated
at the power-transmitting surfaces using the EHL theory
mentioned earlier. That was done to avoid increasing the
CPU time on account of the need to divide the elements
finely and also because such losses can be estimated
rather accurately using the EHL theory.

3.5. Correlation with experimental data

The heat flux due to heat generation at each contact
point was calculated using the theoretical method
explained above. The calculated results can be validated
by comparing them with the power transmission
efficiency measured using an experimental rig consisting
only of the traction unit. In addition, the heat conduction,
specific heat and other physical properties of the model
can be obtained from the material properties. On the
other hand, heat transfer from the surface of the elements
of each component is affected by cooling and heat
radiation conditions, among other factors. The heat
transfer coefficient that governs heat transfer from the
component surfaces depends on the environmental
conditions between the metal and the oil. The values
given in the literature were taken as reference and
slightly modified for use in the analysis. The correlation
with the measurement points was then examined as
shown in Fig. 4, where the red dots are the measurement
points and the numbers are the measured temperatures.
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Fig. 5 Surface temperature after 1/4 rotation

4. Simulation Results

Figure 5 shows the change in the surface temperature
distribution of the output disk and the power roller
located below it. These results are for 90° (1/4) rotation
of the output disk following the start of the calculation
under a condition of a low CVT ratio. For easier
understanding of the temperature at the contact point, the
input disk and the power roller, balls and outer race
located above it in the assembled model in Fig. 3 have
not been depicted in Fig. 5. A time history of the
temperature at the contact point on the disk is shown in
Fig. 6. It is seen that the temperature rises and falls with
each 1/2 rotation of the disk and that the average
temperature increases with the elapsed time.

Figure 7 shows the calculated surface temperature
distribution of the output disk at different elapsed times
in the first 20 seconds following the start of the
calculation, These results are for a low CVT ratio and an
input force of 62.5 kW per cavity. The blue and red
portions indicate low and high temperature regions,
respectively. The temperature distribution in a cross
section at the moment the CVT components reached
nearly a steady-state condition is shown in Fig. 8. The
places showing the highest temperatures are the contact
points between the balls and outer race and between the
balls and the power roller. It is observed that the heat
generated by the slipping losses at these points is
transferred to the disk via the tilted contact surface
between the power roller and the disk.
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Fig. 7 Surface temperature

The cooling oil flow paths of the variator are
illustrated in Fig. 9. It is seen the oil flows are divided
such that:

(1) An oil flow for cooling the cavity surface passes
through the core of the power roller axis. As shown
in the figure, part of this oil flow cools the high-
temperature balls, thus giving it a relatively high
temperature, and it then flows out to the disks.

(2) An oil flow for cooling the sides of the disks passes
through the axis of each disk.

(3) An oil flow for cooling the cavity face of each disk
comes from the nozzles provided at the link posts at
the top.

The portion of oil flow (1) that cools the balls is

especially thought to have the effect of hindering the

cooling of the input disk.

Cooling Flow
m— Cold
=== Hot

Input Disk

2

Ratio: Low
Fig. 9 Cooling oil flow paths
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Figure 10 shows time histories of the temperatures at
typical contact points. It is seen that the temperatures
reach an equilibrium state in approximately 40 seconds.

5. Conclusion

A simulation tool has been developed for determining
the temperature condition resulting from heat generation
at various contact points in order to predict the
performance of a traction drive system. The results of
this study have made the following points clear,

(1) The temperature distribution of a toroidal CVT can
be predicted by using ABAQUS to create a
simulation model that resembles the unit's actual
operational state.

(2) The places that generate the most heat in a toroidal
CVT are the bearings (contact between the balls and
outer race and between the balls and power rollers)
that support the thrust of the power rollers. It is
important to reduce the heat generated at these
places because this heat is conducted to the contact
points of the power rollers and input/output disks.

(3) Additionally, the oil that cools the thrust bearings of
the power rollers flows out to the surface of the
disks. For example, the results showed that under a
low CVT ratio the outer surface of the cavity of the
input disk was heated, which had the effect of raising
the temperature in the vicinity of the contact point
with the power roller.

(4) It took approximately 120 hours of CPU time to
calculate the temperature distribution for 20 seconds
of operation, which is about the limit for practical
use. However, it was confirmed that the use of a
recent CPU might be able to shorten that time by 1/2
to 2/3, so it is thought that the time can be further
reduced in the future,

6. Closing Remarks

Against a backdrop of rising demands to increase the
toque capacity and reduce the size of toroidal CVTs, the
technology for analyzing the traction surface
temperature, which basically determines the traction
performance, occupies an important position. In future
work, efforts will be made to improve the simulation
accuracy, including the connection with the cooling
method, and to establish a practical simulation
technology as a design tool.

Finally, in connection with the development of this
simulation technology, the author would like to thank
various individuals in the Powertrain and Environment
Research Laboratory, Nissan Research Center, Nissan
Motor Co., Ltd. for their advice and cooperation in
providing the measured temperature data and at
ABAQUS Inc. for their cooperation with the
development of the programming method.
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Summary Various media and methods have been
tried in recent years for deburring aluminum parts. This
article describes the ice-blasting equipment used for
deburring transmission cases on the No, 2 line of the
BHO 4-speed AT and the BKO 5-speed AT for use on
large, front-wheel-drive cars. The ice-blasting method
and measures taken to deal with initial problems are
discussed.
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1. Introduction

Along with measures against noise and vibration, the
elimination of foreign matter from ATs and CVTs is one
of biggest issues that a manufacturer of these units must
address. The hydraulic circuit for shift control is
incorporated in the transmission case of the BHO and
BKO ATs. If burrs fall into the fluid and get caught in
the valves, it could give rise to a serious problem of
abnormal shift performance.

2. Tend in Deburring Methods

Formerly, burrs were mainly removed with a brush,
and deburring by means of a high-pressure water jet later
came into widespread use. This method has the
disadvantages of being rather expensive and of requiring
frequent maintenance because the high-pressure pump
tends to break down and the nozzles are apt to plug up.

Deburring methods that make use of a cascade system
or walnut shells as a deburring medium have also been
adopted, but a major issue with these approaches is that
the deburring medium can remain on workpieces after
the operation. Meticulous cleaning is then required to
remove any remaining deburring medium.

One of the biggest advantages of the ice-blasting
method described here is that there is no residual
deburring medium because ice is used. This method is
expected to attract attention in the coming years.
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3. Principle of Ice Blasting

3.1. Iece-making method

The word ice may suggest the ice cubes made in a
household refrigerator. Attempting to use such ice in the
deburring machine would require large-scale facilities,
including an ice storage chamber and a powerful crusher
for pulverizing blocks of ice into fine pieces.

The ice-making method we have adopted uses a
cooled drum that is half-submerged in water. Water that
sticks to the drum surface during one revolution becomes
ice, which is then scraped off with a scraper. This
continuous process can produce the exact quantity of ice
required (Fig. 1). The ice is then pulverized by a simple
crusher into its final form. Because the manufactured ice
is projected against the workpiece a few seconds later,
there is no need for a storage chamber.

High-pressure
Water

Fig. 2 Suction of Ice

3.2. Working principle of ice blasting

Two methods can be considered for projecting ice
against the workpiece, either by mixing it in air or in
pressurized water. Mixing ice in air is preferable in terms
of maintaining it in a solid form as much as possible at
the time of projection. However, this method consumes
considerable power because it requires a large air supply
to accelerate ice to high projection speeds.

We selected the method of projecting ice mixed in
pressurized water because it is easy to generate and
control the pressure.

3.3. Ice transport method

The vacuum generated by the pressurized water is
utilized for mixing the ice in the water. The pipe from
the ice-making machine is joined to the pressurized
water pipe. Spraying the pressurized water toward the
workpiece creates a vacuum in the ice pipe, which works
to suck ice into the water (Fig. 2). Because air is
simultaneously entrained, an air mixing effect can also
be expected to occur.
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4. Background behind Adoption of Ice Blasting

4.1. Issues on the No. 1 line of BHO/BKO transmission cases

The BHO and BKO ATs went into production in
1994, and the No. 1 line for machining these
transmission cases is still operating. These ATs are the
mainstay transmissions used on the front-wheel-drive
cars of Mitsubishi Motors Corp.

The deburring method makes use of a high-pressure
water jet. As mentioned earlier in section 2, the high-
pressure pump requires frequent maintenance. In
addition, because of the quality problem related to
residual chips, operators currently check every
transmission case to make sure burrs have been
removed.

The cause of residual chips is closely related to the
intricate transmission case geometry. The surface where
the valve body is attached is provided with the same
intricate grooves as the valve body. There are times
when chips are pushed into the grooves by the high-
pressure water jet and cannot be removed later (Fig. 3).
The biggest issue for the deburring washer was to be
able to remove such chips.

Fig. 3 Control Valve Face of Transmission Case
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4.2. Study of No. 2 line deburring washer specifications

At the time the No. 2 line was built, we had brush
washers and high-pressure washers that could be
modified and adapted for use on this new additional line.
However, we decided to adopt a new deburring method
in order to resolve the problem mentioned in the
preceding section.

In deciding what deburring method to adopt for the
washer, we eliminated a cascade system and a walnut
shell method from consideration because of the
possibility that the deburring medium would remain in
the intricate geometry of the transmission cases.
Accordingly, a comparative evaluation was made of the
high-pressure water jet and ice blasting.
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4.3. Comparative tests of deburring methods
4.3.1. Test conditions

Based on the performance record of the high-pressure
water jet on the No. 1 line, the pressure was set at 30
MPa and the nozzle diameter at 0.7 mm. For ice blasting,
ice was mixed at a rate of 60 L/h in water under pressure
of 15 MPa and projected through a 30-mm-diameter
nozzle. These were the main conditions under which the
comparative tests were carried out. Actual transmission
cases were used as the test pieces, and a comparison was
made of the deburring performance and chip removal
performance.

4.3.2. Comparative test results

There was no difference in deburring performance
between the high-pressure water jet and ice blasting
(Table 1). Tests of chip removal performance were
conducted on workpieces that had chips forcibly lodged
in the grooves on the surface where the valve body is
attached. The water jet only pushed the chips into the
grooves, as it did on the No. 1 line, even though the
pressure was raised. In contrast, ice blasting was able to
remove such chips. It is presumed that fine chips were
broken into pieces by the impact of the solid ice and that
strong chips were blown away.

This difference in chip removal performance was the
deciding factor in the decision to adopt ice blasting.

Table 1 Test Results for Deburring and Chip Removal

Method Ice blasting High-pressure water jet
Nozzle dia. (mm) and 30mm X 1 0.7mm X 4
number
Pressure (MPa) 15 (pressure of water into which ice is 30
mixed)
Deburring O &
Removal of lodged O: Effective in breaking and blowing X : Pushes lodged chips further into
chips chips away grooves

Positive factors
residual chips

O: Excellent for deburring and removal of

O: Excellent for deburring
O: Large flexibility for nozzle placement
(O: Ample experience and proven record

of use
Negative factors X : Difficult to use multiple nozzles »{: Cannot remove chips lodged in
X : Cannot angle nozzles grooves
» : Difficult to detect hardness of ice = Must be combined with another
> ; Requires control of water temperature method
and density to obtain hard ice X : High-pressure pump is expensive to
> : Little experience and record of use maintain

(O: Good X : Poor
5. LEERBRBF D RRREA D W

LRz -T, 74 A ay bT, )<Y
iR S s 2 Ll o724, [EREIZTable 10
1T ABRREGRT S EDUEE o7,
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5. Solutions to Problems Observed in Comparative Tests

The comparative tests showed that ice blasting was
able to remove burrs and chips, but at the same time it
was also necessary to overcome the negative factors
listed in Table 1.
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5.1. Reliable projection of ice toward burr locations
Ice must be projected against the entire surface of the
workpiece. To accomplish that, the movement of the
nozzle and the rotation of the workpiece are numerically
controlled like the operation of a machining center.

5.2. Ice detection method

At the time the water-ice mixture is projected against
the workpiece, it is necessary to detect whether the ice is
frozen hard, as that state is effective for deburring. With
the load value management method used for the water jet
on the No. 1 line, it was found that there was no
difference between water alone and the water-ice
mixture. Measurement of the fluctuation of the load
revealed that there was a numerical difference between
water alone and the water-ice mixture, so it was decided
to adopt that method. Provided that the threshold set for
each cycle is attained, ice can be reliably projected
against the workpiece (Figs. 3 and 4).

5.3. Water temperature conirol

As described earlier, ice is produced continuously by
the ice-making machine, but if the water temperature
rises, it results in sherbet-like ice that degrades the
deburring performance. To prevent that, a chiller was
added to chill the water below a certain given
temperature before it is supplied to the ice-making
machine, (Fig. 5).

e

Fig. 5 Control of Ice and Water

5.4. Measure against the influence of the coolant
Water ordinarily freezes and becomes ice at 0°C. The
presence of impurities, however, can cause the freezing
temperature to drop, making it more difficult for ice to
harden. If coolant from the machine tools used in the
process upstream of the ice-blasting washer is mixed in
the water, it can prevent the formation of hard ice,
Initially, it was planned to recover water from the
washer and feed it into the ice-making machine.
However, to obtain hard ice reliably, it was decided to
provide water from the chiller to the ice-making machine
via a separate line from that for the water supplied to the
washer.
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5.5. Confirmation of foreign matter specification

The adoption of the above-mentioned measures made
it possible for the BHO and BKO transmission cases to
clear the weight specification for foreign matter. In
addition, the issue seen on the No. 1 line concerning
residual chips on the surface for attaching the valve body
was markedly improved.

6. Resolution of Production Line Implementation Hurdles

Good results were obtained with respect to quality
aspects, but several hurdles still had to be cleared in
order to implement the ice-blasting system on our mass
production lines.

6.1. Assured availability of ice-making machine

Because the ice-making machine is expensive, a
replacement machine is not kept on hand. The
manufacturer that installed the machine will replace it
with a prototype machine in an emergency.

6.2. Prevention of condensation

The entire piping of the ice-blasting washer is at a
low temperature because a chiller has been added, as
explained in section 5.3. It was found that severe
condensation occurred in the summer. To prevent that,
the piping has been wrapped in insulation and insulating
paint has also been applied to the water tank and
peripheral equipment. An oil pan was added for
locations where condensation still occurred in spite of
those measures.

6.3. Reduction of operating costs

The newly introduced ice-blasting washer consumes
one-third less electric power than the previous brush
washers and high-pressure washers. In addition, it is also
cheaper to operate because it does not require any
detergent and has no consumables other than the filters.

7. Overview of Ice-blasting Deburring Washer

Views of the machine are shown in Figs. 6 and 7. The
machine is used to clean four types of transmission cases
for the BHO and BKO ATs. It has a cycle time of 2.0
min./case. It meets the specifications with regard to
cleanliness, burr height and machining residue size.

Fig. 7 Back of the Equipment
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8. Conclusion

JATCO has been the first in the industry to
implement ice-blasting equipment on mass production
lines. This equipment offers the advantages of being able
to remove chips lodged in grooves, of not leaving any
deburring medium behind, of allowing a simple
aftertreatment process and of using few consumables
such as detergent and deburring medium. However,
control of the water supplied to the ice-making machine
has proved to be more delicate than initially imagined.
There are still many such control issues to be resolved.

We believe that a better deburring method and
equipment can be attained by factoring those issues into
the specifications from the beginning when the same
type of deburring washers are installed in the future.

The author would like to thank the members of the
No. 2 production line of the BHO and BKO transmission
cases for their invaluable cooperation from the testing
stage to post-installation improvement activities in
connection with the implementation of this deburring
method.

Seiji KATAOKA
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Introducing the Jatco Enterprise Manufacturing System
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Summary  The Jatco Enterprise Manufacturing
System (JTMS) was developed in a project to integrate
the compa Jf 's operations. This new manufacturing
system 1s designed to provide a framework that
facilitates autonomous operation initiated by the plant
floor.

This article gives an overview of JEMS and of the
reconfigured network that is indispensable to the
operation of this system.
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1. Motivation for Construction of JEMS

The merger of the former TransTechnology Ltd. and
the former JATCO Corporation brought about a need to
integrate our company-wide systems. The systems then
in use at the plants included KONG (Kakou Online
Network Growing system) for machining operations
management, SKONG (50zai-KONG) for raw materials
management and JMICS (Jatco Manufacturing
Information Control System) for collecting production
results, among others. Those individual systems were
integrated to construct the new JEMS manufacturing
system that interfaces with YOURS (YOshiwara Unit
Realtime management System) and FCIM (Fujinomiya
Computer Integrated Manufacturing), which are directly
linked to the production instructions given to the
assembly lines. (YOURS is the assembly operations
management system used previously by
TransTechnology, and FCIM is the assembly operations
management system used formerly by JATCO at the
Fujinomiya Manufacturing Department.)

In constructing JEMS, we wanted to establish a
system capable of being operated autonomously by the
plant floor, Instead of the previous system of estimated
production volumes, the new system would be able to
respond quickly to customers' needs and shorten
production lead times, from the issuing of production
instructions to shipment of finished products.

Moreover, it was thought that the system should be
configured with extensibility for coping with future
expansion of the company's business.

2. Functional Requirements

2.1. Overview of JEMS

All elements of JEMS are instailed and managed at a
center, including the production management system, the
database (DB) server, application (AP) server and
supervisory server. The production plan determined by
the system at the center is sent via a wide-area network
(WAN) to each plant, and the actual production data at
each plant are sent back to the center.
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2.2. System configuration
The configuration of the equipment making up JEMS
is shown in Fig. 1.

2.3. Features of JEMS
(1) Centralized control by means of an integrated DB
server and AP server
® Centralized control of nine plants
® Assured response based on a three-layer
configuration™
(2) Centralized supervision by means of a supervisory
server
® Monitoring of the operating status of the DB
server and AP server

""The three-layer configuration refers to an explicit
division into three levelshthe P-layer (GUI control and
associated screen displays), the F-layer (work logic) and
the D-layer (data manipulation). This configuration is
designed to (1) hold down high network traffic loads and
enhance system response, (2) improve maintainability,
(3) boost development work productivity and (4)
increase the reusability of existing programs.



HEMIH| AT AICDNT

24, FiTi8 s AT ADHEE

WLy AT LOBREDT ™7 b7 4 ¥ %Fig 3123,
2.4.1, HERERI A

Ly A7 00 2hDOHEEIZ 2 W TR
T5.

(1) 2= el 3%

EPEFER 3 A 5 4 (JPICSH) 12 T S L7z filar
NEFEG SR e 2T, A4 M4 BLTERIC
HRT A THYTA v, ML A 72 LTH
VR 0Pt B X OVESESRR (HLAHER, v
X 7R, HERR) 2179 .

(2) AR

HEFEGG PR Y A 5 4 (JPICSID IS TR S L7zt
’1’1, Al \7ru A 1 1 {deﬁh—fﬂ)ﬂ -’L"JM‘."J‘L Th
b AR H TROEEFEE H 5 E
ThEEDIZ, FNEEFTTLOOMEOIDY
ANGHART) bALETUETALAZERFHME
15, 43‘.:4>:Lf:@o:71|:15i|.‘.T.1 TEICH S 05 R,
(2yy

BRI CH 2 R E LCTEES L UGS
TREFITOOEEI vy vyoay a— b (#k
EHEL, O h NN EITIZEEENET S,

(4) 1 b

HEEETTRESNAMARRS, HETHY
A5 & (JPICSH) & V) S F v dt, My WE, &
AT 2 TR & LT, AR - HERS o0 M SRR &
LWL DL HMT L TR0 v b APERE % {F
Wt 4.

2.4. Functions of JEMS

The functions of JEMS are outlined in Fig. 3.
2.4.1. Functional overview

Several of the key functions of JEMS are explained here.
(1) Production scheduling chart

Based on the assembly scheduling information drawn
up by the JPICS-II (Jatco Production Integrated Control
System Version II) production management system, this
function provides assembly sequence information to the
main assembly line, the sub-assembly lines subordinate
to it and the machining lines. It also issues work
instructions (installation instructions, parts
picking/delivery instructions and production
instructions) to the lines.
(2) Autonomous operation

This function presents information on the necessary
quantities, independent demand and production-for-
storage plan. Based on that respective information, the
plant floor draws up a production plan for its own
process, A further objective of this function is also to
enable each process to prepare a plan for securing the
materials (delivery instructions) needed to execute its
production plan. Fundamentally, this function is
primarily used in the machining process.
(3) Kamban control

The purpose of this function is control the various
types of kamban (signboards) used on the plant floor to
give production and supply instructions concerning
actual objects. It is used to manage the number of
kamban and when they are issued.
(4) Lot plan

This function is used to create the lot production plan
of the respective process, based on the delivery
instructions generated by the autonomous operation
function and the information on the necessary quantities,
independent demand and production-for-storage plan
received from the JPICS-11 production management
system. In doing so, it takes into account excess and
insufficient inventory and supply volumes.
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Fig. 3 Outline of plant system functions
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(5) Production data

This function collects the production results of each
process —assembly, machining and raw materials —and
uploads the production data to the JPICS-I1 production
management system. It also issues assembly bar codes,
palletizing lists and product labels to the assembly
process.
(6) Shipment results

This function issues packing instructions to the
shipper based on the shipping plan received from the
JPICS-II production management system and the
instructions generated by the autonomous operation and
kamban control functions for deliveries between the
plants. In addition, it also collects shipment results for
transmissions, parts, supplied provisions and transfers
between plants, and uploads the data to JPICS-II.
(7) Daily job chart

This function is used to input daily work information.
Based on the input information and the production
results collected by the production data function and the
actual activity plan data, this function calculates and
shows the daily production conditions and the actual
monthly operating rates.

Master server, IBM host computer and other servers

256k

| Production G4k Production
zone Mo, 1 zone No. 3
Production
zone No. 2
i ) Head office
Numazu Kakegawa Fujinomiya plant 64k Production
| | zone No. 4
Plant server
i | Bl | | | I Kambara
Plant server Plant server Plant server Plant server
Connection configuration within plants
*Bus-based Ethernet
In a bus-based Ethernet, all the terminals Plam server
are directly connected to the coaxial cable Ethernat

that serves as the bus, Coaxial cable is stiff,
tough and highly resistant to noise, but it
has the drawbacks of being hard to install
and also that trouble in the cable affects all
the terminals.

10M
O

Fig. 4 Configuration of previous network
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3. Reconfiguration of the Network

The network of the former system was configured
such that the master server and host computer at the head
office exchanged data with a plant server installed at
each plant (Fig. 4). NTT's leased lines were used to
connect the plants, and a bus-based Ethernet was used
for the connections within the plants.

That network had been built approximately ten years
ago and provided a transmission speed of 10 MB. The
network had become severely antiquated and the
occurrence of troubles sometimes impacted all the
plants.

Plant servers

Master server, IBM host computer
and other servers

Optical fiber cable

T . Production Head office Production Production Production
| Numizn “Kukzuuwn | Fujinomiya [ Kambara l s6ns Mo, 1 plant J L&"P No.2 |me No. 3 |£,m= No. 4
Connection configuration within plants
. aH o Optical fiber cable
Star-like E_therm,_t ) . 100M
A star-like configuration basically uses Hub (L2) I — PG
hubs to make one-to-one connections, Master hub (L3) ‘

Therefore, the entire network is not affected
if trouble occurs in any given cable.
Moreover, when twisted pair cable is used
for the wiring, it is easier to install and
allows good extensibility, though its noise
resistance is inferior to that of coaxial cable,

(Cman |

Fig. 5 Configuration of new network

BYATLTDRY V7 — 2R &S
WMLTwATHY—NeR IR B
W, LMo EELRER LAY BT — 274
& D4 & 1T - 72, (Fig. 5ZH)
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For JEMS, the network has been configured with
emphasis on the line speed of the connections to the
plants. That was achieved by concentrating the plant
servers solely at the head office, instead of distributing
them among the plants as was done previously (Fig. 5).
For connections to the plants, optical fiber cable has
been installed directly to production zones No. 2 and No.
4 located adjacent to the head office, and the core
transmission lines have been made redundant for
enhanced reliability.

More distant plants are connected via Japan
Telecom's Solteria IP-VPN service, and the line speed
has been increased from 256 KB to 2 MB. As a result,
Japan Telecom can monitor the network and respond
immediately whenever a problem occurs, which
enhances reliability.
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The connection configuration within the plants was
changed from the previous bus-based Ethernet to a star-
like Ethernet so as to minimize as much as possible the
impact of any network trouble. A gigabit (1,000 MB)
Ethernet was adopted as the core wiring, and the
capacity of the branch wiring was increased to 100 MB,
up from 10 MB previously.

Thanks to the use of more sophisticated devices, the
network can now supervise the equipment, making it
possible to respond immediately whenever a problem
oceurs.

4. Future Issues

Because JEMS is integrally related to the production
lines, a system shutdown can cause the assembly lines to
stop, which, in turn, might also adversely affect our
customers. Network troubles could also have the same
impact.

In the future, we want to improve JEMS so that
troubles in the system or network do not cause the
assembly lines to shut down.

5. Concluding Remarks

The authors would like to thank various individuals at
Fujitsu Ltd. and within the company for their
cooperation in connection with the development of
JEMS.

'ﬁglf

Mitsuaki OMURA
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/NP

G

Tsukasa ONODA

H &) COIMEMREONINE-F - a—ITHHEL,
[ntelligent Powertrain System Supplier] & L T Joit ¥
W - B 2 PR L 72, AR 2 31T A WA A 0 1)
[ fe P4t DRI I DWW TR 5.

Summary We presented exhibitions at the 2003
Tokyo Motor Show to publicize our advanced
technologies and new products as an intelligent
powertrain system supplier. This article reviews the
trends in powertrain technologies at the motor show and
describes our exhibits.
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1. Introduction

The global automotive industry is currently facing a
myriad of issues at the beginning of the 21st century.
These include the formation of strategic alliances and
groups among automakers, efforts to address global
environmental concerns, the fusion of vehicles and
information technology (IT), demands for increasingly
more advanced safety technologies, and also the
diversification of user needs and more rigorous
requirements for customer satisfaction. The 37th Tokyo
Motor Show™ was organized around the theme of "The
challenge: driving toward a better future.” Passenger car
and two-wheeled vehicle manufacturers and parts
makers from around the world vied in announcing and
presenting next-generation technologies and new
products designed to meet society's needs.

“Held from October 22 to November 5, 2003, (October
22 and 23 were Press Days, October 24 was designated as
a Special Guest Day, and general admission began on
October 25.) Exhibiting companies numbered about 300,
and show attendance totaled 1.42 million visitors (Fig. 1).

Fig. 1 Makuhari Messe

S S |

Sales Planning & Administration Department
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Fig. 2 Nissan EFFIS

2. Trends

There tended to be more exhibits of new models
rolled out in 2003 and of prototype models scheduled for
near-future release, in addition to future dream cars. That
was intended stimulate purchases by car users and thus
attain the sales target of 5.85 million units set for the
domestic market in 2003, partly against a backdrop of
the delay in the full-fledged recovery of vehicle sales in
Japan. As a result, a subdued trade show atmosphere like
that of motor shows in Europe and North America was
evident everywhere amid the spectacular displays.

The motor show this time drew many first-time
visitors, including young people, women and others who
had never gone to a motor show before. Various
measures were taken fo attract them, such as by
displaying carrozzeria that are especially popular among
young people, organizing special events like a festival
park for families with children, charging no admission
fee for elementary school pupils and reducing the ticket
price for high school students to one-half the admission
fee for adults. In addition, two-way communication
events involving visitor participation were also
organized such as test-drives of fuel cell vehicles and
hybrid vehicles, and activitics were staged for children to
enable these future leaders of Japan to experience the
world of manuflacturing.

The formation of alliances between automakers has
been gaining momentum every year. Nissan and Renault,
Mitsubishi and DaimlerChrysler, Suzuki-Fuji Heavy
Industries-GM, and Mazda and Ford, among others,
presented exhibitions on a group basis in adjacent areas,
while still retaining each company's unique identity.

The results of various research and development
activities were introduced in connection with efforts to
promote harmony with the global environment, Various
companies exhibited eco-friendly concept cars, such as
the Nissan EFFIS (Fig. 2) that combined a fuel cell stack
with the newly developed Super Motor to create a city
commuter. The working principle of a fuel cell vehicle
was discovered in the United Kingdom in 1801. As a
device that produces electricity through chemical

Fig. 3 Honda CVT
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reactions between hydrogen and oxygen, the fuel cell is
the odds-on favorite to become the energy source of the
future.

Fuel cell vehicles are steadily improving in their
operational functions and capabilities as automobiles,
but their diffusion is projected to take considerable time
owing to cost issues, construction of the supply
infrastructure for hydrogen and other factors.

Also in the limelight were hybrid vehicles, which
from the beginning have been positioned as playing an
intermediary role. Toyota, Honda and Nissan began
putting hybrid vehicles on the market around 1997, and
Suzuki has adopted a new hybrid system in a minicar
fitted with a JATCO 4-speed AT. These developments
are making hybrid vehicles increasingly more familiar to
ordinary users. European car makers view the diesel
engine as the favorite technology for improving fuel
economy in the foreseeable future. Japanese automakers
and parts manufacturers, on the other hand, displayed
hybrid vehicles with parallel systems or with series and
parallel systems at the 2003 show.

Many companies emphasized steel-belt CVTs as their
drivetrain systems. Honda showed a newly released CVT
for use with a 2.4-liter engine (Fig. 3). Nissan exhibited
the XTRONIC CVT (made by JATCO) that can
accommodate a 3.5-liter engine and has been highly
acclaimed in North America and other markets.
Mitsubishi displayed its i concept model fitted with a
CVT and built on the MR (midship/rear-wheel-drive)
platform that provides outstanding interior comfort and
fresh vehicle styling,.

Drivetrain component manufacturers displayed the
CVT products they have developed aimed at production
vehicle implementation. LuK exhibited a chain-drive
CVT with an Audi-made steel chain, Aishin AW
displayed a steel-belt CVT designed for small-car
application, and for use on rear-wheel-drive cars Nippon
Seiko presented a half-toroidal CVT and Koyo Seiko
showed a full-toroidal CVT,

Approximately 800,000 CVT-equipped vehicles were
sold in the Japanese market in 2003. Their diffusion is
expected to accelerate rapidly in the coming years, and
the North American market is projected to follow this
trend. On the other hand, there were also exhibits of
electronic components for stepped ATs and automated
manual transmissions (ATMs), which are steadily
spreading in Europe and other markets. Aishin AW
displayed such components for front- and rear-drive 6-
speed ATs. The LuK booth exhibited ATM components,
and Siemens presented an AT control unit (ATCU)
integrated with an electric motor for application to a
rear-drive 7-speed AT manufactured in-house by
Mercedes-Benz.

- 105-



JATCO Technical Review

No5 (September , 2004)

%ﬂﬁwﬁunaaz.bﬂmmmﬁﬁzly
N A0V FECVT, EORIZ, T994EIC 1L k
D%&»AﬂVWMJHU_W%Twmfmef
EizFoTWaD, CVTD) —F 4 ¥ 7 - H 78
==k LT, BT ADER - BEm s B
Bi~OuinE WY HAO—F L LT, BED)K
PHEISLHI YT v N —F B~ R
CVTZ ) =X %HL0II, RO A FILCVT, ZEAT,
HEVE 7 )b % g5 L7z,

Fiz, —MOREEICIE, TIvr o Rur A
T D HBYZAS s O VETD & 25 5 oo J5U B A B LT
THL 72%, [Touch & Try]2—F %%, HEXT,
NN FRCVT, FEA FLCVTOEFHEF L%
EHEVFABRICAENSELI EDOTE LEBRE o

—F e iRlt s,

82 T =R T

e - V) —vodguIv—270OMEHE
R, SEHEHY Z BRT A & R RIZIRR T L 720
7 — ZME L, A O A VR B IR S L
feb D& L7,

AA BT L 723 — IS, R A R
— VLR KMBRF 7Y 2 # R L, £
DW= J AL ~OL F R CVTaE # B L 7=,

TR A=A =N EOBEREHELHCTHE
ﬁ’k h)l/"rf “]'—Vafﬂ‘f%?;\nﬁt T Tk —

WM E D) A LI R RN T A, il

%wm@ Ty Y27 RO H A AR
—*5%1—7z-¢U*®2@@%%=ﬁ%Lt-

=TT T, HLHER S L — TR0
AR el alt - b %fL%i”L(?)ﬁEj LR E ML
B ok L, e, 25k EELE 5OV o R
=%, WHWCERET S LT, RYEILUE
FETHR, T—AHORME DRSS Z LT
E5THRELE,

Intelligent Powertrain
System Supplicr

Larn botter tomog ey an

L L0t Beaads daned
P]g 4 JATCO booth

3. Concept of JATCO's Exhibits

3.1, Theme

This was our first Tokyo Motor Show since the
creation of the new JATCO through the integration of our
transmission business with Diamondmatic Co., Ltd. on
April 1, 2003. The concept embodied in JATCO's booth
was to emphasize the high level of our development and
production engineering capabilities and our attractive
new products as one of the world's largest specialized AT
manufacturers. Our aim was to show visitors that we have
the technologies and products for accurately meeting
users' diversifying needs and the requirements of the
expanding global market in the coming years,

JATCO has a track record of being the world's first
manufacturer to successfully mass produce a steel-belt
CVT for 2.0-liter class engines in 1997, a steel-belt CVT
applicable to 3.5-liter class engines in 2002 and a toroidal
CVT in 1999, As a leading CVT manufacturer, we
showcased our next-generation steel-belt CVT series,
ranging in application from minicars to vehicles fitted
with a 3.5-liter engine, along with displaying exhibits of
toroidal CVTs, stepped ATs and transmissions for use on
HEVs. These exhibits were examples of our proactive
efforts to address environmental concerns by reducing
exhaust emissions and improving fuel economy,

The booth also featured a "Touch & Try" area
designed to give ordinary visitors a better understanding
of the operation and shifting principle of automatic
transmissions, which seem like a black box to many
people. Working models of a planetary gearset, a steel-
belt CVT and a toroidal CVT were displayed to enable
visitors to gain hands-on experience by operating the
models freely by themselves.

3.2. Booth design

The structural elements of the booth were designed with
a pure white motif that was without parallel at other
companies' booths. That was intended to enhance visitor
recognition of the dark-green corporate logo expressing the
company's name and effectively impress visitors with our
advanced product exhibits (Fig. 4).

A large illuminated object modeled after a planetary
gear and expressing our corporate philosophy was
displayed in the exhibition space facing the main aisle.
Flanking that object on both sides were four exhibits of
next-generation steel-belt CVTs.

The booth was functionally divided into two areas, One
was a conference room area where discussions and
presentations could be conducted with automakers and
other customers in a relaxed atmosphere. The other was an
open exhibition area where ordinary visitors could readily
view the exhibits, and engineering students interested in
technology could converse casually.

The open exhibition area was divided into separate
exhibition spaces for each group of transmissions so that
their respective construction and features would be easier
to understand. The working transmission models for hands-
on experience in particular were located along the aisle so
as to avoid the congestion inside the booth and readily
enable visitors to touch these exhibits with their hands.
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4. Press Briefing

Journalists from several tens of domestic and
overseas media companies came to our booth for a press
briefing. They were generally interested in two broad
subjects: (1) the current status of JATCO's business as a
global supplier and (2) our new technologies and new
products.

The first subject concerned the situation of JATCO's
business as a specialized manufacturer possessing world-
class technologies and with one of the largest AT
production volumes worldwide. Representatives of
general print media and automotive industry publications
especially voiced questions and expectations about the
future penetration of CVTs in the North American
market. Currently, approximately 30% of the
transmissions we sell annually are exported to that
market either in finished vehicles or as AT units. They
were also interested in the details surrounding the launch
of CVT production at our new plant in Mexico, which
we had announced earlier in 2003 that we were planning
to establish.

The second subject naturally concerned our next-
generation steel-belt CVT series, ranging in application
from minicars to large cars, and toroidal CVTs that
JATCO was the first in the world to mass-produce
successfully, In addition, attention was also focused on
the Integrated Hybrid Automatic Transmission (I-HAT)
system that enables a hybrid powertrain to be mounted in
the space of a conventional AT. That reflected the rising
interest in hybrid vehicles, which are beginning to
penetrate the market, especially in Japan.

NHK (Japan Broadcasting Corporation) created a TV
special entitled, "The Tokyo Motor Show--Gazing at the
Future through Vehicles." The program looked at the
past, present and future of automobile manufacturing and
environmental protection measures at vehicle
manufacturers. JATCO President and CEO Hisayoshi
Kojima was the only head of a parts manufacturer to be
interviewed by NHK (Fig. 5). The 70-minute program
aired on November 1 and was rebroadcast on November
2 and 3.

5. Exhibits

5.1. Steel-belt CVT series

The full lineup of our next-generation CVTs was
displayed, including units already in mass production
and others still under development. This series is based
on our experience of having sold over one million CVTs
already, including CVTs for 2.0-liter class front-wheel-
drive cars. These next-generation products are more
compact than previous CVTs and also have an ultra-wide
ratio range, among other features that contribute to
substantial improvements in both acceleration
performance and fuel economy (Fig. 6).
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(1) Exterior model of a next-generation CVT for
minicars and subcompacts
Fuji Heavy Industries Ltd. (FHI) and JATCO
jointly financed the establishment of Fuji AT Ltd.,
which is scheduled to supply world-class CVTs for
minicars and subcompacts. These CVTs will be
jointly developed by FHI and JATCO.

(2) Cutaway model of the JFOO9E next-generation CVT
for small cars
This CVT was adopted on the new Nissan Cube
when it underwent a full model change in 2002,
Lightweight and compact, it features an ultra-wide
ratio range.

(3) Exterior model of a next-generation CVT for midsize
cars
Now under development, this all-new CVT will be
mated to 2.5-liter class engines. By expanding the
ratio range and making other improvements, this
CVT will achieve the highest levels of efficiency in
its class.

Fig. 7 High-torque capacity CVT

(4) Working model of the JFO10E next-generation CVT
for large cars
This working model was created around the
JFO10E new-generation CVT for large front-wheel-
drive cars that is used on the Nissan Murano SUV
sold in North America and the Nissan Teana
marketed in Japan. In 2002, the JFO10E became the
world's first and only successfully mass-produced
CVT for use on 3.5-liter front-wheel-drive cars. The
JFO10E varies the width of the pulley grooves to
smoothly change the diameter of the steel belt on the
pulleys on both the input and output sides. Because
the seamless ratio change mechanism could be
understood visually, visitors rated the model highly
for making it easy to understand how ratio changes
are executed. Many visitors were astonished that
CVTs have advanced as far as the 3.5-liter engine
class. This model overturned the general perception
that CVTs are transmissions for small cars.
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~ Fig. 8 Stepped ATs

5.2. JROOGE toroidal CVT

A display-use motor was incorporated into the torque
converter to drive the four sets of rollers in the CVT
automatically from low to high transmission ratios,
enabling visitors to see its smooth shifting action. An 8-
speed manual shift mechanism operated by buttons was
incorporated in the CVT to publicize its technological
capability for providing sporty driving,.

5.3. Stepped ATs
Four models were chosen for display from among our
5-speed and 6-speed ATs featuring additional speed
ranges.
(1) Cutaway model of a front-drive 5-speed AT
With its large torque capacity, this AT is designed
to handle high-performance engines like those fitted
on the Mitsubishi Airtrek Turbo and other models. Tt
provides shift control that matches the operating
conditions and is compatible with the INVECS-I1I
shift schedule.

(2) Cutaway model of the JR507E 5-speed AT for large
rear-wheel-drive cars
Featured on the Nissan Cima and Skyline, this 5-
speed AT ranks among the world's best in terms of
shifting performance, high efficiency and lightweight
design.

(3) Exterior models of front-drive 6-speed ATs
Two models of 6-speed ATs now under
development were displayed, one for large-torque
engines and the other for medium-torque engines,
These ATs adopt a Lepelletier gearset system to
achieve a compact package for superior vehicle
mountability and also have an ultra-wide ratio range.

5.4. Transmissions for hybrid vehicles

JATCO is taking various steps to improve vehicle
fuel economy, such as by developing the above-
mentioned CVTs and stepped ATs and by reducing
internal friction in transmissions, among other things.
Moreover, we are also developing transmissions for
hybrid vehicles. At this motor show, we exhibited the I-
HAT system that we are researching and developing
independently and a transmission compatible with the
hybrid system developed by an automaker (Fig. 9).
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(1) Cutaway model of the I-HAT system under
development
I-HAT is JATCO's unique hybrid system that
includes an energy regeneration function, yet it installs
in virtually the same space as a conventional AT, The
use of a planetary gearset eliminates the need for a start-
off clutch and a torque converter. A small motor has
been adopted that doubles as a power source and a
generator, Ordinary visitors showed an extremely strong
interest in this transmission for use with hybrid systems,
which are expected to become a core powertrain
technology in the near future, owing to growing needs
for such systems in the Japanese market in particular.

(2) HEV system for the Suzuki Twin

JATCO's JF405 front-drive 4-speed AT was adopted
for the Twin hybrid car that Suzuki Motor Co., Ltd. has
developed and is mass producing, The fact that this AT
just fits in the space behind the engine, even when a
motor for regenerating kinetic energy is installed, testifies
to its compact design and high efficiency. An engine
exterior model was displayed along with a cutaway model
of the energy-regenerating motor and AT.

Fig. 10 Dynamic model in Touch & Try area

5.5. Manually operated models

Three types of transmission models were
exhibited that visitors themselves could operate by
turning a handle, instead of being driven by an engine.
The hands-on experience of moving a lever to switch the
ratio change mechanism between low and high ratios
helped to deepen their understanding of the shifting
principle.

(1) Planetary gearset
(2) Power rollers of a toroidal CVT
(3) Steel belt and pulley assembly of a CVT

6. Recap

(1) The basic concept running throughout the motor
show was one that emphasized the exhibitors’
technological innovations in the three key areas of
the environment, IT and safety, while also
incorporating a new style of visitor participation
exhibits designed for hands-on experience. The
recent trend toward the formation of alliances and
groups among automakers was also evident.
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(2) Amid efforts to promote harmony with the global
environment, expectations of transmissions are rising
every year, including demands for higher efficiency
and lighter weight, Each manufacturer displayed its
own new products and concept models.

(3) This was our first Tokyo Motor Show since the
creation of the new JATCO in April 2003, As an
intelligent powertrain system supplier, we displayed
our advanced products represented by next-
generation steel-belt CVTs, toroidal CVTs, 5- and 6-
speed stepped ATs, and hybrid systems such as the I-
HAT system. These exhibits emphasized our cutting-
edge technological capabilities and attractive
products, especially to the automakers and others in
the automotive industry as well as to media
representatives.

(4) Our booth was divided into separate exhibition areas
for CVTs, stepped ATs and hybrid systems, against a
backdrop of diversifying market needs and ongoing
technological innovations. This layout made it easier
even for ordinary visitors without any knowledge of
transmissions to understand the exhibits. Continuing
the approach used at the 2001 show, we adopted the
concept of a European or American museum and
displayed working models of various types of
transmissions that enabled visitors to understand the
structure and operating principles through personal
hands-on experience.

7. Concluding Remarks

Our booth was visited by representatives of the
world's leading automakers, media organizations and
other special visitors as well as by large numbers of the
general public. The author would like to take this
opportunity to thank various individuals at affiliated
companies and many related departments within JATCO
for their valuable cooperation and assistance with the
planning and preparation of the exhibits over many
months. Thanks are due the Product Planning
Administration Department, Advance Technology
Development Department, Product Development
Groups, Materials & Process Development Department,
Human Resources Development Department, Services
Support Purchasing Department, Corporate Planning
Department, General Administration Department, Sales
& Marketing Departments, Motor Show Secretariat and
to Messrs. Ms. T. Wakazuki and Mr. T. Yasuda of the
Planning Group in Sales & Marketing Department No. 2.

B Author W

Tsukasa ONODA
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Introducing the JR405E (RZC) 4-speed AT for Sports Car Applications

il
Yuzuru SAITOU

A Al
Yuuji SAITOU

¥ §% JRAOSEZIFR 4 H )2 b8 (DL FATE §5)
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L, 20034E4 HOH (2562 - HEIE S L.
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Summary The rear-drive JR405E 4-speed automatic
transmission (AT) was developed for use on the Mazda
RX-8 sports car, based on the previous JR405E-M
(RZO) 4-speed AT for application to rear-wheel-drive
cars. This new AT was announced and released on April
9, 2003, This article describes the results achieved
through the development of the JR405E AT.

1LIEC®HIC

JR405E-M(RZO)MFR 4 ATIE, 199942~
FREO U (€ O H i H Bh AR, =28 HEhEAkIC
b OEMALE) Iz45Mk 2 7z 2 9 o 7 E [P T
il (Direct Electronic Shift Control : DESC) AT T &
o7z, A EH S DIRI0SERIATIE, ThiX—2A
12, VY VORI AR =2 & —RX-8(Fig. 1)
NS (e Rl R (A

ARATIE, 7,500rpm & V9 FAEIZH TS LRSS,
AR=H—=lhEbLL 7128 LNE
ENMET BT )T 1 EERLL

2 EAEmRUVATOEELH

W U 72 HU & ATOALA% % Table 11Z7R7.

Fig. 1 MAZDA RX-8

O DR e AN
Product Development Center No.2
"l P [
Application Development Department

1. Introduction

The rear-drive JR405E-M (RZ0O) 4-speed AT,
incorporating the Direct Electronic Shift Control (DESC)
system for direct electronic control of clutch pressures,
was adopted on a Mazda model in 1999, It was also
subsequently supplied to Nissan Motor Co., Ltd. and
Mitsubishi Motors Corp. on an OEM basis. Based on
that existing transmission, the JR405E AT was newly
developed for use on Mazda's RX-8 authentic sports car
(Fig. 1).

The JR405E AT achieves shift quality that provides
both smoothness and quickness befitting a sports car,
while also accommodating high operating speeds up to
7.500 rpm.

2. Major Specifications of Vehicle and AT

Table 1 gives the major specifications of the RX-8

model and the JR405E (RZC) AT.

Table 1 Technical specifications

Vehicle IMadel RX-8
Drive tvne Rear-wheel drive
Weight 1_.330 kg
t Rotary engine (RE) 654 ccx2
Engine type 13B-MSP

154 kw (210 ps)/7,200 rpm
222 Nm/5,000 rpm

Max. power (DIN)
Max. torque (DIN)

| [Max, speed (rpm) 7.500
AT Torque converter 250 mm dia.with lock-up

s ]st 2,785

et Y0 2nd 1.545

3rd 1.000

4th 0.694

Iev 2272
Dry weight (kg) 66.4
Communication with vehicl¢ CAN

Shift lever positions P-R-N-D
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Fig. 2 Cross-sectional view of JR405E
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3. Construction

A cross-sectional view of the JR405E AT is shown in
Fig. 2.

While giving consideration to weight reductions, the
case was designed with optimal rib reinforcements and
radii (R) to ensure sufficient strength for accommodating
the powerplant frame (PPF).

The PPF serves to provide a rigid connection from the
AT to the rear differential. This rigidity works to
suppress the vertical vibration of the differential that
occurs during hard acceleration and delays the
transmission of driving force. As a result, the vehicle
provides a feeling of direct response to the driver's
accelerator inputs and achieves outstanding
acceleration/deceleration responsiveness,

Comparison of G waveforms for manual downshifts

RX-8 (42 downshift) Model B (64 downshift)
V| [Time lag 0.25 sec R 3
> Time lag 0.8 sec
i ; il A | Ay
A 0.2 ; 1sec 4‘ A
T H Y
Onset of inertia phase Onset of inertia phase

Shift decision B Reelslon

Fig. 3 Manual downshift waveforms

4. Improvement of Shift Performance

4.1. Improvement of ratio change response

Quick shift response is especially desired in manual
shifting and when the transmission downshifts in
response to the driver's depression of the accelerator
pedal. The following improvements were made to
provide that quickness.

(1) Improvement of oil pressure response

An accumulator for suppressing pressure oscillations
is provided in the solenoid circuit that directly controls
the pressure supplied to each clutch. The pressure
characteristic of the accumulator is characterized by high
spring rigidity.

(2) Dedicated settings for manual shift mode

To improve the responsiveness of manual mode
shifting, the pressure is set slightly higher than the D
range level. The purpose of this is to shorten the
ineffective stroke time and inertia phase time of the
clutch pistons.

The improvements in (1) and (2) above have made it
possible to reduce the time from a shift judgment to the
onset of the inertia phase to less than 0.3 second in the
manual shift mode (Figs. 3 and 4) and in a power-on
downshift to less than 0.2 second (Fig. 3).
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Comparison of G waveforms for manual upshifts under large
throttle opening

RX-8 (122 upshift) Model B (1->2 upshift)

Draw-down time: Long
Draw-down depth: Large
Diraw=down time: Short

[Draw-down depth: Small "’W;;%“‘A-.

nd bump: Small 3\’ "

‘ Time la,
I 4
c 2 4 + 016 sec

1 h e
Onset of inertia phase

Shift decision

Onset of inertia phase
Shift decision

Fig. 4 Manual upshift waveforms

4.2. Smooth upshifts

The following measures were taken to obtain upshift
quality in the automatic mode that is characterized by
both quickness and smoothness.

(1) Increase in hydraulic pressure supplied during piston stroke
The hydraulic pressure supplied while a clutch piston
is stroking has been substantially increased to promote a
quick progression to the inertia phase following the
completion of the piston stroke of the engaging clutch.
This works to shorten the duration of the torque phase.
This increase in hydraulic pressure could result in
excessive capacity on the engaging side at the onset of
the inertia phase, thereby inducing an end bump.
However, that problem was resolved by adopting
adaptive learning control.

(2) Optimization of hydraulic pressure during the inertia phase

A control procedure was adopted that enables the
progression of the hydraulic pressure in the inertia phase
to be determined according to the shift status. As a
result, a suitable shift time can always be obtained even
if the hydraulic pressure, p of the friction materials,
engine torque or other parameters vary.

In addition, feedback control is used to suitably
control the degree of shift progress in the end stage of
the inertia phase so as to minimize any discontinuities in
the output shaft torque at the conclusion of the inertia
phase.

(3) Use of clutch facings with a flat y -V characteristic

In the case of a friction characteristic where the
friction coefficient ¢ decreases with increasing sliding
speed V of the clutches, there is concern that the
application of negative damping in the vibration
equation could give rise to shudder. In addition to that,
the draw-down time of the torque phase and the torque
discontinuity at the completion of a shift might increase.
Accordingly, friction materials with a flat z -V
characteristic are used to prevent such undesirable
effects.

Comparison of G waveforms for power-on downshifts
RX-8 (4->2 downshift) Model B (6->4 downshift)

Iu.z G .
o e e
[ 1 sec MJ
M ms

el
lag 0.2 sec —
4

Onset of inertia phase

Shift decision Shift decision

Fig. 5 D range downshift waveforms
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The adoption of the foregoing measures has resulted
in exceptionally quick and smooth shift quality with the
following characteristics.
® A short torque phase with virtually no feeling of draw-
down (A in Fig. 6)

® No end bump at the onset of the torque phase (B in
Fig. 6)

® Virtually no discontinuities in the output shaft torque
at the onset of the torque phase and at the onset of the
inertia phase (C in Fig. 6)

@ Virtually no discontinuities in the output shaft torque
at the completion of the inertia phase and at the
completion of shifts (D in Fig. 6)

G waveform for automatic 1-22 upshift with large throttle

opening

End of ine

Onget of inertia pﬁ;sc 5

tia phase

Shift decision

I sec
Onset of tarque phase

Fig. 6 D range upshift waveforms
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4.3. Active shifting capability

Active shifting refers to a shift mode that actively
selects a lower speed gear so that more powerful driving
force can be obtained in sporty driving, for example.
Compared with the previous Auto Power Mode, the
torque level and vehicle speed range when shifting are
substantially increased. Accordingly, the hydraulic
pressure supplied to the clutches when shifting has been
fine-tuned over a wide range. This makes it possible to
achieve excellent shift quality under all sorts of shift
conditions.

4.4. Improvement of overall shift quality

Overall shift quality has been improved by
developing control logic capable of providing fine-tuned
control in response to the wide range of various types of
shift conditions and by revising the control data
structure.

5. Environmental Protection Measures

The following measures were implemented to comply
with exhaust gas regulations,
(1) Reduction of the vehicle speed for the onset of lock-
up operation
(2) Adoption of coasting lock-up control
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6. Diagnostic System

Communication with a Worldwide Diagnostic System
(WDS) tester, which incorporates a function for AT
diagnosis, is now possible via a Controller Area Network
(CAN).

7. Conclusion

Various objectives set for the JR405E (RZC) AT
were attained through the team activities that were
undertaken, thanks to the cooperation of members of
Mazda's management, to adapt this transmission to their
new sports car concept.

The authors hope that readers will definitely test-
drive the RX-8 and experience first-hand the quick shift
response and smooth shift quality of this AT,
characteristics befitting a sports car.

Finally, the authors would like to take this
opportunity to thank various related persons at Mazda
and in the departments concerned at JATCO for their
cooperation in connection with the development of this
automatic transmission.
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Introducing the AWD 5-speed AT (MBO)
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Summary The all-wheel-drive (AWD) 5-speed AT
featured on Fuji Heavy Industries” new Legacy (Fig. 1)
was developed to play a key role in accomplishing the
car’s development theme, which was “to provide
performance that impresses customers.” This 5-speed AT
offers excellent vehicle mountability, thanks to its light
weight and compact size, and delivers high efficiency for
improved fuel economy. In addition, its direct pressure
control system also enhances the quality of the car’s
driving performance. This article describes the
development objective, basic construction and features
of the new AWD 5-speed AT (MBO).
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Fig. | New Legacy
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1. Introduction

JATCO has been supplying Fuji Heavy Industries,
Ltd. with the RAM for the current AWD 4-speed AT. It
was decided to develop a new AWD 5-speed AT for use
on the latest generation of the Subaru Legacy.

The newly developed MBO is a 5-speed AT with
AWD capability and is based on the JR507E 5-speed AT
for application to rear-wheel-drive cars. JATCO was
responsible for developing the basic parts for the rear-
wheel-drive layout. Increasing the percentage of parts
shared in common with the small, compact and high-
efficiency JRS07E AT made it possible to achieve high
reliability combined with low cost.

The parts supplied to Fuji Heavy Industries include
the torque converter, planetary gears, clutches, pressure
control valve and the AT control unit.
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Fig. 2 Main cross-sectional view

2. Development Objective

The principal development objective set for the MBO
was 10 achieve the highest possible balance of driving
performance and fuel economy, using the JR507E as a
base and creating an optimized AWD AT. Specifically,
improvements were newly added to the following key
parts to enhance performance and functionality while
making the most of the distinctive features of the base 5-
speed AT,

(1) Torque converter

(2) Planetary gears and clutches
(3) Pressure control valve

(4) AT electronic control unit

3. Construction and Features

A main cross-sectional view of the AWD 5-speed AT
is shown in Fig. 2, and its major specifications are given
in Table 1.

A general explanation is given here for each of the
key elements noted in the preceding section, with the
discussion divided between the "parts inherited from the
base 5-speed AT" and "improvements."

Table 1 Specifications

Drive system AWD
Applied engine EJ20
(191 kW/6000,
350 Nm/2400)
Transmission model TGS5C

Torque converter with wet
multi-plate lock-up clutch
1st 3.540

2nd 2.264

Main | 3rd 1.471

Gear | ratios | 4th 1.000

Torque converter

ratios 5th 0.834
Rev 2.370
Final gear 3.272 (GT),
ratio 3.583 (GT spec B)

Transfer case Compound planetary
gearset with center
differential (VTD)

0il Fr diff Subaru Gear Qil

used (FFX 75W-90)

ATF ATF RED-1
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3.1 Torque converter
[Parts inherited from the base 5-speed AT]

The lock-up clutch assembly continues the multi-
plate clutch, 3-way pressure control circuit and
independently controllable pressure chambers, among
other parts, making it possible to expand the region of
slip lock-up operation.

[Improvements]|

In order to construct the AWD AT with a built-in
front differential, the hydrodynamic elements were made
super ultraflat and the layout of the clutch damper spring
was optimized. The differential was positioned between
the torque converter and the principal shift mechanism
(Fig. 3).

3.2 Planetary gear layout
[Parts inherited from the base 5-speed AT]

The continuation of the gear layout, which is the basis
of the design, allowed the various elements such as the
planetary gears and cluiches to be optimally positioned,
thereby achieving a compact, lightweight unit that
provides excellent driving performance.

[Improvements]

Multi-plate discs were adopted as the band brakes to
reduce the transmission's diameter, and rolling bearings
were adopted in place of sliding bearings in order to
cope with higher rotational speeds. The structure of the
bearing lubrication system was also changed to improve
lubrication performance, and the lubrication circuit and
other parts were changed to make them compatible with
AWD (Fig. 4).

r
—Lim——

BASE

Fig. 3 Torque converter

Multi-disc brake

Fig. 4 Schematic of planetary gearset
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3.3 Control valve construction
[Parts inherited from the base 5-speed AT)]

The direct clutch pressure control system was
continued to allow each clutch pressure to be controlled
directly. The control valve specifications allow
instantaneous and highly accurate response to changes in
input torque.

Two-way linear solenoids with excellent low-
temperature characteristics were adopted along with a
system for ensuring stable hydraulic pressure by
compensating for individual solenoid variability. This is
accomplished by inputting solenoid pressure
characteristics into a memory device positioned on top of
the control valve and sending the data to the AT control
unit during vehicle operation.

[Tmprovements]

The control valve, solenoid and other parts of the
transfer case were incorporated in the control valve to
improve vehicle mountability, instead of positioning
them separately as in the case of the previous AWD 4-
speed AT.

3.4 AT control unit
[Parts inherited from the base 5-speed AT]

The basic control system was continued to ensure
good shift quality,

[Improvements]

Along with incorporating the AWD control unit in the
system, the following new controls were added to
improve performance.

3.4.1 Integrated control with the engine

Detailed conditions for controlling engine torque
during shifting were separately specified for every type
of shift and torque level. Drive torque control by the
electronically controlled throttle is effectively utilized to
achieve smooth shifting without any discontinuitics
between the drive torque before and after a shift and the
drive torque in the inertia phase.

3.4.2 Learning control at time of shipment

A learning control system was adopted that enters
learned values in the memory device of the control valve
at the time of shipment in anticipation of the values that
will be acquired in the course of real-world driving. The
values are based on the inspection data obtained in the
final performance tests performed on each AT following
assembly.

This system achieves stable, high-quality shifting
from the initial period of vehicle use and enables the
learning process based on actual driving to be completed
in a short period of time.
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Fig. 5 Photo of steering wheel switches
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3.4.3 New adaptive control

The operating region of adaptive control was limited
to the sports mode in order to make the control
procedure specifically match sporty driving. The details
of this new adaptive control are explained below.

(1) Braking downshift control: The transmission infers
the driver's intention to decelerate from sudden braking
action and automatically downshifts to provide stronger
engine braking,

(2) Gear-holding control during cornering: The gear
range is held during cornering to avoid unexpected
upshifts or downshifts.

(3) Gear-holding control at sudden release of accelerator
pedal: This control infers the driver's intention to
decelerate from a sudden release of the accelerator pedal
and prevents the transmission from shifting up.

In addition to the control features mentioned here, a
control is also provided that constantly monitors the
driver's driving actions and the road conditions (uphill
road, mountain pass, etc.) and automatically changes the
shift lines if necessary. This shift line control is provided
in every automatic shifting region.

3.4.4 Newly developed steering wheel shift control

In addition to the conventional manual shift mode, a
new steering wheel shift control was adopted for
instantaneously switching to the manual shift mode even
when the selector lever is in the Drive position. This is
done by operating the Up/Down switches provided on
the steering wheel.

Following a switch to the manual shift mode, the
transmission automatically reverts to the ordinary Drive
range control again if there is no further operation of the
switches within a specified period of time or if the
vehicle begins to accelerate. This control thus facilitates
easier manual shifting (Fig. 5).

4. Conclusion

The new AWD 5-speed AT was developed with the
aim of helping to enhance the product appeal of the new
Legacy, and specifications for satisfying that objective
were embodied in the unit.

5. Acknowledgments

The MBO was successfully developed in a short
period of time, thanks to the fine cooperation of all the
departments involved.

The author would like to thank various individuals at
Fuji Heavy Industries, Ltd. and also in the departments
concerned both inside and outside the company for their
tremendous cooperation in connection with the
development of the MBO.

=ia2=



AWD 53 F— hTF v o bS5 RE virg »(MBO)DIEN

SE A References

(1) A 239 #t SUBARU TECHNICAL REVIEW (1) S_ubaru Technical Review 2003, No. 30, pp. 131-136
2003 No.30 p.131-136 (in Japanese).

(2) IS Vol.56, No.9, 2002, pp. 50-54 (2) Yoshinori Mik_oshiba, "[?ev_elnpment of a New 5-
[FHsHt— heFvr S YAIY L a YD speed Automatic Transmission," Journal of JSAE,

AT L5 : = Vol. 56, No. 9, . 50-54 (i G5
T ol. 56, No. 9, 2002, pp. 50-54 (in Japanese).
B Author H

Yasutoshi WATANABE

-123-



i |

FFEF4EAT JF404E-W (FDO) DN

Introducing the JF40M4E-W (FDO) 4-speed AT for Front-drive Cars
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Fig. 1 Main cross-sectional view

B Typical model fitted with the JF404E-W (FDO) AT [l

The JF404E0W (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,
1st 2.875
2nd 1.512
Gear ratios 3rd 1.000
4th 0.726
Rev. 2.656
Final drive gear ratio 3.47~4.38
No. of selector positions TP, R,N,D,3,2, 1)
Overall length 360.8 mm
anlcr djstanﬁe between engine and 174 mm
differential
Dry weight 60 kg
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Introducing the JF405E-H (FRO) 4-speed AT for Front-drive Cars
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Fig. 1 Main cross-sectional view

The front-drive JF405E-H (FRO) 4-speed AT was
first adopted on the Suzuki Wagon R RR in October
1998. As one of the world's smallest and lightest units,
this AT is just the right size for small cars. It has
continued to be used on the Wagon R since October
2003.

Table 1 Specifications of JF405E-H

Max. input torque 110 Nm
Max. input speed 7,800 rpm
Max. vehicle weight (GVW) 1,235 kg
Control system Electronic
Torque converter 186 mm dia.
Ist 2914

2nd 1525
Gear ratios

3rd 1.000

4th 0.725

Rev. 2.642
Final drive gear ratio 4.017~5.804
No. of selector positions 6 (PRN,D.2,L)
Overall length 359.9 mm
Center distance between engine
and differential 12
Dry weight 457 kg

M Typical model fitted with the JF405E-H (FRO) AT W

WAGON R RR
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Introducing the JFA05E-G (FRB) 4-speed AT for Front-drive Cars
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Fig. 1 Main cross-sectional view

Based on the JF405E-H automatic, the front-drive
JFA05E-G (FRB) 4-speed AT was adopted on the Matiz,
produced by South Korea's GM Daewoo & Technology
Company, in July 2002. Analysis techniques and applied
engineering technologies were utilized to reduce the gear
noise and improve the shift performance of the JF405E-
G AT.

Table 1 Specifications of JF405E-H

Max. input torque 71.5Nm
Max. input speed 6,500 rpm
Max. vehicle weight (GVW) 1.217kg
Control system Electronic
Torque converter 186 mm dia.
1st 2914
2nd 1.525
Gear ratios 3rd 1.000
4th 0.725
Rev. 2.642
Final drive gear ratio 4,709
No. of selector positions 6(P,R,N,D, 2, L)
Overall length 359.9 mm
Center distance between engine
and differential bieni
Dry weight 46.0kg

M Typical models fitted with the JF405E-G (FRB) AT I

Matiz
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Introducing the JF405E-Q (FRD) 4-speed AT for Froni-drive Cars
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Fig. 1 Main cross-sectional view

Typical model fitted with the JF405E-Q (FRD) AT

The front-drive JF405E-Q (FRD) 4-speed AT was
adopted on the Kia Morning/Picanto model, fitted with a
1.0- or 1.1-liter naturally aspirated engine, in January
2004. This transmission is based on the FRA 4-speed AT
that was the first 4-speed automatic to be used on Korean
minicars. The electronic control system and shift quality of
the JF405E-Q have been further enhanced. In addition to
the South Korean market, this AT is also exported to
various markets in Europe.

Table 1 Specifications

Max. input torque 96 Nm
Max. input speed 6,000 rpm
Max. vehicle weight (GVW) 1,350 kg
-_Control system Electronic
Torque converter 186 mm dia.
1st 2914
2nd 1.525
Gear ratios 3rd 1.000
4th 0.725
Rev. 2.642
Final drive gear ratio 3.977
No. of selector positions 6(PR,N,D,2,L)
Cvell It (Excludix?: ﬁuﬂbm)
Opedeemes | inm
Dry weight 49.5kg

e
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Introducing the JF506E-R (FPO) 5-speed AT for Front-drive Cars

JES06E-RA! [ Wy Z8 ot bk 1%, '994E7 H (ZRover MG The JF506E-R 5-speed AT was first adopted on
Groupf ®Rover75 & Land Rover Group#l @ Freelander Rover MG Group's Rover 75 in July 1999 and on Land
CHD TS NZ L7, 01487 12 iZRover MG Rov‘cr .Group':s Freelander in August 20()}). lt's

, : _ application was further expanded to Rover MG Group's
Grouptk®Rover75 Tourer (2L ARA S ¥ L7z, 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 2131
o colios 3rd 1.247 1.364
4th 0.854 0.935
5th 0.685 0.685
Rev. 2.714 2.970
: Final drive gear ratio 2.9~4.1
Fig.1 Main cross - sectional view No. of select positions |7 (P, R, N, D, 4, 3, 2)
Dry weight 05 kg

B Typical models fitted with the JFS06E-R (FPO) W

Rover 75 Tourer Freelander
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Introducing the JF506E-L (FPD) 5-speed AT for Front-drive Cars
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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 JFSO6E 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.

B Typical model fitted with the JES06E-L (FPD) AT

Fig. 1 Main cross-sectional view Jaguar X-Type
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
Mazx. 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 = o
Gear ratios | 3rd 1.365 = —
AT 4th 0.935 1= —
5th 0.685 — =
Rev 2.97 [ —
FDR 4.153 3.898 -
Center distance(mm) 205.9 = A
Dry weight (kg) 95 b 4=
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Introducing the JF506E-V (FPH) 5-speed AT for Front-drive Cars
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Fig. 1 Main cross-sectional view

The JF506E-V AT was adopted on the Ford Mondeo
when the car underwent a minor model change in June
2002. The transmission is mated to a 2.5-liter gasoline
V6 and two types of 2.0-liter inline 4-cylinder TDCi
diesel engine. To improve response under a coasting
condition on the front-wheel-drive models fitted with a
diesel engine, the transmission adopts JATCOQ's first-
ever coasting slip lock-up control,

B Typical model fitted with the JES06E-V (FPH) AT [l

Ford Mondeo

Table 1 Specifications

Model Mondeo 2.5L VB Mondeo 2.0L Mondeo 2.0L
Drive system 2WD — +—
Vehicle Weight (kq) 2,190 2530 =
| 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
Torgue converter EFJ AAD
Gear ratios  |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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Introducing the JR405E-K (RZB) 4-speed AT for Rear-drive Cars
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Fig. 1 Main cross-sectional view

Introduced here is the JR405E-K (RZB) 4-speed AT
that has been adopted on the D-Max pickup truck
marketed in Thailand by Isuzu Motors Ltd. Although the
D-Max is not sold in Japan, it ranks No. 1 in market
share in Thailand. The production volume has grown
steadily ever since the model went into mass production.

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 1.543
Gear ratios 3rd 1.000
4th 0.694
Rev. 2272
No. of selector positions TP,R,N,D,32.1)
Dry weight 63 kg

B Typical model fitted with the JR405E-K (RZB) W

D-Max
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Introducing the JR509E (MCO) 5-speed AT for Rear-drive Cars
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Fig. 1 Main cross-sectional view

Developed around the JRS07E AT, the JR509E 5-speed
AT was further improved for use on full-size pickup truck
and sport utility vehicle (SUV) models in the North
American market. It was adopted on the Nissan Pathfinder
Armada SUV in October 2003.

Table 1 Specifications

Max. input torque 550 Nm
Max. input speed 6,000 rpm
Max. vehicle weight (GVW) 3,230 kg
Control system Electronic
Torque converter 260 mm dia.
1st 3.827
2nd 2.368
Gear ratios A 119
4th 1,000
5th 0.834
Rev. 2.613
Final drive gear ratio 2.937
No. of selector positions 6(FR,N,D,3,2)
Dry weight 85kg

B Typical model fitted with the JR509E (MCO) W
i 1L W ) T . .

Pathfinder Armada
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Introducing the Steel-belt F1C1 CVT (BAO) for Froni-drive Cars
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The FIC1 CVT was adopted on the Mitsubishi Lancer
Cedia in 2000 as the first CVT ever to be used on a
Mitsubishi car. It has been highly acclaimed for its
outstanding shift quality and low fuel consumption.
Further improvements have now been made to attain better
fuel economy and a lighter weight, and application of this

RARBRL, 2 FESEARA NS L. 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 AWD
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. = = #=
Ratios FWD 2.319~0.445 R * -
REV 2.588 ;o 3= =
Ratio coverage 5.211 g, e m
Final gear ratio 5.219 5.686 5219 5.686
No. of select position 6 (P,R,N,D,Ds,L) “— « -
Dry weight 76.8 kg 77.8 kg 77.8 kg 78.8 kg

[ H]

.;s@%

Wil

Lf!

Fig. 1 Main cross-sectional view

B Model fitted with the FICI CVT W
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Introducing JATCO's Okazaki Product Development Department
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Fig. 1 Design office

Okazaki Product Development Department

1. Overview

The Okazaki Product Development Department is
located at 1, Nakashinkiri, Hashime-cho, Okazaki City,
Aichi Prefecture. The workforce numbered 147
employees as of November 1, 2003.

Diamondmatic Co., Ltd., formed in April 2002 when
Mitsubishi Motors Corporation (MMC) spun off its
transmission division, merged with JATCO in April 2003.
As a result, the Kyoto, Yagi, Mizushima and Okazaki
manufacturing and product development departments
newly joined JATCO's organization. The Okazaki Product
Development Department has both product development
and sales groups, with 67 employees engaged in design
(including R&D administration), 74 employees engaged
in testing and six employees engaged in sales activities.
They are mainly responsible for developing, improving
and conducting negotiations for transmissions intended
for delivery to MMC. Some of the testing personnel are
also located at the Kyoto Manufacturing Department,

Design personnel (including sales staff) work on the
fifth floor of the MMC Car Research & Development
Center ( Fig. 1). Testing personnel work on the first
through the fourth floors of MMC Okazaki Drivetrain
Testing Laboratory and the first floor of the Engine
Durability Testing Laboratory (Fig. 2).

Being located in the MMC Car Research &
Development Center (MMC Okazaki) allows close
teamwork with MMC and also timely response to MMC's
requests, thereby facilitating efficient development
activities, which has large benefits for both JATCO and
MMC. Moreover, because of the close proximity to the
proving Eruund confirmation driving tests can soon be
conducted in test vehicles. All of these factors make the
location ideal for developing transmissions for MMC.

Flg 2- Test laboratory
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2. Organization and Development Activities

The design division comprises Product Development
Center No. 1 responsible for CVTs, Product
Development Center No. 2 responsible for ATs, the
R&D Administration Department and part of the
Technical Cost Reduction Promotion Department. One
corner of the design floor is alao occupied by Sales and
Marketing Department No. 2, which is in charge of
MMC and routinely handles MMC's requests.

Similarly, testing personnel are assigned to
Experiment Department No. 1 responsible for CVTs,
Experiment Department No. 2 responsible for ATs and
the Materials Development Group in charge of
developing materials.

The principal products Okazaki is responsible for
include front- and rear-drive ATs, front-drive CVTs and
all front- and rear-drive ATs for minicars, which MMC
had previously possessed. In addition, it is also
responsible for adapting the transmissions developed at
the Fuji and Atsugi centers for use on MMC vehicles.

Being near the proving ground makes it relatively
easy to conduct confirmation tests using MMC's
camouflaged test cars, which is especially helpful in
improving testing work efficiency.

3. Surroundings

MCC Okazaki, the site of JATCO's Okazaki Product
Development Department, is situated on the western
edge of the city of Okazaki in Aichi Prefecture (Fig. 3).
It is a semi-agricultural and semi-industrial area that is
also close to the cities of Toyoda and Anjou. It is a
relatively quiet area with an expansive pastoral
landscape that includes nearby orchards.

Fig. 3 Location of Okazaki Product Development Department
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Fig. 4 Okazaki Castle
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Fig. 5 Mikawa Bay

Because Okazaki is the birthplace of Tokugawa
leyasu, shrines, temples and historical sites connected
with him, especially Okazaki Castle (Fig. 4), are found
everywhere. There are also many local products boasting
long traditions such as Mikawa fireworks and Hatcho
miso soybean paste,

Since the Okazaki Product Development Department
is located close to the sea, many young employees enjoy
surfing. Surfing spots along the Ise Bay and the Mikawa
Bay (Fig. 5) can be reached in about one hour by car.
Many popular hot springs rich in sodium chloride are
also located near the coast.

Many companies related to the automotive industry
are located in the Chukyou (i.e., Nagoya) area, notably
Toyota Motor Corporation as well as large parts
manufacturers like Aishin and Denso.

Amid these surroundings, MMC Okazaki occupies a
site 585,000 m* in area. Ever since the Car Research &
Development Center, which serves as MMC's product
development base, was established here in 1970, it has
consistently served as the heart of MMC's vehicle
development activities. Also located on the same
premises is the Okazaki Plant of the Nagoya Works that
builds and ships the Colt, Grandis and other models.

Geographically speaking, it would be hard to say that
transportation connections are good, as it takes about 20
minutes by car from the nearest Shinkansen bullet train
station (Mikawa Anjou). For that reason, nearly all
JATCO employees and MMC personnel commute 1o
work by their private cars. Securing sufficient parking
for everyone is a serious issue for both MMC and
JATCO.

In the past, the area near MMC Okazaki was pastoral
all around, but high-rise condominiums have begun to be
built in recent years. There are now buildings from
which the test course is visible from the top floor.
Protecting the secrecy of camouflaged cars under
development has also become an issue for MMC.
Recently, MMC has stepped up its efforts to maintain
secrecy, including making an overall review of its
security system.
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4, Future of Okazaki Product Development Department

JATCO's ways of doing work took root about six
months after the merger. Efforts will be made in the
coming years to promote further development, while
continuing the good aspects of before, so as to create
maximum synergies through the merger.

Amid the increasing diversification of MMC's
requests, it will be necessary to shorten development
lead times further in order to respond to their
requirements in a timely fashion. In that sense, JATCO
Okazaki is optimally located for attaining maximum
efficiencies. It is expected that JATCO Okazaki's role as
a major development base of transmissions for MMC
will continue to become even more important in the
years ahead.

JATCO employees in Okazaki (and Kyoto) will be
working closely with MMC in the coming yeas to
develop and supply even better transmissions in a timely
manner.

B Author W

Toyoji OHNISHI
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L % JATCO USA, Inc. (Fig. 1 & Fig. 2)
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Fig. 1 JUS outside

"JATCO USA, Inc.

1. Qutline of the Company

Company Name: JATCO USA, Inc.

Location:Wixom, Michigan, USA (suburb of Detroit)
Establishment: September 17, 1997

Capitalization: $600,000

No. of Employees: 50 (as of May 2004, including dispatchees)

JUS is a 100% subsidiary of JATCO Ltd. and is
located in suburban Detroit, the home of the "BIG-3" in
the USA, the largest automotive market in the world,
The company is located within an industrial park 30
minutes northwest from downtown Detroit and has 2,200
square meters of floor space. JUS is 30-40 minutes
driving distance from any of the BIG-3 Headquarters and
Technical Centers, and 15 minutes from Nissan
Technical Center North America (NTCNA). Our
functions are Sales & Marketing (for BIG-3),
Engineering & Development, Quality/Service and (from
2002) Remanufacturing, and we are providing services
to JATCO Ltd. and its customers in North America.

Many people may imagine an all-out industrial zone
when they hear the name, "Detroit", but its suburbs are
full of greenery and comfortable for living with lots of
nature and you can see small animals frequently, We
can drive 4 hours to Chicago, 5 hours to Niagara Falls,
and 10-11 hours to New York city.
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Fig. 3 Downtown Detroit
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Fig. 4 Detroit suburbs

2. Its Birth and History

In 1989 JATCO established its Detroit Office with
the main purpose of information gathering, and later
placed quality investigation staff members in Los
Angeles upon the request of a customer. Legally,
however, we were not allowed to conduct any sales
activity because of the nature of a representative office.
In 1997 we modified this Office into a U.S. corporation
with the objective of starting sales & marketing activities
in North America, especially aiming at winning the BIG-
3 business. This is how JUS was born.

The original functions of JUS were Sales &
Marketing and Quality/Service, and we started with three
(3) Japanese and two (2) American staff members. We
immediately began our sales activities to the BIG-3 and
continued our Quality/Service activities to our then
customers; U.S. Distributors of Nissan, Mazda, [suzu,
Mitsubishi (Fuso) and Nissan Diesel. Soon after, JUS
was asked to form a Design Team to alleviate the
shortage of Product Engineering manpower at
Headquarters and we started a small Design Team and
installed CAD equipment. JUS studied sketch to fortify
torque capacity for FP series (5 speed FWD AT) and
also made 3D CAD files out of 2D drawings. The same
year, we started our Reman business with Mazda North
American Operations (MNAO) where JUS returns cores
to Japan and imports/sells remanufactured ATs from
Japan.

In 2001, as our then-office became small, we moved
to our current leased facility at present site, and installed
a motor bench for quality investigation, and from 2002
we started small Remanufacturing Operation. We added
new customers in the Quality/Service area, such as VW,
Land Rover and Jaguar. Also, we began to support our
customers' North American plants.

As for Sales & Marketing, we made a persistent sales
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pitch to the BIG-3 for our ATs and CVTs, and continued
our efforts to let them consider JATCO not only as a
single business supplier but also a strategic partner. In
USA, initially there were doubts about CVTs among the
BIG-3. However, with increasingly tougher US CAFE
requirements, their interest for CVTs is growing and our
business opportunities are expanding. Also, there were
multiple joint study projects with BIG-3 and
European/American auto parts suppliers.

During this time, I could feel the differences between
Japan and USA. We witnessed the real power of BIG-3,
the speed of their global communication, the speed of
decision-making, etc. On the other hand, I re-evaluated
some strong areas of the Japanese auto industry. We also
noticed differences between the two business cultures on
the time-curve lines in the decision and implementation
processes. Those differences still require patience and
understanding from both parties.

3. Current JUS

JUS now has 5 Departments: Administration
(comprised of Finance/Accounting, General Affairs and
Human  Resources), Sales &  Marketing,
Engineering/Development, Quality/Service and
Remanufacturing. We are now 50 in total. In 2003 we
fortified especially our Development and
Quality/Service teams. The Development staff members
are hardly seen here in our Office, as they are working
hard at our customer’s sites, We now have 19 expatriates
(including 3 in LA) and the ratio of expatriates is high,
but it is necessary at these business launching stages.
We have a big challenge of developing local employees
and gradually localizing our human resources. Also we
(Japanese and Americans) have to make our best efforts
to overcome: the differences in our ways of thinking &
our work the potential communication troubles arising
from the differences of Japanese and US cultures.

JUS holds an annual Open House on the first day
evening of SAE week and invites our customers to
observe our growth. This event is well accepted, and we
welcome many repeai visitors. Also JUS exhibits a
booth at the Global Powertrain Congress, SAE Toptec,
etc., puts an advertisement page in the SAE
"Supercharger" magazines, billboards and invites our
customers for SAE Detroit section dinners,

4, The Future of JUS

Currently, JUS has two (2) big projects. The smooth
launch and success of JATCO Mexico S.A.-made CVT
business, and the fortification/expansion of JUS Quality
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Investigation functions and Remanufacturing
Operations. We need more space for these activities,
and are planning to lease a larger building. In 2007, we
envision more than 150 employees and JUS will be
requested to be really in good shape and powerful as a
corporation,

In addition to the current collaboration with
Headquarters and JATCO Europe GmbH, we will need
to begin collaborating more with JATCO Mexico S.A.,
presently under construction. Now that the
circumstances are becoming mature enough, JUS will
make a significant contribution to Global JATCO 's
growth. We will continue to do our best to materialize
our dreams making this opportunity as successful as
possible. We thank our customers, Headquarters staff
and other related people, and ask for your advice and
support, while observing our growth from afar.

B Author W
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Tsuneaki MACHIDA
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1.Pressure control system for automotive
automatic power transmission
(Fig. 1)
Application Number: 1-143001
Application Date: 6.7.1989
Patent Number: 2829031
Registration Date: 9.18.1998
Title: Pressure control system for automotive automatic
power
Inventor; Kunihiko Sano

[Summary of the invention]

It is an object of the present invention to provide a
pressure control system which can solve the problem in
the prior art and thus can provide a longer life for the
solenoid.

The process as shown in Fig.1, at the step 1002, the
engine speed indicative signal value N is checked
whether it represents an engine speed lower than or
equal to 300 rpm. When the engine speed is lower than
or equal to 300 rpm, judgement can be made that the
engine is stopping.

In such case, the line pressure solenoid is disabled at a
step 1004.

On the other hand, when the engine speed indicative
signal value N represents an engine speed higher than
300 rpm as checked at the step 1002, the engine speed
indicative signal value N is checked whether it
represents 1400 rpm which serves as a low engine speed
criterion. The low engine speed criterion may be set at a
possible highest engine idling speed at a no load
condition, at a step 1006. If the engine speed N as
checked at the step 1006 is lower than or equal to 1400
rpm, a check is performed whether the throttle valve is
fully closed or the open angle thereof is substantially
small to be judged that the throttle valve is nearly fully
closed, at a step 1010,

In practice, at the step 1010, the throttle angle indicative
signal value TVO is compared with a throttle open angle
criterion to make judgement when the throttle angle
indicative signal value TVO is smaller than the throttle
open angle criterion. If the throttle valve open angle is
smaller than the throttle open angle criterion as checked
at the step 1010, the vehicle speed is checked whether it
is lower than a predetermined low vehicle speed
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criterion, e.g. 10 km/h, at a step 1012. When the vehicle
speed is lower than or equal to the low vehicle speed
criterion, the battery voltage is checked if it is higher
than or equal to the predetermined value Vref, If battery
voltage is higher than or equal to the predetermined
value, the process goes to the step 1004 to disable the
line pressure solenoid. Otherwise, the process goes to the
step 1008. After processing process at one of the steps
1004 and 1008 the process goes to an END.

2. Control system for automotive automatic transmission
(Fig. 2 & 3)

Application Number: 4-247327

Application Date: 24.8,1992

Patent Number: 3260438

Registration Date: 14.12.2001

Title: Control system for automotive automatic

transmission
Inventor: Naonori lizuka

[Summary of the invention)

It is an object of the present invention to preventing the
learning control of the line pressure in the condition that
the transmission does not instruct the gear change.

line pressure increase-inhibitingmeans

In order to accomplish the object, a control system for an
automotive automatic transmission including an input
shaft rotation speed sensor for sensing the rotation speed
of an input shaft of the transmission, an output shaft
rotation speed sensor for sensing the rotation speed of an
output shaft of the transmission, a gear ratio deriving
means for driving a gear ratio based on the information
signals from said input and output shaft rotation speed
sensors, an inertial phase keeping time measuring means
for measuring the time elapsed from the time when a
change of said gear ratio starts to the time when said
change ends, a line pressure adjusting means for
adjusting the line pressure in a manner to harmonize the
inertial phase keeping time with a predetermined target
value, an inertial phase starting time measuring means
for measuring the time elapsed from issuance of a gear
change instruction to the time when the change of said
gear ratio starts, and a line pressure increasing means for
increasing the line pressure irrespective of condition of
said line pressure adjusting means when said inertial
phase starting time exceeds a reference value, which is
characterized in that an inhibiting means is employed
which inhibits operation of said line pressure increasing
means in case wherein even when said inertial phase
starting time exceeds a given value longer than said
reference value, the change of said gear ratio fails to
occur,
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According to the invention, the inertial phase starting
time exceeds a predetermined time, the control for
quickly increasing the line pressure is suppressed. Thus,
when, due to for example a failure of the selection
position switch 304, the transmission is kept in N-range
irrespective of issuance of D-range instruction signal, the
learning control to the line pressure is not carried out.
Accordingly, when the select position switch thereafter
returns to work, the line pressure assumes a normal
condition and thus undesired shift shock is not produced.
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