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A global trend is now under way toward vehicle
electrification amid the continuous tightening of CO2
regulations in countries the world over. While the recent
electric vehicle (EV) boom seems slightly overheated, it is
obvious that the automotive powertrain has entered a period
of profound change since the Nissan LEAF was released in
2010. However, much more technological progress will be
needed in order for customers to accept the driving range,
charging time, cost and certain other aspects of EVs. There
is no doubt that the increasing severity of CO:2 regulations
will drive the development of new technologies. In the
meantime before a full-fledged EV age begins, technologies
such as range extenders based on internal combustion
engines will also spread. Companies are now at the trial-
and-error stage of new systems. At JATCO, we are rushing
toward the stage of preparing for the age of electrification
while continuing to evolve our CVTs that are among the
company's principal products.

Here, I would like to review briefly the history of
JATCO CVTs. JATCO established CVT technologies
during the time of our predecessor organization as the AT/
CVT Division of Nissan Motor Company and launched
CVT mass production in 1997. Production volumes began to
increase in earnest after entering the 21st century. We have
expanded our CVT production facilities by establishing
JATCO Mexico in 2003, JATCO (Guangzhou) in 2007 and
JATCO Thailand in 2011. To date, JATCO has put nearly 40
million CVTs on the market.

For a long period after launching mass production, we
did not allow our CVTs to be disassembled and repaired in
the field. The principal reason was that it was difficult for
car dealers to undertake repairs because of the complexity
of the technology involved. However, not being able to

repair a CVT meant that the entire transmission assembly

Aiming for Zero Defects

i 355 TOMF AFREDOWA )T B L R1QS % EDifi ¥ T
DFFHDORR B, HERBETOYATLIALY Y =T
V7 OBEHR A B G TN RED T L3¢
TE72.

FAZIR R I NI DIST— A VIEFH O KRE S
EHINIA-TWS. CVTH/ST— A > DEELIZIH]
I CTHALDREZZ BT LR D05, TOEFEHIZB T
[Zero Defect | ZHIEL #tlF, BHIFIIAWMZ KL S
HRWIEEZFEHL THEZW,

[ Engineering on the Ground], 4K H i H B) #o
T—YCEOMHLEOLNIFTHETHL. ZORMIH LY
B ORI TN H ), 5HDOIYIIDODNA
ELTRLTVE W, av_yyab vt o ki
Mz, e DB ELRBELZZRUICH-THS
ORI ENT, KEOERIRNLBEIEOMNT
AMGEEL, WA DOAN = BH->TVREIERHEA
TWAHIEZHEL, — NOEAREELTLo2)ET Y
ZRIEZT, FIBLTWLZERIFETH 5.

FLORERIETCEIETRTN S, Ao ENRB
LATWRWEAMN 2L E R > TLHER ST
FW72r9. HEELEL TD[ Zero Defect], #EfELTD
[Engineering on the Ground]Z /&M 9, FrL\EAIZ
ML ZER TV IADIRATHY, G HOHB) A%
2 —FL TSI HE ).

2 1

had to be replaced if a problem occurred, which in fact
forced customers to bear a large economic burden.

Against that backdrop, we established the techniques
for disassembling and repairing CVTs so that they can
be properly repaired in the field, which we have allowed
starting from last year. Moreover, we have also established
various methods aimed at achieving zero defects so that not
even a single problem will occur in everyday driving. This
includes the visualization of quality evaluation procedures
in the field, including the establishment of a method for
detecting potential durability issues and making effective
use of Initial Quality Survey data. We also effectively apply
systems engineering methods at the development stage and
have established a method for predicting possible problems
in the field, among other measures.

As mentioned earlier, automotive powertrains have
again entered a period of major change. In this regard, we
will need to change the direction of our CVT evolution
toward powertrain electrification. In this period of change
as well, we will continue to aim for zero defects so as not to
cause customers any dissatisfaction.

“Engineering on the ground” is an expression used by
Carlos Ghosn, who at that time was the CEO of Nissan
Motor Company. We want to preserve this spirit as part of
JATCO's DNA in the future by embodying it in our activities
to develop new products. We must never forget this spirit
even in this chaotic period when electrification is advancing
in various forms in addition to the evolution of conventional
technologies. It is essential for each of us as engineers to
take a close look at the market and respond accordingly,
including investigating the road conditions and driving
habits in countries around the world and understanding the
troubles and wants of mechanics at car dealers.

A new age is just around the corner. We should consider
that an era is coming which will require new technologies
we are unfamiliar with. One of JATCO's strengths is that we
willingly undertake the development of new technologies,
striving for the goal of zero defects without forgetting the
spirit of “engineering on the ground.” I believe that this will
be a key factor for leading the automotive industry forward

in the years ahead.
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VUCA is an acronym that has entered the business
vocabulary in recent years. It consists of the initial letters
of four words: volatility, uncertainty, complexity and
ambiguity. It is used as a key term symbolically expressing
the unpredictability of modern society.

The automotive industry is alsoin a similarunpredictable
state, though expressed by the acronym CASE, which stands
for connected, autonomous, shared and electric. There is
no doubt that new waves are coming that may profoundly
change the industry. In order to cope with them, research
and development activities and technological innovations
are being advanced at a rapid pace. At JATCO, we have also
been promoting electrification (E) based on our CVTs that
are effective in improving fuel economy in combination
with an internal combustion engine. We need to further
expand and accelerate our efforts in the coming years.
Unless we can quickly address the new waves represented
by the remaining letters C, A and S, we may be left behind.

It will be difficult to cope fully with these new areas if
we remain enclosed in a shell consisting of the technologies
and knowledge that we have accumulated to date. In
order to move forward speedily in such new areas, it may
sometimes be necessary to collaborate with partners while
still based on our core competencies. Teaming up with
partners provides ready opportunities for coming in contact
with the knowledge of experts in various technical fields,
but we must not forget the basics as engineers of knowing
and confirming (i.e., examining and assessing) things on
our own.

One more thing that must not be forgotten is the
philosophy of the customer's perspective. The products
that customers want may change in various ways from one
age to another, but the customer is one who determines

the value, and a technology that neglects the customer's
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perspective will never be accepted. However, there are also
times when customers themselves do not clearly understand
what they want. At such times, it is also necessary to
envision what customers really want, define it and turn it
into a concrete reality. Even in a CASE world, customers'
high requirements concerning convenience, cost and other
attributes are no doubt waiting. No matter how opaque
the age may be, engineers have an obligation always to
undertake challenges from the customer's perspective and
to continue to create value.

The expression "engineering on the ground" mentioned
by Mr. Sato in the Preface is after all the fundamental
basis of engineering. Making an effort to actually confirm
something ourselves and never forgetting the customer's
perspective are actions that are also indispensable in the
areas of new technologies.

Providing value in a VUCA world will require
challenging the realm of what is truly unknown. For both the
company and individuals, we always want to consider what
we can do and what we should aim for. Whether we regard
changes as opportunities and move forward or we stick to
our present position and seek growth only in this category
will without a doubt result in significant differences in the
future.

JATCO has brought out numerous world-first
technologies. I firmly believe we have a corporate culture
that takes the initiative to advance into new areas. How
should we take the next step forward? This is not a question
for the organization alone but rather for each individual to
consider. What is needed is to have the courage and strategy
for moving ahead.
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Summary Shift performance that translates directly
into driving pleasure was further improved to enhance
the product competitiveness of our CVTs that are among
JATCO's principal products. Highly responsive shifting can
sometimes cause torsional vibration in the powertrain. This
issue can be resolved by ensuring shift stability against torque
disturbances induced by such vibration. Toward that end, a
shift control system was investigated for achieving highly
responsive shifting while enhancing shift stability against
torque disturbances as a result of improving the hydraulic
system and the pulley ratio control system. This article
outlines the improvements made to the hydraulic system
and the shift control system and presents the experimental

results obtained with the improved shift control system.

1. [FC®IC

RBEERENOEHBREORIIL-T, CVTIRBIET
7O — NV ENARELT =R TV AIvTay
D—DEHoTWDY, S TIIREBSH I OF ST
T, BRVAR A% A ELCGEOREL S 2 FH WL
NVTH T AZENCVTO M MBS e L CEELC
o TETWA, LAaL%2s, BEM EZHELN VA
IvvaroOE T aALDBMEL TWAHIER, RE
) 2B O L ED72DICMIVr Ay N—=5Day

6500

Impulse excitation due to sudden shifting

6000

5500

5000

Primary pulley speed [rpm]

4500 - t
0

Time [sec]

Fig. 1 Experimental results for verifying torsional vibration
induced by a sudden pulley ratio change

1. Introduction

Because of their substantial contribution to improving
fuel economy, CVTs have now become a popular type of
automotive transmission that has been deployed worldwide.
In addition to their strong fuel economy competitiveness,
improving shift response to provide a high level of driving
pleasure has also become a key aspect of the product
competitiveness of CVTs in recent years. However, trying
to improve CVT shift response gives rise to an issue of
pulley ratio fluctuation caused by torsional vibration, which
is related to a decline in the vibration damping capacity of
the powertrain. That decline can be attributed to accelerated
efforts to reduce transmission friction for improving fuel
economy and the expansion of the lockup range of the
torque converter for enhancing driving pleasure as well
as fuel economy. Figure 1 presents experimental results
showing the occurrence of torsional vibration when the
pulley ratio was suddenly changed experimentally.

One solution to this issue is to increase the damping
capacity of the overall powertrain by allowing the lockup
clutch to slip and using the slipping of the torque converter
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Fig. 2 Model of the shift control system
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fluid. However, applying this approach frequently would
worsen both fuel economy and driving pleasure.

Therefore, in this project, efforts were made to improve
the entire shift system including the software and the
hardware with the aim of developing a shift control system
for suppressing torsional vibration without any slipping of
the lockup clutch, while providing not only excellent fuel
economy of course, but also driving pleasure based on

highly responsive shifting.

2. Configuration of Shift Control System

Figure 2 presents a block diagram showing the
configuration of the shift control system. It is composed
of four elements: the variator system (belt and pulleys) that
executes shifting, the powertrain system that transmits the
result of the shifting action, the hydraulic system (control
valves and solenoids) that applies the thrust needed by the
variator system for shifting, and the controller (pulley ratio
feedback control) for calculating the thrust required for
shifting.

The vibration problem mentioned above can be
understood as fluctuation of the pulley ratio relative to the
CVT torque Td (torque disturbance) input to the variator via
the powertrain as indicated by the bold line in the figure.
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Accordingly, the issue for the design of the shift control
system is to enhance shift stability against this disturbance
loop while at the same time also ensuring that the actual
pulley ratio accurately traces the target pulley ratio.

In this development project, the design policy selected
for the hardware was to increase stability against torque
disturbances and that selected for the control system was to

ensure both the response and stability of the pulley ratio.

3. Hardware Design for Improving Stability against Torque

Disturbances

For the hardware, an investigation was made of measures
for improving shift stability against torque disturbances.
The hardware can be broadly divided between the variator
system and the hydraulic system (Fig. 2). Changing the
variator system would have a wide-ranging impact not
only on the shift system but also on the torque transmission
system, so it was decided to limit changes this time to the
hydraulic system. As one measure for the hydraulic system
design, the effect of a flow rate disturbance due to shifting
should be concluded quickly by suitably controlling the
pressure response. As a result, pulley ratio stability against
torque disturbances can be increased. In this regard, we
focused on the pressure control valve that controls the
variator pressure in the hydraulic system.

The pressure control valve can be modeled as shown in
Fig. 3. In this case, the transfer function GCNT_d(s) of the
pressure control valve from the pulley ratio (pulley stroke
position XV), representing the disturbance, to the control
pressure P can be expressed as shown in Eq. (1) below.

Pulley stroke position:

Pressure-receiving area of pulley: x,[mm]
Av [mm2] BN
-
Flow passage volume:
V[mm?3]
Control pressure
/ Control pressure:
F/’ P [MPa] Valve stroke:
Pulley

‘\‘ (B: fluid compression ratio)
K=1/key \

X [mm]

Solenoid pressure-receiving area Ago [mm?]

Spring constant of pressure control valve:

Feedback circuit
Pressure-receiving area: Afb [mm2]

key[N/mm]
\\ Solenoid pressure:

\ Pso [MPa]

\

\

Pilot pressure [MPa]
Damping coefficient of entire pressure control valve:cey[(N-s)/mm]

Fig. 3 Model of pressure control valve
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The more this transfer function is in phase with the
response characteristic in the vicinity of the natural
vibration frequency of the powertrain, the more difficult
it tends to be for the pressure produced by the flow rate
change due to a torque disturbance during shifting to
assist the shifting action. Accordingly, shift stability
against torque disturbances is enhanced. Figure 4 shows an
example of a Bode diagram of the same order system as the
transfer function (Eq. (1)). Increasing zero and the damping
coefficient is effective in bringing the phase characteristic

near the natural vibration frequency of the powertrain closer
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Fig. 4 Bode diagram of the same order system as transfer
function of pressure control model
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Fig. 6 Driving test results for a vehicle equipped with the
new shift control system

to being in phase (region of several Hz). To accomplish that,
it is clear from the relationship with the transfer function in
Eq. (1) above that the spring constant kcv of the pressure
control valve should be increased. Therefore, it was decided
to adopt the stiffest spring allowable within a range where
restrictions on the flow passage routing and layout would
still be valid.

4. Pulley Ratio Control for achieving both Ratio Response
and Stability

Two-degree-of-freedom shift control, consisting of a
feedback compensator and a feedforward compensator as
shown in Fig. 5, was applied for pulley ratio control. This
was done to ensure at the highest possible level both pulley
ratio stability against torque disturbances, i.e., to widen the
stability margin, and shift responsiveness.

In addition to improving pulley ratio stability against
torque disturbances, the feedback compensator also serves
to converge pulley ratio error caused by some reason.
Convergence of pulley ratio deviation is mainly performed
by the proportional-integral-differential (PID) compensator,
while the phase compensator principally stabilizes the
pulley ratio against torque disturbances. In addition, the
phase compensator was designed with gain scheduling
method according to the natural vibration frequency of the
powertrain system and was capable of setting the gain to
match the frequency of torque disturbances. The gain of
each feedback compensator was determined on the basis of
repeated experiments and simulations.

The feedforward compensator was applied to
improve shift response without changing the closed loop
characteristics, namely, stability against torque disturbances
adjusted by the feedback compensator and convergence of
pulley ratio error. This feedforward compensator consists
of the inverse system of the controlled object of the pulley
ratio control system and the transfer function from the
targeted response.

The low-pass filter which is used in calculating the
actual pulley ratio is designed so that the phase delay
becomes smaller in the vicinity of the natural vibration
frequency of the powertrain for further improving stability

against torque disturbances.
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5. Experimental Results

Figure 6 presents the driving test results for a vehicle
equipped with the hydraulic system and pulley ratio control
system investigated in this study. In this test, the vehicle is
accelerated while upshifting in a step-like manner. This is
a driving situation that strongly demands highly responsive
shifting. The results show that the shift control system
investigated here provided a crisper, more angular shift
waveform than the previous control system at the beginning
and ending points of shifting. In addition, it also suitably
suppressed the influence of the inertial torque produced
by shifting, thereby maintaining a stable pulley ratio state
without any fluctuation.

6. Conclusion

The CVT shift control system was further improved
to obtain highly responsive shifting while suppressing
torsional vibration in the powertrain. Changes made to the
pressure control valve ensure the stability of the pulley ratio
against torque disturbances induced by torsional vibration.
The adoption of two-degree-of-freedom control configured
a system that provides further stability against torque
disturbances and highly responsive shifting. As a result,
a pulley ratio control system was developed that provides
quick shift response while enhancing shift stability against
torque disturbances due to torsional vibration. This
control system facilitates CVT performance that markedly
enhances the joy and pleasure of driving a car.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable

cooperation.
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Summary The new Infiniti QX350 is equipped with the
VC-Turbo engine, the world's first mass-producible variable
compression ratio engine. For the CVT combined with
this engine, JATCO worked together with Nissan Motor
Co. to build in technologies for fully eliciting the engine's
attractive performance. Notably, a new torque converter
lockup control was constructed that is coordinated with
control of the engine and CVT shifting in driving situations
where the lockup clutch is engaged such as for vehicle launch
and re-acceleration. As a result, both power performance
and driveability are attained at the highest possible levels,
enabling the overall powertrain to enhance the attractive
quality of the vehicle. This article describes the new torque

converter lockup control in detail.
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1. Introduction

The VC-Turbo engine has a variable compression ratio
(VCR) mechanism that continuously varies the compression
ratio, enabling the engine to deliver both high performance
and high efficiency. High performance is elicited by raising
the engine speed quickly to maintain high boost pressure.
This improves vehicle response, especially when there is
a strong requirement for quick acceleration such as for
merging with traffic on expressways. One way to raise
the engine speed quickly is to increase the slip speed
of the torque converter by lowering the capacity of its
hydrodynamic characteristics. However, when the lockup
clutch is engaged under a condition of a high slip speed, the
engine speed rise stagnates relative to the increase in the
vehicle speed, thereby obstructing a linear acceleration feel.
Moreover, when there is a low requirement for acceleration,
the engine speed remains high owing to the slipping of the
torque converter in the interval until the lockup clutch is

engaged. Because this produces a strange disconnected
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feeling between the engine speed and the driver's
expected vehicle acceleration, it is desirable to design the
hydrodynamic characteristics of the torque converter with
high capacity.

Inorder to resolve these two issues of power performance
and driveability, we have developed a new torque converter
lockup control that is coordinated with control of the engine
and CVT shifting, while also applying a low-capacity
torque converter (Fig. 1). This article explains the aims and
benefits of the new torque converter lockup control for the
CVT that is combined with the VC-Turbo engine mounted
on the new Infiniti QX50.

2. Concept of New Infiniti QX50 Powertrain

2.1 Features of the VC-Turbo engine

The VC-Turbo engine adopted on the new Infiniti
QX350 is a 2.0L gasoline engine fitted with a turbocharger
and incorporating the VCR mechanism that continuously
varies the compression ratio. In the low CR region, this
high-performance 2.0L turbocharged engine delivers power
equal to or better than the previous V6 engine. Meanwhile,
in the high CR region, it also provides high efficiency equal
to that of the latest diesel engines (Fig. 2).

2.2 Performance requirements to the CVT

The CVT8 combined with this engine incorporates
D-Step Shift Control to enable shifting like a stepped AT
that accelerates the vehicle through a series of fixed gear
ratios. Because the engine speed and vehicle speed rise
together linearly, sustained acceleration with a directly
connected feeling is obtained. In addition, start-off slip
lockup control is applied to suppress excessive engine speed
flare at vehicle launch, thereby providing both excellent
driveability and fuel economy.

CR : Compression ratio
High performance

£ 88
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8 8

8

Engine Torque (Nm)
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Fig. 2 Characteristic of VC-Turbo engine
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engine speed turbocharge

In order to elicit this outstanding performance of the
VC-Turbo engine, there are the following two principal
requirements for responding to the driving conditions and
the driver's operational inputs. The first is to improve vehicle
response in situations where strong acceleration is required.
That is accomplished by raising the engine speed quickly
to maintain high boost pressure from an early phase so as
to increase output torque. The second is a desire to enable
drivers to control output power as they wish by operating the
accelerator pedal, while suppressing unnecessary engine
speed in situations with a low requirement for acceleration.
The following section presents our study of measures for

satisfying both requirements.
3. Study of Solutions and Validation Results

Function deployment was applied to these performance
requirements imposed on the CVT. The requirements
were allocated to the torque converter and lockup clutch
as launch elements and to the shift system. Methods of
satisfying the requirements were investigated for various

driving situations (Fig. 3).

3.1 Solution and validation for launch acceleration situation

Two measures were adopted for raising the engine
speed quickly in situations requiring strong standing-start
acceleration such as for merging with traffic on freeways

in the U.S. First, the shift system keeps the pulley ratio
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low while accelerating in the first speed of D-Step so as to
quicken the attainment of the engine speed for maximum
power output. Moreover, the hydrodynamic characteristics
of the torque converter are designed with a low capacity
in order to increase its slip speed. Concurrently with
quickening the increase in engine speed, the torque ratio of
the torque converter is continued at a high level for a long
interval.

Launch acceleration situations have the following two
issues as performance trade-offs with the low-capacity of
the hydrodynamic characteristics. Previously, the lockup
clutch was engaged before D-Step executed a 1-2 upshift,
thereby achieving an explicit directly connected shift
feeling. However, as the input torque of a low-capacity
torque converter increases, the lockup clutch must be
engaged while the slip speed of the torque converter is at a
high level. As a result, the engine speed rise is suppressed.
Stagnation of the increase in engine speed in relation to the
rising vehicle speed obstructs the attainment of a linear
acceleration feel (Fig. 4). In addition, when the lockup
engages at a high slip speed, slipping continues for a long
interval under high surface pressure. That creates a severe
usage condition for the durability of related parts, including
heat generation and wear of the lockup clutch friction
material, among other undesirable effects.

Therefore, in connection with the hydrodynamic
characteristics of the torque converter, it was decided
to engage the lockup clutch in synchronization with the
1-2 upshift by D-Step in which the speed ratio increases
and the slip speed decreases (Fig. 5). Specifically, just
before the 1-2 upshift by D-Step, the lockup clutch piston
strokes to increase the clutch's engagement capacity all
at once, thereby synchronizing its engagement with the
onset of the 1-2 upshift that minimizes the slip speed. As
a result, engagement of the lockup clutch is completed
simultaneously with the completion of the 1-2 upshift. At
that moment, torque was previously reduced to cancel the
inertial torque produced by a certain shift action. In addition
to that, a further torque reduction was added to cancel the
inertia produced by the change in engine speed due to
lockup clutch engagement. That produces quick and explicit
shift behavior. The necessary engagement pressure of the
lockup clutch was also optimized to ensure the durability of
the clutch (Fig. 6).

As aresult, the lockup clutch is engaged without causing
the driver any strange stagnated feeling, while at the same

time maintaining a powerful linear acceleration feel (Fig. 7).
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3.2 Solution and validation results for re-acceleration
situation

Start-off slip lockup control serves to suppress engine
speed flare while at the same time securing both excellent
driveability and fuel economy. That is accomplished by
controlling the optimal lockup clutch engagement capacity
with suitable timing as a result of detecting and learning the
position of the lockup clutch piston.

Consider re-acceleration situations such as after turning
at an intersection from a very low vehicle speed with the
lockup clutch disengaged in preparation for stopping the
vehicle. In these situations as well, with a low-capacity
torque converter like that selected in the previous section, the
slip speed of the torque converter increases, resulting in an
excessively high engine speed in relation to the acceleration
expected by the driver. As a solution here, when the driver
depresses the accelerator pedal, the lockup clutch piston
strokes simultaneously to create a standby condition and
the engagement capacity of the lockup clutch is increased
in proportion to the increase in engine torque due to the
depression of the accelerator pedal, thereby suppressing any
excessive rise in engine speed (Fig. 8).

At the same time, the engine speed at which the shift
control downshifts and the downshift speed have been
optimized to match the characteristics of the VC-Turbo
engine. In the region of a weak acceleration intention,
downshifts are suppressed as much as possible and the engine
torque is controlled according to the driver's wishes in the
area of high efficiency with a high compression ratio. In the
region of a strong acceleration intention, the engine speed for
downshifting is increased and the shifting speed is quickened

to raise the boost pressure quickly so that the engine operates
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in the region of high performance. Together with optimized
control of the lockup clutch engagement capacity, the driver's
expected vehicle acceleration and engine speed are controlled
so that they rise linearly. This obtains acceleration matching

the driver's wishes and a directly connected feeling (Fig. 9).

4. Conclusion

A low-capacity torque converter allows a large stall
ratio, enabling greater amplification of torque at vehicle
launch. On the other hand, it also contributes to creating
a negative impression of CVTs with respect to driveability
as typified by the so-called rubber band feeling. Its use has
therefore been avoided according to conventional thinking.

In this development project, the performance needed
to satisfy various requirements was allocated to different
functions and a new torque converter lockup control was
constructed that is coordinated with control of the engine
and CVT shifting. This makes it possible to satisfy
conflicting performance requirements even with a low-

capacity torque converter.
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Fig. 10 Vehicle performance results
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This new torque converter lockup control maximally
brings out the attractive performance of the VC-Turbo
engine. It improves both the power performance and
driveability of the entire powertrain to enhance the
attractive quality of the vehicle (Fig. 10).

In the future, we intend to continue our efforts to
develop CVT controls coordinated with vehicle peripheral
technologies so as to improve the attractive quality of
vehicles.

In conclusion, we would like to thank everyone involved
for their invaluable cooperation with the development of

this new torque converter lockup control.
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Summary The automotive transmission naturally
contributes to vehicle fuel economy, and there have been strong
demands in recent years for it to contribute to driveability
as well. Because a CVT can control shifting to match the
characteristics of the engine it is combined with, it can provide
crisp shifting with a directly connected feeling that is required
for good driveability. This article describes new shift control
methods that reconcile fuel economy and driveability.
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1. Introduction

By taking advantage of its flexibility for selecting gear
ratios, a CVT enables a vehicle to be driven at a gear ratio
matching the vehicle concept. For example, when fuel
economy is emphasized, a gear ratio is selected that enables
the engine to propel the vehicle on less fuel. This capability
has been achieved by conventional CVTs as a matter of
course.

Meanwhile, there have been increasing demands for
driveability that provides a feeling of vehicle acceleration
matching the driver's accelerator pedal inputs.

In connection with the development of a new vehicle,
new shift controls were developed that reconcile fuel
economy and driveability, which was difficult to accomplish

previously.

2. Development Aim

The ECLIPSE CROSS, a new vehicle model from
Mitsubishi Motors Corp., is equipped with a newly
developed downsized turbocharged engine. An essential
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Fig. 2 New shift control software

requirement for the development of this new model was
to achieve both good fuel economy and driveability. For
that reason, the shift control software of the Jatco CVTS8
that is combined with this downsized turbocharged
engine was extensively revised to reconcile these two
attributes.

In the region where fuel economy is emphasized, gear
ratios are selected that allow the engine to consume less
fuel while still ensuring the necessary driving force. This
provides a feeling of smooth shifting that characterizes
CVTs. In the region where driveability is emphasized,
gear ratios are selected that take advantage of the torqueful
character of the downsized turbocharged engine to provide
crisp shifting with a directly connected feeling.

In this way, the aimed-for gear ratio is controlled
according to the driving situation so as to deliver both
fuel economy and driveability. The following Section 3

describes the improved shift control methods in detail.

3. Improvement of Shift Controllability

A CVT has high flexibility for selecting gear ratios, but
quick shift response is hard to reconcile with shift stability.
In order to enhance driveability further, it was necessary to
improve shift controllability.

Figure 1 is a block diagram of the existing shift control
software. With this conventional shift control, a feedforward
(FF) compensator issues a shift command relative to the
target gear ratio, and a feedback (FB) compensator corrects
any deviation between the actual gear ratio and the target
ratio.

Figure 2 is a block diagram of the new shift control

software. The FF compensator used for shift control in this
new shift control software was improved so as to reconcile
quick shift response and shift stability.
That was done by improving the accuracy of the steady-
state shift characteristics of the existing FF compensator
and also by adding a new FF compensator that takes into
account transient shift characteristics. As a result, the
actual gear ratio can now follow the target gear ratio even in
situations where fast shifting is desired.

Figure 3 presents one example of the effects of the new
shift control software. Shown here is the gear ratio behavior
when a fast shift was executed from a high to a low ratio.
Relative to the target gear ratio, the new shift control
software improves response in the initial shift phase and

also convergence in the later shift phase.
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The effects of this new shift control software achieve
driveability matching the driver's intention in form of
shift response (directly connected feeling) corresponding
to accelerator pedal inputs and shift convergence (feeling
of crispness) that stops exactly at the ratio providing the

necessary driving force.

4. CVT Shift Controls Matching Downsized Turbocharged
Engine Characteristics

As a result of improving shift controllability, the actual
gear ratio can now promptly follow the target gear ratio.
Based on this improved shift controllability, new CVT shift
controls were constructed that match the characteristics of
the downsized turbocharged engine.

In a passing acceleration situation where the driver
strongly desires vehicle acceleration, selective use is made
of gear ratio holding and gradual downshifting according to
the driver's depression of the accelerator pedal. This achieves
driving force control that masks any feeling of turbo lag.

In addition, when driving at a steady medium to high
speed, a suitable gear ratio is held in relation to slight
accelerator pedal inputs, which provides driving force
control similar to that stepped AT vehicles.

Figure 4 shows the operating regions (those in the black
frames) of the newly added CVT shift controls. The specific
methods of the new CVT shift controls are explained in the
following Sections 4.1 and 4.2.

4.1 CVT shift control for passing acceleration
A CVT can quickly downshift to the gear ratio needed for
passing acceleration. However, when a CVT is combined with

a downsized turbocharged engine, if downshifting increases
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the driving force at an earlier timing than torque is increased
by the turbocharger boost, the resultant driving force will be
greater than what the driver expects (Fig. 5). In some cases,
the driver may try to reduce the driving force by letting up
on the accelerator pedal. However, the accelerator input will
cause the CVT to upshift, resulting in a reduction of driving
force greater than what the driver expects. Consequently, the
driver will have difficulty controlling vehicle acceleration as
desired through accelerator pedal inputs.

Therefore, this new CVT shift control holds the gear
ratio at a suitable level matching the timing for the increase
in torque by the turbocharger boost. Holding the gear ratio
prevents unnecessary additional depression or return of the
accelerator pedal, thus making it possible to approach the
driver's expected driving force.

Figure 6 shows the waveforms obtained with this new
shift control. The results indicate that stable acceleration
control is obtained compared with the conventional shift
control in Fig. 5 for the same accelerator pedal inputs.

Moreover, consider situations where further depression
or return of the accelerator pedal is needed to increase or
reduce the driving force from a condition where the gear
ratio is being held. In these cases, the newly added control
promptly transitions the gear ratio to the necessary level
and holds it there so as to control CVT shifting and provide
the driver's expected driving force.

4.2 CVT shift control for steady medium to high speed driving

A CVT can finely change the gear ratio in conjunction
with slight accelerator pedal inputs for adjusting the vehicle
speed in high speed cruising, but the engine speed is apt to
vary (Specification A in Fig. 7).
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Fig. 7 Comparison of shift control specifications

For that reason, the conventional method has been to
suppress engine speed fluctuations through shift controlling
(Specification B). However, because driving force decreases
as the vehicle speed rises, the driver needs to depress the
accelerator pedal further to compensate for the decline in
driving force. Therefore, the new shift control is designed
to suppress engine speed fluctuations by holding the gear
ratio at a suitable level, thus enabling a linear change in
driving force in relation to accelerator pedal inputs. This
also makes it easier to adjust the vehicle speed because

the driving force is manipulated only by accelerator pedal
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Fig. 8 Waveforms for three CVT shift control specifications under steady medium to high speed driving
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inputs similar to the operation of stepped AT vehicles.

In the case of torqueful engines in particular like those
of turbocharged vehicles, there is a broad range where the
necessary driving force can be secured by the engine torque
alone. Consequently, holding the gear ratio is effective in
improving driveability. Figure 8 shows the change in engine
speed and driving force in relation to accelerator pedal
inputs for Specifications A, B and C.

5. Conclusion

This improvement of shift controllability has now made
it possible to shift quickly to the desired gear ratio. Because
of this improvement, shift control has been improved in
driving situations where strong acceleration is desired and
in situations involving steady speed cruising. As a result,
both fuel economy and driveability can be improved.

In this development project, shift control methods were
achieved that match the characteristics of a downsized
turbocharged engine. In future work, we want to develop
shift control methods matching various engine variations
and vehicle concepts, not just downsized turbocharged
engines, and apply them to many different vehicle models.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable

cooperation.

Azusa SHIMODA

Ken HIRASHITA
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Construction of a High-accuracy Prediction Model for CVT Shift Performance based on Multiobjective Optimization
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Summary Inorder to advance model-based development
work, there has been a growing need for a model that can
predict CVT shift performance comprehensively and with
high accuracy at the vehicle system level. However, with
conventional approaches, it has been difficult to construct
a model capable of predicting shift performance with high
accuracy in multiple driving patterns simultaneously. In this
study, a multiobjective optimization technique was applied to
improve prediction accuracy simultaneously under multiple
driving patterns. This article describes the multiobjective
optimization technique and presents the findings obtained
when it was applied to an analysis of shift characteristics.
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1. Introduction

The diffusion of model-based development in recent
years has heightened the need to predict with high accuracy
the influence of shift performance on vehicle systems at
the system level at the earliest possible stage of the CVT
development process.

A stepless CVT displays finer shift behavior than the
step shifts of a stepped AT and its shift behavior tends to be
more complex. For that reason, a variety of more detailed
driving patterns must be envisioned for identifying the
design parameters in the model in order to predict CVT shift
performance with high accuracy. However, the number of
patterns that can be assumed at one time has been limited
with conventional approaches. Therefore, a multiobjective
optimization technique was applied to construct a method for
identifying multiple design parameters in the vehicle system

model taking into account a plurality of driving patterns.
2. Modeling of CVT Shift Performance
2.1 Modeling of pulley shift characteristics

We will consider the modeling of the shift characteristics

of the belt and pulleys here because they are key factors in
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Fig. 1 Thrust ratio characteristic and differential thrust
characteristic

a consideration of CVT shifting,

Belt and pulley characteristics must be considered for
calculating the pulley ratio. We will separately consider the
static characteristics under which the pulley ratio is kept
constant and the dynamic characteristics when the pulley
ratio is varied.

One example of a static characteristic is the thrust ratio
characteristic as shown in Fig. 1. This characteristic can
be calculated theoretically by solving an equation for the
balance of forces acting on the belt and pulleys. It can be
expressed in a map of the torque ratio, i.e., the ratio of the
transmissible torque capacity of the belt to the pulley input
torque, and the thrust ratio, i.e., the ratio of the primary
pulley thrust to the secondary pulley thrust.” Here, we will
refer to the thrust needed to keep the pulley ratio found
from this map constant as the balanced thrust.

One example of a dynamic characteristic is the
differential thrust characteristic as shown in Fig. 1. This
characteristic shows the proportional relationship between
the pulley stroke speed, i.e., the speed of pulley movement
in the axial direction, and the differential thrust, i.e., the
difference between the balanced thrust and the actual
thrust.®

Performing calculations with a model like that shown
in Fig. 2 which incorporates these characteristics makes it
possible to predict the pulley ratio.

Tin: pulley input torque

Tmax: torque capacity

ip_old: current pulley ratio

Fp: actual thrust of primary pulley
Fpb: balanced thrust of primary pulley
Fs: actual thrust of secondary pulley
dF: differential thrust

Stksp: pulley stroke speed

dip: pulley shift speed

ip: pulley ratio
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2.2 Model accuracy before improvement

An investigation was made of the accuracy of a CVT
system model at the vehicle level, assuming a design study
in the model-based development process. The model
incorporated the thrust ratio characteristic and differential
thrust characteristic explained above (Fig. 3).

To confirm the accuracy of the model, a comparison
was made of the experimental and simulated results for
the primary pulley rotational speed, drive shaft torque
and pulley ratio. The results obtained for multiple driving
patterns showed there was room to improve the accuracy of
the model (Fig. 4).

2.3 Issues in accuracy improvement method and resolution
approach

In the theoretical calculation shown in section 2.1 for the
thrust characteristic and differential thrust characteristic,
the pulleys and the parts supporting them were calculated
as rigid bodies. It was inferred that the difference between
theory and reality influenced the factors causing the error in
model accuracy confirmed in section 2.2.

However, it is extremely difficult and also time-
consuming to measure pulley characteristics, such as the
thrust ratio characteristic, in a vehicle-mounted state using
pulley tests and other experiments. Therefore, attention was
focused on improving the accuracy of the prediction model
by identifying the thrust ratio characteristic and differential
thrust characteristic based on physical quantities measurable
in vehicle tests, such as the pulley pressure, pulley rotational
speed and pulley ratio.

Many different driving patterns are usually considered
in design studies involving the use of a vehicle system
model. Accordingly, the model investigated in this study
would also need to provide uniformly high accuracy under a
variety of driving patterns. However, the number of patterns
for which accuracy could be improved simultaneously has
been limited with conventional identification methods.

Therefore, a multiobjective optimization technique was

Construction of a High-accuracy Prediction Model for CVT Shift Performance based on Multiobjective Optimization
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utilized in this study to construct a model that would
provide uniformly high prediction accuracy under multiple

driving patterns.
3. Multiobjective Optimization

3.1 Simulation conditions

While CVTs are used in a wide variety of driving
situations, a power-on downshift was selected as the
focus for improving accuracy in this study. This is a shift
operation in which issues often appear among the operating
conditions determining the basic driving performance of
a CVT. The specific driving patterns used involved three
vehicle speeds of 40, 60 and 100 km/h and two acceleration
patterns involving a change in the accelerator pedal angle
from0° to40° andfrom0° to80°. An effort was made
to improve prediction accuracy simultaneously for a total of

Six patterns.

3.2 Definition of objective function

Execution of the optimization process requires a
calculation formula for quantitatively assessing accuracy
error. A correlation coefficient is often used as a general
index for evaluating the similarity of waveforms. However, it
was decided to find the integration error of the experimental
and simulated values as shown in Eq. (1) in order to make
a more rigorous comparison with the experimental values.

The concept of this calculation is shown in Fig. 5.

Definition of objective function valbue
Value of objective function = j'abs(experimental value
— simulated value)dt - - - (1) ’
a: time for rise of accelerator angle waveform

b: time for completion of calculation

The time for the start of integration was defined as the
onset of accelerator pedal depression found from the change
in the accelerator pedal angle, and the time for the end of
integration was defined as the simulation end time.

Based on Eq. (1), the state quantities selected for
evaluating accuracy error were the primary pulley rotational
speed, drive shaft torque and pulley ratio, which are among
the principal signals that change greatly at the time of a
power-on downshift.

Together with the simulation conditions mentioned in
section 3.1, simultaneous optimization was performed for 18

objective functions involving 6 driving patterns x 3 signals.
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Table 1 Design variables

() Thrust ratio axis gain in thrust ratio characteristic map
(B) Thrust ratio axis offset in thrust ratio characteristic map
(G) Torque ratio axis gain in thrust ratio characteristic map
(D) Value of differential thrust at first breakpoint in differential thrust characteristic map
(E) Value of pulley stroke at first breakpoint in differential thrust characteristic map
(F) Value of differential thrust at second breakpoint in differential thrust characteristic map
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3.3 Definition of design variables

As the design variables in this study, six parameters
were defined for adjusting the thrust ratio characteristic and
differential thrust characteristic, which were presumed to
have error (Fig. 6 and Table 1).

3.4 Contribution analysis

In order to select the design variables targeted for
optimization, an analysis was made of the contribution to the
objective function of six design variables as factors related
to pulley characteristics. The specific method used was to
confirm the amount of change in the objective function
when each design variable was varied independently in
maximum/minimum patterns without considering their
interaction. The results are presented in Fig. 7. It was found
that the largest contributions were attributed to (A) the thrust
ratio axis gain in the thrust ratio characteristic map, (B)
the thrust ratio axis offset in the thrust ratio characteristic
map, and (E) the value of the pulley stroke speed at the
first breakpoint in the differential thrust characteristic map.
Therefore, it was decided to perform the optimization by
narrowing down the design variables from six factors to the

three factors having the largest contributions.
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= B .
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-
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Fig. 7 Objective function values in contribution analysis

3.5 Optimization calculation

The specification for performing the optimization
calculation was to use an L12 orthogonal table to obtain
the first generation and to evolve it through 100 generations
using a multiobjective genetic algorithm, which is a general
type of genetic algorithm. As the results shown in Fig. 8
indicate, the value of the objective function became smaller
and accuracy was improved in all the driving patterns. With

regard to the value of the objective function for the primary
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pulley rotational speed, accuracy was improved by 70% on
average in all the driving patterns. Confirmation was also
made on the basis of the time-history waveforms, which
showed that the model reproduced with high accuracy the
shift behavior at the time of a power-on downshift (Fig. 9).

4. Conclusion

A power-on downshift is an important driving operation
for evaluating CVT shift performance. A model for predicting
CVT shift performance with high accuracy was constructed
under multiple driving patterns by using multiobjective
optimization to improve the accuracy of the prediction model.

Moreover, it was found that compensation of the gain in
the thrust ratio axis of the thrust ratio characteristic and of
the gain in the pulley stroke speed axis of the differential
thrust characteristic made large contributions to the
improvement of the accuracy of the model for predicting
CVT shift performance. It was inferred that the factors
causing these variables to fluctuate were the causes of error
in the theoretical and experimental values.

In future work, the authors intend to verify the
effectiveness of the multiobjective optimization technique
used in the present work by applying it to other shift
situations besides power-on downshifts such as automatic
upshifts and also to an evaluation of lock-up performance.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable

cooperation.
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Development of a New Method for Validating CFD Calculations about Predicting Torque Converter Performance
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Summary It is desirable to improve the accuracy
of computational fluid dynamics (CFD) calculations for
developing the hydrodynamic performance of torque
converters. As one effort toward that end, we developed
a method for directly validating steady-state CFD
calculations of 3D velocity fields in a torque converter. The
3D velocity fields in a torque converter can be constructed
based on measurement of unsteady 3D velocity vectors
obtained with a dynamic stereo particle image velocimetry
(PIV) system and the phase-averaged velocity fields found
from the measured results. This article outlines this newly
developed method.
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1. Introduction

There is a need to improve the efficiency of automatic
transmissions and to reduce their size and weight in order
to enhance environmental friendliness and fuel economy.
In the torque converter development process, it is desirable
to improve the accuracy of CFD calculations in order
to increase hydrodynamic performance. Performance
requirements have risen higher and become more diversified
in recent years especially as a result of engine downsizing.
At the same time, the required performance must be
achieved with a smaller torus, i.e., the fluid coupling circuit
formed by the three elements of the impeller, turbine and
stator. Because the circuit is used in higher flow velocity
regions, CFD calculation accuracy has tended to deteriorate
more than before.

In order to validate the accuracy of CFD calculations,
it is necessary to obtain in an actual torque converter not
only performance values based on torque and rotational
speed in the results system, but also the flow fields as the
factors system. There are reports in the literature about the
application of PIV to visualize the complex flow inside a
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Fig. 1 Conceptual diagram of PIV

torque converter.!? However, unsteady flows were not
captured because of the low sampling frequency that was
used. Application did not go beyond measurement of the
time-averaged velocity in the non-rotating flow passages
around the stator.

The authors applied a high-frequency (3,000 frames/s)
stereo PIV system, using two high-speed cameras, to
quantify the 3D velocity components of the unsteady flow
around the stator blade cascade. The results showed that
separation accompanied by a vortex structure occurred
at the leading edge of the stator blades.® In addition, we
developed a method for visually observing the overall
unsteady flow fields in a torque converter by means of
stereopsis.®

As our next project, we are investigating a method
for directly validating the flow fields of all three bladed
elements in the CFD results for steady and unsteady flows.
This article presents a study of a method for quantifying
the 3D average velocity fields of all three bladed elements
for the purpose of validating steady-state CFD calculations
as the first stage of this project. High-frequency stereo PIV
measurements make it possible to extract huge volumes
of flow velocity data for different blade phases using
resolution sufficient for capturing unsteady flows. Based
on the measured results, a method was investigated for
calculating the phase-averaged flow formed by each bladed
element. The phase-averaged flows thus obtained were used
to reconstruct the three-dimensional flow distribution in
the circumferential direction (referred to here as spatial
reconstruction). Spatially reconstructed 3D flow fields
can be compared directly with steady-state CFD 3D flow
fields obtained with a time-averaged turbulence model.
Accordingly, this is an effective method for validating the

accuracy of CFD calculations.
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2. New Method based on PIV Measured Results

2.1 Concept

The principle of PIV is shown schematically in Fig.
1.9 Tiny tracer particles are mixed into a flow field and
illuminated by a sheet of light from a pulsed laser or other
light source. The velocity at each point in the flow field
is identified from the correlation between instantaneous
particle group images obtained at two time points. As will
be described later, a 3D flow velocity vector distribution is
obtained in the measurement cross section by giving the
sheet of light depth and stereophotographing the particle
groups.

One feature of a torque converter is that the flow
passages rotate together with the bladed elements. Each
bladed element rotates at a different speed, so it is possible
to photograph various combinations of cross sections every
moment as the positional relationships of the blades in a
stationary light sheet formed in a flow passage.

Therefore, 3D velocity fields can be obtained by
classifying and phase averaging the photographed data
at the same positional relationships and positioning them
according to the arrangement of the blades in the spatial
direction. This is the principle of spatial reconstruction.

The following sections separately explain in detail
the three phases of the dynamic stereo PIV system, phase

averaging and spatial reconstruction.

2.2 Dynamic stereo PIV system

As the torque converter model, each bladed element, the
cover parts forming the container attached with the impeller,
and the water tank in which everything was contained were
all made of a transparent acrylic resin (Fig. 2). A schematic
of the flow measurement system is shown in Fig. 3. In order
to accomplish phase averaging, the positional relationship
of each bladed element must be reliably reproduced even
though they are rotating repeatedly. To accomplish that, the
impeller shaft and turbine shaft were driven by one motor
shaft via a gearbox. The impeller-turbine speed ratio was
set by a combination of gears. The rotational positions of
the impeller shaft and turbine shaft were detected with a
rotary encoder having a resolution of 0.5°.

A zinc iodide solution was used as the working fluid
that served as an index-matching fluid, which was adjusted
to match the refractive index of the acrylic resin.® It had
a density of 1.84 x 10° kg/m*® and a kinematic viscosity

coefficient of 1.31 x 10 m?/s. By using a rotational speed that
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was approximately 1/7 of that of an actual torque converter,
the same Reynolds number (Re) was obtained. In the flow
measurements, the impeller speed was set at 250 rpm and
two speed ratios of 0.1 and 0.6 were used. Plastic particles
covered with metal were used as the tracer particles, having
an average diameter of 20 um and a density of 1.63 x 10°
kg/m®.

The laser light sheet (Nd:YLF laser: 10 mJ/pulse@1
kHz) was positioned in the radial direction relative to
the rotating shafts. Its thickness was 2 mm, and three
velocity components were measured by photographing
a cross section (128 pixels wide x 512 pixels high) with
two high-speed (4,000 frames/s) cameras positioned side
by side. Because the stator was stationary relative to the
photographed cross section, as will be explained later, one
blade pitch was divided into equal eight segments and the
cross section was photographed every varied angle.

2.3 Phase averaging

In the phase-averaging step, the measured time-
series data were classified and averaged according to the
positional relationship of each bladed element. In order to
define the positional relationships, phase numbers were
defined in one pitch section of the blades of each bladed
element. In this study, the impeller blade pitch was divided
into 14 segments (0.49° intervals), the turbine blade pitch
into 17 segments (0.49° intervals) and the stator blade pitch
into 8 segments (1.07° intervals), thereby defining 1,904
patterns of phase relationships. The data measured at each
time corresponded to all the defined phase numbers for
the positional relationships of the blades passing through
the photographed cross section. Therefore, letting V, (¢
represent the vector data measured at each time and Ph,,(f)
the phase number vectors, (Data(f) vectors) can be linked
by time and managed as shown in Fig. 4.
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Based on the above, V,,(f) can be averaged in 1,904

combinations of the same phase numbers.

2.4 Spatial reconstruction

The phase-averaged data were arranged in the rotational
direction to obtain the 3D flow velocity distribution. In this
study, spatial reconstruction was performed in a 90° range
of the bladed elements. In Fig. 5, the different colored lines
arranged in the circumferential direction represent the
blade cascade of each bladed element. In this example, the
positional relationship of the blades at a certain angle 6
can be expressed by the phase numbers defined above. The
angle @ and the phase number information can be linked
and managed by vector Ph,(6).

ph,_i(6)
Ph,.(6) = ph_t(8) | 2
ph,_s(0)

If the 6-linked phase number Ph,(6) and the phase
number Ph,(f), representing the time-linked measured
data, coincide, the measured data V,(f) obtained at that
time correspond to the flow velocity data (V,(0)) at the 6
position in the reconstructed space.

3.5E+5

V,(0) = Nia Z V(i x A) (if Ph,(6) = Phyy(8)) (3)
i=0

Accordingly, the final spatial reconstructed result was
obtained by performing the correspondence operation and

averaging operation on all the measured data.

Flow velocity (in-plane)

0 1 2
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Fig. 6 Phase-averaged results for an example cross-section (in-plane)
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The followings were the conditions examined in
this study. Approximately 350,000 cross sections were
photographed at a sampling frequency of 2 kHz, representing
43,800 frames per stator angle x eight angles. The resolution
in the reconstructed space resulted in 84 cross sections in a
90° range and in roughly 90 cross sections on average per
angle by phase averaging.

3. Results

Figure 6 shows the phase-averaged results obtained for a
certain cross section as an example. On the left side isa CAD
diagram of the bladed elements in the same cross section.
The annular arrow in the center of the diagram represents
the principal circulating flow in the torque converter circuit
as seen in a cross-sectional view. It is observed that the flow
velocity increased with a lower speed ratio. The two graphs
on the right show the phase-averaged results for the flow
velocity distribution in the meridional plane; the left side is
for a speed ratio of 0.1 and the right side is for a speed ratio
of 0.6. The results reveal that circulating flow occurred. A
comparison of the results for the two speed ratios shows
that faster flow velocities were obtained for the speed ratio
of 0.1, which is consistent with the general knowledge of
torque converters mentioned above.

Figure 7 presents flow velocity distributions for the
same cross section in the out-of-plane direction, i.e., in the
direction of torque converter rotation. The impeller and
turbine rotate in the forward direction of the figure. The flow
velocities shown here presumably change approximately in
proportion to the rotational speeds of the bladed elements.
For that reason, faster flow velocities were obtained in

the turbine region for the speed ratio of 0.6 for which the

Flow velocity (out-of-plane)

-3 0 3
T T (m/s)

yimm]

ximm)

Speed ratio of 0.6

Fig. 7 Phase-averaged results for an example cross-section (out-of-plane)
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rotational speeds are higher. This result also agrees with the
general knowledge of torque converters.

Figure 8 presents the results for a spatially reconstructed
velocity field. On the left is the flow velocity distribution as
seen from the front and on the right is the flow velocity
distribution as seen from the side. In the flow velocity
distribution as seen from the side, a periodic flow velocity
distribution is formed corresponding to the difference in the
number of blades (blade pitch) between 53 impeller blades
and 43 turbine blades. In the flow velocity distribution as
seen from the front, a comparison with the CAD view of
the turbine in the figure confirms that the flow velocity
distributions obtained follow the blade shapes.

Accordingly, it is concluded that both the phase-
averaged results and the spatially reconstructed results are

reasonable.

4. Conclusion

The 3D flow fields of the elements inside a torque
converter were visualized on the basis of dynamic stereo
PIV measurements and spatial reconstructions of the flow
fields. The measured results can be used for direct validation
of CFD results obtained with a time-averaged turbulence
model. That is done by giving the averaged velocity fields
for arbitrary positional relationships of the impeller, turbine
and stator. As the next step, improvement of accuracy will
be examined by making a comparison with CFD results for
actual steady-state flows.

Moreover, reducing the torus size further will increase
the circulating flow velocity, which will have a greater
influence on the detail flow fields, making the simulation
of unsteady characteristics more important. In future work,
we intend to investigate a method for directly validating
unsteady CFD calculations such as large eddy simulations
(LES) in order to propose the optimal specifications to
meet demands for smaller and higher performance torque
converters.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable

cooperation.
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Analysis of Dynamic Characteristics of a Single-plate Lock-up Clutch for a Torque Converter
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Summary In order to improve vehicle fuel economy,
it is desirable to improve the response of the lock-up clutch
incorporated in a torque converter. To date, R&D efforts
toward that end have relied on experiments and empirical
judgments. This article presents the details of an analysis
in which computational fluid dynamics (CFD) software was
used to make clear the mechanism involved in the response
of the lock-up clutch in relation to the internal flow through

the torque converter.
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1. Introduction

Automatic transmissions are required to obtain higher
efficiency in order to improve environmental friendliness
and fuel economy. A torque converter incorporates a lock-
up clutch that mechanically connects the input and output
shafts directly so as suppress energy losses due to slipping.
At JATCO, we have developed and implemented a start-off
slip lock-up control for controlling the amount of slipping
of the lock-up clutch from the time of vehicle launch.!-
9 However, controllability of the lock-up clutch must be
improved further in order to expand the region of lock-up
operation and enhance the effect on improving fuel economy
without causing any decline in vehicle driveability.

A single-plate lock-up clutch is controlled by the supply
and discharge oil pressure of the torque converter. It is
known empirically that the response of the clutch worsens
as the speed ratio is increased. Because it is difficult to
capture experimentally the unsteady changes in fluid
flow and pressure around the lock-up clutch at the time
of its response, the detailed mechanism involved has yet
to be demonstrated. In recent years, the application of
computational fluid dynamics (CFD) for this purpose has
been investigated, and the thrust applied to the lock-up
clutch has been calculated in a steady-state simulation.”
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(b) Engaged

(a) Lock-up clutch released

Fig. 1 Fluid flow in torque converter with lock-up clutch
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In addition, an unsteady simulation has been conducted
that took into account time-related changes in the supply
and discharge oil pressure. An investigation was made of
the influence of the speed ratio, impeller speed and other
parameters in the drive region on the responsiveness of the
lock-up clutch.®

In the study presented here, CFD software was used
to analyze quantitatively the response of a single-plate
lock-up clutch at the time of engagement and also to make
clear the relationship of the internal flow to the mechanism
involved in the response. Specifically, the response of the
lock-up clutch was evaluated comprehensively not only in
the driving range used relatively frequently (speed ratio
less than 1.0), but also in the coasting region (speed ratio
exceeding 1.0). The validity of the simulation results
was verified by making a comparison with the results of

response time by experiments.
2. Numerical Simulation Method

2.1 Operating principle of the lock-up clutch

Figure 1 shows the fluid flow in a torque converter.
The diagram in (a) shows the state with the lock-up clutch
released in the driving region. Fluid supplied under release
pressure (Pg.) from the center of the turbine shaft flows
through the clearance between the lock-up clutch and the
front cover to cool and lubricate the torus (fluid coupling
circuit formed by the three elements of the impeller, turbine
and stator), one-way clutch, thrust bearings and other parts.
It is then discharged under applied pressure (P,,) through
the flow passage between the impeller shell and the stator
shaft. At that time, thrust acts on the lock-up clutch from the
left side in the figure, pressing the clutch toward the turbine.

Increasing P,, from the condition in diagram (a) and
reducing Py, causes the lock-up clutch to operate toward
engagement. As shown in diagram (b), in this process the
fluid flow in the clearance between the lock-up clutch and
the front cover reverses direction, and thrust acting on the
clutch increases to move it from the turbine toward the
front cover. Eventually, the clutch facing comes in contact
with the inner surface of the front cover to complete the
engagement of the lock-up clutch.
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Fig. 2 Cross-sectional view of torque converter
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2.2 Simulation model and basic definitions

Figure 2 shows a cross-sectional view of an actual torque
converter that was the object of analysis in the simulation.
The external diameter of the torus is 250 mm and that of
the lock-up clutch is 260 mm. Because the amount of fluid
circulating inside the torus is overwhelmingly larger than the
amount passing through the lock-up clutch, the circulating
flow influences the flow field around the clutch. However, it
is assumed that the influence can be expressed just by the
pressure boundary condition on the outer diameter of the
lock-up clutch. Therefore, in analyzing the response of the
lock-up clutch, the computational meshes were created by
limiting the region of the analysis to the area around the
clutch as shown in Fig. 3.

ANSYS CFX software (2009, ANSYS, Inc.), a general-
purpose thermal fluid analysis program based on the
finite volume method, was used in conducting the CFD
simulation. The shear stress transport (SST) model was
used as the turbulence model. As will be explained later,
in the unsteady flow calculations a five-face triangular
prism elements was used near the clutch facing, where the
mesh undergoes large deformation. Four-face tetrahedral
elements were used to create the mesh for all other
places. A fan-shaped region with an expansion of 5° in the
circumferential direction was defined as the computational
domain (total mesh number of approximately 2.5 x 10°). A
boundary condition with periodic symmetry was defined on
both sides and a non-slip boundary condition was defined
for the solid surface. The working fluid was assumed to be
a CVT fluid with a temperature of 80°C, density p = 808
kg/m* and kinematic viscosity v = 10.8 mm?/s.

(N,) :Front cover

= (N,) Turbine,
Lock-up clutch

P

Fig. 3 Computational meshes for flow around lock-up clutch
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Fig. 5 Flowchart for unsteady flow analysis

The turbine rotational speed N, (= lock-up clutch
rotational speed) was kept constant at 1200 rpm while the
impeller rotational speed NV, (= front cover rotational speed)
was varied among three speed levels of 1500 rpm, 1200
rpm and 1000 rpm. These rotational speeds corresponded
to speed ratios e (= N,/N,) of 0.8, 1.0 and 1.2.

As shown in Fig. 3, pressures of P* (outer diameter
side) and P** (inner diameter side) were applied as
boundary conditions. Because P* was difficult to determine
experimentally, it was determined by adding the pressure
difference between the P* section and the P,, section,
which was found by calculating the steady flow in the torus,
to the input condition P,,. An approximate value of Py, was
used for P** because it was assumed that P**=pP;.. The
temporal change in each pressure is shown in Fig. 4. The
notation A P in the figure expresses the differential pressure
(Pay - Pro.

2.3 Unsteady flow analysis

The time-series movement of the lock-up clutch is
unsteady. Figure 5 shows a flowchart of the calculation
procedure used in the unsteady analysis. The time interval
of the unsteady calculation was set at Atz In the analysis
presented here, the thrust applied to the lock-up clutch at
each time point was found by a steady CFD flow analysis.
The rigid body motion of the lock-up clutch piston at Az
was calculated from the relationship between thrust and

inertial mass.
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First, pressures P* and P** and the time ¢, at which
thrust F; = 0 are found when clearance ¢ between the clutch
facing and the front cover inner surface has an initial value
¢y = 1.4 mm (end of clearance of the lock-up clutch). Values
of pressures P* and P** at a certain time ¢ are given and a
steady flow analysis is conducted. The pressure distributions
on both faces of the lock-up clutch are thus calculated to
yield the thrust, which has a minus value at initial time ¢
toward the left side in Fig. 3. Consequently, ¢, can be found
by repeating the steady flow analysis using pressures P* and
P as the boundary conditions following the time process
shown in Fig. 4. Next, pressures P* and P** at time ¢, = £, +
At are read from the data in Fig. 4. A steady flow analysis
is then conducted using these values as the boundary
conditions to find thrust F (positive value toward the right
side of Fig. 3). The clearance ¢, = ¢, + Ac at the same time
t, can be calculated approximately with Eq. (1), where m is
the lock-up clutch mass and v, is the speed, expressed as

v, = F/m(Av). Next, the clearance ¢,= ¢, + Ac attime t, =
ty + 2At is calculated approximately with Eq. (2) after first
finding thrust F; in the same way by reading the pressures
P* and P** at time ¢, from Fig. 4 and using these values as

the boundary conditions in a steady flow analysis.

Ac=—3 vy (80) = —5-L- (an)? M
Ac = —%fn—f (At)? — v, - (At) )

Subsequently, the calculation is repeated in turn using
the same procedure until the specified clearance c is
sufficiently close to zero, at which point the calculation is
concluded. The overall mass of the lock-up clutch was set at
2.45 kg in this calculation. To stabilize the calculation, the
time interval A¢ was defined as 2 x 107 s, considering that
the Courant number would be less than 1.

3. Comparison of Calculated and Experimental Results

Figure 6 shows time histories of clearance c calculated
in the unsteady flow analysis at speed ratios e = 0.8, 1.0
and 1.2. The calculation was concluded in this analysis
when minimum clearance ¢ = 0.2 mm. The reason for
that was related to the inherent function of the solver and
it corresponded to the deformation of the sliding mesh
due to the six-degree-of-freedom solver for treating rigid
body motion in a fluid. As the clearance became smaller,
the computational mesh collapsed in the axial direction,

thereby causing convergence to deteriorate.
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The results in Fig. 6 show that the clutch begins to move
at a later time as the speed ratio e is increased, indicating
that the response time of the lock-up clutch worsens. It is
also seen that the speed of the clutch movement in the axial
direction tends to increase, albeit slightly, along with the
increase in the speed ratio.

In order to verify the validity of the foregoing results,
a comparison was made with experimental data for the
response time of the lock-up clutch. The response time was
defined as the time needed for clearance c to change from
1.4 mm to O mm (= clutch contact). Because the calculation
was made to ¢ = 0.2 mm, the response time was found by
linear extrapolation from a tangent drawn at ¢ = 0.2 mm.

Figure 7 shows the configuration of the experimental
apparatus used to measure the clearance in an actual torque
converter. Clearance was measured with four noncontact
sensors attached to the front cover at 90° intervals on the
same radius. These noncontact sensors measured the
clearance between the lock-up clutch surface and the inner
surface of the front cover. The value of clearance ¢ was
obtained by subtracting the thickness of the clutch facing
from the measured clearance. It will be noted that the
output of the four sensors was extracted by means of a slip
ring, amplified by a converter and then recorded by a data
logger. The value obtained by averaging the output of the
four sensors was taken as the final experimental value of
clearance c.

Figure 8 compares the calculated and experimental time
required for lock-up clutch response. In the experiment,
the turbine rotational speed N, was kept constant at 1200
rpm, the same as in the calculation. Both sets of data
show the same qualitative tendency that the response time

increased with an increasing speed ratio, although there is
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Fig. 8 Calculated and experimental time required for lock-
up clutch enagement
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some quantitative difference between them. Considering
the measurement accuracy, simplified shape reproduced
in the calculation and other factors, the calculated results
are presumed to be sufficiently accurate. Therefore, it is
concluded that the analysis results are valid. The following
section discusses the response of the lock-up clutch based
on the flow field in the analysis results.

4. Observation of Analysis Results

Figure 9 shows time histories of the mass flow Qm
passing through the pressure P* section at speed ratios e =
0.8 and e = 1.2. The sign of the mass flow Q,, is negative in
the outward direction and positive in the inward direction.
At the speed ratio of e = 0.8, the lock-up clutch began to
move in the vicinity of time #= 1.0 s and at time = 1.1 s, the
direction of the flow reversed from outward to inward. At
the speed ratio of e = 1.2, the lock-up clutch began to move
in the vicinity of # = 1.3 s and the direction of the flow was
already inward at that time. The mass flow through the flow
field was not influenced very much by the speed ratio, and
it changed almost linearly in relation to time, although it
showed some instability at the time the lock-up clutch began
to move.

Figure 10 presents equipressure contours for the two
speed ratios of e = (0.8 and e = 1.2 at time 7 = 1.22 5. At this
time, clearance ¢ was 0.3 mm at e = 0.8 and 1.4 mm at e
= 1.2, indicating contact with the front cover wall on the
left side. In addition, the flow direction was inward for both
speed ratios. It is seen in the figure that the pressure near the
outer perimeter of the lock-up clutch was slightly higher at
e = 0.8 than at e = 1.2. That was because the vicinity of the
outer periphery of the lock-up clutch is interconnected with
the torus outer diameter and also because the pressure in
that area changes almost in proportion to the square of the
impeller rotational speed. The pressure there corresponded
to the relationship with the magnitude of pressure P* at the
same time in Fig. 4. Because there was no through passage
for the fluid in the region between the turbine and the lock-
up clutch, it is assumed that for both speed ratios this region
in Fig. 10 resembled a state of a forced vortex rotating at a
constant speed (1200 rpm) as a nearly rigid body, excluding
the vicinity of the turbine outer diameter.

Here, we will consider a through flow with shear
between the lock-up clutch and the front cover. In Fig. 10,
pressure P** at the exit on the inner diameter side was

the same for both speed ratios. However, as mentioned
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above, pressure P* at the inlet on the outer diameter side
was higher for e = 0.8 than for e = 1.2. This signifies that
a larger pressure loss was necessary at e = 0.8 because the
flow rate of the through flow was nearly the same for both
speed ratios. Presumably, that pressure loss was produced
by a smaller clearance c. Based on the foregoing results, it
can be inferred that the smaller the speed ratio is, the better

the lock-up clutch response is.

5. Conclusion

An unsteady flow analysis was conducted to investigate
the response of a single-plate lock-up clutch for a torque
converter. The analysis took into account the inertial mass
of the lock-up clutch and was based on the schedule defined
for the supply and discharge oil pressure of the torque
converter. The results revealed the mechanism that worsens
the response of the lock-up clutch due to a higher speed
ratio. In addition, a comparison with the experimentally
measured time until contact of the lock-up clutch confirmed
the validity of the unsteady flow analysis.

Infuture work, we want to devise measures forimproving
the response of the lock-up clutch based on the mechanism
revealed by the present results. From previous experience it
is known that factors influencing the response of the lock-up
clutch include the hydrodynamic performance of the torque
converter, whether the turbine blades are brazed or not, and
the connecting holes of the hub turbine. We want to validate
these factors based on a coupled analysis of the flow in the
torus as a whole torque converter system.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable

cooperation.



MVOAUN—9DEROY T Y705y F OB ERT

6. &E3HK

Dk, R, i,
FEAEA) TR B LOEAFAFE, VY a7 =7
L¥a2—, 2013.

)%, ik R,
MV 22 S—F B T HIE O /NI A~ O,
IXbI - FI=AV - LE2—, 2016.

3)E R, A
SEF & H 7 5 2y 71y 7 7w 7 il 46 BH 58,
XM - TV - LE2—, 2017.

4)Ejiri,
Analysis of flow in the lock-up clutch of an automotive
torque converter, JSME International Journal, Series
B,Vol.49, No.1 (2006), pp.131-141.

S)IIE, Hrh,
ZWITTHARIENT LB IV T N—=5ay Ty Tk
HE, 7 —RBEM, Vol. 43, No. 4(2015),pp.35-41.

B Authors

Kazunori KAWASHIMA

P 4N

Katsuhiko OKADA

[ IS |

6. References

(1) Matsutsugu Endo, Kouji Ozaki and Takateru Kawaguchi,
"Development of Start-off Slip Control and Torque
Converter," JATCO Technical Review, No. 12, pp. 33-
38, 2013.

(2) Keita Yasuda, Koji Saito and Toshimitsu Araki, "The
Application of Start-off Slip Control to a CVT for Small
Cars," JATCO Technical Review, No. 15, pp. 49-53,
2016.

(3) Yoshihiro Endo and Kohei Kamiya, "Development
of New Start-off Slip Lockup Control using Systems
Engineering," JATCO Technical Review, No. 16, pp. 65-
70, 2017.

(5) Ken Yamaguchi and Kazuhiro Tanaka, "Analysis of
Lockup Clutch Characteristics of Torque Converter
using  Three-Dimensional =~ Computational  Fluid
Dynamics," Turbomachinery, Vol. 43, No. 4, (2015), pp.
35-41 (in Japanese).

Akira TAKANO

Analysis of Dynamic Characteristics of a Single-plate Lock-up Clutch for a Torque Converter

151



AT RS Technical Report

N=FHNL /et Ty A3y Y 3/ DERHEDRANERVRSTA MY FORE

Development of a Virtual Reality Simulator Test Bench Capable of Validating Transmission Driveability using a Virtual Engine

RE ST ke

Kenji YONEKURA

Eh o EDT HA

Tatsuaki HAMANAKA

PR

Hiroki KUMASHIRO

FERT

Tatsuo TAUCHI

AR B

Satoru KIMURA

HER:  (ftL”

Shinya KUMAYABU

el RER™

Jiro YUUSAKU

B 8 EEONUAIvVarRISE, R E
i B 00 92 L S B T RSB MBI Y, FEBR T8
BT HIEDKRELRREETH .

ZTC, mEZN LSRR TEEAKH T 5720,
N AIv T ar UiV e & TN—F YV CTHER L, HEA
NL—2ayEHE RO REE A L7z T AU F %2

L7z

Summary In the process of developing a new
transmission, the man-hours spent on specification studies
and for conducting in-vehicle tests to evaluate driveability
have tended to increase in recent years. Reducing testing
man-hours has become a serious issue. Therefore, we
developed a virtual reality simulator test bench consisting
entirely of virtual elements except the transmission and
incorporating functions for automatic operation and

evaluation.
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1. Introduction

The environments in which vehicles are driven are
becoming more complex at present, which is increasing
the man-hours needed for testing at the development stage.
Improving testing efficiency is necessary for speeding up
the development of new transmissions. We have developed
a test bench incorporating functions for automatic operation
and evaluation and have constructed a virtual reality
environment for evaluating transmissions in the same
way as in vehicle testing. This test bench was built with
the aim of satisfying the following four requirements for
accomplishing that.

1) To reproduce engine torque

2) To reproduce vehicle behavior

3) To reflect in the transmission the reproduced engine
torque and the reaction force from the road surface

4) To construct automatic operation and automatic
evaluation systems

The following sections explain these requirements and
the methods adopted for accomplishing them as well as the
functions incorporated in the test bench.

UM V= TY IR S LY T SR R
Experiment Department, Engineering Division, JATCO Engineering Ltd
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2. System Overview

Figure 1 shows the configuration of the virtual reality
simulator (VRS) test bench schematically. This test bench
consists of a low-inertia dynamo motor, a simulation model
equipped with an engine control unit (ECU) for conducting
hardware-in-the-loop simulations (HILS), an automatic
operation system and an automatic evaluation system. The
CVT to be tested and the transmission control unit (TCU)
are set up on the test bench. A total of three motors are
used including one for reproducing engine torque on the
drive side and two for reproducing running resistance on
the absorption side.

The simulation models incorporated in HILS in Fig. 1
exchange signals with each other through the input/output
(I/O) model. The engine model calculates the engine torque,
and the vehicle behavior model calculates the reaction force
induced by running resistance and the vehicle acceleration.
The calculated torque values are output as command values
to the drive side and absorption side motors.

This test bench incorporates an automatic operation
system and an automatic evaluation system. The Jatco
Automatic Evaluation System (JAES) was adopted as the

automatic rating system.

3. Methods for Achieving Each Requirement

This section explains the methods adopted to accomplish

the four requirements listed in Section 1.

3.1 Method for reproducing engine torque

The engine torque calculated by the model must
faithfully reproduce the actual engine torque in a wide
variety of driving environments. The following two

procedures were adopted to accomplish that.

3.1.1 Control using an actual ECU

Because it is difficult at present to reproduce the
operation of an ECU in real time with a model, an actual
ECU is used. The model must reproduce the signals needed
by the ECU for the latter to operate properly. For signals
that are difficult to reproduce, the actual components are
mounted in the interface (I/F) Box. Among the various
devices needed for proper operation of the ECU, Table 1
lists the principal sensors and actuators, which are mounted
in the I/F Box.
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Table 1 Model reproduction for using the ECU, and sensor and actuator systems using actual components

Model reproduction

Actual components used

camshaft rotation sensor,
airflow sensor,

Crankshaft rotation sensor,
ratio sensor, O, sensor,
pressure sensor

Sensors

accelerator pedal position sensor, A/F
intake air temperature sensor,

intake manifold | Throttle position sensor

Actuators | Valve timing control

Injector, spark plugs,
electronic throttle, solenoid
for valve timing control
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Figure 2 shows the connections between the ECU, I/F Box
and HILS and the feedback loop for calculating the engine
torque. In the control loop formed by the ECU, I/F Box and
HILS, based on the amount of work done by the actuators in
response to the command values, the engine model calculates
and feeds back simulated sensor values to the ECU. This loop
enables the ECU to output proper control signals.

3.1.2 Torque reproduction using an engine plant model

The engine plant model requires torque accuracy and
real-time operation for synchronization with the ECU. In
order to satisfy both of these requirements, the test bench uses
an average-value model(1) to calculate the intake air volume.
With this method, the intake air volume is known for every
cycle, so the output torque can be calculated on that basis. In
addition, the air/fuel ratio can also be calculated based on the
calculated intake air volume and the fuel injection signal.

As explained here, a torque reproduction environment
was constructed for satisfying requirement 1) by forming a
feedback loop using the engine plant model, I/F Box and ECU.

3.2 Method of reproducing vehicle behavior
The following three points must be taken into account in

order to reproduce vehicle behavior and satisfy requirement 2).

3.2.1 Reproduction of wheel reaction force

The reaction force from the wheels is calculated by
converting the running resistance imparted to the wheels
from the road surface to an equivalent torque value. This
calculation of the running resistance imparted from the road
surface takes into account the influence of the road grade,

road surface friction coefficient and tire rolling resistance.

3.2.2 Reproduction of a continuously changing driving
environment

Because the road surface friction coefficient and road
grade in the real world are not constant but are always
changing, running resistance also continuously changes in

the same manner. For the test bench described here, a model
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Fig. 2 Feedback loop between the ECU, I/F Box, and HILS
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was created for varying the running resistance by randomly
changing the road surface friction coefficient and road grade to

arbitrary values similar to changes occurring in the real world.

3.2.3 Reproduction of vehicle acceleration

In evaluating transmission driveability in vehicle testing,
the test driver intuitively converts the acceleration feeling, shift
shocks and vibrations actually felt into numerical values for
making an evaluation. However, with the test bench described
here, test engineers cannot actually ride on the bench to evaluate
a transmission. Therefore, vehicle longitudinal acceleration
is calculated as an evaluation index. This index was selected
because a transmission can be sufficiently evaluated on the

basis of acceleration in the vehicle's longitudinal direction.

3.3 Reflection in the transmission of the reproduced engine
torque and reaction force from the road surface

The reflection of the torque command in the transmission
and the response speed of the motor tachometers to HILS
must be fast. The reason is that if the response speed is slow,
the actual motor speed at the time of the torque calculation
and the motor speed returned from the tachometers to the
model would diverge. Because that would prevent proper
feedback, the calculated torque would fluctuate greatly or
the value would become extremely large.

With the test bench described here, the response time of
each torque meter and tachometer to the torque command
is kept within the time that allows proper operation. In
addition, the test bench control system calculates torque that
includes compensation for inertia by taking into account the
inertia of the engine and wheels.

The use of these methods and the test bench equipment
makes it possible to reproduce the same behavior as an
actual vehicle with respect to the measured torque, engine
speed and also the vehicle speed calculated by the model.

3.4 Automatic operation/evaluation systems

With regard to requirement 4), testing efficiency was
enhanced by automating the operation of the test bench
and by automatically reading the measured and calculated

results into an automatic evaluation system.

3.4.1 Automatic operation system

The automatic operation system generates driving
patterns by specifying the timing, amount of change and
holding time for the operation of the accelerator, brake pedal

and gear shift lever. All that is needed is to simply register
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Fig. 3 Graphs of standing start acceleration at full throttle (VRS and real vehicle)
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the driving patterns. After that the program is executed
automatically, so a large number of driving patterns can be
executed without requiring much manpower. Moreover, the
automatic operation system can execute driving patterns
with high reproducibility because driving operations are

performed uniformly without any variation.

3.4.2 Automatic evaluation system

JAES calculates evaluation scores based on acceleration
sensor values and the computed acceleration and torque,
making it possible to perform evaluations close to the
perception of human drivers. In addition, JAES can also
monitor the control state of the transmission under test and
whether the mechanical and hydraulic systems are operating
properly based on the pressure and torque values. It will be
noted that JAES can perform real-time evaluations for both
driving tests and experiments conducted with the test bench. If
the measured signals needed for an evaluation are all available,
the evaluation score can be calculated following the conclusion
of a test by inputting the measured data into JAES.

The automatic operation/evaluation systems made it
possible to construct a test bench capable of automatically
executing driving patterns and evaluating transmission

driveability.

4. Vehicle Performance Reproduction and Confirmation of

Automation

Figure 3 shows the data measured with the VRS test
bench and the data measured in a vehicle driving test.

The results indicate that the test bench reproduced the
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Fig. 5 Vehicle behavior reproduced with the test bench when

entering a high-friction road surface from a low-friction road
surface.

same behavior as that of the actual vehicle. The graphs
also indicate the actual driveability evaluation scores. The
evaluation score obtained with JAES nearly coincides with
the perception of the human test driver.

Figure 4 presents data that reproduce full-throttle
standing-start acceleration at an elevation of 3,000 m. The
dotted lines in the graph are the data for an elevation of
0 m. It is seen that vehicle acceleration at an elevation of
3,000 m is lower than that for an elevation of 0 m. Because
the atmospheric pressure is lower at higher elevations, the
intake air volume decreases, resulting in less engine torque.
The resultant decline in vehicle acceleration is reproduced
in the test bench data.

Figure 5 presents data that reproduce a case in which the
road surface friction coefficient changes instantaneously. The
data reproduce a situation where a vehicle is traveling on an icy
road surface at a speed of 40 km/h with no accelerator pedal
depression; following full throttle acceleration, the vehicle enters
a road surface having an ordinary friction coefficient. Because
the vehicle is on a low-friction road surface right after the
throttle is fully opened, the engine speed increases, but slipping
occurs and there is almost no vehicle acceleration. The instant
the vehicle enters a high-friction road surface, acceleration rises
suddenly and the engine speed falls momentarily, so the vehicle
recovers from the slipping condition.

The foregoing results confirmed that the VRS test
bench has been built to satisfy all the requirements 1)-4)
mentioned earlier.

In addition, the number of days needed for testing has been
reduced to one-fifth of the previous time by incorporating the

automatic operation system and JAES into the test bench.
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5. Conclusion

In this project, a low-inertia dynamo motor and a
simulation model with an attached ECU were used to
develop a test bench that can reproduce vehicle performance
and incorporates functions for automatic operation and
evaluation.

The following are examples of systems that are
envisioned for development in future work.

¢ To the newly developed VRS test bench, we want to
add an automatic calibration system that can automatically
determine the optimal points of the control parameters of
the TCU.

* We want to create a general-purpose engine model
that can be used to reproduce the required transmission
specifications even at an early stage of the development
process when the engine has not been built yet.

The authors would like to thank everyone concerned
within and outside the company for their invaluable

cooperation for the development of the VRS test bench.
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Summary A hobbing process is the first operation
of an automotive gear manufacturing process consisting
of hobbing, heat treatment and gear honing. It is essential
to know the effect on gear workpiece accuracy of the
positional relationship between the workpiece and the
tool in the hobbing process. For that purpose, a hobbing
simulation was developed for analyzing gear accuracy in
the hobbing process, including the effect of workpiece
mounting accuracy. This article describes the hobbing
simulation and presents the results of hobbing experiments

that verify its validity and effectiveness.
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1. Introduction

Low-noise gears that can be manufactured at low cost
are needed for use in automotive transmissions. In response
to this need, JATCO adopted a gear honing process as the
finishing method following heat treatment as a measure for
addressing the sources of gear noise. Gears have generally
been manufactured in a series of processes consisting of
hobbing, gear shaving, heat treatment and gear honing.
However, for the purpose of reducing manufacturing costs,
some manufacturers have eliminated gear shaving in recent
years, resulting in just the processes of hobbing, heat treatment
and gear honing. This simplified method is referred to here
as hobbing plus honing. However, this hobbing plus honing
method has certain tendencies. (1) The amount of stock
removed from the tooth surface by gear honing increases.
(2) Because gear honing applies less cutting force than gear
grinding, it is more difficult to eliminate the pitch error that
occurs in the hobbing process. In other words, improving the
machining accuracy of the hobbing process is an essential
requirement for the hobbing plus honing method.

This article describes a hobbing simulation that we
developed in this study as a first step toward improving

hobbing accuracy.
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2. Hobbing Simulation

2.1 Simulation overview

Methods of simulating the hobbing process have been
studied for many years.""™ All of them, however, focused
on tool mounting error, rotational error of the hobbing
machine itself, or tool manufacturing error, but workpiece
mounting error was not examined. In recent years, tool (hob)
manufacturing accuracy has been improved and direct-
drive hobbing machines have been created by eliminating
the master worm gears of the table. As a result of these two
factors, the positional relationship between the workpiece
and the tool now has a greater effect on gear accuracy.

In view of this situation, we developed a hobbing
simulation based on actual production machining and also
taking into account workpiece mounting error. The factors that
can be considered with this simulation are shown in Fig. 1.

Figure 2 shows the results-based factors that were
simulated in order to make clear the accuracy required in
the hobbing process. In addition to the tooth profile and
tooth-trace geometry, the pitch error and tooth space run-

out were also selected for analysis in the simulation.

Workpiece All teeth Pitch error

Gear accuracy

« | Tooth thickness

“

W}

Tooth space run-out

Tooth root fillet profile

FA:Top / Middle/ Bottom

FFA: Top / Middle / Bottom

FH: Root / Middle/ Tip
FQA: Root / Middle/ Tip

Fig. 2 Results considered in hobbing simulation

2.2 Simulation procedure

The procedure of the hobbing simulation is explained
here.

(I) The involute helicoid coordinate points of each
cutting blade are determined from the hob specifications
and a virtual hob is calculated (Fig. 3).

(2) The coordinates of the shape generating motions
determined by the hobbing conditions (workpiece and
hob specifications, hob setting angle, center distance and
feedrate) are converted to the virtual hob. Next, coordinate
conversion is performed taking into account workpiece
outer diameter run-out, workpiece end face run-out and
their phase difference as well as left end and right end run-

out of the hob and their phase difference.
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Module mm| 1.95
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Root diameter | mm| 112.038
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(3) The coordinate point group and envelope of all the
cutting blades passing through an arbitrary cross section
of the virtual workpiece are found by numerical analysis,
and the tooth shape profile coordinates around the entire
circumference of the workpiece are calculated.

(4) The normal error (FA, FFA, FH and FQA) of all
the teeth and the pitch error, tooth space run-out and
tooth thickness are calculated from the tooth shape profile
coordinates around the entire circumference.

It will be noted that calculating the tooth profile around
the entire circumference in step (3) above makes it possible
to simulate as far as the tooth root fillet shape. Conceptual

representations of steps (2) to (4) are shown in Fig. 4.

3. Validation of Hobbing Simulation based on Actual
Hobbing Experiments

Hobbing experiments were conducted to verify the validity
of the hobbing simulation. The target gear used in the experiments
was the primary reduction gear of the JATCO CVTS8, which is
used on midsize vehicles. The gear specifications are listed in
Table 1 and the hob specifications in Table 2.

Six types of experiments were conducted using different
combinations of four factors in order to verify the validity of
the hobbing simulation. The factors examined were the hob
rotational speed (rpm), feedrate (mm/rev), workpiece run-out
(um) and hob cutter run-out (xm) as shown in Table 3.

Table 3 Experimental conditions

Exp Speed [ Feed Workpiece run-out Hob run-out
‘[ m/min. | mm/rev_|Outer (um) | Face (um) |Left (um) | Right (um)
1 150 [1.5Climb| O target 0 target 10-20 10-20
2 0.5 Climb 1 il
3 1.5 Climb| 50 target 1 1
4 100 target 1
5 0 target 50 target
6 0 target | 100 target

In experiment 1, the hob feedrate was set at 1.5 mm/
rev while controlling workpiece run-out and hob run-out.
The condition given in experiment 2 was a hob feedrate
of 0.5 mm/rev. The condition given in experiment 3 was
workpiece outer diameter run-out of 50 um and that in
experiment 4 was workpiece outer diameter run-out of 100
um. The condition given in experiment 5 was workpiece
end face run-out of 50 um and that in experiment 6 was
workpiece end face run-out of 100 um.

Based on the results measured in experiments 1-6, the
following seven parameters were selected as ones deemed

important for securing the required gear accuracy after the
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hobbing process: (1) tooth profiles, (2) tooth trace geometries,
(3) cumulative pitch error, (4) tooth space run-out, (5) periodic
error, (6) average tooth shape error FFA of all teeth and (7)
tooth trace error FH-bias of all teeth. The measured data and
the simulated results for these seven parameters were then
compared to verify the validity of the hobbing simulation.

3.1 Comparison of tooth profiles

Figure 5 compares the simulated and measured results for
tooth profiles, which are representative of hobbing accuracy.
The left-hand graphs show the tooth profiles for experiment 1
and the right-hand graphs the tooth profiles for experiment 4.
The upper graphs are for the right tooth flank and the lower
graphs are for the left tooth flank. The upper blue lines are
the measured tooth profiles and the lower orange lines are
the simulated tooth profiles. The results confirmed that the

measured and simulated tooth profiles agreed well.

3.2 Comparison of tooth traces

An example of a comparison of the measured and
simulated tooth traces is presented in Fig. 6. The data for
comparison are arranged in the same way as the tooth
profile data. It was found that the measured and simulated
tooth traces also agreed well in terms of the number of
undulations and their shapes.

These results confirmed that the measured and
simulated tooth surface shapes showed good agreement

with regard to tooth profile and tooth trace error.

3.3 Gear accuracy verification results

Having confirmed that the measured and simulated
tooth profiles and tooth traces agreed well, the simulated
and measured values for gear cumulative pitch error, tooth
space run-out and periodic error (17th order component =
number of workpiece teeth divided by the number of hob
starts) were then compared. The simulated results for these
three parameters are compared with the measured values in

Table 3 in Figs. 7 to 9, respectively.

Experiment 1 Experiment 4
Measured Measured
= |
& [N e e | et T
Simulated Simulated
Measured Measured
k=
Q i
= | :a\....'-" T A N il 1_..»- e e
Simulated Simulated

Fig. 6 Comparison of tooth traces
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These results confirmed that the measured and simulated
values also agreed well for the cumulative pitch error, tooth
space run-out and periodic error of the machined gears,
thereby verifying the validity of the hobbing simulation.

4. Process Control Values for the Hobbing Process

The hobbing simulation was then used to investigate the
control factors of the hobbing process in the hobbing plus
honing method. Simulations were conducted to analyze
the effects of the following factors: (1) workpiece outer
diameter run-out, (2) workpiece end face run-out, (3) hob
left end and right end run-out, and (4) hob shift.

The results revealed that workpiece outer diameter run-
out has an especially large effect on cumulative pitch error
(Fig. 10).

In addition, tool positioning accuracy has a large effect on
the tooth profile and tooth trace undulations and it also has a
marked effect on imparting periodic error to cumulative pitch
error. On the other hand, the results showed that hob run-out has
a large effect on cumulative pitch error and on periodic error,
especially when the amount of hob run-out is small (Fig. 11).

As these results have indicated, it is now possible to show
quantitatively the effect of the workpiece on gear accuracy
based on the positional relationship between the workpiece
and the tool. The hobbing simulation can be used to identify
important control factors of the hobbing process and to define

control values matching the required accuracy targets.
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5. Conclusion

(1) In this study, a hobbing simulation was developed
for analyzing the effect of workpiece/tool positioning
accuracy in the hobbing process on gear accuracy, including
workpiece cumulative pitch error and tooth space run-out.

(2) The validity of the hobbing simulation was verified
on the basis of actual hobbing experiments.

(3) In addition, the hobbing simulation was used to
clarify a procedure for determining important control
factors in the hobbing process, such as workpiece run-out
and hob run-out, along with their control values.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable
cooperation.

It will be noted that this article is a summarized version
of a paper entitled "Analysis of the effect on gear accuracy of
workpiece/tool positioning accuracy in the hobbing process,"
which was presented at The JSME International Conference

on Motion and Power Transmissions, MPT 2017-Kyoto.
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Energy-saving Efforts for CVT Case Die Casting Machines
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Summary In recent years, the time came for us to
update the die casting machines JATCO uses to produce
CVT cases. Toward that end, we have been proceeding with
the development of new technologies.

This article presents examples of efforts made to
promote energy savings for large sized die casting machines
and describes the desired form of the casting plant JATCO

envisions for the future.
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1. Technology Development Trends for Large sized Die
Casting Machines

The cases for JATCO CVTs are produced using large
sized die casting machines having a die rock force over
2000-ton class. One technological trend in the large sized die
casting machine industry is that manufacturers are enhancing
the performance of their equipment such as by increasing the
injection speed. Machines suitable for products with advanced
functions and higher added value are being provided to meet
user needs for updating their old machines.

2. Efforts for Energy Savings

Amid today's social environment, JATCO has been
promoting technical measures for meeting the advanced
specifications required of CVT case parts, including
downgauging and complex shapes among other aspects.
JATCO has also been working in parallel on developing new
technologies intended for manufacturing plants that can achieve
the company's environmental policy of “creating a society
enabling the symbiosis of vehicles and the environment.”

In short, the desired casting plant we envision for the
future is one where high-quality, high-performance CVT
cases can be produced in consideration of safety and the
environment. To accomplish that, it is necessary to develop
casting machines with outstanding energy- and space-

saving performance (Fig. 1).
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Future technological trends for large die casting machines

"
.
*a

.-"

Energy-saving
Electrified die locking | /#{

Space-saving
Z-nlate die locking

N
‘e
N

Simplified hydraulic system

Fig. 1 Desired casting plant JATCO envisions for the future
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Electrification is a key technology for resolving this
issue. Specifically, we have been promoting electrification
of casting machines, the substitution of electric casting
machines for existing hydraulic ones and effective use of
hybrid electric-hydraulic technologies. Such efforts are
indispensable to the attainment of the desired form of
casting and we have been pursuing the development of these
machines.

In this regard, machine parts with highly efficient
electric equipment such as motors and ball screws
have been developed and adopted in recent years. Such
equipment of a size capable of being used for large sized die
casting machines has been spreading. This development has
coincided with the timing for updating our casting machines
and has enabled a review of equipment specifications
going beyond the framework of merely rebuilding existing
machines. This situation has greatly advanced the promotion
of electrification.

Before describing the present project, we will explain
how the electrification of die casting machines is related to
measures for preventing fire and environmental incidents

and promoting energy savings.

2.1 Prevention of fire/environmental incidents by simplifying
hydraulic systems

Conventional die casting machines have relied on
hydraulic pressure as the major source of their motive
power. Our large die casting machines internally use large
quantities of working fluid exceeding 2000L.

In this respect, one of the largest risks to safety in
aluminum die casting workplaces is fire. Die casting is a
process in which high-temperature molten metal (melt) is
constantly handled. Contact between the melt (sparks) and
the large quantity of flammable working fluid poses a direct
risk of a large-scale fire.

Therefore, from the standpoint of safety regarding
the working fluid, we selected a water-glycol fire-resistant
hydraulic fluid as the working fluid. However, there is
generally a trade-off between the safety of a hydraulic fluid
and the degree of impact on the environment in the event
of leakage. It is well known that this trade-off is difficult to
resolve.

For that reason, we reasoned that an effective measure
for reducing both the risk of fire and environmental incidents
would be to develop a casting machine that would lower
the risk of leakage by decreasing the number of hydraulic

devices. We then set about to develop such a machine.



CVTI—REBERWICBITDETRINF—EADEVIEA

D7z, KK - BREEHIOM 7 DOFEA) AT % Hl IR
FTAHYRELT, MERSFFLZMOL, BHEY A7 ZH] iR
THRMBAPEHCTHLHEEZ, ZOWDHMAZHED
T&7-.

2.2 BENMELDHEICL S EIRILF—1E
WEACH LR E) RS LT, BEMEATD-LD A
MR THLZEEF B L72BYTH A, JFicyvha
DHEFEIT N THAECVTr —ANDE %% 27204,
BEMLICEA ZANVF —HIROH IR D21 TH 5.

O7A VT DHI I

FAAANR Y VDY AT LD — i BEML T 52 LI
XoT, FRRRIEEE (TARIVIER) OMEEL RV T, B—F —
ZIEDEIETHIAINF—LZHBHDTH L. CVT
r—2ADE)BRKRIDFTA A ANGHOY; 6, A 7L
FALDIIEL, o, ORYMNEDOAH AT LD
BERFH DS R,

L72235C, A 7V T YA AN ¥ TR
LTV OEERE DT, BICHENTHAS.

@AM D) )20 2D HI

WRDTANANT T 1L, BRD N %E—F—THIE
WAL, FESEME TR &M EZE TR
TATHAH.ZDOBEVUICL>TEN I EHLE 2T (K
5F)ITET, ATANF LI LILDWFFTEL. f§
WZCVTT —AEFEIZBW TSR O 4 X - HEAK
W7z, Mo - MHAEEIETOLEB KR EL,
O OB, BELARDRI RN THLEE 2 7.
(Fig. 2)

P EoZ 500, B RktoBEEb Gl — 85
NOBEEER) L, ZIUTHEIMIE Y AT LD Y YT VAL
#F =L L WITA AN Y DE AT DD
kL7

2.3 BAMR

VA TRIEEE T TICH VAT LAOTA I AN VD
BARETL, EBICCVTr — A E RIS 228 THE
KL DI AT 57z

5, S AELE o701 - B o HEICBT 5
HE RO Y T MEDOR R % Fig. 31R T

1671

2.2 Energy savings by promoting electrification

As noted above, electrification by substituting sources
of electric motive power for hydraulic pressure is the
most effective approach. Considering application to the
production of cases for JATCO transmissions in particular,
the following two aspects are concrete aims for reducing

energy consumption through electrification.

(1) Reduction of idle electric power

Electrifying some elements of die casting machine
systems would promote energy savings because unnecessary
pumps and motors could be turned off during waiting (idle)
time. For large die cast parts like CVT cases, the casting
cycle time is relatively long, and also as is the operating
time of auxiliary systems such as robots. Accordingly,
the proportion of the casting cycle when the die casting
machines are idle (waiting) is long, so electrification would

be especially effective for conserving energy.

(2) Reduction of energy loss due to conversion of electricity
to hydraulic pressure

Conventional die casting machines convert electric
energy to hydraulic pressure by means of a motor. The
resulting hydraulic pressure is then used to operate the
machine and die. Consequently, energy savings could be
expected from electrification because it would eliminate
or reduce the need for this power conversion. The dies
used in CVT case production in particular are big and
heavy, so large power is needed to close and open them.
Electrification and direct drive would be most effective for
obtaining energy savings (Fig. 2).

Based on the foregoing thinking, we set about
to implement new die casting machines targeted at
electrification of the die locking system by switching from

Discontinuation of hydraulic hoses and
piping for die locking

Discontinuation of hydraulic hoses and
piping for die locking

Electrification of
die clamp locking system

Fig. 2 Electrification of die casting machine
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Fig. 3 Reduction of constituent elements of hydraulic system
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70% reduction

Existing specification
Hydraulic motor + hydraulic die locking system

Electrified die locking system

Fig. 4 Reduction of monthly electric power consumption

hydraulic pressure to electricity and at simplification of the
hydraulic system as a result.

2.3 Implementation results

We finished implementing the new die casting machine
system at JATCO in the previous fiscal year. A comparison
was made with the existing system by actually using the
new system for CVT case production.

First, Fig. 3 shows the result obtained by simplifying
the hydraulic system of the core and die locking mechanism
that was revised in this project. This simplification reduced
the number of constituent elements of the hydraulic system
by 50% compared with the existing specification.

A comparison was also made of electric power
consumption in actual case production. The amount
of electric power actually consumed in one month for
producing cases using the same type of die was markedly
reduced by 70% compared with the existing specification, as
shown in Fig. 4, by electrifying the die locking mechanism.

These results confirm the validity of our electrification
approach for large die cast parts like CVT cases.

3. Future Issue

Besides the electrification of die casting machines as
described above, another remaining issue of the machines
is the floor space needed for installation. Because of
electrification, space must be secured for installing the
electric motors used. Consequently, the overall length of the
casting machine increases slightly over that of the existing
machine specification. To deal with this issue, at JATCO we
have started to develop new technologies such as two-plate
die casting machines that have become more common in

recent years.
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4. Conclusion

This article has described the efforts made to promote
electrification of large sized die casting machines used to
produce CVT cases for the purpose of obtaining energy
savings, improving safety and reducing the environmental
impact.

Based on our knowledge gained as a user of such
machines for many years to produce CVT cases, these
efforts were successful in identifying the optimal casting
conditions, which were effective in achieving major
improvements.

In future work, we want to pursue activities toward the
ideal casting plant of the future by resolving the remaining
issue of the machine installation space needed.

Finally, the authors would like to thank everyone
involved inside and outside the company for their
tremendous cooperation concerning the launching of the

improved casting machine system.
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Summary Existing small-lot production lines were
previously dismantled when it was necessary to secure space
at a plant for launching production of a new transmission or
increasing the production volume. The machining of parts
produced in small quantities was then often outsourced,
which resulted in additional machining costs.
In order to reduce the occurrence of such costs, a flexible
case machining line was developed for flexibly machining
multiple varieties of parts on one production line.

This article presents examples of the technical features
that were developed for the machining centers, washer,
vacuum dryer and leak tester for flexibly machining a wide

variety of parts on this line.
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1. Introduction

Production volumes decrease toward the end of the
model life of a transmission. In general, production lines
are configured so as to achieve optimum efficiency during
mass production operations. For that reason, production
efficiency drops drastically under a condition of small-lot
production. Adapting existing production lines to small-
lot production involves substantial costs for large-scale
modifications.

Therefore, a flexible machining line is needed that can
handle small-lot production of multiple varieties of parts
when it becomes necessary. The operations should be
concentrated on a single line as shown in the example in
Fig. 1 for a small extension, a medium-sized housing and a
large housing.

We launched a flexible line for producing various types
of parts by rebuilding idle machining centers and newly
installing a washer, a vacuum dryer and a leak tester (Fig.
2). The following sections explain the technical features

incorporated in this flexible line.

Flexible Case Machining Line
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2. Machining Centers

In order to produce multiple varieties of parts on
machining centers, it is necessary to mount parts on the
machine and later remove them and to ensure that parts
are mounted accurately, among other tasks. For that
reason, large jigs have been adopted that are equipped
with automatic clamping devices actuated by hydraulic/air
pressure and with devices for detecting/positioning parts,
among other functions.

In small-lot, large-variety production, parts are set up
multiple times and the task of ensuring the positioning
accuracy of parts following each set-up is more important
than the time spent mounting and removing parts.

Therefore, the jigs selected for the flexible line consist
of both fixed and exchangeable ones as shown in Fig. 3.
Various types of parts can be produced on the machining
centers by manufacturing an exchangeable jig for each
part variety. The following four technical approaches were
adopted to facilitate a jig lineup consisting of fixed and
exchangeable jigs.

(1) Selection of high-accuracy locating pins

The temperature difference between fixed jigs and
exchangeable jigs must be taken into account when changing
the latter jigs. Two types of locating pins are used between
an exchangeable jig and a fixed jig in order to position the
former with high accuracy in relation to the latter (Fig. 4).
The master type is a round locating pin that has a cone shape
with a round cross section (round Locating pin). The slave
locating pin has a cone shape with a diamond shape cut out
(diamond Locating pin). It serves to absorb thermal expansion
due to the temperature difference between the fixed and
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exchangeable jigs while ensuring positioning accuracy.
(2) Protection of locating pins

With only the locating pins mentioned in (1) above,
they might be damaged or wear when the jigs are mounted
and removed, which could worsen their reproducibility.
Therefore, as shown in Fig. 5, the locating pins were fitted
with a rough guide to prevent damage and wear and thereby
avoid any decline in reproducibility.
(3) Reduction of jig weight

It is important to reduce the set-up time in small-lot,
large-variety production. Figure 6 shows an example of a
jig the weight of which was reduced to one-third that of
the one used in mass production. The clamping method of
this improved jig was changed from a hydraulic clamp to a
manual tightening clamp, and thorough efforts were made
to reduce the weight of the exchangeable jig proper.
(4) High-accuracy clamps

There are various kinds of manual tightening clamps,
including cam and toggle types. The clamping force must
be controlled so as not to deform or damage the part being
clamped.

Ring clamps were adopted for the flexible line. In addition,
the tightening torque is kept constant by using a torque wrench.
This has dramatically improved clamping accuracy compared

with that of an ordinary ring clamp (Fig. 7).
3. Washer

The dedicated washer used in mass production has fixed
nozzles, so the positions of the nozzles must be adjusted
every time parts are set up. Therefore, a machining-type
washer like that shown in Fig. 8 was adopted that allows
washing to be adjusted to match the part shape. The
following technical features were incorporated in the washe
(1) Highly versatile nozzles

Three types of nozzles (universal, downward and plane),

B Ring clamp

Partsrelated to
hydraulic clamp

For mass production §

Fig. 6 Location of change from hydraulic clamp to manual
tightening clamp

Flexible Case Machining Line

Fig. 7 Structure of ring clamp
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the machining-type washer and a numerical control (NC)
system are combined to facilitate the washing of multiple
varieties of parts from various directions (Fig. 9).

Plane nozzles: for washing parts overall

Downward nozzles: for washing holes

Universal nozzles: for washing holes and surfaces from
various directions
(2) Removable washer pallets for accommodating different
parts

It must be possible to mount and remove parts easily in
order to mass-produce small lots of multiple varieties of parts
efficiently. To do that, removable pallets matching the shapes
of various parts are manufactured as shown in Fig. 10, making

it possible to accommodate multiple varieties of parts.

Fig. 8 Washer

4. Vacuum Dryer

A vacuum dryer well-suited to the flexible machining
line was installed instead of the previous air blower type
of dryer. One feature of this vacuum dryer is that it can
accommodate various part shapes. Another feature is that
vacuum drying eliminates any residual washing fluid, so the
accuracy of leakage detection in the leak test process that
follows the washing operation is not affected (Fig. 11).

5. Leak Tester

With the leak tester used in mass production, a sealing
jig is positioned on the equipment. When parts are changed,
set-up time is required to replace the sealing jig or a large-
scale device is needed to facilitate automatic jig exchange
and set-up.

A new type of leak tester (Fig. 12) was installed that is
suitable for the flexible machining line. A distinct feature of
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this leak tester is that it can flexibly accommodate different
part shapes.

As shown in Fig. 13, the sealing jig is installed on
the part to be tested. The part with the sealing jig is then
mounted on the equipment, and the pipes for supplying air
to drive the sealing jig and for leak detection are connected.
This structure can accommodate multiple varieties of parts
by manufacturing a sealing jig corresponding to the shape
of each part.

Fig. 12 Leak tester

6. Conclusion

The machining centers, washer, vacuum dryer and
leak tester embodying the various new technical features
explained above were incorporated into a line facilitating
flexible production of various varieties of parts. The line is
currently being used for small-lot, large-variety production.

As aresult, this line reduced capital investment by 30%
and shortened production preparation time by 50%.

Facilities optimally suited to small-lot, large-variety
production were achieved in this project as a result of
thoroughly and carefully examining existing technologies.

In the future, we intend to pursue the manufacturing
of even better products by thoroughly investigating
technologies without being satisfied with the current status.

Flexible Case Machining Line

Sealing jig

After attaching part and connecting

Fig. 13 Structure of leak tester jig
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This will include not only constantly examining new
technologies, but also focusing on technologies that are
present around us.

Finally, the authors would like to profoundly thank all
the related departments for their invaluable cooperation.
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Summary Assembly lines that can cope with
transmission model changes and production volume
fluctuations are the ideal form desired for future
manufacturing plants in the year 202x. Full automation
can be cited as one approach to achieving such lines. This
article describes examples of newly developed automation
technologies that effectively use robots on assembly lines
and makes clear a future direction toward fully automated,

unmanned plants in the years ahead.
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Fig. 1 Form of manufacturing aimed for by 202x

1. Introduction

The labor shortage in Japan due to the declining
population and the rise in labor costs at overseas
manufacturing plants have a substantial impact on the cost
of transmissions. With the aim of achieving the desired
form of production operations by 202x, we have set five
zero targets, namely, zero accidents, defects, production
stoppages, line-side stocks, and emissions. Strategies
have been defined for products, processes and plants, and
activities are under way to implement them (Fig. 1).

In this regard, automation is being promoted ever more
vigorously in the process and plant strategies with the aim
of achieving fully automated, unmanned assembly lines as
the desired form of manufacturing.

This article describes the approaches being taken
to increase the automation rates on assembly lines and

examples of technical developments for that purpose.

2. Activities for Improving Automated Assembly Rates

One issue to be resolved on assembly lines is to have the
flexibility for handling three or more types of transmissions
on the same line. (Two types are already accommodated.)
In addition to that, flexibility for coping with production

volume changes has also been required in recent years.
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Fig. 2 Desired form of assembly lines in 202x

In response to these requirements, we are proceeding
with activities to switch from the specialized equipment
traditionally used to general-purpose equipment (Fig. 2).
Only on weekends when the assembly lines are not operating
can we expect to install equipment for accommodating
additional transmission models.

Effective use of articulated robots that have become
lower in price in recent years is being actively promoted
as a key technology for accomplishing this change. In
addition, for the purpose of simultaneously reducing capital
investment in facilities, we are also working jointly with
equipment manufacturers to develop common equipment
platforms that make use of robots. Activities are also under

way to develop standardized common equipment modules.

3. Issues and Approaches for Achieving the Desired Form
of Assembly Lines

The actions and senses noted in the following table are

needed in order for human workers to assemble parts.

Actions needed for installation Necessary senses

Determining position Sight

Determining orientation Sight

Grabbing Sight/touch

Lifting Touch/sense of balance

R [Q| N || |W [N ]|—

Moving to installation position Touch/sense of balance
Installing Touch

Aligning position Sight/touch
Confirming installation Sight

Advances in image processing techniques and distance
sensing have made automated vision possible, but there are
many issues yet to be resolved. Machine vision systems are
expensive. Moreover, because many transmission parts are
made of metal, false recognition occurs owing to camera light

refection, presence of anti-rust oil on parts and other reasons.



ARy MNERICKSHEIAIEER

ZFITHRAIGANDIEEERMPLGHTL, WHEZRFRDIZ
BAEEL T ZETHKRERLTwS, ZoHARR
iRt R bR e P Y

4. BAnY/5BAREH

4.1 BHBMN-1 NV IEADBENE

N THEARER, fioRE o7 ifma Ny~ —
THFHBICI2WTIEASELEETH L. HETE
AEBIFEN S, JE AL EHKEIWER S L TE,
F2FE—FEHOCTHBEE A TIToTW AR, HEAM
HEAREVERS (B Ty, AF—R—))
(&, FEETEALTWRIEDN S\,

NSO IR IY, MAMITALE, AR
FIETTLR ) T A ZMEREL 72 B A1 A e 2 IR
Thholz.—h, RMEHEIFTVT/IZAOBR»HLH
BLDOELE D H o7z,

| Press-fitting of dowel pin | Hammer

V
41\

Pin\\I

Case

Fig. 3 Press-fitting operation by hammering

RYEEDOHBLOFREIL, Bl AIXAKMIE 24T O 1F
FERFIZADBTo TV A IMEBEADEEITIZLEHSES
3T HRALIED2H TH o7,

ANOVE¥EARZDFFURYMNATOELLNHIZET, $k
WS eENELRH SR T 2aRy MER 22 %12,
LD T HE AL =y M5 LTz, (Fig. 4)

FIFE MWL, T ATA R R As @ TEE V5
7oL FEE L7228, MEEHOBEZM < HHTL, 18
SLITBAT AEHBE T AL TRPL2. MEEORUE
M2 BAEALIZ XY, TEA BB REOMEEBS D720 DT
B arba— S REE§ 5 EATTET:.

Fo, NV T =MD EE ATV, BLO
YWRFTEETHETITY, BETA oNEHEE AL

1 791

Issues that must be resolved regarding the sense of touch
include developing techniques for sensing the hardness or
softness of parts and determining the proper level of force
when installing them, as well as the question of how to
mechanize human intuition and knack.

Therefore, we analyze in detail the assembly operations
done by line employees and convert the results to numerical
values as much as possible. Two specific examples of

resulting technical developments are described below.

4. Specific Examples of Technical Developments

4.1 Example 1: Automation of press-fitting by hammering

Press-fitting by hammering refers to the operation of
using a hammer to drive in a part with a tightening margin
into its mating part (Fig. 3). It is also referred to as impact
press-fitting. For parts requiring a large press-fitting force,
hydraulic pressure or a motor is used to press-fit them
automatically. However, dowel pins, steel balls and other
parts requiring a small press-fitting force are often press-
fitted manually.

These parts are installed in different locations and at
various angles depending on the transmission model, which
has made automation difficult while still maintaining
flexibility. There has also been a desire to automate press-
fitting operations from an ergonomic standpoint.

Issues involved in automating press-fitting operations
are analogous to two points in the task of pounding a nail

into a piece of wood. The positions of the nail and wood

Fig. 4 Press-fitting machine by hammering
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must be aligned and the nail must be driven in straight.

In order to have a robot perform the operation of a
human worker without making any changes, a machine
for press-fitting by hammering was developed in reference
to the robot technology(l) for forming a container by
hammering a steel sheet (Fig. 4).

Problems that occurred during the initial development
phase included insufficient press-fitting force and the tilting
of the hammered part during the insertion process. Those
issues were resolved by carefully analyzing the motions of
a human worker and reproducing a breaking-in hammering
action (Fig. 5). Striking force control for preventing tilting
at the outset of press-fitting was achieved by thoroughly
converting the human operation to numerical values.

The design of the press-fitting machine, trial operation
and improvement were all done in-house, followed by
installation on a mass production line. In the process where
the machine is installed, the workpiece is also turned over
by having the robot switch hands. This effective use of
robot technology thus imparted flexibility to the automated
method.

In addition, trials were undertaken to standardize the
machine and expand its application to multiple parts. It has
since been deployed globally on similar production lines.
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adjust the phase
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I . AL Matching parts 3

Fig. 6 Concept of TC installation
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4.2 Example 2: Torque converter (TC) installation

Installing a TC involves precision fitting at multiple
places in narrow spaces between parts. It also includes
spline fitting that requires the aligning of installation
positions. In addition, internal TC parts are not fixed, so
difficult aligning and positioning must be done visually,
making the installation a difficult process to do even for
human workers (Fig. 6).

Previously, we had an automated installation system
using a large machine, but it had issues with respect to
productivity. Parts were rotated and swung left and right,
which was done on the basis of making subtle adjustments.
Consequently, the work of assembling the parts prevented
the attainment of the target cycle time and complete
installation was impossible.

The same type of robot was adopted as that of the press-
fitting machine in order to change the system this time
to one with a common platform. In addition, the robot is
equipped with a force sensor giving it tactile capability, and
feedback control is performed at the time of installation,
thereby resolving the above-mentioned issues (Fig. 7).
Because the force sensor can detect the force produced
during installation, the robot is retracted in the opposite
direction if force exceeding the specified level is generated
when the installation operation is not going smoothly. The
robot is then moved to a position for correct installation.
In addition, if pressure greater than necessary is applied,
the part may be unable to rotate, so the force in the height
direction is cancelled. As a result, installation of the TC
corresponding to its own weight is thus reproduced, similar
to the installation process done by a human worker.

The transmission targeted for this automated installation
process has three fitting points. The TC is accurately
installed at one level at a time by linking the value fed back
from the force sensor, the installation position of the robot
and the rotational speed. This linked control is performed
until the final installation point at the third level (Fig. 8).

It will be noted that the force sensor has tactile capability
like the human sense of touch for carrying things, giving
it high potential for application to the automation of other

installation tasks.

Improvement of Automated Assembly Rates through Effective Use of Robots
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5. Direction of Future Activities

We intend to promote further automation by proceeding

with the following priority activities.

(I) Automated assembly of soft parts such as wiring
harnesses and rubber parts

(2) Automated assembly of control valve spools and other
parts involving super-precise fitting

(3) Effective use
collaboration

of human-robot cooperation and

(4) Development of low-cost automation technologies
6. Conclusion

This article has presented examples of technologies
developed for improving automated assembly rates. It is
predicted that a transformation to equipment centered on
robots will increasingly take place in the coming years, so we
want to thoroughly accumulate and standardize automation
know-how. In addition to improving process flexibility
further, we want to make Industry 4.0 a concrete reality and
utilize the Big Data obtained from process information to
achieve the desired form of assembly lines by 202x.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable
cooperation for the development and workplace installation

of the technologies described here.
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Summary The JR507E and JRS09E 5-speed ATs for
use on rear-wheel-drive (RWD) vehicles adopt an integrated
electro-mechanical system in which the AT control unit
(ATCU) is integrated with the transmission proper. As a result,
this increased the number of service AT types, resulting in
more man-hours for executing and managing related operations
at both the plant and the service parts center. To address this
issue, we developed the first data writing system for JATCO
transmissions in cooperation with Nissan Motor Co. for use
at car dealers. This system is based on a data writing system
for the engine control unit (ECU) that Nissan previously
deployed in global markets. The development of this system
has markedly reduced the number of service AT types.

This article outlines the new system for writing data to
the ATCU at car dealers.
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1. Introduction

The 5-speed ATs for RWD vehicles went into production
in 2000 and production of integrated electro-mechanical
types began in 2002. The latter types are built with the
ATCU integrated with the control valve and housed inside
the transmission.

One advantage of an integrated electro-mechanical AT is
that it reduces the vehicle cost by eliminating the wiring harness
between the transmission and the ATCU. Another advantage is
that the electrical components of the AT can be modularized
to reduce the cost of the AT as well.(1) On the other hand, the
data written to the ATCU must be defined for each vehicle
specification. Consequently, in the event the vehicle model
variations are increased, the number of ATCU types increases
for ordinary ATCUs with an independent electro-mechanical
system. However, the integrated electro-mechanical type has

the disadvantage that the number of AT types increases.
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Fig. 1 Increase in number of AT types according to vehicle
specification

2.2 WIEATIERBUEMDFE

PERDMIBATIE, ALY ThoHE L T (L
T T8) CERICATZ B S 587 —5 (LT 27—
y) e #HEAH, HEHBHE MBEIS Y5 — (LIF
SPC)IZHIA T 5. SPCTIZHM AR S LI FEL 2% T—
Z (LT BT —5) 2 HEAR, RS
WAL T Wz, 2Bt cld B m R iIcH -7
WIBEATE LT 5.

T =5 EBEALR OATN—F7 2 TR D ADAT
I EIZI00REETH S, ST TETF -2 HXA
LIETRI2MEE D, SPCTHfLkT — 52 HEALT
LT, 5252wz, (Fig. 2)

2. Identification of Current Situation and Analysis of

Causal Factors

2.1 Factor causing increase in AT types

The 5-speed integrated electro-mechanical ATs that
went into production in 2002 have been applied to a wide
variety of vehicles to date, including sedans, SUVs, minivans,
pickup trucks and commercial vehicles, among others. In
addition, they have also been mated to a wide variety of
engines ranging in displacement from 2.0L to 5.6L and to
both 2WD and 4WD drive systems. Combining them all
by just calculating the vehicle models x engine variations x
drive system types results in an enormous number of types
with divergent data. Moreover, even for the same vehicle
model or engine variation, when a minor model change is
executed, the transmission performance may be improved
and compliance with legal requirements is necessary. Even
if the transmission hardware is not changed, there are times
when the control data are updated. Consequently, it is
necessary to establish a new transmission model every time,
so the number of transmission types has been increasing
every year (Fig. 1). The number of transmission types leads
directly to an increase in the number of service ATs that are
provided to the market for replacement use.

2.2 Impact of increase in service AT types

Previously, service ATs were delivered to the
Sagamihara Parts Center (SPC) of Nissan Motor Co. after
mainly inputting the control data (base data) for operating
them at our Fujinomiya Plant (plant) where they were
manufactured. At SPC, the data necessary for each vehicle
specification (vehicle specification data) were written to the
ATs, which were then delivered to the car dealers concerned

throughout the world. The car dealers who received the

Fujinomiya plant "4

Number of AT hardware types

About 100 types

1 By base data write

About 2 times

‘ Base data writing ‘
N

5 Data 1 Data 2
e | et | oo | S
Al I\

R = 7\ JAAN

Vehicle specification data writing

Fig. 2 How to increase the number of types by ROM
writing
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service ATs used them for replacement according to the
vehicle specifications.

Just on the basis of the AT hardware specification
differences, there were around 100 AT types before the
control data were written. The number increased about
two times after the base data were written at the plant. The
number doubled again after the vehicle specification data
were written at SPC (Fig. 2).

Because of this large number of types, the workload at
SPC for writing the vehicle specification data, ordering and
receiving service units, inventory management and other

related operations was increasing every year.

3. Study of Improvement

3.1 Aim

The number of service AT types increased by writing
control data twice, first at the plant and then other data
were written at SPC. It was estimated that the number of
service AT types could be reduced to around 100, i.e., the
number of AT hardware types, if car dealers were able to
write both the base data, heretofore done at the plant, and
the vehicle specification data, heretofore done at SPC. In
order to accomplish that, we set about to develop a data
writing system that car dealers could use even for integrated
electro-mechanical ATs. It would be based on the example
of the ECU data writing system developed earlier for use by

car dealers.

3.2 Assumptions for system development

The task of writing data to ECUs was already being
done by car dealers in the field. Therefore, in order to
smoothly implement the writing of data to integrated
electro-mechanical ATs by car dealers, it was decided to
adopt data writing procedures matching those used for
ECUs. The following three data writing procedures were
selected (Fig. 3).
Procedure 1: Data from a vehicle brought to a car dealer are
automatically read by a vehicle diagnostic tool.
Procedure 2: The vehicle diagnostic tool automatically
selects suitable data from the old and new compatibility
(ONC) sheet.
Procedure 3: The vehicle diagnostic tool automatically
writes the selected data to the AT.

3.3 Issues involved in system development

The data written to an ECU correspond to the base

Development of a Data Writing System for Car Dealers to Minimize the Number of Service Transmission Types
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Automatically write selected data

Fig. 3 Data writing procedure at car dealer

data used for integrated electro- mechanical ATs. The data
are selected on the basis of the ONC sheet using the part
number information of the vehicle brought to the car dealer
and are written to the ECU. In contrast, because integrated
electro-mechanical ATs have two types of data-base data
and vehicle specification data-as explained earlier in section
2.2, data selection and writing must be done twice. Because
the format of the vehicle specification data differs from
that of the base data, the ECU data writing system could
not be diverted for AT use. Moreover, it was not desirable
to increase the workload. Therefore, it was necessary
to develop software for the vehicle diagnostic tool that
would make it possible to write data to integrated electro-
mechanical ATs in just one operation. An ONC sheet would
also have to be developed for the software.

3.4 Development of vehicle diagnostic tool software
Software for the vehicle diagnostic tool was developed
in cooperation with Nissan Motor Co. so that the tool could
write the two types of data in one operation. A writing
function was added that selects vehicle specification data
based on information following the writing of the base
data. As a result, the two types of data previously written

by different methods can now be written in one processing

RFTUECT R, E—RATE A O BT —5 operation.
Column 1 Column 2 Column 3 Column 4
Current After reprogramming Base data = Vehicle specification
information = information(=latest ver.)  information data information

Latest ver. | To }000((-CCCCC

old Ver{ ToX0000(-BBEBE
TOJO000C-ARAAA

Latest ver. | Ta X0O00(-GGGGG
To XXOCK-FFFFF
Old ver.{ To XOOOO(—EEEEE

ToX330{-DDDDD

To .XXXXX;CCCOO
ToXXX-CCCCC
ToXXXXX-CCCCC

ToXO00K-GGGGGE
ToXOO0-GGGGEGE
To XXX -GGGGGE
ToXO00-GGGGGE

AT_CCCCCCsY
AT _CCCCC sV
AT_CCCCCCsY

FOOKXX01 234 dat
YOOOK01234 dat
FOOO(K01 234 dat

FOOO(56789 dat AT _GGGGGCEY

YOOO(X56789 dat AT _GGGGGCSY
FHHXXXE6789 dat AT_GGGGGCSY
YOOO(56789 dat AT _GGGGGCEY

Fig. 4 Image of ONC data output from ONC sheet
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3.5 Development of ONC sheet

The ONC sheet represents a database containing
information that enables selection of both the base data and
the vehicle specification data that should be written to the AT
from among several hundred types of data. It also contains
information on the compatibility between the old and new parts
of the vehicle requiring replacement of the AT. Figure 4 shows
some examples of information extracted from the data in the
ONC sheet. Starting from the left side, Column 1 shows current
information in comparison with that for the part number read
by the vehicle diagnostic tool for the vehicle brought to the
car dealer. Column 2 shows the part number information after
writing the data. Column 3 shows the base data information
for use in writing the data. Column 4 was newly added for
the vehicle specification data specific to integrated electro-
mechanical ATs. From the top, the first line shows the latest
specification version and the lines under it show the old
specification versions in the order of interchangeability. For
example, consider that AAAAA is written as the old version
and CCCCC as the latest version in Column 1 for the vehicle
brought to a car dealer. In this case, Column 2 indicates that
the latest version CCCCC should be selected for both lines.
With this information, the vehicle diagnostic tool can select an
old version and a new specification having interchangeability
with it from among large quantities of data.

Using the ONC sheet creation tool prepared with ordinary
spreadsheet software, the ONC sheet is converted to a text
file format corresponding to the vehicle diagnostic tool and
output. Data input mistakes on the ONC sheet must be avoided
because they will lead to incorrect writing of data at the car
dealers, which will impact vehicle performance. Because the
addition of vehicle specification data specific to integrated
electro-mechanical ATs increased the risk of input mistakes,
two foolproof functions were added. One is a function for
avoiding entry of the wrong part number. There are several
rules concerning how part number information should be
inscribed in the ONC sheet creation tool. When an incorrect
value is input, an input restriction is applied to the place where
the part number is input, and an error indication is displayed.
In addition, outputting the ONC sheet is also prohibited.

The second foolproof function is for checking
consistency between the ONC sheet and the data that need
to be written. The ONC sheet creation tool checks the main
data inscribed in the tool, the vehicle specification data file
names and also the part number information contained in
the vehicle specification data. It displays an error indication
if everything is not consistent and also prohibits the output
of the ONC sheet (Fig. 5).
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4. Effect on Reducing the Number of Service AT Types

Beginning with the U.S. and Canada in March 2013,
the system has now been deployed in all markets where
JATCO ATs are shipped. As a result, the number of service
AT types has been reduced to approximately one-third
compared with the peak period (Fig. 6).

5. Conclusion

(1) A system was developed that enables car dealers to
write control data to 5-speed integrated electro-mechanical
ATs used on RWD vehicles.

(2) Two key issues were addressed to facilitate the
development of this data writing system for car dealers.

1) Development of software that enables the
vehicle diagnostic tool to automatically select and write two
sets of data at once.

2) Development of an ONC sheet that supports this
automatic selection and writing of data and the provision
of foolproof functions to ensure the ONC sheet is created
correctly.

(3) The following benefits have been obtained by this
system that resolved these issues.

1) The number of service AT model types has been
reduced to one-third of the previous number.

2) Inventory management man-hours for executing
and managing related operations have been reduced at both
the plant and SPC.

Finally, the authors would like to profoundly thank
everyone concerned in related departments for their

invaluable cooperation for the development of this system.
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Summary The Quality Assurance Department and
the Purchasing Monozukuri Support Department jointly
launched the Quality Health Check activity in fiscal
2017 with the aim of strengthening and enhancing
suppliers' quality control systems. This article explains
the background leading up to the implementation of this

activity, its significance and plan for future deployment.
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1. Status of Transmission Quality and Purchased Parts

Quality in Recent Years

JATCO has been integrating and sharing transmission
parts in recent years as vehicle manufacturers have been
moving to integrate their vehicle models and platforms. As
a result, instances are now seen where a problem in one
transmission or part impacts more vehicle models and
vehicle owners than ever before. A problem in a transmission
that JATCO supplies to our OEM customers has a strong
possibility of affecting the safety of vehicle owners and also
the brand strength that a vehicle manufacturer has built up
over many years.

For these reasons, JATCO has been promoting activities
aimed at achieving zero defects. Continuous activities to
improve product quality are consistently being carried out
not only in-house but also with the cooperation of suppliers.

The quality of purchased parts has improved
dramatically in recent years thanks to the positive efforts
made by suppliers. Along with JATCO's in-house quality
improvement activities, the resulting synergies have worked
to enhance the reliability and customer satisfaction of
JATCO transmissions year after year.

However, although instances of dissatisfaction by
customers and vehicle owners have been decreasing, we

have still not reached our goal of zero problems.
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2. New Issues for Achieving Zero Quality Problems

An analysis of problems at suppliers in recent years
revealed that the following cases were numerous.

e Parts with problems were judged to be OK despite

going through a quality inspection process.

* Problems suddenly occurred at suppliers who had not

had any problems previously.

The causes of these cases were investigated with the
cooperation of the suppliers involved. Previously, problems
were caused by insufficient control parameters or inadequate
countermeasures when changes were made in methods,
machines, materials or manpower (4M). It was found that
problems due to these causes had been markedly reduced.
However, cases caused by human error in production
workplaces had not decreased, including the following:

e Failure to observe work procedure manuals or

operation standards

* Improper action or method of handling an abnormal

condition that occurred

® Mixing unacceptable products with good products by

mistake

All of the suppliers have established their own rules
for maintaining quality based on their knowledge and
what they have learned from problems in the past. A fresh
survey that also looked at problems in processes at suppliers
revealed many cases where such rules were not actually
being observed.

The reasons why the rules and procedure/operation
standards were not being observed were thoroughly
analyzed. The following results made us realize anew that

there were issues in workplace management levels such as:
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Fig. 1 Connection between evaluation and improvement
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* Workplace management capabilities are inadequate

and things are left to the workers

¢ Insufficient man-hours spent on education and training

and lack of skills

* Not enough opportunities to review and correct

current conditions

Besides improving the level of workplace management,
an environment and organization are needed to keep the
improved state so as to maintain high quality. The following
two activities are necessary for that purpose.

(1) The current situation and the desired state should
be shared internally and problematic points blocking
improvement must be made clear.

(2) The problems must be resolved and efforts made to
improve skills and advance improvements so as not
to regress to the previous condition.

Examples of previous measures taken to address
problems were analyzed from the standpoint of process
countermeasures taken when problems occurred. The
results revealed that depending on the nature of a problem
some suppliers took steps immediately to address it, and
other suppliers improved their processes by solving one by
one the problems that were hindering their operations. A
comparison of the two types showed that the latter were
superior with respect to the recurrence rate of problems and
the incidence of similar problems that originated especially
in human error.

The foregoing results made us realize anew that the
ability to improve quality and the management ability to
maintain and continue quality levels are among the key
elements for gauging suppliers' quality control systems.

At the same time, we also realized that JATCO's
evaluations to date of problems occurring at suppliers had
not actually reflected the present realities of the suppliers

and that there was a need for new evaluation indexes.

3. Significance of Quality Health Check Activity

The Quality Health Check activity was started in fiscal
2017 with the aim of revealing the present circumstances of
quality control at suppliers as described above. Reference
was made to some examples of activities that Nissan Motor
Company has been undertaking for the last several years for
the same purpose. The activity was named Quality Health
Check, which embodies our intention to promote smooth
communications with suppliers and desire to maintain

quality in a healthy state.
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Function (#88)+ Quality (F4HE)
Cost (3AF)

Value (ffiff) =

Fig. 2 Definition of value

The various audits and design reviews that are conducted
when launching new products and changing processes are
intended to be activities for evaluating and correcting products
and production lines. The Quality Health Check is designed
to be an activity for ascertaining the abilities of suppliers to
maintain and manage quality as mentioned above.

A wide variety of things are observed in this activity
including the following:

® Product and process design departments including

their design methods and technologies

® Management departments including production

management and operations

¢ Plant departments including manufacturing and logistics

The details to be confirmed are also designed to make
clear as much as possible whether management and control
functions are working effectively based on observations
of operations and interviews. For example: Are all the
sections and departments carrying out their operations
in a reasonable manner? Are standards and rules being
observed? Is there an environment in place that enables
recognition of problems and abnormal conditions? Are
revisions and corrections made promptly?

Naturally, details are confirmed in accordance with
International Automotive Task Force (IATF) standard 16949
concerning quality management systems requirements
for automotive production and relevant service parts
organizations. A prominent feature of our Quality Health
Check activity is that it also includes items pertaining to
the 5S activity, safety and working environment, which
influence the production activities and quality improvement
activities of the employees and can also serve as the starting
point for changing human psychology and behavior.

JATCO has used various standards and check lists to
investigate and evaluate suppliers' quality in every project
and process to date. It was also found that such evaluations
require many man-hours for both JATCO and suppliers and
that they can be the cause of confusion when conducted in
parallel with a project for a new product.

One of the major purposes for conducting Quality
Health Check regularly is to consolidate quality control
evaluations of suppliers and to promote a simpler activity
for both JATCO and suppliers.
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4. Quality Health Check: A Means and Tool not a Goal

The Quality Health Check is a means for enabling
suppliers to maintain and manage quality, to confirm their
present circumstances and to bring to light any risks that
might worsen quality in the future. The intended purpose
is for suppliers themselves to take action leading to
improvement of their weak points based on the results. This
can be understood by likening it to a health examination
that employees typically undergo every year.

A personal health examination should lead to health
improvement activities such as more detailed medical
examinations or a treatment program based on the doctor's
advice. A misconceived or mistaken procedure may cause
a condition to worsen, not to mention offering no hope for a
healthy recovery.

The same is true for the Quality Health Check. The
aim is to have suppliers recognize that letting a situation
go, though no problem has occurred at present, entails a
risk that a problem may occur or be passed on at some point
later.

The results of the Quality Health Check are shared
by the supplier and JATCO's related departments. It is
essential to pursue improvement activities while gathering
the opinions of the employees engaged in the operation
concerned. Naturally, there are also issues and problems
that cannot be resolved overnight. Yet, whether a person
recognizes weak points and bad points healthwise and does
or does not live (pursue production activities) accordingly
will result in huge differences with regard to maintaining
good health (quality). We want continuously to implement
improvements and maintain them by steadily addressing

problems even if it takes time.
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5. Future Deployment: Aim is to Improve Transmission

Quality further through Simultaneous Quality Activities

For new products, the following are required of product
design and production processes because they are directly
related to the task of building in quality:

* Product designs that are easy to build

® In-line product quality assurance process and digital

processing

In this case, there is no doubt that people are the key to
managing and keeping equipment operating properly and
to maintaining and managing quality when an abnormal
condition occurs. With this in mind, it is ever more essential
to maintain an environment in which quality can be assured
in normal times.

Through the use of the Quality Health Check, we want to
promote the early implementation of a proper environment
for launching new products and production lines.

In that way, we want to form a win-win partnership that
mutually strengthens the corporate value of both JATCO
and suppliers.

Finally, the author would like to thank everyone
involved inside and outside the company for their invaluable

cooperation.

Tadashi KANEKO
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Automatic Analysis of Quality Information by utilizing Artificial Intelligence
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Summary AtJATCO, we regularly analysis information
on product quality fed back from the market as part of our
efforts for improving quality. In order to accelerate the speed
of this activity, there has been a need to analyze information
faster and more efficiently. Toward that end, the Corporate
Quality Assurance Division that is responsible for analyzing
such information has been working to automate analyses.
As part of this effort, we have implemented an automatic
analysis system based on the use of artificial intelligence
(AI). This article describes the new system and an example

of its practical application.
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1. Introduction

As one activity for improving quality, JATCO's
Corporate Quality Assurance Division classifies quality
information fed back from the market by customers
(OEMs) according to each type of incident. The details
involved are ascertained, causes are analyzed and measures
for improvement are implemented. However, owing to
the increasing volume and types of data in recent years,
it has become impossible for employees to process all the
information in analyses conducted separately for each
incident. Therefore, we have developed an automatic
analysis system using Al for the purpose of improving
analysis efficiency.

2. Issues and Solutions

The quality information analyzed includes data on
vehicle production, diagnostic data and the details of a
problem as stated by the vehicle owner. Based on this
information, if the problem is a known issue, it is classified
in the relevant category and the details of the situation
are ascertained. On the other hand, for cases classified as
unknown issues, a detailed survey is conducted to confirm

the nature of the problem.
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Configuration of automatic analysis system

Previously, in this analysis, employees had to read and
understand information on each incident separately, which
was very time-consuming. Moreover, the analysis results
tended to vary depending on the skill level of the people
doing the analysis. In addition, because the types of data
treated in the analysis have increased in recent years, many
man-hours have been required to analyze a problem, which
was an issue in trying to ascertain the overall quality of our
products in the market. Therefore, in an effort to resolve
these issues, we focused on a system for automatically
analyzing quality information.

3. Overview of Automatic Analysis System

The automatic analysis system has a two-level structure
as shown in Fig. 1. First, the judgment criteria and judgment
process undertaken by employees are registered in the system
as perfectly matching conditions. A case that coincides with
such conditions is classified in an appropriate category
(Analysis 1).

However, the quality data to be analyzed also include
comments input by the people involved, which are not unified. For
that reason, cases remain that do not coincide with the judgment
criteria of known issues and therefore cannot be classified. The
percentage of classifiable cases can be increased by investigating
all the operating patterns and by applying comprehensive
judgment criteria. However, there are limitations on the criteria
that can be extracted. Therefore, the system is structured such

that the remaining cases are analyzed by machine learning,

which is one type of Al technique (Analysis 2).

Q

Machine learning

Fig. 2 Artificial Intelligence, Machine Learning
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4. Overview of Machine Learning

Machine learning refers to a technique or method for
incorporating in computers a function like the learning ability
naturally displayed by humans. After learning the presented
data, the machine discovers patterns and characteristics
hidden therein, enabling it to predict unknown data.

Machine learning includes an approach for using
statistical methods to define the features of human judgement
and an approach called deep learning for automatically
extracting features (Fig. 2).

However, one issue of deep learning is that it is difficult
to correct the results because the judgement criteria are in a
black box. Therefore, we decided to use a machine learning
approach based on statistical methods that allow an explicit

explanation of the judgement criteria.

5. Machine Learning System

The quality information to be analyzed includes the
vehicle owner's complaints and the details of the dealer's
response. This information is valuable for judging the
situation. Therefore, in this project, we adopted a naive
Bayes filter, which is effective in classifying document data.

A naive Bayes filter refers to a text classification system for
judging to which category a document belongs. It is generally
implemented in machine learning systems as a filtering function
for automatically classifying items into categories, such as
categorizing email as being either spam or ham, or web pages
as being related to politics, economics, computers, IT or other
fields (Fig. 3). It is noted that such machine learning systems

run on Python, a general-purpose programming language.

6. Naive Bayes Filter

A naive Bayes filter refers to a method of classifying
words in a document into the most probably category to
which they belong based on the probability calculated with

the Bayes' theorem. The method is called naive because
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Table 1 P(C) & P(WilC)

Noise: [Customer, Noise, Acceleration]
Noise: [Noise, Gear, Shift]
Speed sensor:  [Customer, Sensor, Acceleration]

Lack of power: [Customer, Acceleration, Shift, Noise]

.. Categor: Categor:
Training document Noiey SpiZ;egz or| Lack o ngo)v)ver
P(C) 2/4 1/4 1/4
P(Wi|C): Customer 1/6 1/3 1/4
P(W>|C): Noise 2/6 0/3 1/4
PWs3|C): Gear 1/6 0/3 0/4
PW4|C): Shift 1/6 0/3 1/4
P(Ws|C): Acceleration | 1/6 1/3 1/4
P(Ws|C): Sensor 0/6 1/3 0/4
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relationships between words are ignored and the probability
of words occurring is regarded as being independent.
Training data (sample data) must be learned in advance
in order for the system to know what types of words are
contained in each category and with what probability.

In order to ensure a sufficient number of training data,
we used the results of previous analyses and the results
obtained in Analysis 1.

6.1 Bayes' theorem

Bayes' theorem used in probability calculations refers to
a theory for estimating the probability of causes based on
the results. It is a viable theorem for conditional probability.
The probability (posterior probability) that input document
D will be classified in category C is expressed in Eq. (1) as
P(CID) based on Bayes' theorem.

P(D|C)P(C)
P(D)
P(DIC): likelihood. Probability of obtaining document D

when category C is given.

P(C|D)= o P(D | C)P(C) (1)

P(C): a priori probability. Probability of obtaining category
C. Number of documents judged to be in category C/total
number of documents.

P(D): Probability of obtaining document D. Value is
constant and can be omitted.

Because likelihood P(DIC) assumes that the probabilities
of words occurring are independent, it can be approximated
by adding up the probabilities of obtaining each word in a
category as expressed in Eq. (2) below.

P(D|C) = PW,|C)PW,|C)...P(W, |C) 2
Hence, Eq. (1) can be expressed as shown below.

P(C| D) = P(W, | C)P(W, | C)...P(W, | C)x P(C) (1)’
Here, P(WilC) is found by dividing the number of times
word Wi occurs in the training data in category C by the
total number of words in category C.

number of W;
number of vocabulary in category C 3)

P | C)=

6.2 Bag-of-words model

Next, a bag-of-words model is used to calculate P(WilC).
This model only considers whether a word is included in a
document and it expresses the number of times words occur
without considering the order in which they appear. If a
word occurs in a document, it is assigned a 1 and if not, a
0. Multiple occurrences are added up. The value of P(WilC)
is obtained by dividing the number of times the word Wi

occurs by the total number of words in each category.
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Table 2 New document's P(CID)

New document [Customer, Shift, Noise]

atego atego. atego

New document CNoieW Spied gezw LacCI‘c onggver
\P(W+|C). Customer =P(W.|C) 1/6 1/3 1/4
\P(W;,|C): Shift =P(W:|C) 1/6 0/3 1/4
PVIC): Noise _ —rovio | 2/6 | 0/3 | 1/4
\P(D/C)=
P((mcﬁxpmoxpm@ 1/108 0 1/64
P(C) 2/4 1/4 1/4
\P(C/D)=P(D/C) xP(C) 1/216 0 1/256

Table 1 THEBIW72V AT AIIKL, DT OB
FHPG RN G2 EH T HETable 20 L) 4l K23
o, AT ITVEP(CID)YS—FF B Category Noisell
ITHEINS.

6.3 BEEDEAFT

Table 20 FFTIE, ETHOXHITHBLTHNS
[ Customer] A O U5 B 72 HZE [ Noise | 55 L [a] U H
ATRIASINTLIVGRHEII D %A D720, HAfDHE
AT EATHIUED BB, EAMNITOMEIZHGED 1B
B BE — ¥ SC BB TF-IDF (Term Frequency - Inverse
Document Frequency) %\ 7z,

TRZHFEOHBUHIE THY, 52Tl o2 HiEE Do >
MK TH 5.

—77, IDFIZ, $¢E DA 7TV THBUHEE S V HLEE
REELHGEL L THARERTIER T THA.

TF-IDFI&, TFEIDFZ4#HT &R 7245 T (4) D L
INIFKED.

N
TFIDF(W,D) = TF,, , x log[ o ] (4)

WD
TFW.D : &% XEDICIHBIL7- HigEwo Inl L
DFW.D: HEEWHREENTWHLLEDEK
ND: &TOLHK
I L72TF-IDFICXY, & HEEP(WnIC)DHEMRFIT%

TV, COMHEZSEITRAEFE DT LT,
UEDOTNVIYZALZENFA =T XA X TANEY e F %

L7-.

COYAT MIIDHE R EL72F R T
PUF o i B S o 8413 Analysis 1 TlE 3 AT T

BHo727h%, Analysis2 Tl [Pressure sensor] & 73S 7.
[Customer] CUSTOMER STATES SERVICE ENGINE

SOON LIGHT IS ON

1991

For example, given the following documents as training
data, the values of P(C) and P(WilC) are found as shown
in Table 1 where ( ) assumes that the documents are not
linked. After learning the data in Table 1, the system
performs calculations when presented with new documents
shown below, and the results obtained are given in Table 2.
Category P(CID) is classified in the category Noise having
the highest values.

6.3 Weighting of words

The word "customer" commonly occurs in all the
documents, as does other distinctive words such as "noise".
If calculations are performed on the words in Table 2
as they are using the same weighting, it would lead to a
misjudgment. To avoid that, it is necessary to weight the
words in the table. Weighting is done according to the
formula of term frequency - inverse document frequency
(TF-IDF).

The notation TF indicates the frequency at which a
word occurs. It has the same value as the word count done in
Section 5.2. The notation IDF, on the other hand, indicates
that a word occurring with a high frequency in a particular
category is treated as a key word and its weighting is defined
in line with this idea. TF-IDF is expressed as an index as
shown in Eq. (4) in which TF and IDF are multiplied.

TFIDF(W,D) =TF, , x log( Ny ] (4)
’ DF, w.D
TFW,D: number of times the word W occurs in a certain
document D
DFW,D: number of documents containing the word W
ND: total number of documents

The calculated value of TD-IDF is used to weight each
word P(WnlC), and unknown documents are then classified
on the basis of the values obtained.

The foregoing algorithm was then implemented in the
naive Bayes filter. The following is an example of how this
system improved the identification rate. The following
quality information was not classifiable in Analysis 1,
but it was classified under "pressure sensor" as a result of
Analysis 2.
Customer: CUSTOMER STATES SERVICE ENGINE
SOON LIGHT IS ON.
Technician: CONFIRMED COMPLAINT FOUND CODE
P 0847 FLUID PRESS SEN SW B PERFORMED ESM
DIAG FOUND TEST RESULTS OUT OF SPECS.

Under the perfectly matching conditions of Analysis

1, PO847 and pressure sensor were registered, but a space

Automatic Analysis of Quality Information by utilizing Artificial Intelligence

[Technician] CONFIRMED COMPLAINT FOUND
CODE P 0847 FLUID PRESS SEN SW B PERFORMED
ESM DIAG FOUND TEST RESULTS OUT OF SPECS

Analysis1 D5E 42— 513, [P0847] & [PRESSURE
SENSOR | DB FEN TV, G EHCIE, AR—
AMENIEFNTWHILE, BIN KL hoTn
b7, AT EA LR o7

L %L Analysis2TlZ, [Pressure sensor] ® # i 7 —
IR U HEES & & A S EDPBFIN TN 720, 47
O pEE o7z,

A B #EBR Y IZPRESS SEN = PRESSURE SENSOR
EAREZONDLD, BMIEFE UL it AR 2 1308w
TERWV. AL, WIS T 9% 7 —s%2 5.2 T#Hse
HZEIZXY, EREOBIDIHIZ NEERIC L) IZH S
BTENUREE o7z,

7. SRR RERTAE & RIFE A

4|

ML TV OVERE ML, R EEE B DA
N-3Cdh AHF1-measureu (¥4 7 0FH) 12X T 572

i 758 (Precision) 1, BtEEHIE SN2 TV D)
5, EBCIER SN THHE GRRIEOA %K) T,
(5) THINS.

P (Recal) 1%, IEEDGETHLH T IVDHD,
IELLB e Sn 7z (AL L oA 7%E) T,H(6)
THRING.

AT IV ENEL2IE, Fl-measureu (%4272 F3)

33 (7) TEE L.
> IE iTPi
Precision, = w—=——— (5) Recall,, = N# (©6)
(TR +FP) S (TP + FN,)

i=1 i=1

2Recall % Precision,,

(N

Fl1-measure, = —
Recall |, + Precision,,

Table 3 F1-measure

Category C Not Category C

True Positive False Positive
Category C (TP) (FP)

False Negative | True Negative
Not Category C (FN) (TN)
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was included in the code notation and the description was
abbreviated in the quality information. Consequently, this
case was unclassifiable because it did not match any of the
conditions.

However, in Analysis 2, documents containing the same
string of words, "pressure sensor", were registered in the
training data, making it possible to classify this case.

Humans would know from experience that "press
sen" can be read as pressure sensor, but a machine cannot
ordinarily make this same substitution. However, applying
sufficient training data to a machine enables it to learn to

make the same judgment in this case as humans would.

7. Classification Performance Evaluation and Practical
Application

The performance of the machine learning model was
evaluated on the basis of the Fl-measure 4 (micro-average),
which is the harmonic average of precision and recall.
Precision is expressed by Eq. (5) below where it indicates
the rate of correct positive results among all the samples
judged to be positive (i.e., few false detections). Recall refers
to the rate of correct positive results among all the correct
positive samples (i.e., few oversights) and is expressed by
Eq. (6).

Letting N represent the number of categories, the F1-
measure i is expressed by Eq. (7).

N N
S S
——— (5) Recall, =—=—— (6)

Precision =
> (TR + FN))
i=1

> (TR + FP)

i=1

2Recall 0 % Precision B

FlI- measure,, =

Recall , + Precision,, M

The validation results for the model showed that F1-
measurey = 0.86 (86%), thus confirming that the model
has the same level of performance as the results of analyses
performed by employees.

However, there was concern that, with the algorithm
described above, quality information would be classified
under one of the categories regardless of how low the
precision was. Consequently, even unknown cases would be
buried in an existing category. To prevent that, a threshold
value was additionally defined for the identification rate so
that identification rates below the threshold value would be
processed as being unclassifiable (Fig. 5).
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Not Not
classified classified
Input Analysis 1 Analysis 2 Output
Dealer’s data pecified condition Machine learning Not classified data
Classified Classified l
Output Detailed analysis
Classified data by human

Fig. 4 Configuration of automatic analysis system (2)

WEEO#E R Fl-measureu = 0.86 (86%) &0, O
ETITo TV TG REFSFEL NIV OHERETH LI L
ZHERE T,

72771, BT VT XATIE, EARISE AR
BLTH, WIFNADOATINGFFEINTLE) 20, K
MEMAHBLTHEAA T TNCHI N LI R aH
b FZT, HEHERILENMEZEEL, LEWHED
TOHEIZGEAT LT BB ABEIML7 (Fig. 4).

MEBEOKER, HEF X Analysis1 TlZ41% TH 7225,
Analysis2l2&D84%E 2, KT AT LD A Rk A3 R
T&7.

EEALDORRIIKREL, HERDOVEIL L5 Tld s
HI100B R E L ECTHo72h, AV AT 22 HHT5
CET, SHBETHMMRERGOND I RoT.

8. &&o

ATRIEHL-HE) AT S AT 2O BRFEICXY, 5541k
FKOMZALYPEBITE, M EOEFILEIEHIC
ootz Fiz, N EEE L2 DL UM 0T 2 17
HTLIZED, QLI T H0MT R RO Z=RERIHE T2
TEASTEz. EBIC, B EHIN Lo/ E 2 5 1
M3 A2 L2, FrEEREO RS R, 0k
BRI TAIEN T ek r o,

G IR A B LD R E AN S LML, HrElR
EANOFIE DS 5% R WALICHEEL TWhE2wn.

WIRICAR VAT BERIZE KW 1k wizi2nwi- |
R RIEH OB EERT.
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As a result of this adjustment, the identification rate in
Analysis 1 that was 41% previously was improved to 84%
by Analysis 2, thereby confirming the utility of this system.

This system has had a large effect on improving
efficiency. Previously, analyses conducted by employees
required about 100 hours a month. The use of this system
enables the evaluation results to be obtained in around five

minutes.

8. Conclusion

The development of this automatic analysis system
utilizing Al has improved the efficiency of analysis work,
making it possible to grasp the whole picture of product
quality in the market. In addition, the previous differences
in analysis results among different employees have been
eliminated by visualizing the analysis procedure and
conducting analyses automatically. Moreover, prioritizing
the analysis of cases that cannot be classified automatically
has made it possible to concentrate on the early discovery
and early resolution of new issues,

In future work, we intend to apply machine learning to
other tasks, such as the detection of abnormal conditions, so
as to contribute to even quicker resolution of new issues.

In conclusion, the author would like to thank everyone
involved for their invaluable cooperation with the

development of this automatic analysis system.

Automatic Analysis of Quality Information by utilizing Artificial Intelligence
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Emian Introduction on Products

HEBENER(T Infiniti QXS0 A Jatco CVT8 (JFO17E) DB

Introducing the Jatco CVT8 (JFO17E) for Nissan's New Infiniti QX50

201842 IR EICo e s - HEE BB AR X &4k o
FALEE [ Infiniti QX50/12Jatco CVT8 (JFO17E) A3 & #k &
nLz.

JFOITEDAR T 72 av ETARL I A ALy YOS R%
AL, FELzay s Ty FHlEE, EEOREEE

BOOD, FINEREEEW . E2arha— N7

Z X2 A SRS X0, Fp) o> i e R w] 28 T A b
YIVVINVNCE—R | OVERREGIEHL, EHRERED 74—
YT EEHTFI) = T LNV DR EPEREDEBLICE
LTV,

F72, VIO T4 =T AT 2SHIEL, B0l
EyH-TnET .

Fig. 1 Main cross-sectional view

The Jatco CVT8 (JFO17E) is installed on the new
generation of the Infiniti QX50 that Nissan Motor Co.,
Ltd. released in the U.S. in February 2018. Effective
use is made of the JFO17E's distinctive low friction
characteristic and wide ratio coverage to bring out the
full performance of the VC-Turbo engine, the world's first
mass-produced variable compression ratio engine. This is
mainly accomplished through the newly developed torque
converter lockup control and the control valve-based shift
control that reconciles fast shift response with improved
shift stability. As a result, the JFO17E contributes to the
attainment of an enhanced feeling of driveability and top-
level fuel economy in this vehicle category.

In addition, the JFO17E is compatible with a shift-
by-wire system for improved product appeal and

competitiveness.

Table 1 Specifications of JFO17E

Torque capacity 380 Nm
Torque converter 236 mm
size

Pulley ratios 2.413-0.383
Ratio coverage 6.3
Final gear ratio 5.846
Number of selector | 4 (P, R, N, D)
positions +Shift By Wire
Overall length 370.0 mm
Weight (wet) 100.0 kg

Fig. 2 Exterior of JFO17E

B Typical model fitted with the JFOI7TECVT W

Infiniti QX50

11031

EmEN Introduction on Products

ZEBHERIF THUT R YOAR Jatco CVT8(JFOT6E) DA

Introducing the Jatco CVT8 (JFO16E) for the Mitsubishi ECLIPSE CROSS

20174E TSR, 20184F 1 HICAE K, 2L TC3HICHA
THIESINZZ AT H TR S OF I [2)
T A 71 A [IZJatco CVT8 (JFO16E) DS FEf S F L7

JEOI6EDAK 7V 27 av b IARL YA ALy YOS RE
KBV RIE L2283l (7 by 72D, Hillasifd
DIIHAD T —RI Vv edhba, RETEREL &
HEPERED A FICE L TV E T

FRIHT B ORI X5 [# B o gR - B VB LN
e[ El e EAT o iRtkm FiE, BRESE,
LEVEHIi AR T E T

Fig. 1 Main cross-sectional view

The Jatco CVT8 (JFOI6E) is mounted on the new
ECLIPSE CROSS that Mitsubishi Motors Corp. released
in Europe in November 2017, in North America in January
2018 and in Japan in March 2018. Featuring low friction,
wide ratio coverage and extensively improved shift control
software, the JFO16E contributes to improving fuel
economy and driveability together with a new downsized
turbocharged 4-cylinder engine. The newly developed shift
control software notably improves driveability for passing
acceleration where the driver desires strong acceleration
and also in steady medium to high speed driving. This
performance has been highly acclaimed by vehicle owners.

Table 1 Specifications of JFO16E

Torque capacity 250 Nm
Torque converter size 236 mm
Pulley ratios 2.631-0.378
Ratio coverage 7.0
Final gear ratio 6.386
Number of selector positions 4 (P,R,N, D)

+Manual shift mode
Overall length 366.0 mm
Weight (wet) 94.2 kg

B Typical model fitted with the JFOI6ECVT W

Mitsubishi ECLIPSE CROSS
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1. JATCO exhibits at various motor shows

JATCO presented a booth at the Seoul Motor Show
2017 held at the Korea International Exhibition Center from
March 31 to April 9. JATCO has participated every time in
this biennial motor show organized in South Korea where
the company has engineering and sales offices. This was
JATCO's seventh consecutive time to exhibit products at
this event.

JATCO also exhibited products at Auto Shanghai
2017 held at the National Exhibition and Convention
Center in Shanghai from April 19-28. China is one of the
most important markets for JATCO's future growth. By
presenting a booth at this motor show, JATCO publicized
its contributions to the development of China's motorized
society by providing CVT technologies with outstanding
benefits for vehicle fuel economy and driveability.

Moreover, JATCO also presented a booth at the 45th
Tokyo Motor Show 2017 held at the Tokyo Big Sight from
October 25 to November 5. Under the theme of "JATCO's
Future Vision," JATCO sent a message that the company
will continue to undertake the challenge of evolving its
transmissions to match the evolution of vehicles in the
mobility industry now undergoing profound changes due to
electrification, autonomous driving and connectivity.

The 15th China Guangzhou International Automobile
Exhibition (Auto Guangzhou) was held at the China Import
and Export Fair Complex in Guangzhou from November
17-26, 2017. JATCO had a booth at the International Auto
Parts & Accessories Exhibition from November 17-19. The
exhibits mainly featured the Jatco CVT7, Jatco CV T8, Jatco
CVT7 W/R and other units produced at JATCO Guangzhou.

2. Participation in and support for JSAE-sponsored events

JATCO presented a booth at the 2017 Automotive
Engineering Exposition held at the Pacifico Yokohama
Exhibition Hall from May 24-26 and at the Nagoya
International Exhibition Hall (Portmesse Nagoya) from
June 28-30. Through displays of the latest CVT technologies
related to vehicle fuel economy and driveability, JATCO

introduced the strengths of CVTs and the enormous

Highlights of 2017
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contributions that the transmission makes to vehicle
performance.

In addition, JATCO also had a booth at Kids Engineering
2017 that was held at the Pacifico Yokohama Exhibition
Hall on August 5-6. JATCO's program entitled "What
is a planetary gearset?" explained the mechanisms of a
planetary gearset to future engineers. JATCO has been a
supporter of this event since it was first organized in 2008.
Hands-on classroom activities, demonstration programs and
exhibits enable the participants to learn about science and
technology in various technical fields centered on vehicles,
ranging from vehicle mechanisms to environmental issues.

The Ogasayama Sports Park (ECOPA) was the venue
for the 15th Student Formula SAE Competition of Japan
from September 5-9, 2017. JATCO and JATCO Engineering
provided support for this competition, and employees also
contributed to it by serving as judges. Meijo University and
Chiba Institute of Technology, which received technical

support from the two companies, both made an excellent

showing that was even better than last year.

3. Participation in SAE conferences in various countries

JATCO employees presented a total of 15 technical
papers at SAE conferences organized in the U.S., China,
South Korea and Japan. These presentations introduced
JATCO's activities in a wide range of technical fields,
including the latest CVT control technologies, production
engineering technologies, CAE tools, and measurement
techniques, among other areas. Moreover, JATCO also
presented a booth at the SAE Congresses held in Japan, the
U.S. and China, giving visitors an opportunity to recognize
the outstanding fuel economy and superb driveability
achieved with CVTs.
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4. Participation in VDI conferences

The 17th International VDI Congress "Drivetrain
for Vehicles" was held in Bonn, Germany, on July 5-6,
2017, sponsored by the Verein Deutscher Ingenieure (The
Association of German Engineers). A JATCO employee
gave a technical presentation on the company's new torque
converter lockup control that contributes to outstanding
vehicle fuel economy and driveability. Amid the rising
interest in CVTs even in Europe, VDI held a special
conference this year dedicated to "CVT in automotive
on October 10-11. A JATCO executive
delivered a keynote speech concerning the suitability
of CVTs for 48V mild hybrids, and a JATCO employee

also gave a technical presentation on CVT development

applications"

activities using a new Internet-based data logger.

In addition, two JATCO employees gave presentations
at the 7th VDI International Conference on Gears 2017 held
in a suburb of Munich, Germany, on September 13-15. One
presentation dealt with the use of the Taguchi Method to
analyze the hobbing process and the other one concerned

an analysis of the effect of hobbing conditions on gear tooth

root strength.

5. Participation in CTI Symposiums

A JATCO executive delivered a keynote speech on
the company's global quality control activities at the 11th
CTI USA Symposium held in Novi, Michigan, on May
15-18, 2017. Three JATCO employees also gave technical
presentations explaining the company's new torque
converter lockup control, new Internet-based data logger,
and the real-world performance of different types of
automotive transmissions.

At the 6th CTI China Symposium held in Shanghai,
China, on September 25-27, 2017, an employee responsible
for development activities at JATCO Guangzhou gave a

Highlights of 2017
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presentation on JATCO's development and production
activities in China. A JATCO employee also gave a technical
presentation on a new transmission benchmarking tool.

A JATCO executive delivered a keynote speech on the
role of CVTs in the age of powertrain electrification at the
16th International CTI Symposium held in Berlin, Germany,
on December 4-7, 2017. In addition, two JATCO employees
gave technical presentations on a new non-contact method
for measuring the CVT chain and on a new transmission
benchmarking tool.

6. Cumulative global AT and CVT production reaches
100 million units

At the end of March 2017, JATCO's cumulative global
production of stepped ATs and CVTs reached 100 million
units. Production of stepped ATs began at Nissan's Yoshiwara
Plant in April 1967 with the 3-speed 3N71 for rear-wheel-
drive (RWD) vehicles and used on Nissan's Datsun Sunny
1000. In 1989, JATCO released the world's first electronically
controlled 5-speed AT for RWD vehicles, which served to
accelerate the addition of more speeds to stepped ATs, leading
to the present AT models. It subsequently led to a 6-speed
AT for front-wheel-drive (FWD) vehicles, a 7-speed AT for
RWD vehicles, and a 7-speed AT for RWD hybrid vehicles,
among other units, which have recorded cumulative sales of
approximately 65 million units.

As for CVTs, the curtain of the present CVT age opened
in 1997 with the FO6A CVT, the world's first 2-liter-class
steel-belt CVT that was used on the Nissan Primera. The
JFO11E CVT that was released in 2004 for midsize FWD
vehicles became a best seller and was mounted on many
vehicle models. With a cumulative production volume of 13
million units, the JFOI1E contributed greatly to expanding
the CVT market. In 2009, JATCO put on the market the
Jatco CVT7, the world's first CVT with an auxiliary gearbox
and designed for use on minivehicles and small cars. With
these and other CVT models, JATCO has consistently led
the industry as a CVT pioneer.

In order to meet the expanding global demand for CVTs,
JATCO has put in place a global production network by
launching CVT production in Mexico in November 2005,
in China in September 2009, and in Thailand in July 2013.
Cumulative overseas production has surpassed 14 million
units. Together with the overseas production volume,
JATCO's cumulative global CVT production has reached

approximately 35 million units.
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7. JATCO Guangzhou holds 10th anniversary celebration

Established in 2007, JATCO Guangzhou celebrated
its 10th anniversary in 2017 by holding a commemorative
ceremony locally on June 28. Among those attending the
grand celebration were guests from vehicle manufacturers
and suppliers as well as the successive presidents of JATCO
Guangzhou. The company pledged to achieve further
growth in China's expanding automotive market.

8. Recipient of the awards program for Resources

Recirculation Technologies and Systems

JATCO received an Award of the Director-General of the
Industrial Science and Technology Policy and Environment
Bureau, Ministry of Economy, Trade and Industry
(METTI) under the FY 2017 awards program for Resources
Recirculation Technologies and Systems. This program
is organized by the Japan Environmental Management
Association for Industry and is supported by METI. JATCO
was honored with this award because the company's re-
manufacturing technologies for stepped ATs and CVTs
were highly evaluated for contributing substantially to the
efficient use of environmental resources. JATCO has been
working on re-manufacturing technologies for 28 years
since 1989. In addition, JATCO has also been promoting
part designs for easy re-manufacturing and structural
designs for easy repairs. JATCO intends to contribute even

more to effective utilization of resources in the years ahead.

9. Various awards received by JATCO

JATCO received a 2016 GM Supplier of the Year Award
from General Motors and a presentation ceremony was
held on March 30-31, 2017. The recipients of this award
are selected once a year based largely on the results of
the Strategic Supplier Engagement program under which
GM regularly evaluates its suppliers. It is only given to
approximately 100 companies among GM's some 10,000
suppliers. This difficult-to-win award attests to the high
evaluation given to JATCO's overall performance.

The Karakuri Kaizen Exhibition was held at the Nagoya
International Exhibition Hall (Portmesse Nagoya) on
September 28-29, 2017. Among the eight exhibits presented
by JATCO, the "docking improvement" innovation was
awarded the Special Prize by the Japan Institute of Plant
Management. In QC activities, the Yatterman QC Circle
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received the Most Impressive Award at the National QC
Circle Congress in July and the Cosmo World QC Circle
received the same award at the National QC Circle Congress
in September. In addition, the Tenkisyou QC Circle won
the same award at the Keiji Region QC Circle Congress
in June and the ODG QC Circle won the Special Prize
at the Tokai Chapter Invitational Congress in July. These
awards for the Karakuri Kaizen that have no particular
power source or control devices and QC circle activities
to improve quality on the shop floor were presented based
on the high evaluation of JATCO's commitment to quality
in production workplaces and outstanding creativity for

making improvements.

10. JATCO (Guangzhou) receives Chinese Auto Industry
Top 10 Brand Award

At the 12th Asian Brand Ceremony held in Hong Kong
on September 9, 2017, JATCO Guangzhou received a Top
Ten Brand Power Award, recognizing JATCO as being a
leading brand in China's automotive industry. The Asia
Brand Ceremony has been organized twelve times to date

and is regarded as an indicator determining the ranking of

Asian brands in China. This prestigious award attests to the
value of the JATCO brand in China.

11. Renewal of Head Office lobby entrance

The lobby entrance at the Head Office underwent a
renewal for the first time in 13 years in March 2017. In recent
years, JATCO has been proceeding with activities to unify
its brand image so as to convey a consistent impression of the
JATCO brand to everyone inside and outside the company.
This renewal of the lobby entrance is one part of that effort. As
the first point of contact with JATCO for visiting customers
and others, the entrance has been appropriately renewed as a

key spot for conveying the JATCO brand.
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1. Hydraulic switch malfunction assessment device

(Fig. 1)
Application Number: 2013-203568
Application Date: 30.9,2013
Patent Number: 6006884
Registration Date: 16.9,2016
Title: Hydraulic switch malfunction

assessment device
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A hydraulic switch malfunction assessment device
includes a solenoid valve disposed in a hydraulic circuit
of an automatic transmission and having a characteristic
such that a hydraulic pressure supplied to a frictional
engagement element changes due to a change in an electric
current supplied to the solenoid valve, and a hydraulic
switch interposed between the solenoid valve and the
frictional engagement element and configured to output an
ON signal when the hydraulic pressure is higher than or
equal to a threshold value and output an OFF signal when
the hydraulic pressure is less than the threshold value.
Also provided is a controller configured to control the
supplied current to a prescribed current value or less when
a predetermined running condition has been met, and then
assess a malfunction of the hydraulic switch, based on a
state of operation of the solenoid valve and the signal from

the hydraulic switch.
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2. Transmission control device for continuously variable

(Fig. 2) transmission
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First control unit performing first pseudo stepwise up-
shift control that, in first travelling mode, increases vehicle
speed while performing hold of transmission ratio and
up-shift by first shifting speed and reduces engine torque
upon up-shift, second control unit performing second
pseudo stepwise up-shift control that, in second travelling
mode, increases vehicle speed while performing hold of
transmission ratio and up-shift by second shifting speed
and reduces engine torque upon up-shift, and third control
unit controlling change of travelling mode and switch
between two pseudo stepwise up-shift controls according
to control states of first and second control units, are
provided. When travelling mode is changed to second
travelling mode during progress of up-shift in first pseudo
stepwise up-shift control, third control unit maintains
first pseudo stepwise up-shift control until up-shift is
completed. With this, harmonization between pseudo
stepwise up-shift control and engine torque control is
secured, then shift shock is suppressed.
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