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Cover design:
Reflecting the entry of outside companies into the world of vehicle development, the theme ofthe cover is

the spiritto make nevv discoveries and take on new cha11enges by applying innovative techniques such as

deep leaming to systemize the accumulated knowledge of Toyota and the 丁oyota group jn novelvvays.丁hjs

theme ls expressed using the Japanese character"矢Ⅱ"(pronounced " chi" or "shiru"), vvhich means "wisdom."
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TO Achieve an Ever・Be廿er

MobⅡity society

且

ヱ
ToshiyuM Mizushima,

former senior Managing officer

Looking back,2017 represented a year that brought significant change to the sn'ucture of the automotive

industry, with various countries and regions announcing a shift to electrified vehicles for the future and, more

immediately, the rapid propagation of advanced driver assistance systems

In fact, d辻fa'ent companies and organizations, induding corporations pleviously tied to d辻ferentindustlies,

have brought unconventional perspectives to the development of electrified and autonomous vehicles, and are

increasingly making 血eir presence felt

.

In accordance with the "Know the enemy and know youlself: in a hundred battles you wiⅡ never be in peril"

Principle oudined in sun TZU'S Art of w"ar, we must first know our competitors and wha'e we stand before

Preparjng a strategy. This means we must ascertain the facts with undouded eyes

This major turning point should be seen as an exce11ent opportunity for change, and lbelieve that we wi11 have to

Create new value by, for example, utilizing deep leaming to systematize 山e accumulated knowledge and

techn0108y continuously passed down by our predecessors

Atthe same time, our vision of contributing to the global environment and bringing happiness to people remains

Unchanged

In 2017, we celebrated the twentieth anniversary of the launch of the prius hybrid vehicle, the forerunner of

today's electri負ed vehicles.1n those twenty years, we have insta11ed electrification techn010gies in many models

to help reduce c02 and produce cleaner emissions
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Nevertheless, to make a sustainable contribution to the 010bal environment and society, simply enhancing

Vehide perfonnance wi11 not be enoUσh.圦le must also successfUⅡy popularize tl〕e vehicles and techn010gy that

We develop. Furtha'more,1 believe that this wi11 require vehicles and techn010oies that local people perceive as

the ad〕ievelnents of their o、vn countries or reglons

Achieving this ca11S for planning and development rooted in individual regions.1 believe that establishino plans

based on local CⅡ、cumstances and techn010oical standards, and then popularizino vehicles developed throUσh the

e丘orts of that region, wi11 help to raise regionaltechn010gical capabilities、

This must be perfonned in coordination with the ena'gy policies and traffic environlnent of each reoion. W"hat

this means ffom an overaⅡ WeⅡ・to・wheel standpoint (i.e., ffom energy production to its use for drivinσ the wheels

Of a vehicle) is as f0ⅡOWS:＼入le wantto popularize vehicles with enhanced paformance froln tank・to・wheel, while

Coordinatino these efforts with initiatives such as the establishment of weⅡ・to・tank in介astructLU'e that a110WS

Convenient chω'ging or fi11ing by users and of a recycling system for batteries and other parts

入10vino forward,1et us strive to contribute to the 010bal environlnent and bfino happiness to people by lnakino

ever・better cars and realizing an evef・betta'1nobility society

TO Achieve an Ever・Be廿er Mobility society
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TNGA povvertrains

.

1.1ntroduction

The advent of mass o、vnership and rapid development of the
automobile since the beginning d'the twentieth century has been
accompanied by increasing awareness of issues such as
environmental damage, the depletion of natural resources, and

global warming. consequently, to help reduce c02 emissions
and improve air quality, the automotive industry is urgently
implementing countermeasures to introduce different energy
Sources and powertrains.

Reaecting this situation, several re8ions and companies have
already announced a shift to various forms of vehicle
electrification. This trend has also been complemented by
growing recognition of automated driving techn010gy as a key
Part of vehicle product appeal. Additiona11y, anticipating further
diversification of customer preferences from vehicle ownerS11ip
to use (such as t11rough vehicle leasing or sharing), automakers
are facing a once-in-a-century struggle for their very survival.
Powertrain development at Toyota Motor corporation has

ConventionaⅡy focused on three fundamental approaches: the
Conservation of energy, promoting the diversi負Cation of fuels,
and the development of cars that are b0血 Practical and
environmentaⅡy friendly. Fig.1 Shows Toyota'S 2015 Vision
for how its powertrain miX 血ght evolve up t02050.

Hirohisa Kishi*1

this period of transformation, automakers must focus on
enhancing the pa'formance of conventional powertrains, while
ensuring that powe11rains under development can be utilized with
the hybrid and plug・in hybrid systems ofthe future

2. contribution of powertrains to the TNGA

Vehlcles W壮h

Conventlonal

englnes

The Toyota New Global Architecture (TNGA) is Toyota'S
Iatest design philosophy, and was formulated with the objective
Of building ever・better cars. Through the TNGA, Toyota is
Working to greatly enhance basic pa'formance and product
appeal by adopting innovative changes starting with the
fundamental vehicle struct山'e

As part of these effods and in concert with the development
and adoption of new vehicle plaげorms, Toyota has completely
Updated its whole powertrain lineup, indudin冬 engines,
transmissions, and hybrid systems. Adopting the TNGA has
helped to create ever-better cars by lowering the heioht of the

hood and center of gravity, and by further enhancino both
dynamic and environmentalperformance
In addition to the development of new techn010gies,the TNGA

Was simultaneously applied to the innovation of production
engineering and working practices, reaecting the importance of
increasing development and 皿'oduction efficiency to bring
Vehicles to market more rapidly

2010

1^,,

11^,'

Currenuy, the vehic]e market is dom血ated by conventional
Powenrains, in other words, vehicles powered only by gasoline
Or diesel engines. However, the market is standing on the bdnk
Of a major change, with electrified vehicles such as hybrid

(HVS), plug・in hybrid (PHVS), electric (EVS), and fuel ceⅡ
Vehicles (FCVS) poised to take over.10 successfUⅡy ride out

2020

Fig.1 Powertrain Mix

¥1 President ofthe powertrain company

4

3. TNGA powertrains

2050 Year

Ihe conventional approach to maximizing powertrain
efficiency involves the development of engines and
transmissions as separate units, before combining and optimizing
the t、No to maximize efficiency as a powertrain.
In contrast, under the TNGA, ideal new powertrain systems

Were designed as complete systems for different vehicles
depending on size and usage environment. The efficiency of
these powenrains was maximized as an integrated systeln, which
enabled both fuel efficia船y and drivino performance to be
enhanced.

Fig.2 Shows the underlying development concept for these
TNGA powertrains. This concept divides powertrains into t11ree
Ievels: items of the fundamental powertrain S訂'ucture that remain
Constant aeve1 1 0f the pyramid), and components that al'e
Subjectto evolution (1evelS 2 and 3)
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Future adoption

D・4

Cornponents

Light and ⑳mpact,10wer center of gravity,
hlgh・speed combustlon,

mulu・speed and hlghly θ什Icienttransmissions

M01'e specifica11y, this concept involves thoroughly optimizing

the basic sn'uct山'e to enhance core pel'formance and quality
Techn010oical elements are then added t0 血is basic structure to

Satisfy changes in the market environment, product requirements,

and local characteristics. Fina11y, the top of the pyramid refers to
techn010gical breakthroughs for the future.

The f0110wjno sectjons describe the flmctions and objectives of

the components that comprise the TNGA powertrains, as weⅡ as
how these were accomplished

Fig.2 Development concept of TNGA powertrains

Fundamentals

rs ,

This common architecture can be defined as f0110WS. Fig.4
Shows tl]e tal'get objective parametel's of the TNGA enδines.1t
Was necessary to increase both intake efficiency and in・cylinder
turbulence to improve both driving performance and fuel
efficjency. These t、vo objective parameters were sel as targets
fm'the TNGA engines. specilic targets were set、¥eⅡ beyond the

Conventionaltrade・ofl'1ine of these pal'ametel、S

3.1 New engines

First, this section describes the reasonino behind the

development ofthe TNGA engines
Engine development can be categorized into common C飢'e

techn010gies that can be evolved regardless of engine
displacement or the number of cylind引'S, and combuslion,intake,
and exhaust systeln techn010gies that depend gl'eady on engine
displacement and geometry

E仟orts to boost thermal eHiciency by reducing losses focused
On making steady improvements based on past experience.1n

Contrast, despite the difficulty d'increasino combustion quality
and intake efticiency across d廿'ferent engine types, engine
development unda'the TNGA aimed to achieve both these goals

and to apply the resulung improvements to aⅡ engine types

小rough a commonly designed basic engine architecture (Fig.3)

Greater

t

TNGA powertrains

Previous Toyota
high・e什Iciency englnes

O Toyote

◇ Cornpetltors

Target of
new englnes

Ihe combustion state achieved at this target was defined as the
taroet for the optimized combustion. The common architecture
Was then visualized using a combustion waveform that expresses
the optimum combustion state using the pressure inside the
Cylinder (Fig.5)

Fig.40bjective parameters of TNGA Engines

In・cylinder turbulence (tumble ratio)
Combustion speed ^、 Faster

◇

Fig.3 Englne Development concept
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This optimum combustlon waveform
Was used forlhe common architecture

Target of
newenglnes 、、

ノーー、、、

.、ノノ
ノノノ

ーニ4' conventlonal_ニニニノ Conventlonal
'"'- engines

Crank angle

Fig.5 0ptimum combustion 、Naveform of TNGA Engines

The ideal port and comb11Stion chamber stnlct山'e capable of
realizing this comb11Stion wavefon刀 Was defined in tenns of
design parameters, including t11mble l'atio. port shape. valve
included anole, and the stroke/bore ratio. Modules were created

reflecting these speclfications and applied to engines 、、,ith
different displacemenls
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The TNGA engines also adopted a newly developed
manufacturing method ca11ed laser cladding to help realize a
Iinear port shape. Laser cladding coats a special a110y onto the
Valve seats, which contact 血e cylinder head when the valve is

Closed, to form laser・clad valve seats. This new techn010σy was
developed completely from scratch, indud血g the a110y material
and the new high・speed laser dadding method, and wi11 be
adopted in a11the new engines in the future.

Compared with Toyota's conventional higNy thermal efficient
engines, aⅡ the TNGA engines feature a range of the latest
techn010gies, such as a direct injection system with newly
developed multi・hole nozzles and the world's first trochoidal
Variable discharoe oil pump, which result in substantia11y hioher
Performance. These techn010gies helped achieve world・1eading
Pe110rmance, we11 beyond the conventionaltrade・off line between
Specific power and maximum thermale仟iciency (Fig.6).

100

90

80

70

60

50

9.0

38 4032 34 4236

Maximum thermal e什iciency (ツ0)

Fig.6 Speclfic power and Maximum Thermal E什iciency
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D1円Ct shi什 10・speed
automatlc transmlsslon

、↓

NeW 2.5-1iter inline 4・cylinder and 3.5-1iter V6 enoines have

been developed based on this concept. The engines in these new
Series are ca11ed "Dynamic Force Enoines." AⅡ new engine
Series to be launched in the fut磁'e wiⅡ achieve similar dramatic

improvements in environmental and power pa'formance.
These Dynamic Force Engines feature hioher torque in a11

Operation ranges to create appealing driⅥng performance in
everyday driving situations, while also substantia11y lowering

Previous Toyota
hi h・e"icienc en ines

Dre

S

6.0 フ.0

Gearrange

e ,0
^

New Direct shift 8・ and lo・speed automatic transmissions
Were developed for h'ont- and rear・wheel drive vehicles,
respectively.

Transmission eaiciency was improved as f0110WS. ordinarily,
adopting a higher number of gear speeds has a negative effect on
transmission efficiency because the number of component parts

in the transmission increases. Therefore, the desion of key
Components of the Direct shift 8・ and lo・speed automatic
transmissions, such as the gears and clutches, was completely

revised to thoroughly reduce loss. one important techn010oy
that was adopted was super finishing of the gear faces. This
techn010gy creates mirror-smooth gear faces while preserving
the concavities used to retain the requil'ed amounts of lubrication
Oil for gear engagement. Techn010gies developed by colnbining
design and production techniques like these achieved further
reducuons in energy transmission loss when the gears engage.
These measures were adopted to create a wide gear ran旦e and

World・class transmission efficiency (Fig.8)

Fig.7 Transmission Development concept

Ce

、
New HV

en91ne、喚,

.
Increase in elements due to

high引 numb引 of gear speeds
⇔ e什iciency decreases

elnlsslons.

θ

S 。"'桃f'1、咲、覗到

32 New transmissions

0

捻

Second,tMs section describes the new TNGA tranS血Ssions.

The TNGA transmission development aimed to combine
environmental with direct and smooth performance. Three
development themes were adopted to accomplish this objective
improvement of transmission efficiency (i.e., the basic
Pa'formance of a transmissi0川, the utilization of high efficiency
eng血e operation ranges, and the achievement of rhyth血Cal and
highly responsive shi丘ing (Fig.フ).
These themes were realized by reducing mechanica110SS,

funher expanding the lock・up area, and increasing the number of
gear speeds.

★

11. eS寅み1、 eS巨珍il^

44

司亨〕

6

Techn010gles to lncrease e什iclency
Of gears, clutches, and the 11ke

PlevlouS 4・speed
aulo「Π日tlc

Iransmlssl0旦

Dlrect shlft 8・speed aulomatlc transmlsslon

0 、

4.0 8.0

.
PreⅥOUS 6・speed
autornatlc

traosrηIsslor】

The reduction of boomino noise and Ⅵbration were key issues
for expanding the lock・up area. Models of the powertrain and
Vehicle body were used to analyze the causes of booming noise
and Ⅵbration, as we11 as the effective desion specifications for
addressing these issues from the standpoint of the whole vehicle.
The lock・up area 、vas expanded through this approach. TWO
basic transmissjon techn010gies that were adopted to help expand
the lock・up area are described below

First, the layout of the intemal automatic transmission parts
、刃as optimized to achieve the required inertia. Althouoh higher

5.0

Fig.8 Transmission E什iciency and Gear Range
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rotationalinertia is desirable for an automatic transmission to

reduce vibl'ation, the extra weight this creates is an issue.
Therefore, the pal't layout 、Nas altered to achieve the necessal'y
rotationalinel'tia to re小Ice vibration while maintainin8 the same
mass as an overaⅡ transmission assembly (Fig.9)

Parts wlth hlgh rotatlon speed (red)■ Parts with low rotation speed (blue)

Fig.90ptimiza"on oflnternal Automatic Transmission Layout
Based on lnertia

Second, a new torque converter was developed, featu"ng a
high・performance damper designed through detailed part・1evel
Struct山'al analysis, a multi・plate lock・up dutch, and a compact
Ultra・aat torus (Fig.10).

Dlrect shift lo・speed automatic transmission
Previous automatlc transmission

冒 High・performance darnper
・ 1mproves damping performance

Prevjous
..■.......

aulomal【C .=."""""""""":-t.":"""""""""""""':'.:ーミ."':"':
transmission"'

This development also worked to sh011en the shiftino time. one
issue with shorter shiftino times is contr011ino shift shock.1n the

Direct shift lo・speed automatic transmission, enhanced hωdware
response was combined with a ne、vly developed model・based

integrated po、uertrain contr01. These measures help to achieve the
World's fastest shifts that are both smooth and incisive.

Ne、v driveline components, such as a prope11er shaft and
differential,、vere also developed alongside 血e hioh・t01'que enoine
and multi・speed transmission for rear・、vheel drive passenger
Vehicles on the new platform

Driveline losses can be divided int010adin010SS, rotationa110SS,

and chuming loss. These losses were improved to improve fuel
efficiency and boostthe e仟iciency ofthe powertrain.

ConventionaⅡy, rubber couplings are used to decrease high・
介equency noise. The contribution of radial and axial direction
excitation forces was identified to oreatly reduce the level of noise

TNGA powertrains

In the Direct shift 8・speed automatic transmission, these
features enable lock・up from a lo、ver vehicle speed in a11 0ear
Stages, thereby reducing engine revving and instabHity when
accelerating or decelerating, and achieving a stronger dil'ect
driving feel.
Rhythmical and comfortable acceleration was achieved as

f0110、vs by increasing the number of gear speeds. shifting that
OCC山's at equalintervals and a constant rhythm is an important
Part of achieving comf01'table accelel'ation. This was
accompHshed in the Direct shift lo・speed automatic
transmission through the development of a gear tl'ain with dose
gear steps (Fig.11

匝 Multi・plate lock・up clutch
・ 1ncreases torQue capacity and
reduces size

・ 1mproves response and contr011ability

■ Compact ultra・flattorus

Fig.10 Newly Developed Torque converter

Fig.11 Rhythmical shifting

Time

..

3.3 New hyb"d systems

Third, this section describes the ne、v hybrid systems developed

for the TNGA engines. The f0110、uing hybrid systems were
developed.、vith the aim of combining environlnental with
dil'ect and smooth performance, the Toyota Hybrid system
(THS) 11 Was mated with the 2.5-1iter Dynamic Force Engine as a
further application of the hybrid system developed f01' the pl'ius.
Additiona11y, the Multi stage Hybrid system and a ne、v plug・in
hybrid system were also developed to provide ne、v value to the
Customer (Fig.12)

.
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First, the ne、V 2.5・Hter THs n has the f0110、vino

Characteristics. Every main component,including the transaxle,
motor, power control unit, and batteries, was re・developed based
On the THS 11 adopted by the prius launched in 2014 (Fig.13)

Transaxle

卓一
^

Lithium・ion batte

135 km/hPrevious model

Lower/slower Maximum Ev mode speed Faster

Flg.16 Expansion of EV Mode Driving Range

Power control unit

This system was mated with the 2.5-1iter Dynamic Force
Engine to improve both fuel efficiency and driving pedormance.
Compared to the previous model, the fuel efficiency of the
Powertrain was boosted by 20易 and intermediate acceleration
Performance by lo%(Fig.14).

Fig.13 New THS 11(2-5・uter) system

゛

Accelerator

fU11y depressed

Nickel・metal h dride batte

Vehicle speed

Fig.15 0pera"ng points of Engine W社h lo・speed shift contr01

Accelerator depressed strongly

Accelerator depressed weakly

Dynamic Force Engine (2.5-11ter)
+ nevv THS Ⅱ

This was accomplished by adopting the newly developed Multi
Staoe Hybrid Transmission, which features an additional shift
device in the power split device that controls the shifting
Performance of the 、vhole transmission. This device a110WS
maximum engine performance to be utilized from lo、v vehicle
Speeds and gready increases system power.
This shift device also plays a major role in improving fuel

e丘iciency by adding four high・efficiency operation points that
achieve substantia11y higher transmission efficiency at both low
and high speeds.
Fina11y, the new prius plug・in hybrid system adopts a dual

motor drive system that adds a one・way clutch to the hybrid
System of the prius hybrid. This enables the oeneratorto be used
as a motor and ensures powerful Ev mode drivino.

As a result, power in Ev mode is l.8 times hioher than the first
Oeneration prius pHV, increasino both maximum speed and
ddvino force. As a result,the new pdus pHv can be driven in EV

mode in almost aⅡ Situations,including on the highway (Fig.16).

Higher

Acceleration time (contribution of powe巾ain)

Fig.14 1mprovement of Both Fuel E什iciency and Dhving
Performance

7th

The new Multi stage Hybrid system was developed targeting
Competing luxury sporty cars to achieve high dynamic
Performance with superior fuel efficiency. Additiona11y, to
Create a totaⅡy new impression of the driving performance of
hybrid vehicles, this system has exce11ent acceleration
Pedormance and adopts a lo・speed shift contr01. These features
achieve a 血ythmical and c0111fortable acceleration feelino in tune
With the sound ofthe engine (Fig.15).

8th

9th

10th

10oo shorter

Previous system
(2AR・FXE +
THS 川

New THS "(plug・1n)
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4.1mprovement of productivity and
Development E什iciency

4.1 1mprovement of productiV託y

This section describes the improvements made to TNGA
ma1川facturing productivity,、vhich is an essential part of product
Innovatlon

To enable aexible and rapid response to powertrain chanoes
due to diV引'sifying customel' needs and fluctuating market
environments, ne、v production lines have been developed that
Can produce di仟a'ent components rapidly and aexibly. This was
achieved by, for example, adopting unifonη machining datU1ηS
and assembly standards (Fig.17)

Engine BEngine A

Previous engines

ー.

EGR

・ VVT・旧

5. conclusion

Ovel' a five・year period up t02021,10yota plans to introduce
37 Variations of 19 ne、V PO、vertrains based on the modular
development approach of the TNGA. This completely refreshed
Iineup of TNGA powel'U'ains wiⅡ be adopted in markets ar0山ld
the w01'1d

Through these plans, PO、veNrain development and production
Should help to reduce co emissions by at least 15% a yeal'in
2021 Compared t02015

In the short・ and medium・tenη, the delivery and widespread
adoption of the optimum po、vertrains atthe optimum timings and
in the optimum regions, in accordance with the sit11ation of fuel
Usage and inh'astructure establishment around the world can help

、^

Fig.17 Example of commoniza"on of Machining Jigs

Uniform production processes and facility specifications also
help to accelerate global deployment by enabling plants around
the 、vorld to switch production at a l'ate of around one mi11ion
Unlts per year

Other measures to boost productivity include the adoption of
the cs core process, an innovative production technique that
im皿'oves both environmental and casting quality, and
manufacturing innovations such as reducing the size, footprint,
and energy usage of production facilities. These measures help
to reduce the investment required to build a powertrain
Production line,、vhile also contributing to the environment by

reducing c02 emissions from plants.

421mprovement of development e什iciency

Development efficiency was impl'oved as f0110、VS.
Under a conV引ltional approach to engine development, various

devices and stnlctures are selected in accordance with various

Vehicle requirements and characteristics
In contrast, unda' the TNGA, aⅡ aspects of the powertl'ain

Were completely re・designed simU1捻neously with the vehicle
Platform. This aⅡ0、ved the center of oravity of the vehicle to be
10wered and stnlctul'es to be unified in line with the optim山れ
insta11ation methods (Fig.18).
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・ valvematic

New engines

AR

^;
'..

.

TNGA powertrains

Fig.18 Unification of structures and Basic Techn010gies

At the same time, unified enoine combustion chamber and

Cylinder designs 、va'e adopted, enabling engine variations to be
Configured simply by combining the volume and number of
Cylinders. This approach eliminated overlap between different
engine models with the same displacement, helping to
Consolidate and streamline the en部ne lineup, and reduce the
number of engines under development by approximately 40%
(Fig.19)

Unified structure and

besic techn010 ies

Sma11

Medium

'

Large

Enaine modularization

Cylind引
Volurne

Numb引of

Cylinders

〆^

X

...

Fig.19 Reduction of Number of Engines under Development

After consolidation and

Streamlinina of enaine tvDes

The efficiency of combinations with transmissions and hybrid
Systems was also improved, helping to boost both development

efficiency and productivity

...

Approx.40゜0
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to reduce energy consumption and lessen environmentalimpacts
In the long・term, as electrical enetgy becomes mole widely used
in 山e fut山'e, Toyota is aiming to help realize sustainable

Inobility throuoh measures addressino both vehicles and the

Whole of society. Toyota intends to play a leadinσ role in
activities to help ad〕ieve this vision through a close partnershゆ
With othelcompanies, governments, and its stakeholda'S.
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The Nevv Toyota lnline 4・cylinder

2.5・Liter Gasoline Engine

,

Abstract

The main distinguishing techn010gicalcharacte"stic 0什he newinline 4・cylinder2.5-1itergasolineengine developed
by Toyota Motor corporation is high・speed combustion, which was achieved by adop"ng a long stroke design, an
expanded valve included angle, and highly e什icient intake ports using laser・clad valve seats. This high・speed
Combustion package was then incorporated into the Toyota New Global Architecture (TNGA) engine series that
Shares a uniform basic structure. Additional new techn010gies adopted in this engine include mUⅢ・hole direct
injection, a redesigned variable valve timing (VVT) system, a variable capacity oil pump, and a variable cooling
System.

Keywords: gaso/ine engine, h勾h power, high therma/ efガCiency

1.1ntroduc"on

Toyota Motor corporatjon has developed a new inline
4・cylinder 2.5-1iter gasoline engine based on the Toyota New
Global Architecture (TNGA) design philosophy. This engine
Was developed to achieve wide・reaching improvements in fuel
efficiency and for compatibility with increasingly stringent
e血Ssions regulations as par[ of Toyota's efforts to help realize a
Sustainable society by addressing future energy・related and
environmentalissues. Furthermore, this engine was also

developed with high power performance to achieve a fun・to・
drive experience exceeding user expectations. This article
describes an outline of this new gasoline eng血e and its main
techn010gies.

KⅡnihiko sakata*1

Iadashiloda*2

Mitsuto sakai*3

MasashiHakariya叫
10shikazu Kato*5

2. Development Aims

This engine was developed with the objective of further
advancing high・speed combustion techn010gies for conventional
engines. As shown in Fig.1, specific development aims
including achieV血g a maximum thermal efficiency of 40%,
equivalent to the latest hybrid vehicles (HVS), as we11 as top・
dass dynamic performance of 60 kxvl"

CVZ, cv company

TNGA Management Div
Electric powertrain system Developnlent Div., NO.3、 powertrain company

'4 Enojne Design & Engineering DiY., powertrain company
F5 Electric powertrain system Development DiY., NO.2, powertrain company

90
(Toyota: Hv englnes
O Toyota. conveotlonal vehjcle eog1Πes
O other companles' Hv englnes

80 - oother companles' corlverltjonal
Vehldeenmes '.

ーーーーーbーローー'ーーら5 -ーー^ーーー、^'2.5-11ter en 1Πe

D胃命暗:0 0。'、、、A ★Nowhyb"d、

70

1 "■'.

60

50

"

Maximum thermal e什iciency (ツ0)

Fig.1 Trends and Targets for speci"c power and Thermal E什iciency
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To achieve these targets, facilitate future development, and
ensure productivity, performance was boosted by making the
f0ⅡOwing refinements to the basic engine structure.

Long stroke design

Higher compression ratio
・ Modified intake and exhaust aows

Expanded valve included angle
In addition,the f0110wing techn010gies were also adopted

Laser-clad valve seats

・ The new D・4S system adopting multi・hole direct injection
(DD

・ High energy ignition coils

・ Electrica11y variable discharge oil pump
Cooled exhaust gas recirculation (EGR) system
An electric variable valve timing system ca11ed variable
Valve tim血g・1nte11igent by Electric motor (VVT・iE)

Fig.2 Shows a cross・section of the engine and Table 1 1ists its
main specifications.
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Table l List of speC詮ications forthe NeW 2.5・Liter Engine

Fig.2 Engine cross・section

Engine

Displacement(Cの

Type

Bore diameter x

Stroke (rnm)

0

expanding the induded angle between the intake (1N) and
exhaust (EX) valves and locating the hydraulic lash adjuster
(HLA) inward of the valve axis center (Fig.3). Furthermore,
Iaser dad valve seats were adopted to create a more linear port
Shape.1his helps to mai爪ain a hioh aow velocity into the

Combustion chamba's and to suppress the generation of reverse
tumble, in which the ao、v separates at the throat portion on the
10wer port surface. These measures helped to achieve a tumble
ratio of 29 and a aow coe丘icient of o.49, which is a substantial

improvement from the conventionaltrade・off line (Fig.4)
→、^

Compression ratio

J"ケ=

Maximum power
(kw/rpm)

New engine

Conventional vehicle en Ines

Maximum torque
(Nm/rpm)

2,487

87.5×103.4

Valve systems

Inline 4・cylinder

Lubrication system

13.0

151/6,600

Cooling system

2AR・FE

250/5,000

!ntake system

4・valve dueloverhead cam (DOHcy
Cylinder HLA + r011er rock引

2,494

Dual vvT・iE (motor、
drlven on intake side)

EGR system

90.O×98.0

Fuel system

Variable discharge

IN

10.4

Aftedreatment

134/6,000

Motor・driven

Water pump

231/4,100

3. combustion Techn010gy

Thermal efficiency and power performance are generaⅡy
1'egarded as haⅥng a trade-off relationship. The optimum
Com伊'ession ratio and stroke小ore ratio were selected to achieve
the hioh taroets set for both of these items. 1n addition,

breakthrough techn010gy was developed to refine conventional
high・speed combustion techn010gies by increasing the intensity
Of in・cylinder turbulence.

High・flow, hioh・tumble intake ports were developed by

Cooled EGR

D・4S

(muni・hole DI + PFI)

None

EX

2 air・fuel ratio

Sensors + 2 Catalysts

Dual vvT

Fig.3 Cross・section of cylinder Head and combustion chamber

Belt・driven water pump

Conventional

EX

Variable intake

065

Port fuelinjection (PFI)

None

Air・fuel ratio sensor 十

Sensor + 2 Catalysts

IN

.

06

0.55

12

LaserサClad
⑳

ー,.、]ー、、ー

W◆
00

◆

05

◆

゜汐傍
0.45

0.4

O Toyota
◆ Competitors

2 31.5 2.5

Tumble ratio (ー)

Fig.4 Target lntake port performance

The new D・4S system was developed in consideration of
future particle number (PN) regulations. Adopting multi・hole DI
injectors shortened the spray penetration and reduced the amount
Of fuel adhesion on the piston and bore wa11S.1n addition, the
SU'atified caⅥty on the top of the piston was eliminated as shown
in Fig.5 to increase the in・cylinder turbulence intensity in the
Compression stroke.a)

The valve system was also refined to increase the valve lift and

Working angle. Applying electric vvT to the intake side enables
the optimum valve tim血g to be realized instantaneously under
a11 Conditions. This measure helped to both reduce pumping loss
and increase power
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Previous englne

New englne

90270 180

Clank engle (deg BTDC)

5

Higher
tU巾Ulence

Intenslty

040 20

Crank angle (deg BTDC)

Fig.5 Comparison of Tumble Ratio and piston shape

4

3

60

99/o improvement

FUI'thermore, h喰h energy ignition coils were adopted to
Stabilize combustion under heavy EGR.1he size of the gap of
血e magnetic circuit passing through each core was reduced to
increase the magnetic efficiency (Fig.6).

Previous engine

^0

トーΦ

Lower

Hlgh引

^>、

^0

←Φ

Lower

.ーーー^VVJS

Previous engine
Magnetic circuit

Magnetlc

CaⅥW

、7 mm from top surface

New engine

滋器§三点^エ

The New Toyota lnline 4・cylinder 25・Liter Gasoline Engine

Spherical

Current
V^

Prevlous engine

Vertlcalflow

New engine
Magnetlc clrcU11

.ノ.、..

..,.,、

1 ・".・・t炉r?
L〆一ι. 1.●.ニ'七レ」,J'J'

t、,、ンニ」レノ
1・ニ、〆Fy" cylinderblock
＼、LL、.b waterjacket

ノ/ Coil body

りゞ弌

Stick type Rectangulartype

Fig.6 High Energy lgn詫ion coils

4. cooling system

4.1 1mprovement of knocking resistance

New engine

Lateralflow

Coil body
ノ/

UPP引ノ ^
ノ

・,一富、 waterノ

ノ

ノノ jacket

゛ K・1
小 1/、↓令 Lower
11 冷冨= water

、.ンノi'一令、 jacket
冷、-1/1、_1/

糸一つゞι.ノイ゛フ
1ノ令 i/

1/ cylinderblock
Waterjacket

To suppress deterioration in knocking resistance due to the
higher compression ratio, a motor・driven water pump was
adapted for use in a conventional engine to control the coolant
aow rate reσardless of the rotational speed of the crankshaft.
The pl'essure loss 、vas reduced and the coolino performance
enhanced to decrease the size of the pump in accm'dance with the
available space. First, a two-1evel waterjacket was adopted for
the cylindel' head (Fig.フ). chansing the aow of coolant in the
Cylinder head from the verticalto the lateral direction reduced
PresS山'e loss by 35易. Additiona11y, the coolant 負0、v was

Concentrated between the exhaust valves, the core material of the

Waterjacket 、Nas chanoed, and the sectional area of the core 、vas

reduced by 20%. As a result,the coe仟icient of heattransfer was

increased by 20% with around half the flow rate of the previous
飢gine (Fig.8)

Fig.7 Compa"son of water Jacket structures

Exhaust

Side

ー^

^

Fig.9 WJs and cylind引 Block waⅡ Temperatures

Vvithout vvJS

Vvilh vvJS

^

Exhaust side

Previous engine

゛......
..
..
..
..
..
..

.

.EX

New englne

A waterjacket spacer (、入IJS) was provided only atthe exhaust
Side of the cylinder block waterjacket (Fig,9). This measure
Concentrates increases in ao、v velocity to the exhaust side,
thereby suppressing higher mixture temperatures due to the hi8h
tumble ratio, and equaHzing differences in bore wa11
temperatures between the intake and exhaust side.

......J

Fig.8 Comparison of coe什icient of Heat Transfer

EX
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Ihe motor・driven water pump enables cooling contr01 0f the
required amount of aow at the required timings. This contr01
10、uers the coolin0 10ss and friction when driving in the
minimum advance for besttorque (MBT) region by reducing the
Coolant ao、v rate.1t als010wers wa11temperatures by increasing
the aow rate in the restricted knocking region, enablinσ higher
engine torque than the conventional contr01.

H四h引
^ VVOT

Lower

Engine speed (rpm)

Fig.10 FIOW Rates and co0恰nt Temperature contr01

Region

42 Cold start performance

To warm・UP 血e coolant rapidly under cold conditions, the
Coolant aow rate control calTied out by the motor・driven 、λ/ater
Pump is supplemented by aow shut valves (FSVS) that switch
the aow of the cooling circuit. As shown in Fig.11, the cooling
Circuit in this conventional enoine uses two FSVS. These valves

help to optimize the temperature of each component in the
Circuit, while enhancino fuel efficiency and the performance of
the cooler and heater systems.

Coolant

temperalure

Lower

Higher

Transient

Lower

Lower

5. Reciprocating Rotation system

A long stroke design was adopted to increase thermal
efficiency. To enhance power performance, the maximum
engine speed 、vas increased t0 6,600 印m. since this increases
the maximum piston speed t022.8 m/S, the reciprocatino ina'tial
mass was substantia11y reduced

The pistons were modified by adjusting the tool desion to
expand the areas of reduced thickness for the piston rino
grooves, and by adopting thinner wa11S for the skirts and top
Surfaces. As a result, the weioht of the pistons was reduced by
フ%, achieving a world・class weight/torque ratio (Fig.12).

Hlgher

Flow rate

Base

Decreased

Increased

Increased

Max

Cylinder head

HeaⅥer

Exhaust cooling

Combustlon

Chamber

Walerjacket

Cylmder
block

..

100

EGR

Cooler

Motor・driven

Water pump

FSV

痢

Lighter

Lower Maximumenginetorque/cylinder(Nm) Higher

Fig.12 Relauonship between piston weight and T0川Ue per cylinder

Viper head・shaped smaⅡ ends were adopted for the connectino
rods. High・strenoth steel was also used to decrease the sectional
area of 血e column portions, resulting in lighter and stiffer
Pistons. Measures to reduce 、ueight and increase stiffness were
incorporated to reduce the 、veight of the crankshaft and suppress
tapping noises. The weight・reduction measures focused on parts
With a large impact on inertial force,、vhile the meaS山'es to
increase stiffness focused on parts that contribute greatly to noise
and vibration (NV). This approach was applied to optimize each
Crankjournal.

Higher friction and oil consumption are other trade・off effects
Of increasins the engine speed. These effects were suppressed
by reducing the contact area width around the second ring,
adopting a diamond・1ike coating (DLC) around the oil rin8S, and
Changing the end position of the oil ring side rail.
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Fig.11 Cooling circuit

Leading trend
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Warmer

englne

Toyota
Competitors

6. Lubrica"on system

This enoine includes an electricaⅡy variable discharoe oil
Pump that reduces friction loss by using an intemal gear type
rotor and an electronic oil control valve (OCV) to perform
hydraulic contr01(Fig.13). As a result, the lubrication system is
Capable of supplying the required amount of oilto the necessary
10cations in accordance with the main ga11ery oil pressure.
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The oil circuit was divided into passages for the main oa11ery
and the oiljets. This confiouration a110ws the oiljets to be
Stopped more easily, helping to reduce friction loss and pN by
Warming up the pistons more rapidly

C。trlchamber ipressure controlhole

＼、ー
Rotationdirection ゛ con

Under low 011

Pressure contr01

Under hot

Condltlons

四塑竺田 Oil filter

Example of oil pressure controlrnap

nder cold
Prevlous englne

● nd1110ns
New en9ine

Electronlc ocv

Supply

A110il supP1旧d
to englne

Contr011ed oinine

The New Toyota lnline 4・cylinder 25・uter Gasoline Engine

＼

Tar etoil ressureTar etoil ressure

Engine speed (rpm)Engine speed (rpm)

Fig.13 Electrica11y V引iable Discharge oil pump

X

回

250

200

フ. Emissions control system

The most e什ective rear exhaust for enhancino the warm・UP
Performance of the catalysts was selected to facilitate compliance
With the suLEV30 and Eur0 6 emissions reoulations. The

System is contr011ed by two air・fuel sensors, which a110ws the
Size of the catalysts and the amount of platin山η・group metals
Used to be reduced. The cylinder head exhaust port adopts an
exhaust cooling system to enhance power P飢formance and
Catalyst reliability (Fig.14). This system lowers the exhaust gas
temperature and greatly expands the range of stoichiometric
engine operation (Fig.15).

Previous engine

Prevlous englne

New eng川e

囿

1.0卯 2.000 3,1刈 4,om 5,m0 6,0{川1,000 2,000 3,000 4,000 5,000 6,000

Englne speed (rpm) Englne speed (rpm)

Fig.15 Comparison of stoichiometric Engine operation Range

250

200

8. EGR system

The high・speed combustion system enableS 血e maximum
EGR rate to be increased up t0 25%.1n addition, the shape of
the intake manifold was optimized to suppress combustion
auctuations and differences in EGR amounts between cylinders.
The EGR now passes throU8h fin・shaped passages surrounded
by the cyHnder head water jacket before reaching the EGR
Cooler, thereby helping t010wa'the gas temperature at low cost
(Fig.16).

New englne

〒.
ノ

Maln waterja

Exhaust

^

固

Prevlous englne

,コ

-J

Fig.14 Structure of cylinder Head Exhaust port and vvater Jacket

Upper waterjackel

＼、、

Ne゛1 erlgine

(4) EGR valve

(5) EGR Pゆe incorporaled into in姶ke manilold

Fig.16 EGR system Layout and Gas Temperature Reduction E什ect
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匁 (1) EGR pipe

(2) EG9 Passage
msldo cy11nder head

(3) EGR cooler

9. Friction

Friction was reduced by 20% compared to the previous enoine
by adopting the f0110wing techn010gies (Fig.17).

Resin coated pistons
・ DLc coated piston rings (top and oil rings)
Resin coated bearings
Plastic chain guard
Beehive valve springs
Low viscosity en部ne oil(SAE OXV・16)
Elimination of the water pump pU11ey (adoption of motor・
driven pump)
High・e仟iciency vacU山1] pump
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皿11ⅡⅢ

10電̂
肌ⅢⅢ

^
^

-20ヲ'。

Previous engine Ne、N engine

Fig.17 ComP討ison of F"ction Mean E什ective pressure (FMEP)
(when Motoring at 2,ooo rpm)

^Motor・driven water pump

U口 Auxiliary belt

^Balance shaft

^Valve system + oil pump

^Crankshaft

Pistons

10. NV

In addition to increasing engine stiffness, Nv was reduced by
adopting a new tra船mission and through the e丘ect of the new
Vehicle plaげorm.

For low・frequency NV, mountings 、刃ere insta11ed on the torque
r011 axis, thereby reducino idling vibration.1n addition,10catino
the power plant over the principal elastic axis helped to reduce
Vibration when the en部ne starts up.

In the mid・ and high・frequency range, power pla址 Stiffness
Was enhanced by optimizing the fastening positions of the
Cylinder block and transmission (Fig.18), enabHng a reduction
in mounting vibration ofapproximately 4 dB (Fig.19).
Furthermore, high・frequency noise caused by high・speed

Combustion was reduced by optimizing 血e layout of the
Poly山'ethane insulators (Fig.20).
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11. Engine performance

Compal'ed to the previous engine, high・speed combustion and
the new techn010gies described above resulted in a substantial
improvementin engine performance across a11 engine operating
regions, from low to high engine speeds. As a result, the new
engine achieves a maximum power of 151 kw (specific power
60 k圦1/L)(Fig.21).
Fuel efficiency was enhanced by achieving a maximum

thermal efficiency of 40% and by substantia11y enlaroino the
35% thermal e任iciency engine operating region (Fig.22).1n
Combination with the neW 8・speed automatic transmission, the
fuel e仟iciency ofthe powertrain was improved by 16%
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(2) The high・speed combustion package was accomplished
throuoh the adoption of laser clad valve seats, hioh・ΠOW
intake ports that achieve a hioh tumble ratio, a spherical
Piston top surface that maintains the high 加mble ratio, and
the new multi・hole DI D・4S system, as 、veⅡ as by optimizing
the design of component parts.

(3) The cooling system indudes a motor・driven water pump
adapted for use in a conventional engine, and a cylinder head
incorporating a t、VO-1evel water jacket and lateral coolant
flow that concentrate the coolant bet、veen the exhaust

Valves. The cooling system also adopts Fsvs for heat
management. By contr011ing the coolant to the optimum
temperature in combination with the motor・driven water
Pump, the cooling system facilitates both high engine fuel
efficiency and po、ver performance.

(4) Friction was reduced by 20% compared to the previous
engine by adopting an electrica11y variable discharge oil
Pump and optimizing the design ofcomponent parts.
5Th 'h' o ddbe stoic iometric engine operation range was expan e y

adopting an exhaust cooling system and cooled EGR.
(6) 1n addition to the techn010gies included in the ne、v engine,

Nv was reduced by a newly developed transmission and
Vehicle platform, as weⅡ as by optimized design

This is the first of a series of engines incorporating hioh・speed
Combustion techn010gies and other key concepts of the lNGA.
Other engines in the same series are planned to be launched in
Sequence in the future

Fina11y, the authors 、vould like to extend their sincere oratitude
for the invaluable guidance and support of everyone involved in
the development of this engine.
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12. conclusions

The new inline 4・cylinder 2.5-1iter oasoline enoine described
in this article achieved world・1eadino maximum thermal

efficiency and power performance by adopting a fUⅡ range of the
Iatest techn010gies, reaecting its status as a key next・generation
engine of Toyota.

The ne、v engine is compatible with emissions regulations
around the world and is planned to be adopted in a wide range of
models on a global basis.

(D lts long stroke design and hi合h・speed combustion package
achieve intense tumble and high flow rates,、vhich help to
realize a maximum themlal efficiency of 40% and a
maximum specific power of 60kxV4'.
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Development of cylinder system forthe

Nevv Toyota lnline 4・cylinder 2.5・Liter

Gasoline Engine

身

Abstract

Toyota Motor corporation has developed a ne、N inline 4-cylinder 2,5-1iter gasoline engine vvith the aim of achieving
a thermal e什iciency of 409,'o and a povver performance of 60 kvv/L. vveight and friction reduction techn010gies 、Nere
incorporated into the cylinder system (i.e., the pistons, connecting rods, crankshaft, cylinder block, and bearings),
Which reduced the weight 0什he pistons and connecung rods by 139"0, and the overaⅡ friction ofthe system by 159'0.
A 79'o reduc"on in vveight compared to the previous engine vvas achieved by adopting thinner piston vva11S and by
Shortening the distance betvveen the pin bosses using viper head-shaped connecting rods, Friction vvas reduced
by changing the surface treatment of the skirts. operation under actual conditions vvas analyzed using three-
dirnensional computer aided engineering (3D CAE)tofinalize the shape 0杙he crankshaft and cylinder block,゛1hich
Were designed with careful a廿en"on to the portions requiring optimum sti行ness. Measures Mlere adopted to
Suppress increases in weight, and the power performance target Mlas achieved Mlithout enlarging the size of the
engine compared to the previous genera"on.

Keyvvords: gaso/me enghe,/ong stroke, h喧h engine speed we匁htreduCガ0n

1.1ntroduction

Toyota Motor corpm'ation has developed a new inline
4・cylinder 2.5-1iter oasoline engine ca11ed the A25A.1n addition
to re・examining the combustion process and adopting various
new techn010gies, the basic su'uct山'e of the engine was newly
desioned and developed with the aim of achievino a thennal
efnciency of 40% and power P剖formance of 60 k、入1/L. This
article focuses on the development of the cylind伽' system for this
new enolne

10ru Hiranuma*1

ChikanoriYamashita*1

Tatsuhiro lerada*1

Kazuya Nakata*1
Mitsuhh.O Nakamura*1

Takashi Kurauchi*1

2. cylinder system Development concept

The f0ⅡOwing syste{n specifications were se{ to achieYe hlgh
thennal efficiency and power perf0↑mance: a compression ratio
Of 13, a stroke/bore ratio of l.2, a maximum output enoine speed

Of 6,60o rpm, and a oxv・16 enoine oil. Table 1 1ists the enoine
Specifications.＼¥ith these specifications, adoptino a long stroke
design enabled a piston speed of 22.8 m/S, However, without
refinelnents, the welght of the connecting Tods and 血e size of the
engine would likely increase, adversely a仟ecting noise al]d
Vibl'ation (NV). Th引'efore, to satisfy the high system
Tequirements、 it was necessal'y to thoroughly reduce the weight
Of tl]e ovela11 Cylinda' system 6.e., the pistons, connecting rods,
Crankshaft, cylinder block, and bearings). specificaⅡy, it was
necessary to minimize the increase in inertia110ad C↑eated by the
hjgher rotational speed of the rotating parts (the pistons and

Connecting mds) by reducing the weight of these items by at
Ieast lo% compared to the previous enoine.1n addition, this
developlnent also aimed to design an engine with lower hiction
than the previous engine

Englne DesiEn & Enσineerin旦 DIY, PO、vertraln company
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Number of cylinders

Displacernent (CC)

Table l Engine specifications

Bore diameter x

Stroke (mm)

Compression ratio

Fuelinjectlon system

New engine

L_

2,487

Inline 4・cylinder

87.5×103.4

Other devices

DiTect lnjection 4・stroke
Gasoline Engine superior

Version (D・4S)

Previous englne

Intake valves: variable valve

Tirning・inteⅢgent by Electric
motor(VVT・ie

Exhaust valves: variable valve

Tlming・inteⅢgent (VVT・i)
Cooled exhaust gas
Tecirculation (EGR)

Motor・driven vvater pump
Continuously variable
discharge oil pump

13

Maximum power
(kvvhpm)

2,494

Maximum torque
(Nm/rpm)

90×98

Port fuelinjectlon
(PFI)

10.4

15ν6β00

Dual vvT・1

Acoustic contr01

Induction system
(ACIS)

250/5,000

132.フ/6ρ00

230.5/4,100
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The parts development process utilized three・dimensional
Computer aided engineering (3D CAE) to simulate operation
Under actual conditions. This approach a110wed the analysis
Procedure to consider the dynamic deformation of the whole
Powedrain, including the engine and transmission.1t facilitated
Studies into NV, as we11 as into the strength a11d reliability of the
Crankshaft, cylinder block, and connecting rods.1t also increased
development efficiency and enabled weight reduction (Fig.1).

As a result, the weight of the pistons and connecting rods was
reduced by 17% and friction was lowered by 15% compared to
the previous engine. The f0ⅡOwing sections describe how these
results were achieved.

Previous engine

Cyljnder block

New engine

^

Areas of

reduced thickness

'

3D CAE model

3. pistons

Lighter pistons were developed by reducing the wa11thickness
behind the piston ring grooves, as we11 as by adopting thinner
Skirt and crown surface desions. The trade・0丘 effect of these

measures on stiffness was resolved by adopting a sloping
Sidewa11 design that increases the stiffness of the crown surface
and restricts piston deformation. Furthermore, cooling was
ensured at high piston speeds by reducing the diameter of the oil
jets by o.4 mm to increase the auid velocity (Fig.2).

,1

Fig.2 Piston Design compa"son

One issue with the previous piston skirt design was relatively
high surface roughness and friction. To help resolve this issue,
micro dimples were formed in the surface. This design enS山'es
Seizure resistance and reduces friction by creating a smoother
Surface while retaining lubrication (Fig.3).
The diameter and length of the piston pins were reduced by l

and 7 mm, respectively. The side surfaces of the connectino rod
Piston pin bosses were desi8ned with a viper head shape that
aares out at each side toward the end. This desion shortens the

distance between the pin bosses while ensurin0 血e contact area
between the pistons and piston pins,小ereby reducing wei8ht
While ensuring stiffness (Fig.4).

Previousengine: Newengine:

Crankshaft

Fig.1 3D CAE Models

Sloping sidewa11
design

Fig.3 Piston skirt Design

.

Vゆer head・shaped
Connecting rod

Piston pin
diameter:22×56 mm

Reduced t021×49 mm

Fig.4 Piston pin Design

、
、
贊



One of the main issues of in仇'easing the engine speed is oil
Consumption at high piston speeds. This was addressed by
re負ning the oil rings. By designing a higher side rail end shape
than the previous en冬ine, the refined oil rings reduced the
thickness of the oil film by 30 and cut down the amount of
residual oil. The use of thinner and less stiff oil rinos than in the

Previous engine also helps the piston to u'ack the geometry of the
bore more closely (Figs.5 and 6). The tl'ade・off effect on
abrasion was addressed by adopting a chromium nitride coatino
With exce11ent abrasion resistance. other refinements, such as

the adoption of a diamond・1ike coating (DLC) ar011nd the rings
and reducing the width around the periphery of the second rino,
also reduced friction while improving oil consumption

Incorporating these techn010gies reduced the 、veight of a single
Piston by approximately 7 Compared to the previous engine
(Fig.6

Development of cylinder system forthe New Toyota lnline 4・cylinder 2.5・Liter Gasoline Engine

Side rail

Atthe big end, the pin diameter was reduced by 3.5 mm t048
mm.1n add北ion, the shape around the bio end was designed to
reduce weight in consideration of the input force from
Combustion and the inertia110ad. The input moment of each
Section was calculated for each angle centered on the big end,
enabling the design of an optimum section shape that creates a
Sufficient geometrical moment of inertia. Fig.8 Sho、vs the
geometrical moment of inertia for each angle from the center of
the big end. The geometrical moment of inenia between 40 and
60 degl'ees 、vas reduced from the previous design, thereby
reducing wei菖ht.

ψψ"司

,愚、^^^^

"ngOil

Ne゛/ engine

Oi1 側m

。加。山~~＼
＼

、
englne 、

＼
＼

Fig.5 Side Rail End Design

100

@

Lighter

4. connecting Rods

As described above, the stiffness of the pistons was seC山'ed
While reducing the weioht of the connectino rods by adoptino
Vゆer head・shaped smaⅡ ends

The forging was created using high・strength steel with a tensile
Strength 30% greata'than the pl'evious matel'ial.(D This enabled
the adoption of a thinner column than the pl'evious part, thereby
reducing the sectional area of the column by approximately 25
(Fig.フ)
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＼

Maximum en9ine torque cy11nder(Nm)

Fig.6 Piston vveight compa"son

ノ

^

Leadlng trend

20

Column

Previous steel material High・strength steel material

Fig.7 Connecting Rod Design compa"son

Toyota

◇ Competitors

ノ

Colurnn

H四h引

Previous engine

40

え^
^'
〆ー

Fig.8 Distribution of Geometrical Moment oflnertia of connec"ng
Rod Big End

Althouoh the force of combustion exposes the connectino rod
bearings to large surface pressures, reducing the thickness of the
top portion of the connecting rod big end disperses the presS山'e
On the bearings and improves bearing seizure resistance (Fig.9).
These chanoes reduced the weioht of the connectino rod by

approximately 17% compared to the previous part. FUI'thennore.
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the combined improvements to the pistons and connecting rods
enabled weightreduction of B%, greater than the target of lo%.

Red lines: previous design
Solid shapes: new design

Area of reduced thickness

5. crankshaft and cylinder Block

Fig.9 Surface pressure of connecting Rod Bearings

The trade・0丘 e丘ects of high engine speeds, high cylinder
Pressures, and a long stroke design include higher inertia110ad,
greater force applied to the cyHnder block due t0 10wer
Crankshaft stiffness, and deterioration in NV, particularly the
tapping noises created by the crankshaft.1n response, the
development aimed to realize the system specifications while
retaining the balance between the cylinder block and crankshaft
dimensions, and to maintain the same engine size to ensure
Vehicle mountability.

First, to increase the stiffness of the crankshaft as a measure

against NV, the journal width was shortened by l mm and the
Crankshaft shoulders 、vere widened. However, increasing only
the shoulder stiffness creates a vicious cycle of higher weight
and deterioration in inertia110ad, requiring further increases in
Cylinder block weight. Therefore,、ve11・balanced shoulders that
achieve both stiffness and weighttargets were required to satisfy
the cylinder block strength, NV, and bearing strength
requlrements.

3D CAE was used to design the shoulders. Dynamic analysis
Of the whole cylinder system was performed to design each
Shoulder while confirmino the strength and reliability of the
Cylinder block, NV, and the seizure resistance of the bearings.
As a result, the stiffness of each shoulder differs, and a different

Weight balance is also created (Fig.10). Fig.11 Shows the
Stiffness ratio of each cylinder. since the effects of inertial force
due to rotation are particularly high around the NO.3 joumal, the
design prioritized weight reduction t010wer the force applied to
the cylinder block.1n contrast, since the areas around the NO.1
and NO.4 P加S have a major effect on NV, the design prioritized
the stiffness of these areas.

For the cylinder block,in addition to reducing the thickness of
the journal by l mm, stress was reduced by widenino the
Connecting portion with the bottom rail(Fig.12).1n addition,
the bottom of the waterjacket was designed to reduce stress by
approximately 25% by adopting an e11iptical radius at the
Cylinder head bolt side, where assembly stress is high (Fig.13).

Bearing surface pressure dispersed.

ノ

NO.1 Pin

4

1"

NO.3 journal

_ー=ーー七二

Shoulder design:

In

1.02

1.00

0.98

0.96

094

092

090

0.88

0.86

084

082

Fig.10 crankshaft shoulder Design

111

Cylinderl cylinder2 Cylinder3 Cylinder4

Fig.11 Crankshaft s"什ness for each cylinder

New engine previous engine

Fig.12 Cylinder Block stress Analysis
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Cylinder head bolt hole

The size of the engine was maintained by applying a similar
Stress・reducing approach to 0血er areas in which stress
Concentrates and increasing the stiffness of only the necessary
Portions in the desion of the cylinder block.

Various friction・reduction techn010gies were adopted. Friction
due to the application of force was reduced by applying a resin
Coating to the connecting rod beaにings and main bearing sliding
S山faces. Furthermore, a continuously variable discharge oil
Pump and low・viscosity engine oil(rated oxv・16 by the society
Of Automotive Enginea'S (SAE)) were adopted in the lubrication
System. The combination of low・viscosity oil and variable
Contr01 0f the oil pump discharge volume enables the optimum
Supply of the required amount of oil,thereby reducing the sliding
resistance of the bearings. since this approach has the trade・off
effects of generating heat and increasing input forces, fatigue
Strength was improved by adopting a stronger bearing lining
material and modifying the microstructure by reducino the tin
(sn) content.(2)

By combinino the newly designed crankshaft and cylinder
block with the liohter pistons and connecting rods described in
the previous sections, the cylinder system satisfied the strength
and Nv requirements without enlarging the size of the enoine.
Friction was also reduced by approximately 15% compared to
the previous engine (Fig.14).

Area of reduced stress

Fig.13 Stress Generated at water Jacket Bottom

Development of cylinder system forthe New Toyota lnline 4・cylinder 2.5・Liter Gasoline Engine

Vvaterjacket Overa11 friction ofthe system by 15%

A 7% reduction in 、veight compared to the previous engine was
achieved by adopting thinner piston wa11S and by shortening the
distance between the pin bosses using viper head・shaped
Connectino rods.1n addition, friction was reduced by chanoino
the surface trea訂nent of the skirts.

Adopting high・strength steel and modifying the big end design
reduced the weight of the connecting rods by 17%.
3D CAE was adopted to finalize the shape ofthe crankshaft and
Cylinder block,、vhich 、vere designed with careful attention to
the portions requiring optim山n stiffness.
Measures 、Nere also adopted to suppress increases in weight,

and the po、ver performance target was achieved without
enlarging the size of the engine compared to the pl'evious
generatlon
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6. conclusion

Xveioht and friction reduction techn010oies were incorporated
into the cylinder system (i.e., the pistons, connecting rods,
CI'ankshaft, cylinder block, and bearings),、uhich l'educed the
Weight of the pistons and connecting rods by B%, and the

Prevlouseng1Πe Newenglne

Fig.14 F"C"on comparison

Pistons
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The Nevv Toyota V635・Liter

Turbocharged Gasoline Engine

B

Abstract

In association with the completely redesigned Lexus LS, Toyota Motor corporation has developed a nevvV63.5-1iter
turbocharged engine. This engine can be insta11ed in vehicles designed based on a low・center・of・gravity,10VV、
hood concept, and is also compatible vvith future regulations and environmentalrequirements. The development
Of this turbocharged engine targeted a power performance of 310 k、N (speC汁ic po、Ner:90 kvv/L) and 60O Nm
(betvveen l,60o and 4,80o rpm), vvhich is equivalentto V8 turbocharged engines in compeung vehicles. This target
Wasaccomplished byadoptinganewhighlye什icientturbochargerand high・speedcombustion,and byincorporating
techn010gies such as laser・clad valve seats in the intake ports. A prototype vehicle iηSta11ed with this engine and
the direct・shift lo・speed automatic transaxle achieved a o・to-60 mph acceleration time of 4.6 Seconds, vvhich is in

the same class as competing vehicles insta11ed vvith V8 turbocharged engines, as MleⅡ as fuel e什iciency of 23 mpg.

Keyvvords:interna/ combuS力'on engme, spark mjeC力'on イSり enghe, high・speed combuSガ0n, turbocharger,
Peがorma刀Ce/fue/efガCjency/efガCjency,加mb/e ガ0W

1.1ntroduction

In association with the complete l'edesign of the Lexus LS,
Toyota Motor corporation has developed a new V6 3.5-1iter
turbochalged gasoline engine. This development aimed to
achieve the f0ⅡOwino tl〕1'ee targets to reaect the stat11S of the LS
as the aaoship model ofthe Lexus brand

(D Dynamic performance and driveability: acceleration time and

feeling equivalent to competing models equipped with
turbocharged V8 engines, with sharp and aat torque
Ch印'acteristics and response

(2) Environmental P引formance: fuel efficiency that surpasses
Competing models and emissi0那 Performance that satisfies

emissions re菖Ulations in the u.S, beyond 2023

(3) Noise and vibl'ation (NV): an evolution of the renowned

elegance and smoothness of previous gena'ations ofthe LS
ThjS 雛tide descrjbes an oudine of 血is new oasoljne enoine

and its main techn010gies

Takao Yuasa*1

DaichiYamazaki*1

Akio Mori*1

Shinichiro Nogawa*2

2. se杜ing of Development Target values

Engine Desi旦Π& Engineering Div.. powern'ain company
Elech'jc powertrain system Developn】ent DiY, NO.3、 powertrain colnpany

Fig.1 Shows the rela[ionship between the dynamic
P引'formance and fuel efficiency taroeted in the development of
the new LS. The development aimed to achieve a o・to-60 mph
acceleration time and fuel efficiency surpassing colnpeting
models equipped with V8 turbocharged engines and 8- or
9・speed automatic transmissions. For the engine, the
development aimed to achieve maximum power of 310 k、N,

maximum torque of 60O Nm (at between l,60o and 4β00 印m),
and a maximum thermal efficiency of 37%, fi0山'es that are
SubstantiaⅡy higha'than those achjeved by the previous V84.6・
Iiter naturaⅡy asPⅡ'ated (NA) engine. Fig.2 Shows the
Competitive specific power and fuel ef負Ciency performance of
the new LS

Additiona11y, to take advanlage of the exceⅡent driveability of
a t山'bochal'ged engine, a lo・speed automatic transmjssion wjth
血ythmical shifting perfonnance was adopted that makes active
Use of low engine speed and high・torque engine operating
↑egions to achieve graceful and smooth acceleration. Fig.3
Shows the torque rate trends of individual enoines. Based on
Vehicle G simulations, a tolque rate ta↑get was set fm'the enojne
that is close to the hiohest trend line achieved by competing
models
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Fig.2 Competitlve speci"c power and Fuel E什Iciency performance
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In addition to the hioh performance taroets described above, a
Smartly packaged 3.5-1iter V6 engine was selected to realize the
10W・center・of・gravity,10W・hood design concept of the new LS
(phot0 1),、vhile enabling aexible response to future regulat01γ
and environmentaltrends related to fuel efficiency and emissions.
Furthel'more, the new Ls adopts Active Noise cancel(ANC) and
Engine sound Enhancement (ESE) systems to counter the higher
Vibl'ation of a V6 enoine. These systems enable the ne、U Ls to
Uphold and advance the model'S I'enowned q山etness, elegance,
and smoothness. To complement the smart packaσing of the
engine and po、刃er performance equivalent to rival V8 engines, a
highly efficienttwin turbochar8er was developed and incorporated
into the high・speed combustion concept ofthe Toyota New Global
Architecture (TNGA) design philosophy, resulting in improved
Combustion and higher po、ver. The f0ⅡOwing sections describe
the details of the techn010gies incorporated into the ne、v enoine to
achieve these pedormance targets.

ーーーー'ーーーーーーーーー゛ーーーーー

J H1旦h・speed combustlon lL-ーーー^ーーー^^^^●

3. Techn010gies Developed to lmprove FUⅡ
Load performance

3.1 Approach for achieving target performance and
torque curve

Fig.4 Shows the bench power P叡fonηance torque curve target
Of the ne、V V6 turbocharged engine. compared to the previous
IUR・FSE V8 4.6-1iter NA engine, the development taroeted
greatly improved P引'formance at both low and high engine
Speeds

Incorporatlon of
new techn010gles
◇◇

New LS

(new V6 tU巾Ocharged engine)

700

◇

◇
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Photo l Design ofthe New LS
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Reaecting the status of the Ls as a flagshゆ model, the
development focused on achievin今 a smooth and comfortable
acceleration feeHng from low speeds. Turbocharger
Specifications to achieve a maximum torque of 60O Nm at l,600
rpm were studied. Fig.5 Shows the turbocharger compressor
maps examined in the development. A turbocharger developed
based on the unit used in the 2.0-1iter 8AR・Frs engine launched
in 2014 generateS 60O Nm at an engine speed of l,850 rpm. This
means that the size of the turbocharger had to be reduced to
achieve the target of l,60o rpm 、vhile avoiding surging.
HO、刃ever, the air flow rate of the compressor would be
insufficient at the choke limit to reach the target power
Performance of 310 k＼v at 6,ooo rpm. various measures were
applied to achieve the required air aow rate,induding increasing
the efficiency of the intake system and turbocharger, increasing
the boost pressure by promoting combustion, and improving
knocking. These measures helped to realize the taroeted
turbocharging characteristics over a wide range from low to high
engine speeds.

Highly efficient and compacttU巾Ocharg引
(new V6 tU巾Ocharged engine)

Previous tU巾Ocharger(8AR・FTs engine)

6,ooo rpm

310 kw

Combustion improvemenls
Terget:indicated mean e什ective pressure (1MEP)勿V I.36

・ 1mproved
air110w ra恰

・ 1mproved
Combustion

Required imp『ovement

Φ

Turbochar er size reduction

゛

ず
'

卓・
'

..

1

Prevlous

UR engl"e

1,60o rpm

60o nm

6,ooo rp

Intercept:
1β50 rpm

Intercept
1,600 ゆm

Smad

Peckeglng
4.6→35 L

V8→V6

Fig.6 Shows the cumulative e仟ect of the techn010gical
improvements to the turbocharger for power at 6,ooo rpm and
torque at l,60o rpm. The shortfaⅡ in torque of the compact
turbocharoer developed based on the turbocharger in the
PreviouS 8・AR FTs engine was offset by a combination of
improvementst0 血e air aow rate and combustion.

Air flow rate (g/S)

Fig.50perating points of TU巾ine compressor

Airflow rate improvement
Target:330 g/S

TU巾Ocharglng
(turbocharged
8AR en91ne)

・ 1mproved airflow rate
Improved combustion

TU巾Ocherging
(tU巾Ocharged
8AR englne)

Requlred improvemenl

Operating
Iine of 8AR

turbocharger

Combustion improvements
Target:1MEP/ V I.0

Previous

UR engine

Operating line of
new V6 engine
tU巾Ocharger

Table l outlines the techn010oy adopted to achieve the taroet
air aow rate and combustion improvements. After defining the
targets through more specific physical values, the techn010gies
required to achieve the targets were developed and combined.
The f0Ⅱ0圦,ing sections describe the f0110wing newly developed
techn010gies in more detail: improved turbocharger efficiency
through the adoption of highly e行icient turb加e blade geometry,
improved boost pressure through the application of
turbocharging to Toyota's hi旦h・speed combustion concept, the
Simultaneous achievement of the necessary aow coefficient and
high・speed combustion t11rough the adoption of highly efficie址
intake ports aaser・clad valve seats), and advanced ignition
timing through the adoption of multi・point oiljets to facilitate
hioh・speed combustion and coolthe exhaust side ofthe pistons.

Fig.6 Approach to Achieve Target performance
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Techn010gies Adopted to Achieve performance TargetsTable l

6,ooo rpm

Target

TU巾Ocharger efficiency リtot
AO。

Detailed targets

Boost pressure:194 kpa

Improvernent
Of air flow rate

t0330 g/S

Techn010gies adopled to
achieve targets

Highly efficienl
turbocharger

Application of
tU巾Ocharging to high・
Speed combustion concept

FIOW

Coe什icient

Cf:0.46

Irnprovement
Of charging

e什iciency ヲVb
to B9,'。

The New Toyota V63.5・Liter Turbocharged Gasoline Engine

Intake

Pressure loss
C kpa

Highly e新icient intake ports
(1aser・clad valve seats)

32 Techn010gies adopted to improve airflow rate

32.1 Highly e什icienttU巾Ocharger

Surge tank adopting new
manufacturing method
(welding rib height
reduced by carrying out
Weldmg after infrared
heating)

・ Highly e什icient
intercooler

・ 1nsta11ation of intercooler

directly onto intake
manifold

Improvement
0"MEP勿Vof
Combustion to

136

Intake

temperature:
DC

A new compact and highly efficient turbocharger was
developed in・house to achieve the targeted turbocharging
efficiency. The turbochar8er on the 8AR engine utilizes highly
efficient curved compressor blades manufactured by an existing
Cutting technique for forged parts. A new high・efficiency turbine
blade design was developed based on this approach
Conventional design approaches emphasize achieving a low
moment of inertia by shortening the length of the blades and
Iimiting the amount of curvature to reduce size.1n contrast, this
development focused on increasing the efficiency of exhaust
energy absorpuon by lengthening the blades and increasing the
amount of curvature (Fig.フ).

Exhaust

Pressure

10SS: E Kpa

1,60o rpm

Ignition timing epmax
F ATDC

Exhaust pipe clamshe11

Target

Application of
turbocharging to high・
Speed combustion concept

High引 direct injectorflow
rate

Turbocharger efficiency ヲtot:
AO。

Detailed targets

Improvement
Of air flow rate

t0120 g/S

Previous tU巾ine blade geometry New turbine blade geometry

Piston exheust side cooling
Using multi・point oiljets

Improved cooling between
Cylinder bores

Improvement of boost
Pressure t0194 kpa

Gas not contr山Uling to
扣巾Ocharger work

Techn010gies adopted to
achieve targets

Highly e仟icient
turbocharger

Application of
tU巾Ocha四ing to high・
Speed combustion concept

Charging
efficiency リVb

GO。

Improvement
OflMEPノリV of
Combustion to

1.03

Improvement
0什10W

Coefficient cf

to o.46

ーー^◆

The mechanical efficiency of the turbocharger was further
increased by improvin合 the total shut・off performance 血rough
the adoption of an electric 、N,astegate valve (Fig.8), increasing
the 、vork of the blades by optimizing the inlet blade height
through computational auid dynamics (CFD), reducing the
moment of inertia by adopting a thin blade geometry that
Prevents resonance, and improving aerodynamic characteristics
by adopting a die・cast compressor housing. As a result, world・
Ieading turbine mechanical e丘iciency was realized (Fig.9), and

the targetturbocharging e丘iciency of 加ot=42% was achieved.

]

Intake

temperature
DC

Increase amount of work by
Iengthening the blades

Highly efficient intake ports
(1eser・clad valve seats)

Blade length

TOYOTA Technical Revievv v01.64 Sep.2018

Fig.7 New TU巾ine Blade Design
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OToyota
Competing models TU巾Ochargerfor

new V6 eng川e

6、、

Applica"on oftU巾Ocharged engine to3.22

high・speed combustion concept

^^

Fig.9 Turbine Mechanical E什iciency Trends

^^

To realize higher specific power and thermal efficiency,
Toyota is developing new TNGA PO、刃ertrains based on a high・
Speed combustion concept' The first engine in this series was a
2.5-1iter NA en部ne for conventional and hybrid vehicles (HVS)
that was launched in 2017.山 High・speed combustion helps to
reduce pumping and cooling losses by suppressing combustion
auctuations and expanding the exhaust gas recirculation (EGR)
Iimit (point (1) in Fig.10).1t also a110ws higher compression
ratios by restricting knocking (point (2)).(2) This developme爪
applied a turbocharged engine to the high・speed combustion
Concept to further increase both specific power and thermal
efficiency by raising the boost pressure (point (3)).
AS Fig.11 Shows, the boost pressure can be increased by

Promoting combustion t0 10wer the exhaust gas temperature.
However, substantia11y increasing turbulence intensity may
Saturate power improvements by lowering the intake now
Coefficient and limiting the maximum combustion pressure ofthe
engine. This developmenttaにgeted a turbulence intensity of 4.8
nvs to realize the maximum powertarget of 310 kw.

Top level

TU巾ine capacity

0

0
0

1 17

26

1,637

0.192

36

Combuston

impmved

970
965
960
955
950
945
940
935
930

Fig.11 Relationship between TU巾Ulence lntensity, combustion speed,
and Exhaust Gas vTemperature in Turbocharged Engine

Temperature
reduced

Boost pressure
Can be mcreased

32 654

TargettU巾Uleoce lntensiw (m/S)

・1ntake flow coe什IC旧"t reduced
・ Maxlmum combustion

Pressure restrlcted

Therefore, the development determined the specifications for
achieving the required turbulence intensity by examining the
relevant causal factors. Fig.12 Shows the time history of the
in・cylinder unsteady tumble ratio and turbulence intensity, as
We11 as the combustion specifications that determine these
Characteristics. unsteady tumble attenuates as the crank anole

advances towmd top dead center (TDC), after passin8 through
Peak A, which is caused by the intake inaow, and peak B during
the compression stroke, which is caused by the formation of the

tumble aow.1n contrast, turbulence intensity also indudes peak
C after unsteady tumble peak B, which occurs when the tumble
aow is compressed as the piston rises and is transformed into
turbulence. subsequendy, turbulence intensity attenuates as the

Crank angle advances toward TDc and passes through peak D
Prior to combustion. Based on the results of experiments as we11
as one・ and three・dimensional simulations, the specifications for
achieving the target value for peak D were determined based on
the four basic engine specifications indicated in Fig.11. After
incorporating these assumptions, the development determined
the basic combustion・related specifications to achieve the
required turbulence intensity of 4.8 m/s in a V6 3.5-1iter
turbocharged engine.

Achievement of bolh hlgher speclfic

Ternperature reduced

310 kvv

(1) More stable
Combustion

・ strong引 Atkinson cycle
・ epanded EGR lim壮
In畑meland eX也mal EGR

2 43 65

TargettU巾Ulence lntenslty (m/S)

Realization of 卜11gh・speed combustlon

Targetturbulence
Intenslty 48m/S

Fig.10 Application ofTU巾Ochar ed En ine to High・speed
Combustion concept
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The details of the piston top shape are as f0110、VS. To intensify
(i.e., to inhibit the attemlation of) the t山'bulence at peaks B and
D in Fig.12, it is important to desjgn a piston top shape and
aspect l'atio that guide the turbU1引lt 負Ow smoothly to the area
around the spal'k plug without blocking the aow path. Fig.13
Compares the piston shapes used in an inline 4・cylindel' 2.5-1iter
engine and the newly developed V6 t山'bochal'ged engine, as 、veⅡ
as the turbulence intensity achieved in both engines. The
Obtainable recess heights differ between an NA engine with a
high compression ratio and a 山rbocharged engine with a lower
Compression ratio. Therefore, since the piston top shapes
Capable of adlieving the greatest improvement in turbulence
intensity also differ, shape B,、N,hich is more suitable f田' the
Compression ratio of a t川'bochal'ged engine,、vas adopted.

A) piston shape of inline
4・cylinder 25-1iter engine

The New Toyota V63.5・Liter Turbocharged Gasoline Engine

tumble 松tio and ao、v coe仟icient with values at the top of the
relationship trend.

B) piston shape of
new V6 turbocharged engine

16.0 、
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169
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167

149
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Compression ra110

Fig.13 Compa"son of Turbulence lntensity Due to piston Top shape
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口
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1-0・・000 ,^^^^^^

16.1

10.0

32.3 Highly e什icient cylinder head intake ports

A aow coefficient of o.46 is necessary to achieve the taroet air
ΠOw rate. Atthe same time, as described in section 322, a

tumble ratio of 2.6 must also be achieved. Althouoh mainly
Contr011ed by the shape of the cylinder head intake ports, these
two factors are genera11y re8arded as having a trade・off
relationship. As a result, some form of techn010oical feedback is
required to achieve both factors. The enoine development
revised the valve included anole and throat heioht of the cylinder
head intake ports. Laser・clad valve seats were adopted to enable
more linear ao、us into the cylinder and to achieve the targeted
throat height. Fig.14 Compares the Nlationshゆ bet、veen tumble
ratio and ao、v coefficient for the pl'evious luR and neⅥ,1y
developed engines. The ne、v engine achieves the targets f01' both

TOYOTA Technical Revievv v01.64 Sep.2018

3.3 Combustion improvements
(improved knocking through high・speed combustion)

This section describes the evaluation results usino a prototype
V6 turbocharged engine incorporating the high・speed
Combustion concept described in section 322. Fig.15 Shows
the 200・cycle distribution of the lo・to-90% combustion velocity
and 50% heat release rate timing (CA5の. compared to the
8AR・FTs engine that uses the conventional concept, the new
engine advances the cA50 timing by promotin墓 Combustion.1n
addition, as shown in Fig.16, it also improves knocMng while
increasino the compression ratio from lo t010.5.(3)
As a result, a maximum thermal efficiency of 37%、vas

achieved while also accomplishing 血e targeted po、ver
Performance. 1n addition, the fuel efficiency taroets 、vere
achieved throush meaS山'es including the incorporation of heat
management techn010gies throush the adoption of a newly
developed coolant control valve.

d

◇

Nevv V6 turbocharged engine

Approx.40 deg

New V6

tU巾Ocharged engine

'0.6

'.vious luR・FSE engine

Newconcept

0.55

Flow veloclty
(m/S)

120

◇

魅
05

⑳◇

1夕①
045

◇

◇

00

Heightreduced

352.515

Tumble ratlo ( 1)

Fig.14 ComP引ison o"ntake port shapes and Rela"onshlp
between Tumble Ratio and Flow coe什icient
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5. conclusion

This new V63.5-1iter turbocharged en3ine is equipped with a
Wide range of new techn010gies, enabling class・top level power
Performance and fuel efficiency and pedectly reaects the status
Ofthe Ls as the aagship model ofthe Lexus brand.
(D Targeting power performance that surpasses competing

models equipped with V8 engines, aow rate improvement
techn010gy was developed such as a highly efficient
turbocharger and innovations to apply the TNGA high・speed
Combustion conceptto a turbocharged engine. combined
With the TNGA high・speed combustion improvement
techn010gies, the new engine achieved the targeted maximum
torque of 60O Nm (at between l,60o and 4,80o rpm) and
Power of 310 k圦1(specific power:90 kw/L). The engine
also achieved a maximum thermal efficiency of 37% and the
targeted fuel efficiency.

(2) A prototype Ls eqUゆPed with this V63.5-1iter turbocharged
engine and the Direct・shift lo・speed automatic transmission
achieved a o・to-60 mph acceleration time of 4.6 Seconds with
a combined fuel efficiency rating of 23 mpo. This dynamic
Performance is equivalentto competing models insta11ed with
V8 engines, and the fuel efficiency is at the top of its dass.
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4. vehicle performance summary

This section summarizes the dynamic performance and fuel
ef負Ciency accomplished by the new Ls insta11ed with the
Prototype V6 engine described above.

Fig.17 Shows the acceleration time and fuel efficiency of the
LS. By combining the lo、v end torque of this V6 turbocharged
engine and wide oear ratios of the Direct・shift lo・speed
automatic transmission, the rear・、vheel drive Ls achieved a o・to-

60 mph acceleration time of 4.6 Seconds with a colnbined North
American fuel efficiency rating of 23 mpg. This dynamic
Performance is equivalentto competing models insta11ed with V8
engines, and the fuel efficiency is atthe top of its dass.
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Development of cooling system forthe

Nevv Toyota 3.5・Liter V6 Turbocharged

Gasoline Engine

B

Abstract

This article describes the cooling system ofthe ne、N 3.5-1iter V6 turbocharged gasoline engine developed byToyota
Motor corporation. The cooling system of this engine vvas substantia11y redesigned to help achieve high povver,
While ensu"ng superlative fuel e什iciency with exce11ent air・conditioning performance. Re"nements included
greatly reducing the flovv resistance ofthe coolant in the engine, and the adoption ofthermal management using
a water control valve (VVCV). The vvcv is capable of contr0Ⅱing hovv much coolantflo、Ns to vvhich engine device,
and can prioritize "ovvto devices requiring coolant. Accordingly,this cooling system supports rapid engine warm・
Up by reducing coolant "ovv to zero (thereby helping to improve fuel e什iciency), while also enhancing heater
Performance by prioritizing coolant "ovvto the heater core.

Keyvvords: engine coo/ing system, therma/ management, vvater contro/ va/ve, rapid enghe vvarm・UP

1.1ntroduction

Toyota Motor c01'poration has developed a new V6 3.5-1iter
tU↑bocharged gasoline engine as part of a series of engines based
On the Toyota New Global Architecture (TNGA) design
Philosophy. This engine feat山'es an innovative structure that
Was developed to surpass the power pa'formance of the pTevious
natura11y aspirated (NA) V8 4.6-1iter engine while achieving
acceleration, fuel efficiency, and environm引]tal P伽'fon〕〕ance
equalto ol bett剖、than competing models.1n addition to the new
nⅡ'bochalging system and basic structure to support the
generation of high power, this engine also incorpm'ates
SubstantiaⅡy refined therlnal management (i.e., the optimization

Of heat energy) using the cooljng system to boostthe combustion
Chambel cooling pa'formance. This cooling system helps to
Warm・up the engine lnole quickly, boostthe cooling and heating
Pafolmance of the air・conditioning system,10、Na' ffiction atlow
enoine loads, and enhance knockino resistance at hioh enoineご,とコどご

10ads. This article describes these points in m0↑e detail

Daisaku Morishita*1

Naoya Kawamoto*2
Yusuke Ni、¥a*1

Naoto Hisaminato*3

Nlitsuru Yamaguchi*4
Hirokazu Ando*3

2. Development Aims

2,1 Measures jn response to higher engine povver

the coolant is to increase the lift of the wateT pump. However,
Since enlarging 血e water pump increases the susceptibility to
Cavitation (a phenomenon jn which the saturated vapor pressure
Of the coolantis exceeded due to the negative plessure cTeated by
Suction), the flow lesistance of the coolant passages was
山oroughly reduced in line with the largelwater pump lift

Since the new engine features higher powa'than the previous
enoine, the development needed to boost the cooling
Performance around the combustion chambers. one sjlnple way
to raise the coe丘icient of heat transfer (i.e., the auid velocity) of

Eng】ne Design & Engineerin8 DW【 Poweltl'ain company
ノう

EHV BatteTy Desion Div_ powel'train company
3 Electric powern、ain system Development DiV「 NO.2. powel'train company

史J Electric powertl'ain system Developmen{ Div_ NO.3. PO、vertrain company

22 Measures to enhance both fuel efficiency and air・
Conditioning performance

Increasing the thermal e仟iciency (i.e., the fuel e丘iciency) of
an engine can result in delayed engine warm-up or lowa'the
Paformance of the occupant colnparlment heater system, which
Uses coolant as a heat source. Delayed engine walm・up is caused
by the coolanttempelature taking longel't0 ↑each the temperat山'e
that permits engine stop control during idling, as weⅡ as by
delayed transition to the post warm-up contr01, which reduces the
fuel efficiency enhancement effect ofthe contr01. This issue was
ad山'essed by compensatinσ fm'the insufficient amount ofheat by
Contr011ing the coolant aow rate and by appropriately switching
the contr010f the vehicle devices (the radiator, heate↑ Core, and

automatic transmission auid waTmel(ATFハ入'))

Delays in engine warm・up were resolved by completely
Stoppjng coolanlflow t0 山e vehicle devjces' This enables rapjd
engine walm・up by restricting the thennal mass around the
engine colnbustion chambers. Heater system pa'formance was

enhanced by flowino engine coolant to the heater cole only,
thereby dh'ecting aⅡ of the heat ftom the engine to the heater
System. To boostthe cooling (air・conditioning) pa'fonnance
When lequired, the coolant aow to the heater is cut, eliminating
the effects of l〕eat radiation from the heater core and incfeasino

Cooling e仟iciency.1n addition, when higher engine pa'fonnance
is required, the coolant ao、刃 to the ra山ator is increased and the
temperat山'e ofthe engine coolant and comb11Stion chamber waⅡS
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is lo、vered to raise the knock limit, thereby a110wing the i8nition
timino to be advanced. Furthermore, at low loads, the coolant

ao、v to the radiator is reduced, thel'eby increasing the

temperature of the engine coolant and combustion chamber wa11S
and lowering engine friction (raising the coolanttemperature also
has the e仟ect of incl'easing the oil temperat山'e),、vhich results in
higher fuel efficiency.
The engine implements the thermal management ofthe coolant

Circuit described above using a water control valve (、入ICV) to
Switch the connections between the engine and vehicle devices
as we11 as to controlthe coolant ao、v rate.

Since the wcv also functions as a thenηOstat (the part that
Controls the engine coolant tempa'ature), the thermostat in the
radiator coolant passaoes can be removed. This eHminates the
Pressure loss generated by the thermostat, thereby helping to
increase the cavitation limit and boost the heat dissipation
Capacity of the radiator.
These refinements to the cooling system help the engine to

realize its potential power performance, fuel efficiency, and air・
Conditioning performance.
Table l compares the specifications of the ne、vly developed

engine with this cooling system (Fig.1) and the previous V8
4.6-1iter NA engine

Development of cooling system forthe New Toyota 3.5・Liter V6 Turbocharged Gasoline Engine

3. cooling system Techn010gies

3.1 Coolant circuit "ow resistance reduction

The development investioated the flow resistance of the
Coolant circuit h'om the en8ine to the radiator (Fig.2). En部ne
aow resistance accounts for approximately 60% of the total
resistance, the radiator for 25%, and other coolino pipes for the
remainin0 15%. The size of the radiator and coolino Pゆes
detenηines the aow resistance of these components.1n contrast,
the now resistance of the enoine is determined by the shape of
the 圦,aterjacket and the pl'essure loss of the thermostat. since
the thermostat was eliminated by the adoption of the 、入ICV,血e
development focused on optimizing the shape of the engine
Waterjacket.

Flow resistance can be reduced by shortening the distance of
Coolant aow and increasing the number of coolant passaoes. The
engine cylinder head is rectangular and the previous V63.5-1itel'
NA enoine aowed the coolant in the long dimension direction
from the rear to the front of the engine.1n the new engine,
Coolantis aowed in the short dimension direction from the intake

Side to the exhaust side (Fig.3), thereby helping to reduce aow
resistance by shortening the distance of coolant aow and
increasing the number of coolant passages

VVCV

＼

Water pump

隨

Vvater pump

Fig.1 Extemal Appearance of New Engine

Intercooler (1eft side)
ι/

、、

＼、

ComP討ison of Main Engine speci"cationsTable l

En ine

Dls lacement cc

Bore diameter x stroke len th mm

Com ression ralio

Maxlmum ower kvv/ m

Maximumtor ue Nm/ m

TU巾Ocha四ers

Intercoolers

Vvater um

Component used to vary coolant
flow

Componenl used to adjust
Coolanttem erature

Low temperature
Coolant drcuit
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recirculation EGR s stem

./W器圃四

Engine New engine
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Previous engine

V8
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None

Belt・driven
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O ens at 82゜C
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Fig.2 Diagram of coolant circuit of New Engine
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The passage through 、vhich coolant 負0、vs into the cylinder
block after passing through the water pump was also revised.
The double curved structure of the V63.5-1iter NA engine (Fig.
4) was redesigned to reduce aow resistance by creating more
gende curves (Fig.5).
These measures reduced the aow resistance by 30% compared

to a V84.6-1iter NA engine (Fig.6).

Intake side

Fig.4 Top view of cylinder Block water Jacket in previous Engine

Exhaust side

Engine front
^

NA en合ine. The f0110win旦 two approaches were adopted
The first approach was to boost the coolant now rate by

increasing the lift capacity of the water pump. conventiona11y,
the lift of the water pump cannot be raised because of the risk of
greater cavitation. Larger lift was enabled in this engine by the
flow resistance reduction measures described above. The

reduction in flow resistance helps t010W引' the negative pressure
Of the water pump created by suction. This negative presS山'e
margin was translated into larger water pump lift. As a result, a
Coolant aow rate equalto or better than a V84.6-1iter NA enoine
Was achieved, thel'eby enabling cooling performance (i.e.,
radiator heat discharge due to the greater coolant flo、v rate)
Suitable for the increase in engine power.

The second approach was to insert a waterjacket spacer (、入'JS)
into the watel'jacket. The developme爪 aimed to enhance
knocking resistance withoutincreasing the volume of coolant by
increasing the heat aux atthe top of the exhaust side (EX) of the
Combustion chambers.1t was confirmed that inserting the 圦IJS
into the cylinder block watel'jacket (Fig.フ) increased the heat
aux atthe wat引'jacket Ex top (Figs.8 and 9). This measure
reduced the 、va11 tempel'ature between the bores of the
Combustion chambers (Fig.10), thereby enhancin3 knocking
reslstance.

Additiona11y, the structure was simplified to reduce the coolant
Volume. Adopting the wcv created a unified structure at the
engine coolant oudet and enabled the coolant・related parts at the
front of the engine to be laid outtogether.
Due to these measures, the new engine achieved a maximum

Power performance equalto or better than a V8 4.6-1iter NA
engine,、vhile restricting the coolant volume to the same level as
a V63.5-1iter NA engine (Fig.11).

Double

Curvature

ず'

Intake side

Fig.5 Top view of cylinder Block water Jacketin New Engine

Coolant

140

Exhaust side

Engine front
^

120

100
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NA englne

..ー・ previous V63.5-1iter
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Smoother
Curves

＼才
Coolant

80

60

2001000 300

En9ine coolantflow rate (umln)

Fig.6 Compa"son of Engine coolant FIOW ResiS始nce

32 Compactlow coolant volume design

To satisfy both fuel efficiency and power performance
requirements, the development needed to reduce the coolant
Volume (i.e., the thermal mass) and boost the cooling

Performance (coolant flow rate and heat aux) to enhance the
knocking resistance. The f0110、ving developmenttargets were
Set: cooling performance equalto or betta' than a V84.6-1iter
NA engine with coolant volume equalto that of a V6 3.5-1iter
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EX

Heatflux increased

IN EX

Vvithout

VVJS

'

Development of cooling system forthe New Toyota 3.5・Liter V6 Turbocharged Gasoline Engine

Fig.9 Comparison of coolant Heat Flux with and without wJS
(Fig.8 View A)

IN Heatflux

Higher

Vvith vvJS

旦

Flg.10 comparison of cylinder Block Bore waⅡ Temperature
(Fig.8 View A)

Vvithout vvJS

the engine coolant temperature is high, a coolant circuit separate
from the engine coolant (Fig.12) was adopted. To ensure that
this coolant circuit is capable of maintaining a lo、v coolant
temperature, the l'adiator of the intercooler and turbocharger
Circuit was placed in front of the engine coolant radiator and a
Sub・radiator was positioned in front of the rioht tire. The aim of
this configuration is to ensure heat radiation capacity by aowing
Iarge quant北ies of air at ambient temperatures to the radiator

Throuoh these measures, an intercooler coolin邑 e行iciency of at
Ieast 90% at maximum power 、vas ensured, thereby enhancing
knocking resistance under boosted conditions and helpino to
increase power (Fig.13).

Coolant also ao、vs into the turbochargers that are provided in
ParaⅡelto the intercoolers. The purpose of this coolant is to
Prevent physicalincreases in turbocharger temperature created
by h喰h boost pressure. coolant is flo、Ned to the bearing
housings of the turbochargers t010wer the physicaltemperat山'e
Of the compressor and bearing housings, and to suppress oil
Coking.

Lower

400

Temperature

HigherIN

350
6

Q、

1,00O CC
ξ一・ーー^・

V84.6-1iler NA engine
200

V635-1iter NA engine
150

Engine coolant volume (Cの

Fig.11 Compa"son of coolant volume and Maximum power

300

Vvith vvJS

250

2 kvv

V63.5・1itertU巾Ocharged engine

3.4 Adop"on of exhaust gas cooling

T010wer the exhaust gas temperature (for the purpose of part
Protection), the V63.5-1iter NA en8ine utilized the vaporization
heat cl'eated by fuelinjection. However, this is not an optimum
approach since it has the potentialto 、um'sen fuel efficiency (due

33 Adop"on of water・cooled turbochargers and
intercoolers

Lower

Because the ne、v engine is turbocharged,the t山'bochargers and
intercoolers must be cooled. Ne、vly developed compact highly
efficient turbocharoers were adopted with a world・1eadino
e仟iciency 5% hiσherthan the previous component.
The intercooler development focused on reducing the intake

tempel'ature (i.e., enhancing the knocking resistance) and
ensuring accelel'ation response. The intel'coolers were insta11ed
On the top of the enoine rather than at the front to minimize 伽e
intake passage S山'face area after cooling (i.e., to reduce the heat
transf引'red from the engine compartment) and the intake air
PresS山'e loss.1n addition, since high intercooler efficiency is
requil'ed to ensure knocking l'esistance,、Nater cooling 、vas
adopted instead of air coolino to seC山'e sufficient heat exchanoe
even 、vhen insta11ed on the top of the engine.

Since the intel'cooler cooling e仟iciency is insufficient when

Motor・drlven

Watel pump

Left

加巾Ocharger

Left

interco01引
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Right
Intercooler

Reserve tank
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Intake temperature of intake manifold

Fig.13 Relationshゆ between Engine lntake Temperature and
Maximum power
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to higher fuel consumption) and emissions. The new engine
adopted a structure in which the exhaust ports (Fig.14) are
Sun'ounded by the cylinder head waterjacket(Figs.15 and 16),
thereby expanding the range in 、vhich fuel consumption does not
increase. This structure was created by dividino the cylinder
head waterjacket into upper and lower levels. The lower first
Ievel of the water jacket is used for cooling dose to the
Combustion chambers and lower side of the exhaust ports. The
Upper second level cools the upper side of the exhaust ports.
Since the exhaust port wata'jacket receives heat from the

exhaust gas,it helps to warm・up the engine coolant more quickly
and enhances the heating paformance in winter.

Exhaust ports

七/

3.5 Adoption 0什hermal management using vvcv

This section describes the details of thermal manaoement.

The internal structure of the wcv (Fig.17) is shown in Fig.
18. The 圦Icv has t11ree outlets (ports) for connecting with the
Vehicle devices (heater core, radiator, and ATF川,'). The valve

Only opens the passage to the devices that require coolant and
Controls the amount of coolant in accordance with the engine
Operating conditions, ambient temperature, and air・conditioning
System settings.1t uses a highly responsive Dc motm'to f0110W
accelerator operations by the driver as 、ve11 as slight auctuations
in coolanttemperature. The wcv consists of a sphericalrotary
Valve thatis rotated by the Dc motor.

Fig.14 Exhaust port shape inside cylind引 Head

Exhaust side

磯

Engine front side

凪n
^

1 '、

Rotary valve

Intake port

View B
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Fig.15 Top view of Right Bank side of cylinder Head
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Radiator port

View B

Vvaterjacket lower side (1eve1 1)

Fig.16 Right Bank side of cylinder Head (Fig.15 View B)
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亀^

^
AT ^T

36

ぐつ

To radiator

風■, Heater port

Flg.18 1nternal structural components of vvcv

3.5.1 Rapid engine warm・UP

In the in川al engine warm・up phase, a11the coolant passases
are closed to stop the aow of coolant and reduce the thermal
mass. As a result, the enoine combustion chambers can be

Warmed up more rapidly by concentrating heat around the
Cylinder head and cylinder block and lowering the heat aux close
to the water jacket 、vaⅡ Surfaces.圦lhen the combustion
Chambers reach high temperature quickly,itis possible to switch
the fuelinjection and ignition controlto the post warm・UP
Control settings, thereby reducing the friction of the cylinder
System. As a result, it was confirmed that these meaS山'es
enhanced fuel efficiency by warming up the engine more rapidly
(Figs.19 and 20)ゞ
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Rapid erlgine
Warm・up contr01

Rapid engine
W引m・up contr01
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Combustion chamber wa11S under these conditions restricts

knocking and advances the ignition timing (1.1 deg cA/15 C of
Coolant tempel'at山'e).1his helps to incl'ease both dyna1ηic
Perfonれance and thermal e什iciency.

3.5.4 Air・conditioning performance

The reduction in cooling loss at lo、v engine loads in
accoldance with the increase in thermal efficiency has the
adverse e仟ect of reducino the amount of heat channeled to the

heater.＼Nhen the heater is requil'ed in the in川al phase of enoine
Warm・UP, coolant is flo、ved to the heater c01'e passage only. This
boosts the performance of the heatel' system a.5 C) by
Concentrating engine heat in the heater
In addition,、vhen maximum cooling is required, stopping

Coolant flow to the heater core boosts cooler performance
(1.5 C) by lo、vering the discharge temperature of the air・
Conditioning system

、^

^

Normal Rapld engine
Warm・up contr01Contr01

Under LOS Angeles Driving cycle
#4 Bag l conditions

Be壮er

Time (sec)

E什ects of higher coolanttempereture
(1) Lowerfriction

:(2) shod引 engine warm・up time (englne idling speed reduction, etc.)

1.500

Improvement

Fig.20 Higher Fuel E什iciency due to Rapid Engine vvarm・up contr01

4. conclusions

The new V63.5-1itel't山'bocharged enσine feat山'es thorouohly
enhanced cooling performance due t0 10wer coolant flow
resistance and the adoption of wcv・based thermal manaoement.
These measures help the engine to achieve high levels of po、ver
Perf01'mance, fuel efficiency, and air・conditioninσ Performance

4.1 Measures in response to higher engine power
Performance

The coolant passage design, including 小e shape of the water
jacket, was revised to meet the requirements of higher engine
Paformance.(1) As a result, coolant passage aow resistance 、vas
reduced by approximately 30 compared to a V84.6-1iter NA
engine, ensuring sufficient cooling P引f飢'mance for the higher
englne po、ver.

42 Enhancement of both fuel e什iciency and
air・conditioning performance

To satisfy both fuel efficiency and power perfomlance
requirements, more compact coolant passages were developed
(thereby reducing the coolant volume), and cooling pelformance
e仟iciency was incl'eased (thel'eby enhancing the heat nux). A
Unified cooling part struct山'e was achieved by adopting a wcv
and the heat aux to the top of the exhaust side 、vas incl'eased by
adopting a wJS. These measures helped the engine to achieve
higher po、uer pelfomlance than a V84.6-1iter NA engine 、vith a
Coolant volume equivalentto a V63.5-1itel、 NA engine.
In addition, themlal management in accordance with vehicle

requil'ements (PI'iontization of the heatel', cooler. fuel e仟iciency,
Or powel') was realized using the 込ICV. High levels of
P引fomlance, fuel efficiency, and air・conditioning performance
W臼'e adlieved d11'ough incl'easing the speed of engine 、vaml・UP

Since the coolant temperature cannot be detected at the
Previous oudet coolant temperature sensor position when the
Coolant is stopped, a coolant temperat山'e sensor 、uas added to the
Cylinder head (position shown in Fig.2), enabling engine
Controlin accordance with the combustion chamber 、va11

temperature.

3.52 Coolanttemperature increase

At lo、v and medium loads after engine warm・UP, the radiator
Coolant aow late is reduced to restnct the radiator heat

dischal'ge.1ncreasing the temperatul'e of the coolant and
Combustion chamber wa11S under these conditions l'educes

friction and increases fuel e仟iciency.

3.5.3 Coolanttemperature decrease

In contrast, at high loads after engine wal'm・UP, the radiator
Coolant flow rate is increased to boost the l'adiator heat

dischal'ge. LO、vering the telnP引'ature of the coolant and
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by stopping the coolant (fuel efficiency implovement effect
1.5% under the European test cycle), enhancing the paformance
Of the heater system u.5゜C) by prioritizing coolant aoW 加 the
heater core, enhancing cooler performance a.5゜C) by stopping
Coolant aow to the heater core, and lowering friction 6.e.,

increasing fuel e丘iciency) by reducing the radiator coolant aow

4.3 Summary

The engine equipped with this cooling system achieved its
developme川 targets for power (310 kw, engine speed of 6,000
rpm), fuel e仟iciency (+9.5% compared to a V8 4.6-1iter NA
engine), and air・conditjoning pelformance (equalto or better
than a V84.6-1iter NA engine),(2) ensuring that the performance
Of the new V6 3.5-1iter turbocharged engine is suitable for its
intended models

Fina11y, the authors would like to extend their sincere oratitude
to everyone that supported the development of this cooling
System
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Development of Engine Lub"cation

System vvith Nevv lntemal Gear FU11y

Variable Discharge 0Ⅱ Pump

旦

Abstract

Over the past decades, faced with grovving awareness of global environmentalissues and increasingly stringent
rules and regulations, the development of fuel e什icient techn010gies capable of reducing c02 emissions has
become even more important to automakers. This article describes techn010gy that vvas developed to reduce
engine friction under both cold and hot conditions using a nevv internal gear fU11y variable discharge oil pump
(F・VDOP). 1n combination with hydraulic pressure feedback contr01, this nevvly developed oil pump reduces
friction and achieves highly responsive o" pressure supply to each engine part, helping to improve fuel e什iciency
by 12% underthe LOS Angeles Driving cycle #4 (LA#4).

Keyvvords:/ubrica力'on system, fue/ efガCiency improvement, oi/pressure response, oi/pressure feedback contr0ι
Pumpmg ra力0

1.1ntroduc"on

Improving fuel efficiency has become one of the most
important objectives f0↑ automakers, and the electrification of
Powertrains has accelerated into the mainstream, particularly

thl'ough 血e growing popularity of hybrid vehicles (HVS) and
Plug・in hybrid vehicles (PHVS). However, since the engines
Used by Hvs and pHvs require long引'to wann・up from cold
Conditions tl〕an conventional engines, the average engine oil
temperat1Ⅱ'e remains lower. This increases engine friction due to
higher engine oH viscosity.1n response, one important method
t0 10、Ner friction under cold engine conditi01]s is t0 10wel' the

Pressure of the oil supplied to each engine part to the minimum
necessary.UX2)
A number of other automakers have adopted vane・type fUⅡy

Variable dischal'ge oil pumps.(3) 1n contl'ast. Toyota Mot01
Cm'poration has only adopted an intemal gear dual stage variable
discharge oil pump, which cannot n1Ⅱy ↑ed11Ce engine friction
Under cold conditions.('1×5)

To address this siれlation、 Toyota has developed a new intemal
gear fU11y variable discharge oil pump (F・VDOP). Although

Conventionalinternal gear oil pLUηPs al'e considered to have low

efficiency.(6×フ) the new pun〕p was desioned to achieve greatel
total efficiency than a vane・type pulnp tl〕rough the adoption of a
new l'otor with a refined tooth profile that enhances both

{ S }Volumetric an(1 mechanical efficiency

TakayukiHosogrl
Nlichitaka Yamamoto*2

Ietsuji 、¥atanabe*3
Yuki Nishida叫

This article describes the adoption of this inta'nal gear
F、VDop inCⅨPoratino a new rotor with a refined tooth profile in
a 2.5-1iter engine developed f0110wing the Toyota New Global
Architecture (TNGA) design philosophy.1t also describes the
Verification of the fuel efficiency improvement effect of this new
Pump. This pump helps to increase fuel d'ficiency by 12% in

the LOS Angeles Driving cyde #4 by simultaneously lowerino
the oil presS1Ⅱ'e from cold conditions and switchinσ the oiljets on
and offhydraulicaⅡy

I EleCⅡ'1C PO、vel'U'nin sysTenl DeYelopment DiY.. NO.2. PO、Yelt1ιUn company
2 Un北 PミⅡ'6 PurchnsinE Dハ

3 En旦ine De、ign & En旦ineenn旦 DIY_ PO、YertrιUn company
斗 Alsin seiki co.. Ltd
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2. Aims of Nevvly Developed FU11y variable
Discharge oil pressure system

Two lypes of conventional variable oil pressure systems are
the mecl]anical va↑iable discharge oil P山np (M・VDOP) and the
electronicaⅡy switching variable discharge oil P山np (S・VDOP)
However, both types of oil pumps are a丘ected by the f0ⅡOwino
two issues. First、 because these pumps are not capable of oil
Pressute feedback contr01、 the pumps have to adopt a slightly
higher oil presS111'e than the minimum engine oil preS飢H、e
demand in consideration of lubrication system part tolerances
(Fig,1)

Second. because these pumps conu'olthe oil pressure by
Switching the reserve valve on and 0仟, neithe↑ are capable of
fUⅡy lowering the oil pressure unda' cold conditions when the oil
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Pressure is high. As a result, an additional switch valve is
required or a high oiljet value openin今 P】'essure must be set to
Stop the oiljets used to enhance engine warm・up performance
Under cold conditions.1ncreasing the valve openin合 Pressure
Prevents oiljet operation under hi合h oiltemperature low en8ine
Speed conditions,、N,hich adversely affects knocking resistance.
Consequently, these lubrication systems are not idea11y suited for
the high compression ratio engines commonly used by Hvs and
PHVS.

A什er warm・UP

Mechanical variable discharge oil pump (M・VDOP)

Under cold cond託ions

011 Pressure lncreases al ow
en91ne speeds

゛(0?

が

145 kpa

E^Soil

VⅥ' VⅥ'

Engine speed (rpm) Engine speed (rpm)

Dual stage switching variable discharge oil pump (S・VDOP)

Afler walm・UP Under cold conditions

0" pressure cen be swltched 011 Pressure lncreases when
between two stages 10w pressure ls requlred

Hi9her

Bearings

Oiljets

The oiltemperature at which the oil pressure feedback contr01
Starts was set to -10 c to ensure the reliability of the main
bearings under lo、v oil pressure. The target main 8a11ery oil
Pressure was lowered t010o kpa considerino the reliability of the
Va"able valve timin8 (VVT) system and main bearings.
Therefore, after factoring in the oil filter loss, the target oil
discharge pressure of the F・VDop was lo、刃ered t0 125 kpa.1n
addition, the oil pressure control response target was set to o.4
Sec or less to ensure the required oH presS山'e on-demand 、vhen
the engine speed drops suddenly due a manualtransmission shift
Change (Table l). consequendy, the oiljet valve opening
Pressure target was set t0 170 kpa. Atthis value, the minimum
engine speed at 、Nhich the oiljets can be operated would be
1,40o rpm (oiltemperature:90 C

Table l F・VDOP Development Targets

F.VDOP
S、VDOP

(new)
e

.

.

LowerE^dl

VⅥ'

Englne speed (rpm)Engine speed (rpm)

Fig.1 0il pressure control Ranges of M・VDop and s・VDop pumps

To help resolve these issues, the newly developed F・VDOP
and lubrication system use oH presS山'e feedback controlto
minimize the effects of part tolerances. Furthermore, since the
new pump is capable of tracking set oil pressure targets, engine
friction was reduced by contr011ing the oil pressure to the
required minimum level(Fig.2)

.^^ '

Bearings

0川ets

Bearings

0川ets

Oil:0、N・16

Engine speed:1,600 ゆm

Target oil pressure

(main ga11eⅣ)(kpa)

210 kpa

^

Electronica11y contr011ed fU11y variable discharge oil pump

Under cold conditionsAfter warm・UP
011 P『essure can be contr011ed to the ゛

ノ
requlred minlmum level

VVT

Bearings

0川ets

Target oil pressure

(oiゆUmp outlet)(kpe)

170

1,400

Oil pressure response

time constant(sec)

0川et valve opening pressure (kpa)

0" jet start engine speed
Oiltemperature ( C)

(rpm)

^^^^^

Oiltemperature ( C)

VⅥ'

ノ
ノ

i
ノ

ノ
ノ

Bearings

0川ets

Engine speed (rpm)

Oiけemperature ( C)

Fig.20il pressure control Ranges of F・VDOP

3. Development of FU11y variable Discharge
Oil pump system

3.1 0U"ine of oil pressure control system

The oil pressure control method adopts oil pressure feedback
Using an oil pressure sensor, engine control unit (ECU), and oil
Control valve (OCV). The oil pressure is adjusted by changing to
the ocv command current in accordance with the difference

between the target oil pressure and the oil pressure detected by
the sensor.

Xvhen the ocv command currentis o.1 A, the ocv closes,

and the maximum oil pump discharge pressure is reached. The
Ocv opening angle increases as the ocv command C山'rent
rises, and the oil pressure gradua11y decreases (Fig.3).
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ECU

Each engine part

Oil pressure
Sensor

Oiltemperature
SensoT

Development of Engine Lubrication system Ⅷth New lnternal Gear FU11y variable Discharge oil pump
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ECU
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Each englne part
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Oiltemperature
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respect to the inner rotor to change the volume of oil passing
through the cut・0丘 Position.

、

、

321nternal F・VDop structure

、

Fig.30veraⅡ View of o" pressure control system

OCV

Open

The F・VDop structure includes seven additional elements

(underlined 血 Fig.4) compared to a conventionalinternal gear
fixed・discharge oil pump

Initial poS川on

r Ure

◇

n

41

Cut・0什 Position

rlw "

Rotation direction of inner rotor

ノーーー^

、
一Ξ

.、

Control rlng

,

Control hole

re r

ノ

一

J

^^^^

ntr l

Control spring

Control chamber

t'
、

^

、

Suction process

、

Discharge pod
housing

、

、

N.

Suction

Volume

100%

、

、

、
、

、

鬼

、

^

0

In the initial position (maximum discharge), the oil pump
d↑aws in oil bet、veen the rotors at the suction port. This oilis

then discharged 介om the discharge porr after passing through the
Cut・0仟 Position (Fig.5)

The oil pressure is changed by varying the volume formed by
the inner and outer rotors when the oi] passes throuoh the cut・0仟
Position of the housing (Fig.6). The maximum volume is
rotated by 0仟Setting the eccentric angle of the outer rotor with
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Fig.6 Pumping process under Low oil pressure contr01
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The offset eccentric angle of the outer rotor is contr011ed using
a control ring that supports the rotor on the external
Circumference of the outer rotor (Fig.フ). This ring controls the
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Path of 血e rotor using two guide pins.1n the initial position, the
rotor is fixed in the upward direction of the fioure by the contr01
Sprino. The oil pressure in the control chamber above the contr01
rino rises as it fi11S 、vith oil. The control ring starts to move and
the discharge pressure drops when the pressure applied by the
Control chamber (Fcon) exceeds the reaction force applied by the
Control spring (Fspr) and the intemal pressure between the rotors
(FI'ot).

Fcon

Controlring

Frot

Fspr ジ

Fig.7 Forces Acting on each lntemal pump component

To make the oil pump discharge pressure increase, the oilin
the control chamber is released throuoh the control hole. This

10wa'S 血e intemal control chamber pressure and the eccentric
anole of the outer rotor is retumed by the force of the contr01
Spring. The development also examined the drain port of the
Ocv as a potential method of releasing the control chamber
Pressure. However, the speed ofthe decrease in control chamber
Oil pressure may be affected by the pressure loss in the oil circuit
between the control chamber and ocv. since this may delay the
Process to increase the main gaⅡery oil presS山'e it、vas decided to
abandon this idea.

hole sma11er. since these measures would have a neoative

impact on the oil pressure increase response, specifications that
aⅡOw a good balance between oil presS山'e response and the
minimum oil pressure were selected.

Fcon: pressure applied by
Control chamber

[ニ:コ Fspr: reactlon force applied by
Conlrol spring

Frot: intemalpressure applied
between the rotors

Ffri: rotationalfrictionalforce

applied by inner rotor

500

450

400

350

33 Design index for oil pressure characteristics

The ratio between the oil pump discharge pressure and contr01

Chamber pressure is defined as the pumping ratio. This was used
as a design index for ojl pressure characteristics.

250

100

50

0
0 10 20 30 40 50 60 70 80 90 100

Pumping ratio wo)

Fig.8 Pumping Ratio and pump Discharge pressure characteristics
(1,60o rpm,0" Temperature:20゜C)

3.4 F・VDop oil pressure response

The development aimed to achieve the oil pressure response
target by optimizing the control spring force, control hole
diameter, and control ring shape. since this system uses oil
Pressure feedback contr01, oil pressure response is an important
Characteristic to help avoid sudden drops in oil pressure when the
engine speed decreases and to protectthe engine.

Fig.9 Shows the response time constant results. A response
time constant of o.17 Seconds was confirmed 、vhen the oil

Pressure was changed from 120 kpa t0 20o kpa, satisfyino the
target time of o.4 Sec

Target'oiゆressure
125 kP会

^
二

Control chamber.pressure

Purnp discharge
Pressure

Variable range of
Oiゆressure

Pumping ratio (ツ0)=

Fig.8 Shows the oil pump discharge pressure characteristics
With respect to the pumping ratio.1t indicateg that a pumping
ratio of at least 70% is required to achieve the taroet pump
discharge pressure of 125 kpa.1n other wm'ds, the main oaⅡery
Oil pressure cannot be lowered below loo kpa if the pressure loss
between the oil pump oudet and control chamb引'(includ血g the
OCV) iS 30易 or more. Therefore, a maximum pressure loss
tal'get of 30% was set when designing the oil circuit between the
Oil pump oudet and control chamber. Althouoh the taroet
F・VDop discharoe pressure can be lowered belo、V 125 kpa, this
Would require making the control spring weaker and 血e contr01

Control chamber pressure (kpa)

Oil pump discharge pressure (kpa)

^
^ ^

200
Target oil pressure:20o kpa

15

0.6 0.8

Time (sec)

Fig.90il pressure Time constant confirm a"on Results
(1,60o rpm,0" Tempera扣re:20 C)

3.5 1nsta11ation layout

The F・VDop is insta11ed at the bottom of the engine and
driven by a chain. This layout, in which the oil pump is
Constandy immersed in oil, was designed to meet the frequent
intermittent operation requirements of Hvs by speedino up the
increase in oil presSⅢ'e afta'inter加ttent en合ine restalts (Fig.10).
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Development of Engine Lubrication system Ⅷth New lntemal Gear FU11y variable Discharge oil pump

Exhaust vvT

Oiltemperature sensor
Oil pressure sensor

Oilcooler 過d
.ゞ'

゛公゜ OCV

Intake vvT

又こ)

Chain tensioner

、巳

0＼

Oiljet check valve

The oil pressure sensor is insta11ed close t0 血e vvT f0110wing
the concept of locating the sensor near devices requiring high oil
Pressure response. other parts with high oil pressure demand,
Such as the main bearings and chain tensioner, are consolidated
in the low pressure loss oil circuit (Fig.11).

3.6 Summary of F・VDop characte"S"CS

Table 2 Summarizes the results of the F・VDop development.
The developme川 targets were achieved, except for the oil
Pressure at ・10 C. However, the effect of this item is limited and
the specifications were determined considering the overa11 0il
PresS山'e response from cold to hot conditions.

F・VDOP

6

Fig.10 lnsta11a"on Layout

Oil filter

住竺竺竺塑竺d

E^

Hydraulic lash adjuster
(HLA) ga11eⅣ

Oil: OVV・16

Engine speed l,60o rpm

Oil pressure
(oil pump outlet)(kpa)

Table 2 Results of F・VDOP Development

Target
Values

Oiljets

凶竺竺竺竺"
011 Pressure
Sensor

011temperature
Sensor

Oil pressure response
time constant(seの

Oil'et valve openin pressure kpa)

、・・・・{___^ト・・・

011」et check valve

The layout is desiσned to reduce loss by not locatino devices
between the F・VDop and ocv and between the ocv and

Control chamber. particular care was taken with parts such as the
Oil cooler, which have hioh pressure loss and are insta11ed
dependino on the market. These parts were insta11ed outside the
Oil circuit because layout inside the circuit may increase the
minimum oil pressure and require changes to the contr01
Chω'acteristics.

Mam ga11ery

4. Results of Engine ver廿ication

4.1 Confirmation of oil pressure at each
engme part

Table 3 Shows the specifications of the TNGA enoine used
for the evaluation. The tests 、vere carried out using low・viscosity
SAE OXV・16 engine oil at an engine speed of 2,ooo rpm and an
Oiltemperature of 20 C. The tests aimed to verify whether the
targeted main ga11ery oil pressure and pressure loss for each pa11
Of the oil circuit were achieved. Fig.12 Shows the results. The
Oil filter pressure loss was restricted t029% and a pumpino ratio
Of 71易 Was achieved, confirmin0 山at the development taroets
Were satisfied. The tests also confirmed that the main oa11ery oil
Pressure was lowered to below loo kpa and 血atthe oiljets were
Stopped.

Oiltemperature ( C)

ECU

Fig.11 0vera11 View of oil circuit

Oiltemperature ( C)

ー^^^ー^●

Oil pump

Oil cooler
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0.4

170

Displacement (CC)

Nurnber and alignment of cylinders

Bore diameter x stroke (mm)

Compression retio

Maximum power

Maxjmum torque

Lubricanl

Oilpump capacit (cdrev)
Specifications Drive method

Oil'et valve openin pressure (kpa)

Table 3 TNGA Engine speci"cations

TNGA 25-1iter
2AR-FE

englne
(M・VDOP)

(F・VDOP)

2,487 2,494

Inline 4・cylinder

90×98875×103.4

10.413

1327/6,000(kw) 15ν6,600

(Nm) 2305/4,100250/5,000

OVV・20OVV・16

Cranksha什
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Oil pump
Outlet

Oilfilt引

Pump contr01
Chamber

Oiljetga11ery 0川etsstopped

Main ga11ery

L^1HLA ga11ery

7060 "080 10090

Oil pressure (kpa)

Fig.12 Confirmation ResU吐S of o" pressure at each Engine part
(2,ooo rpm,0" Temperature:20゜C)

4.2 Confirmation of oil pressure contr011ability

Assuming a sudden drop in engine speed due a manual
transmission shift change, the engine oil pressure response
evaluation conditions decreased the engine speed from 2,ooo to
1,40o rpm in 03 Sec. calculations indicated that the oil pressure
Would drop approximately 30% in accordance with the decrease
in engine speed. However, this was restricted t0 12% by
Optimizin8 the oil pressure feedback contr01(Fig.13).

^、

^

..

...

...

.^
.

Fi吐er press loss:299"0

-12

1,000

0

Main ga11ery
target oil pressure

Of 80 C.1t was confirmed that enoine friction could be reduced

by l.4 Nm when 血e main ga11ery oil pressure was reduced from
approximately 350 t010o kpa.1t was also found thatthe friction
reduction effect does not sat山'ate and is in virtua1 1inear

Proportion with the main ga11ery oil pressure.

1.・"、eddction in
Oil pressure

120

Engine speed

0

"0

100

2ρoo rpm
10iltemperature:80゜C :

Oil: OVV・16

-3000

90

80

-1.4

-1.6

70

、

Fig.13 Confirmation Results of o" pressure contr011ability

2,500

、
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Fig.14 Shows the engine friction Nduction effect of the
developed oil pump at different main ga11ery oil pressures,
meaS山'ed at an engine speed of 2,ooo lpm and an oiltemperature

100 200 300

Main ga11ery oil pressure (kpa)

Fig.14 Engine F"C"on Reduction E什ect

4.4 E什ect on actual vehicle fuel e什iciency

Figs.15 and 16 Show the oil pressure reduction effect of the
developed oil pump at oiltemperatures of 40 and 80 c under the
LA#4 Cold test cycle. The shaded areas of the fioures indicate
the reduction in oil pressure compared to the preⅥOus oil pump.
It was confirmed that the developed system control satisfied the
Oil pressure demands of each part and improved vehicle fuel
e丘iciency by 12%.
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Rate of oil pressure
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Fig.150Ⅱ Pressure Reduction E什ect of F・VDOP

(0" Temperature:40゜C)
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Development of Engine Lubrication system with New lntemal Gear FU11y variable Discharge oil pump
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Fig.160il pressure Reduc"on E什ect of F・VDOP

(0" Temperature:80゜C)
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5. conclusion

The newly developed F・VDop oil pump and oil pressure
Control system helped to enhance engine fuel efficiency and
reliability
(1) The developed oil pump is capable of contr011ing oil pressure

from ・10 c and reduces engine friction under cold conditions
as we11 as afta'the engine has warmed up.

(2) underthe LA#4 test cycle, a 2.5-1iter TNGA engine equipped
With the developed oil P山ηP improved fuel efficiency by
1.2%

Fina11y, the authors 、vould like to extend their sincere oratitude
for the invaluable contribution of aⅡ Companies involved in the
development and adoption ofthis system.
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INGA powertrains

Development of Laser・clad valve seats

Abstract

Laser・clad valve seats are a unique techn010gy deve!oped by Toyota Motor corpora"on in which wear・resistant
a110y is directly deposited onto cylinder head vaNe seats. compared W壮h conventional press・fit sintered valve
Seats,this direct deposition process enhances knocking resistance by raising thermal conductivity, and improves
Combus"on e什iciency by increasing design "exibility around the ports. This techn010gy has been adopted in the
Toyota New Global Architecture (TNGA) engine series and enables an innovative cylinder head design that helps
to improve the trade・0什 relationship between tumble "ow and intake resistance by simU吐aneously genera"ng
intense tumble while reducing resistance. As a resU龍, these laser・clad valve seats help to achieve the wo"d'S
fastest combustion and greatly increase engine thermal e什iciency and speC廿ic power. To enable the application
Ofthis techn010gy as a global standard in Toyota's engine lineup, a new wear・resistant mate"al was designed for
Use with a詫ernative fuels, which are becoming more common around the wo"d. 1n addition, a new energy・saving
manufactu"ng process featuring highly reliable equipment was developed to facilitate deployment of this
techn010gy to produc"on plants outside Japan.

Keywords:/aser c/addmg, va/ve seat, vvearreS船始nce, tumb/e, coe庁icient off/OW

1.1ntroduction

Automakers are facing growing demand for more fuel efficient
Vehicles to help preserve the global environment. As part of its
e仟orts to develop engines with greater thermal efficiency,
Toyota Motor corporation has already achieved a maximum
thermal efficiency of 38% in a series of hiohly efficient gasoline・
Powered engines designed f0110wing the ESTEC (Economy with
Superior Thermal E行icient combustion) development concept.
In addition to thermal efficiency, engines also require a high
Ievel of dynamic paformance to achieve an enjoying drivins
Performance.
Consequendy, Toyota has developed a key series of engines

Under its Toyota New Global Architecture (TNGA) design
Philosophy to realize world・1eading levels of thermal efficiency
and specific powa'(Fig.1).(1×2)
These goals are realized by hioh・speed combustion, which is

achieved throuoh the formation of intense tumble aows and the

reduction of intake resistance,、vhich tend to have a trade・off

relationshゆ.1n addition, since these are desionated as 010ba11y
Strategic engines,it was necessary to incolporate common design
elements that enable the use of various fuels and displacements.
Therefore, the component parts needed to be desioned with

HironoriAoyama*1

NaoyukiMiyara*1

NatsukisU容iyama*2
KoheiYanaka*3

Kimihiko Ando*4

Tadashioshima*5

exce11ent productivity and durability for use with a wide range of
fuels. To meet these requirements, port design techn010oy
incorporatine laser・clad valve seats, which were developed for
race car engines, was applied to mass-production vehicles. The
developed valve seats help to realize high・speed combustion with
a 圦,orld・1eadino tumble ratio of 2.9 and a coefficient of now of

0.49. As a result, a targeted en即ne thermal efficiency of at least
40% and a specific power of60 kxVル Were achieved
This article describes the development of a new and highly

efficient cladding process dedicated specifica11y to enable the

adopuon of laser・dad valve seats in TNGA enoines as a key
techn010合y to realize high・speed combustion.1t also describes
the development of a new materialthat a110、vs this techn010gy to
be adopted in loyota's strategic global engines.

゛.う

En8ine Design & Engineerma Div., powertrain company

Production Engineering Development Div., PO、vertrain company
F01'giΠ呂& surface Modification Engineering Div., PO、¥ertrain company

In01'ganic Matcrial Engineering Div., Advanced R&D and Engineel'in8 Company
Toyota centl'al R&D Labs.,1nc
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2. OU"ine of Laser・clad valve seats

A widely adopted method of achieving high wear and heat
resistance is to use press-fit sintered valve seats.1n contrast,

Toyota has developed a techn010gy that directly dads highly
Wear・resistant a110y onto an Al a110y usino laser dadding. valve
Seats manufactured using this process were adopted in the zz
en8ine series in 1997. This techn010gy enables (1) increased
design aexibility around the port outlet by manufacturing a
Sma11er valve seat and (2) enhanced valve cooling perfonnance
by impr0Ⅵng heattransfer (Fig.2).

Hjgherth
→ lmp

Fig.2 Comparison of valve seats and port shapes

0.65

In generalterms, tumble (which is required to achieve high・
Speed combustion) and the coefficient of aow (which is required
to improve specific power) have a trade・offNlationship (Fig.3)
Therefore, an innovative intake port design was required to
achieve both hioh tumble and the required coefficient of aow
Fig.4 Compares the port shapes and intake aow streamlines
With press・fit and laser・clad valve seats. conventional press-fit
Sintered valve seats require a certai11t11ichless to hold the seats
in place. This places constraints on the port shape and generates
Pressure loss. However,1aser clad valve seats a110w the intake
Pon to be designed with a straight 負Ow path, which enables the
intake air to be drawn into the combustion chamber while

maintaining a hioh aow speed.1n addition, the aow can be

Separated at the tl)roat portion located at the bottom surface of
the port. This helps to suppress reverse tumble and can increase
the coefficient of flow by at least 20% with the same degree of
tumble.
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Fig.3 Relationship between Tumble Ratio and Flow coe什icient, and
E什ect of Adopting Laser・clad valve seats
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Fig.4 Comparison of port shape and Flow streamlines between
Press・Fit and Laser・clad valve seats

IH: throat edge
height

3.1Ssues for Global Adoption

3.1 Production process

The production of laser・clad valve seats started at the
Shimoyama plant in 1997,(3) using a procesS 血at involved
rotation of the cylinder head and a co laser.1Ssues for global
adoption 血duded lowering energy consumption and reducing
the equipment footprint, which meant it was necessary to
develop an i血Ovative and more efficient dadding process.

32 Globalfuel compatibility

Since this techn010gy had previously only been adopted in
engine models produced for Japan, the valve seats manufactured
by this process were only designed for use in gasoline engines.
One issue for adopting laser・clad valve seats in TNGA enoines
Was compatibility with fuels blended with ethan01. Greater use
Of blended ethanol fuels is beino enc0山'aged around the world

due to heightened awareness of environmental preservation.
Some regions, primarily south America, have introduced fuels
blended with up t025% ethan01. For this reason,it was decided
that the TNGA engine series for global adoption should be
Compatible with 30% blended ethan01(E3の fuels.
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Fig.5(A) compares the intake valve seat and valve wear loss
With different fuels in a durability test pattern simulating real・
World conditions in the case of a zz series engine. The valve
Seat wear loss is dearly larger with E30 fue1 血an gasoline.1n
addition, as shown in Fig.5(B), the wear environment is much
more severe under high・speed combustion in a TNGA engine.
Therefore, it was necessary to develop a valve seat with high
Wear resistance capable of enduring this kind of usage
envlronment.

IZZ

Seat. preⅥOus aloy
Valve stainless $teel

(SUH)

Valve seat

Valve

Previous NewE25Gasoline

englne eng川e

(A) Difference due to fueltype (B) Di什erence due to engine

Fig.5 VaNe seat and vaNe wear Loss after Engine DU怡bility Test
Pattem simulating Real・WO"d cond詫ions

ZR, A25A
E30

Vvear resistance

4. Development of New cladding process

To reduce energy consumption and the eq山Pment fo0中rint, a
highly efficient diode laser with a compact optical system and a
Shaped beam wa'e adopted. A new an81ed fonning technique
that uses a coaxial nozzle to integrate the delivery of a laser
beam, powder, and shielding gas was developed, which enables
the cladding to be accomplished by rotating the laser with respect
to the cylinder head. These measures reduced energy
Consumption to less than one・fifth and the equipment fo0中rintto
Iess than one・third of the conventional process (Fig.6 and
Table l).

Table l comparison of New and previous cladding processes

Previous techni ue New techni ue

Laser diode (LD)
C02 + osci11ated beam + sha ed beam

Vvork rolation Toolrotation

0.17tlon

rlnt 0.3

Laser

Process

Powerconsum

E ui mentfoot

Z

5. Development of New Material

5.1 Microstructure required for laser・clad valve seats

This section first describes the laser・dad valve seat material

adopted on the zz engine series (CU・Ni・CO・MO、Fe、si、cr).(4)(5)
This materialis a cu a110y based on a cu・co system.1t has a
Composite microstructure in which comparatively coarse
Spherical hard grains with wear resistance (CO・MO・si Laves
Phase) are dispersed within a cu・based matrix with exce11ent
Weldability to an AI・based substrate, heat resistance, and
mechanical strength (Fig,フ).
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Fig.6 New cladding process Enabling Highly E什icient valve seat
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Xvear resistance can be further improved by the f0110wing
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The results of high・temperature sliding wear tests show that
Wear l'esistance can be improved by either of these t、VO
approaches. However, these me血ods may generate weld cracks
that start fl'om the hard orains. For this reason, it would be

difficult to improve both wear resistance and weldability any
further using the previous a110y. Therefore, it was decided to
develop a new a110y by adopting an innovative base a110y system

52 Elemental composition o"iquid immiscible a110ys

The development of the new a110y focused on refining the hard
gl'ains to reduce the risk of weld cracks f0110wing the approach
identified with the previous a110y. The development also focused
On machinability,、vhich was one of the issues of the previous
a110y.
The composite structure of the previous a110y is formed by a

Particular meta11Urgical phenomenon that creates two separate
Iiquid phases, similar to oil drops in water (Fig.8). This
forming method takes advantage of the stirring and rapid
Solidification a03 K/sec) that occurs in laser cladding. The
development of the new a110y also f0110wed this microstNctul'al
formation approach

Development of Laser・clad valve seats
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Fig.9 Binary phase Diagrams of cu・Fe and cu.CO(6)
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In addition, it has been reported that cu・Fe systems containing
Cr, V, or si convert into a monotectic system, and cause liquid
immiscibHitybetween around l,50oand2,00O K. Therefore,

this new a110y development studied adopting a base cu・Fe
System to reduce the risk of cracks and to improve wear
reslstance

Laves phases, which al'e intermeta11ic compounds that
Strengthen heat・resistant steel, are regarded as effective hard
grai那 for improving wear resistance. The feasibility of Laves
Phase formation 、vas confirmed from the ternary phase
diaoram,(9) and it 、N,as decided to use cu・Ni・Fe・MO・si as the

elemental composition of the new a110y.
As a result, similarly to the previous aⅡoy, a new a110y

microstructure 、vas formed with coarser spherical hard grains
dispersed in a cu・based matrix (phot01).

L2

CU

α

'貌
...

SI+S2L LI+L2

Fig.8 Schematic phase Diagrams showing Liquid lmmiscibi蹴y
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Solidus of hard 9rains

400

CU

Pb and Tl are kno、Nn a110ying elements that can create liquid
ilnmiscibility in a copper a110y. HO、vevel', these were excluded
as toxic elements with a high vapor presS11re that are not suited
for po、vder manufacturing and the laser cladding process.

Although the state diagrams show that cu・co and cu・Fe a110ys
are peritectic systems that resemble each other, the liquidus line
is close to the horizontal across a 、vide composition range (Fig.
9).1t is kno、vn that Hquid immiscibility can be created by
rapidly cooling this system from a molten state.(5)
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Photo l Microstructure of Developed AⅡoy (CU・Ni・Fe・MO・si)

Fig.10 shows the relationship bet、veen the volume fraction of
the hard orains and 、vear loss, as 、veⅡ as 、veld cracks. No cracks

Occun'ed with the developed a110y system even 、vhen the volume
fraction of the hard orains was hioh. showino that it can achieve

a hioher wear resistance than the previous a110y. HO、vever, one
Concem is that the coarse hard grains wi11 Cause a deterioration in
machinability.

,

、

'

'ロ、'

・ψ、

連

、

、

一

Hardgrain
, Fe・MO・si Laves phase

N.

、

、^

§」

、

...

^

^

'零'

',

J

.

'
^

『

C

、

.

^

';,'

見

.、

'

゛

Φ
」
コ
一
邸
Φ
止
一
偲
で
Φ
Q
Φ

至
.
、
Φ
」
ヨ
価
」
Φ
O
E
Φ
↑

0

00

.
ノ

一
'
.
.

、

J
 
i
4

J
-

、
、

ノ
モ

.

t

.
、

U
.

ル
.

一

.

Φ
」
ヨ
巴
Φ
含
E
Φ
↑

H
.
4

.

子

.

.

.

.

.

.

.

.

.

.

δ
 
7

.

.

.

.

.

.

.

.

●
●
●
●
●
■
●
●

0
日



100

80

60

40

Previous

20

Volume fraction of hard grains l/(゜0)

Fig.10 Re恰tionship between wear Resistance and crack

ResiS怡nce with previous and New AⅡoys

473 K, valve: SUH

^: No cracks
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53 Crea"on of "ner hard grains

With the objective of improvino machinability, the f0ⅡOwing
t、N,o methods were examined to create finer hard orains.

Method l: o timization ofthe elemental com osition

The quantity of hard orains and the degree of immiscibility are
thought to correlate with the liquid phase separation (L2 in Fig.
8) that forms the hard phase in a liquid immiscibility. The
development attempted to controlthe grain size by adjusting the
amounts ofMo and Fe (that promote liquid immiscibility) and Ni
and si(that reduce liquid immiscibility). Fig.11 Shows the
relationship of the maximum hard grain size with different Ni
and si contents to reduce liquid immiscibility. The maximum
hard grain size can be reduced by increasing the Ni and si
Content.1t was also confirmed thatthe volume fraction of hard

grains, which greatly a丘ects wear resistance, was approximately
the same, despite the reduction in the maximum hard 8rain
Panicle size

New cu・Fe

a110y

Method 2: addition of minor elements

Simply reducing Hquid immiscibility causes a wide variation
in the maximum hard grain size at the upper and lower
Composition limits (Fig.12). Therefore, the addition of minor
elements to the developed aⅡoy was considered to controlthe
hard grain size. carbides wa'e regarded as potential additive
elements due to the high melting temperature durino laser
dadding and the characteristics of powder manufacturino
(oxidation, vapor pressure, and volatility). Nbc was selected

based on factors such as generation trends, specific gravity, and
hardness.

Fig.12 Compares the hard grain size with and without the
addition of sma11 quantities of Nbc. The addition of sma11
quantities of Nbc resulted in finer hard orains with sma11er
Vanatlon.

Based on these studies, the final composition of the new a110y
Was setto cu・Ni・Fe・MO・si・Nb・C. This composition enables the
formation of a microstruct山'e that controls the hard grain size
(phot02).

17

16

15

金

35 43

Sj(masSツ0)

Fig.11 E什ects of si and Ni content on Maximum Hard Grain size

14

0 ゛/ithout Nbc
(refining l)

0

Maximum hard

graln slze
D =-109、'0

2

0

ン00

2.5

宝コ

Volume fraction of hard graiηS ιケ'(ツ0)

Fig.12 Re恰tionship between Maximum Hard grain size and volume
Fraction in Developed A110y W詮h and vV詮hout Nbc Addけion
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Phot02 Microstructure of Developed A"oy (CU・Ni・Fe・MO・si.Nb.C)
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6. Evaluauon of characteris"CS

6.1 Corrosion resistance

Con'osion in condensed W飢er was studied, assuming use with
an ethanol blend 01' 10W・qualjty fuel. Fig,13 Shows the
Con'osion resistance of the developed and previous a110ys, and a

ferl'ous sintel'ed matel'ial. The cu・system aⅡoys (i.e., the

developed and previous aⅡoys) were confirmed to have higher
Corrosion resistance than the fa'rous sinte↑ed matenal

Condensed water

Concentration:10 times

70゜C X 60 minutes/cyc【巳

100 20

Number of corroslon cycles

Fig.13 Corrosion Resistance Test Results in condensed vvater

6,3 Machinability

Since we雛' resistance and machinability have a trade・off
relationship, this development examined lhe e仟ects of the hω'd
grain size on machinability

Fig.15 Shows the effect of the hard orain size on cutting
resistance. Although the matrix cutting folce remains a11nost
Constant, the cutting resistance (i.e., the cutting thrust force)
Increases in accm'dance with the hal'd grain size.1n additjon, as

Shown in phot03, coarse grains cause chゆPing of the tooltip
after cutting. Therefole, t11e incl'ease in cutting resistance when
Cutting the large hard gfains is likely to lead t0 即'eater cutting
tool wear. Theref01'e, the development confinηed u〕at the
Π〕ethod to create finer orains described above ensured the same

machinability as the previous aⅡoy by contr0Ⅱing the hard grain
Size (Fig.16)

Developed a110y

62 Vvearresistance

Sintered

material

'>

子
ノ

子

The valve seat wear resistance was tested using three

materials: the previous aⅡoy, and the developed a110y with and
Without Nbc content. The results show that the weω10ss of tl〕e

a110y without Nbc content was approximately two・thirds of 血e
Weω'10ss of the previous aⅡoy.1n conⅡ'ast, with Nbc, the wear
10ss decreased to approximately one・half of the weω10ss of the

Previous a110y. R was also confilmed that the new a110y caused

no issues on the mating side, with virtua11y 血e same level of
Valve wear (Fig.14)

子
i

子
ず

Development of Laser・clad valve seats

Developed

Previous a110y

a110y

30

Valve

Seat

F、 ゛+ Hard graln

V-゜'゜

Previousa110y Developeda110y Developedauoy
(Ⅷlhout Nbc) (W曲 Nbc)

Fig.14 Results of valve vvear Resistance Test

Valve

Hard gram size D (μm)

Fig.15 Relationship between Hard Grain size and cutting
Resistance in sland・Alone Machinabi"ty Test

Cutting resistance of matrix

473 K

Valve: SUH

易@

@
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Ultra・hard

200 μm
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^

Fine hard grain

、'『ム

Appearance of cutting Tool after stand・AlonePhot03

Machinability Test

亀

ゞ、

ーーー・4】 Previous a110y

51

3

Chipping

2

Coarse hard grain

Maxirnum hard graln 512e D_小(um)

Fig.16 Relationship between Maximum Hard Grain size and cutting

Tool vvear in Machinability Test using Actual Material
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フ. Actual Engine DurabⅡity Test

A durability test was carried out in a pattern simulating real・
World conditions by applying the final material microstNcture to
a new engine. Fig.17 Sho、vs the valve and valve seat wear loss
With different fuels. Lower wear loss with both fuels was

Confirmed.1t was also confirmed thatthe valve and valve seat

Surfaces were not damaged afterthe test(phot04).

A25A

Stainless steel(SUH)Valve

Fig.17 Durab川ty Test Results W壮h New and previous Engines

Valve

Seat

Optimization ofthe a110y components enabled a fine h磁d grain
dispersion and ensured exce11ent machinability.

・ 1dealintake port design using laser・clad valve seats help the
TNGA series of enoines to achieve a world・1eadino tumble

rauo of 2.9 and a coefficient of flow of o.49. As a result, these

engines achieved a targeted thermal efficiency of at least 40%
and a specific power of 60 kwA.".
The laser・dad valve seats and new dadding material(ca11ed

CULSID wi11 be 圦/idely used across the TNGA engine series as a
fundamentaltechn010gy to help achieve high・speed combustion.

Fina11y, the auth01's would like to extend their sincere oratitude

to everyone at Toyota central R&D Labs.,1nc. for their
invaluable support in the design and evaluation of the laser・clad
Valve seat materials.

Note: this article is based on the f0110wing published technical
Paper.

H. Aoyama, Kawasaki, Miyara, sugjyama, Ando et al
" Development of Laser clad valve seat." proceediπgs qf'
the /SAEAnπιιal c0π81'ess (2017) PP.1854-1859.

Gasoline

Valve

Target

E30

Appearance of(A) valve seat and (B) vaNe after EnginePhot04

DurabiⅡty Test W詮h E30 Fuel

We引 Was low enough thatthe machinjng striations were not e『ased

(B)
.^,'

8. conclusions

A ne、v highly e丘icient cladding process and a cu・Ni・Fe・MO・
Si・Nb・c a110y with exce11ent performance under 合10bal fuel
Usage environments were developed. various issues were then

resolved to adoptthis process and materialin the TNGA eng血e
Senes.
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System was achieved by adopting a diode laser and developing
an angled forming technique that uses a coaxial nozzle to
integrate the delivery of a laser beam, powder, and shielding
gas.

Crack resistance during cladding was improved through a110y
design using a basic cu・Fe system aⅡoy and contr011ing the
dispersion of hard grains.
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Development of Nevv Front・vvheel Drive

Direct・shift 8・speed Automatic
Transaxle

,

Abstract

A nevv direct・shift 8・speed automa"c transaxle has been developed for 3.5・1iter and 2.5・Ⅱter class front・vvheel drive
(FVVD) vehicles. To maintain the exce11ent mountability of the previouS 6・speed transaxle vvhile enhancing both
Vehicle dynamics and fuel e什iciency, the new transaxle features a completely redesigned gear train as vveⅡ as
Various advanced techn010gies. This article focuses on the f0110vving three key developmenttargets:1) enhancing
e什iciency and fuel e什iciency,2) achieving direct and smooth shi什ing performance, and 3) reducing vveight and
Size. one ofthe main issues vvas booming noise in high gear stages, vvhich has a trade、0什 relationship vvith the
expanded lock・up area adopted to help achievetargets l) and 2). Booming noisevvas reduced by se廿ing a tolerance
ring betvveen the cl drum and the rear sun gear to utilize the cl clutch e竹ectively as inertia. Target 3) vvas
achieved by jntegra"ng parts and adop"ng di什erent matehals to reduce the M/eight and shorten the overa1Πength
Of the transaxle.

Keyvvords:フ/VGA, automaガC transax/e,improved fue/ efficiency, shifガng peがormance,/ock・UP, booming nojse,
We/ghtreduCガ0n

1.1ntroduction

Rising awareness of global envil'onmentalissues is increasing
demand for gleater vehicle fuel efficiency to help reduce c0う

In developed markets such as Japan、 E山'ope, and theemlsslons

U.S., automakers are actively working to popularize hybrid
Vehides (HVS) and to develop zero・emission electric vehicles
促VS)

However, since internal combustion vehicles are likely to

make up the majolity of vehicles on a global basis for the
foreseeable future, the development of techn010gies f01
Conventional powel'trains is a potentia11y effective way of

reducinσ C02 emissions due to the scale that these vehicles are
Used around the w0↑ld. consequently, a new direct・shift 8・speed
automatic transaxle has been developed 山at covers a wide torque

band. Two variants of this transaxle were developed with the
aim of helping to reduce c02 emissions by improving fuel
effjciency: the uA80 transaxle f01 3.5-1iter enσines(D and the
UB80 transaxle f0↑ 2.5-1iter enoines. This article describes an

Outline of this neW 8・speed automatic transaxle and the
techn010gies that、vere adopted

Ryoheilmanishi*1
Daisuke Kusamoto*2

Hiroomi Toi*2

Nobukazu lke*3

IakashiYasuda*3

Nlasahiro lto*3

2. Development Approach

and highel productivity. The objective of the TNGA is to
enhance both design and dynamic performance by adoptino
innovative structural and powertrain techno}ogy, as we11 as by
10wering lhe hood and center of gravity of the vehicle.1n the
Production field, the TNGA aims to streamline steps and
equipment jn plants by commonizing processes and tools, adjust
aexibly to mω'ket needs, and achieve rapid product launches
This neW 8・speed automatic transaxle was the first to be
developed unda'the concepts of the TNGA. The transmission
torque converter, gear train, valve body, and oil pump wele
Commonized and optimized for specific uses based on enoine
Characteristics and the ↑equired dynamic P引'formance.

Toyota Motor corporation has formulated and adopted the
Toyota New Global Architecture (TNGA) design philosophy to
enhance its competitiveness by developing and manufactuling
Vehicles with substantia11y greater product appeal,10wer costs,

Fig.1 Shows a cross・section of the transaxle. An 8・speed oear
U'ain was selected from the standpoints of contr0Ⅱability,
mountability, and transaxle e仟iciency with the aim of improving
fuel e丘iciency by increasing the number of ge紅 Speeds. The
three key developmentitems were as f0110WS
a) Design to enhance e丘iciency and fuel efficiency by enlarg血g

山e gear spread, expanding the lock・up area, and reducing
transaxle losses

(2) Design to achieve direct and highly responsive driving force
through a new contl'ol method010gy and expanding the lock・

Up area

(3) Lightweight and colnpact design: compact design to reduce
transaxle weight and to enable insta11ation in a wjde ranoe of
models by loweling the n山nber of parts and chanoing
materialsη KinUⅢ'a plant Mamlfacturino Enoineering service Div, PO、ver11'ain company

O Dnvetrain・EHV Dcsion Div. NO.2、 powertrain company
3 Alsin AW CO.. Ltd
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Development of Nevv Front・vvheel Drive Direct・shift 8・speed AutomatiC 丁ransaxle

Fig.1 Cross・section of NevV 8・speed Automatic Transaxle

4. Main specifications and Basic structure

The oil pump is chain-driven and located on a separate axis,
Which helps {o increase efficiency and shorten the ove皿Ⅱ lenoth
Of the transaxle. The location of the valve body 、vas chanoed
fl'om the bottom S山'face in the previouS 6-speed automatic
transaxle(2) to the h'ont surface, thereby helping t0 10wer 血e
Vehicle centel' of gravity

Standinσ Start pa'formance and fuel efficiency were improved
by enlarging the gear spread. The transaxle was designed with
Close ge雛 Steps, and rhythmical shifting was achieved,
Particularly by setting equa11y spaced gear steps h'om the 4th to
8th speeds.
The geal' tl'ain consists of a front planetary gear, Ravigneaux

Planetary gear, four clutches (CI, C2, C3, and C4), and two
bl'akes (B l and B2)(Fig.2)
The adoption of new controltechn010gy aⅡOwed the one・way

Clutch to be eliminated. This meaS1Ⅱ'e helped to restrict the

n山nber of component elements to the same as the previous
6・speed automatic transaxle, while reducing the overaⅡ length
and weight

The neW 8・speed automatic transaxle is conngured with the
torque converter and gear train on tl〕e first axis,1he counter gear
On the second axis, and the diffa'ential oear on the third axis

The variations of the reduction gear a↑e set by 血e counter gear

ratio (Table l)

丁ransaxle

Torque converter

Shifting elements

Control method

PreviouS 6・speed automatic transaxle
(V6 engine)

Table l Main specifications of NevV 8・speed Automatic Transaxle

φ 260 torus with lock・up clutch

Gear ratios

Ist

]ー] 1-、1偽α

" 1モー、、・

2nd

日2

2 Clutches

3 brakes

1 0ne・vvay clutch

3rd

4th

Counter gear ratio

5th

6th

3,300

Maximum torque (Nm)

Flnal gear ratio

7th

>0

>a

BI

8th

Over訓 length (mm)

We四ht(k9)

Rev
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Fig.2 Skeleton Diagram of Gear Train

UA80 (V6 engine)

NevV 8・speed automatlc transaxle

4.148

Electronic、hydrauljc

1.068

φ 230 torus with lock・up clutch

3.238

350

94.5

384

73)

55)

37)

21)

23)

25)

18)

4 Clutches

2 brakes

UB80 (inline 4・cylinder engine)

Inpul
▲入

4,220

0.803

3.187

5.250

380

3.029

94.3

1.950

>1.73

>1.55

>1.34

>1,19

>1.22

>124

>120

379

1.457

1.221

1.000

0.809

0.673

4.015

0.846

3.312

280
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This gear train structure is capable of changing to the
neighboring gear stage by switching just one component element
Of the original gear stage,、vhich simplifies the shift contr01
(Table 2).

Table 2 Shi貴ing chart of NeW 8・speed Automatic Transaxle

Clutches Brakes

C・4C・2C・1 B・1 B・2C・3

.Ist

2nd

3rd

4th

5th

6th

7th

8th

Rev

゛、、

Fig.3 Shows the automatic transaxle lineup for each torque
band. The torque bands covered by three previous transaxles can
be covered by the two new uA80 and uB80 transaxles,thereby
reducing the number of transaxle variations 、刃hile ensuring
Compatibility with a wide range of vehicle performance
requlrements.
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Torque converter

Valve body
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Engine torque
(Nm)

Previous

transaxles

Other
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.
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Developed
transaxles

200

丁ransaxle

Fig.3 Automatic Transaxle Types (Front wheel D"ve)
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5. TNGA・Based Development

The uA80 transaxle for 3.5-1iter enoines and the uB80

U'ansaxle for 2.5-1iter engines were developed to cover a wide
torque range. parts were commonized and optimized in
accordance W北h torque (Fig.4).

U760

OP力m/zedand
Common2ed

Fig.4 Example of optimization and commonlzation

300

5.1 Commonization W赴h othertransaxles

Fig.5 Shows the engine attachment parts ofthe uB80 and HV
transaxles for use with the neW 2.5-1iter en合ine. This
development commonized the attachment bolt positions and
assembly knock pin positions between diffa'enttransaxles. This
a110ws the same engine matching SⅢface to be used for different
transaxles (previously, this surface was different for each
transaxle) and minimizes new investment in manufacturing
Processes.

UB80

350300

High・capadw
UA80

OP力m/zed

U660

350

U880

400

UA80

400

6AT

8AT

Common/2ed

波
◆

Bok holes commonized

A$sembly knock holes commonized

◆
◆

◆

◆

Fig.5 Compa"son of Engine Matching surface of uB80 and HV
Transaxles

52 Commoniza"on within uA80 and uB80transaxles

Two common valve bodies and oil pumps, which are hydraulic
System parts that do not depend on torque, were developed: high・
Capacity and medium・capacity variants.
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530ptimization between uA80 and uB80 transaxles

The datum positions for the torque converter, gear train, and
tl'ansmission case were commonized, and optimum desi容ns with
different geometrical specifications were adopted depending on
the torque (Fig.6)
Commonizing the datum positions a110ws the design of

general・purpose production lines that can handle a mix of
Products

Castlng datums commonjzed

Machlnlng datums cornmon!zed

Development of New Front・vvheel Drive Direct・shift 8・speed Automatic Transaxle
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6.1 Vvider geartrain spread

The neW 8・speed automatic transaxle features a lst speed gear
ratio that iS 24% 10、ver and a top oear ratio that iS 24% higher
than the previouS 6・speed automatic transaxle. This helps to
improve acceleration from both a standing start and low speeds,
While also ensuring fuel・e仟iciency and low noise while 引'uising
(Fig.8).

The lower lst speed gear ratio helps to expand the lock・up area
t0 10wer speeds, facilitating both a stronoly direct drivino feel
and improved fuel efficiency. The gear spread of both u'ansaxle
Variants was enlarged compared to the previouS 6-speed
transaxle (UA80:5.4→82, UB80:5.4→7.8) to match the

Characteristics of the engine

6. Fuel E什iciency

To increase the efficiency of the neW 8・speed automatic
transaxle,10sses were categorized based on the f0ⅡOwino three
development targets:(D wider gear train spread,(2) 10wer
U'ansaxle loss, and (3) expanded lock・up area. Newly developed
techn010gies were incorporated to achieve these targets, which
helped the new transaxle achieve higher fuel efficiency than the
PreviouS 6・speed automatic transaxle (Fig.フ).
This section describes some typical examples of the new

techn010gies that 、vere adopted to improve fuel efficiency.

■ Transaxle loss catego"es

Fig.6 Comparison of uB80 and uA80 Housings
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◆

0" pressure
detection holes commonlzed

Transaxle

10SS
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・ E什ect1ν巳 Use of englne

Adopt wider gear

● trein spread.
Adopt high 9e引.

・ Transaxle e"iclency loss

●山E9堅セ回四」

.

PrevlouS 6・speed
automatic transaxle (U66の

2nd 3rd 41h

24ヲ'0
11.4

Olhe『

Ist

Before lmprovement

Fig.7 Analysis of Transmission Losses

65 3.54.9

NeW 8・speed
automatic transaxle (UA8の

2nd 5th4th3rd

・ Torque convederloss

Expand lock・UP
area

PrevlouS 6・speed
automatic transaxle (U66の

14.1

62 Reduction oftransaxle loss

The neW 8-speed automatic transaxle achieves w01'1d-dass
transmission efficiency compared to other F、入'D automatic
transaxles in the same torque band,、vhich makes a major
Contribution to improved vehicle fuel efficiency (Fig.9). The
main items adopted to increase transmission efficiency are
described belo、U.
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Gear meshin0 10ss is a major factor that affects transmission
efficiency.
As shown in Fig.10, meshin合 10ss depends on the friction

Coe丘icient,10ad distribution, and sliding velocity

01・j - f -ー・ト0-N-1ル

A super finishing process was applied to the counter and final
gears of the ne、V 8・speed automatic transaxle to smooth tiny
Convex irregularities in the gear tooth surfaces while preserving
the concavities used to retain the required amounts of lubrication
Oil.

Fig.10 Gear E什iciency calculation Formula

φ
Super・fini$hed surfaces Optlmized tooth

Profiles

The transmission paths of booming noise indude the en旦ine
mountings, exhaust system hanger bushings, and suspension
mountings.圦lhen lock-Up occurs at low engine speeds,
driveshaft torque auctuations worsen, causing the transmission
Of booming noise from the suspension mountings.1n the new
8、speed automatic transaxle, the component parts of the cl
dutch are inteσrated with the cl drum parts that rotate at hioh
Speed. This increases inertia withoutincreasing 小e weioht of the
transaxle, thereby reducing booming noise at high gear stages
(Fig.13).

63 Lock・up area expansion

One of the main component parts of the transaxle is the torque
Converter. The lock・up area of the torque converter was
expanded by adopting a multi・plate lock・up dutch and
Optimizing the inenia, resulting in improved fuel efficiency and
more direct shifting response. Fig.12 Compares the lock・UP
areas of the previouS 6・speed and neW 8・speed automatic
transaxles.

Fig.11 Gear Tooth surface properties

Smooth surface properties

Lubrlcaηt retained

1, f ='
、',ーー

Maximum torque

Hlgh rotatlon speed pads (red)
■ Low rotation speed parts (blue)

In the expanded lock・up area of 小e uB80 transaxle, which is
Used for 4・cylinder engines, the development identified an area
in which the additional cl inenia does not function over a

Certain rotation speed and the driveshaft torque auctuations do
not decrease in accordance with the rotation speed (Fig.14)

Fig.13 Changes to cl clutch structure

Lock・up area of
Slipcontrol area of PreviouS 6・SP舵d
PreviouS 6・speed automa"c transaxle automatic transaxle

Vehicle speed (mph)

Fig.12 ComP引ison of Lock・UP Areas

^^^

Slip control area団
neW 8・speed
automatic transaxle

Increase in d"veshafttorque fluctuations
(d市erentfrom trends calculated by analysis)

'ー'゛ー...^.、....^.....'..、.ー'.ーーー.ー

Lock・up area of
neW 8・speed
automatlc transaxle

Englne speed (rpm)

Fig.14 Comparison of simulation and Experimental Results

^

Experimentalresult

Using the 8th speed as an example, the cl clutch generates
Unloaded inertia 血at rotates tooether with other rotating
elements.1n this case, the only freedom is provided by the back
Iash of the spline engagement portion. Fig.15 Shows the results
Of an evaluation using an actual n'ansaxle with the cl dutch
removed. The oraph i11Ustrates thatthe inertia element behavior
is extremely unstable and that the additionalinertia does not
function
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Transaxle without

Cl clutch Area in which cl inertia

does notfunction

Engine speed (rpm)

Fig.15 Results of confirma"on of cl clutch lnertia E什ect

一司^,,^1,,ー^ト,^

NormalS始te

Analysis focused on the back lash of the spline engagement
Portion,、vhich is the cause of the unloaded 血ertia. The analysis
identified the same trend as with the actualtransaxle, and found

thatreducing the amount ofback lash could lower booming noise
(Fig.16).

Development of New Front・wheel Drive Direct・shift 8・speed Automatic Transaxle

Engine speed (rpm)

Fig.16 Comparison of Driveshaft Torque Fluctuations Due to spline
Back Lash

Large back lash

Sma11 back lash

Adopting a press・fit spline was considered as a
Countermeasure to eliminate the back lash. However, this 、vould

require a high press・fitting force, which would be difficult to
achieve during production. The development also considered
eliminatino back lash in the design of the spline structure, but the
desired e仟ect could not be achieved due to limitations of

dimensional accuracy.
Therefore, a new part ca11ed a tolerance ring that absorbs the

back lash in the direction of rotation was developed for the uB80
transaxle. This part successfU11y reduced the t0川Ue 負Uctuations
Fig.17). production・related issues were resolved by
Optimizing the matel'ial and clearance design to minimize the
Size of the press・fitting force (Fig.18).

Tolerance ring

Rear sun ge

Fig.17 Tolerance Ring structure

Vvithouttolerance rmg

Cl drum

-1,5809

Welght(g)

F四.19 Weight Reducuon Measures

......L.

Tolerance ring

.^尋,ー,r-1-

Fig.18 Results of confirmation of Tolerance Ring E竹ect

フ. vveight Reduction

To maintain the same weight as the previouS 6・speed
automatic transaxle while increasing the number of gear speeds,
the 、veight of the neW 8・speed automatic transaxle was reduced
by changing materials to aluminum and plastic, integrating and
Consolidating parts, and the like (Fig.19).

Vvith tolerance ring

Engine speed (rpm)

ー.トーーーーー.゛.ーー..ーー.ーー
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フ.1 Center support

Conventiona11y, center supports are made of steelto ensure
Sufficient strenoth to withstand the reaction force of the counter

gear. A new aluminum center support was developed for the
neW 8・speed automatic transaxle with improved elongation
Performance and lowa'tensile strength dispersion.1ntegrating
the new center support with the neighboring drum reduced
Weight by more than l kg (Fig.20). The elongation
Performance ofthis newly developed a1山ninum materialis more
than four times higher than a conventional material, which was
achieved by optimizing the amo{mts of iron, magnesium, silicon,
and the like that make up the material. Additiona11y,integrating
the brake structures also helped to increase stiffness, reduce the
number of parts, and improve assemblability.

8. conclusions

D The rapid adoption ofthis newly developed 8・speed automatic
transaxle in a 、vide variety of models was facilitated by
measures to commonize and optimize parts, as we11 as to raise
development efficiency and productivity.

2) The transmission efficiency of the developed transaxle iS 8%
higher than the previouS 6・speed automatic transaxle
Combined with the expanded lock・up area described in point
3, the developed transaxle helps to improve vehicle fuel
efficiency.

3) The lock・up area of the developed transaxle was expanded by
10% compared to the previouS 6-speed automatic transaxle,
Which helps to create a better direct shifting feel.

4) Despite havin合 a larger number of gear speeds, the developed
transaxle is at least 6 kg lighter and 5 mm shorter than the
PreviouS 6・speed automatic transaxle. As a result, the
development mai川ained the mountability of the transaxle
Without increasing its weight.

Previous transaxle

72 C3 drum

The previouS 8・speed automatic transaxle used stamped steel
Parts to form the complex shape of the C3 and C4 Clutch
Structure.1n the uB80 transaxle,two aluminum pans are welded
together to reduce weight (Fig.21). T、vo issues identified
during this development were cracking generated by the heat of
Weldino and thermal deformation of the rubber seal of the built・

in clutch piston. The first issue was resolved by incorporatino
newly developed material properties. The second was resolved
by optimizing the 、velding conditions. As a result, weight was
reduced by approximately l.2 kg.

Flg.20 center support structure

.

0

,

NeW 8・speed
automatic transaxle

0

Previous transaxle

C・3 balancer

C・30uter drum

Steel parts lolned by
electron・beam (E伯)
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Development of Nevvlo・speed
Automatic Transmission for Rear・vvheel

Drive passenger vehicles

,

Abstract

A neい110-speed automa"c transmission has been developed for next・genera"on rear・Mlheel drive (RVVD)1Uxury
Coupes. 1n accordance with the dynamic performance concept of these vehicles (" sharper and more refined
driving"),this automatic transmission vvas developed Mlith an optimum gearratio and ne、N shift controltechn010gy.
These features help to enhance both fuel e"iciency and driving performance, vvhile also ensuring an exciting and
grea"y improved driving experience, This articledescribesthedevelopmentconcept 0什he nevvlo・speed automatic
transmission for RVVD passenger vehicles (model code: AGAの,the gearratio design method that vvas adopted to
achieve the targeted driving performance,the details of hardvvare refinements, and the neい11y adopted shift contr01
techn010gy.

Keyvvords: automa力'c transmission,10・speed gear step, gear spread shift contro/, driverinten力'on, driⅥhg situa力'on

1,1ntroduction

As global enVⅡ'onmental regulations grow increasingly
Stringent, drive↑S are delnanding Ⅱ'anslnissions that enable both
exce11e川 driving pa'folmal]ce and high fuel ef負Ciency.1n
response, multi・speed (continuously vatiable) automatic

transmissions that provide direct feedback to the driver ale beino
developed with an emphasis on higher engine power
transmission ef負Ciency. Additiona11y, in the rear・wheel drive

(RWD) segment,transmissions play an imponant role in creating
a more comfortable driving experience for the driver as a way o
Creating greater product appeal
Toyota Motor corp0↑ation has developed a new lo・speed

automatic u'anslnission for R圦ID passenger vehicles (model
Code: AGAの for insta11ation in next・generation R圦ID luxury
Coupes.1n addition to fuel efficiency and dynamic performance,
the development of this transmission aimed to enhance driving
enjoyment unda' the concept of achieving a "sharpel and more
1'efined" experience
This article describes the development concept of 血e AGAO

transmission,山e gear ratio design method that was adopted to
achieve the targeted driving performance, the details of hardware
refinements, and the newly adopted shift controltechn010oy.

Kazuhiko Yamada*1

IerufunliMi丁azaki*2

Yoshio Hasegawa*3
Takahiro Kondo*3

SeijiMasunaga*3
Ichiro Kitaori*3

Akira lakeichi*2

2, Development Aims

The deve}opment concept of the AGAo transmission was as
f0ⅡOWS

(D Rhythlnical and sharp shift加g
By optimizing 血e ge釦' ratio of each shift,血e developed

transmission achieves power-on upshifts with exceⅡent tempo
When 山e engine speed is in the same range during acceleration
Sharp shifting was achieved by shortening the shifting time (i.e.,
the time taken fm'the automatic transmission input shaftto reach
the same speed afta' shifting).

(2) standing start P引formance and quiet P引forlnance duling
high・speed cruising

The developed transmission is provided with a wide oe雛

Splead, consisting of low gears to enhance standing start
Performance and gears that enable low engine speeds during
hjgh・speed cNiS血g
(3) Driving in tune with driver 血tenti0鵬

The developed transmission inC飢'P0↑ates a shift controlthat
estimates the driV伽" s acceleration intention based on the speed
and acceleration of the vehicle, and selects the optimum oear
Stage in response to the driver's intention.
(4) Dh'ectresponse to accela'ator operation
This transmission is equipped with a newly developed torque

Converta'that incorporates a multi・plate lock・up dutch and new
dynamic lock・up damper, which substantia11y expands the lock・
Up area compared to conventional automatic transmissions

DrハモⅡ'ain・EHV Desion DiY. NO.2、 powertrain company
AdYanced powertrain Desion & Enoineerino Div., powertrain company

Electnc poW引'TI'aln system Development Div., NO.4, powertl'ain company
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(5) ExceⅡent fuel e仟iciency

In addition to the liohtness of the geal' train, techn010gies such
as the new torque converta' that expands the lock-up area and
10w friction materials help to greatly improve vehicle fuel
e仟iciency. The specifications of the transmission a110w the
application of an idling stop function.1ts structure is also
designed to accommodate an accumulator, which is capable of
Supplying the necessary oil pressure to operate the automatic
h'1h bkrasmlsslon e een。1nelsc0 ど ac on e.

Development of New lo・speed Automatic Transmission for Rear・vvheel Drive passenger vehicles

3. Design of opumum Gear Ratio

This section describes the gear step and gear spread design
Process adopted for the AGAo transmission within the overa11
gear ratio design process to simultaneously realize the first and
Second aspects of the development concept 6.e.," rhythmical and
Sharp shifting" and " standing start performance and quiet
Pelformance during high・speed cruising").

3.1 Gear step design method

The development aimed to realize rhythmical shiftino when
the engine speed is in the same range during acceleration.

First, the target vehicle acceleration was designed.、入lhen the
Vehicle is accelerating with the accelerator pedal at a constant
angle, the target acceleration is set to create a continued and
Consistent acceleration feelino for the driver. As a way of
expressing subjective characteristics, the 圦leber・Fechner law is a
WeⅡ・known method of derivino the relationship between the
degree of a physical stimulus and its perception. This
relationship can be shown by the f0Ⅱ0圦,ing equation, in which
the change in perception △E is proportionalto the ＼入'eber ratio
(△R/R) of the amount of stimulus R. Here, k is the

Proportionality constant.

0

△E = k △R/R

0

In轍al acceleration

Fig.1 Target Acceleration for Achieving an Equal Acceleration

Feeling

This law can be applied to a transmission as f0110、VS, with the
Change in perception represented as the acce1引'ation felt by the
driver △V', the stimulus repl'esented by the vehicle acceleration
G, and including the proportionality constant k.

Next, the development designed a target time for the upshift
Start interval during acceleration. with a conventional automatic
transmission, positive drivin合 force characteristics are
maintained by elon菖atin8 the upshift start interval as the number
Of upshifts incl'eases.

In contrast, the AGAo transmission achieves exce11ent driving
fm'ce characteristics through the engine control and oear ratios.
In addition, a target upshift start intervaltime during acceleration
Was set to realize 血ythmical shifting. Fig.2 Compares the
rotation speed behavior of the automatic transmission input shaft
during acceleration from a standing stad between the developed
transmission and the previouS 8・speed automatic transmission
(model code: AA80)

Vehicle speed

△V'= k△G G

This equation was used to desion the acceleration felt by the
driver △V' as the target accelel'ation after obtainino the
Proportionality constant k experimenta11y. Fig.1 Shows the
desi旦ned tarset vehicle acceleration. To achieve an equal
acceleration feeling, the change in vehicle acceleration becomes
Iarger when the vehicle acceleration is higher.

TOYOTA Technical Revievv v01.64 Sep.2018
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Fig.2 Comparison of Automatic Transmission lnput shaft Rota"on

Speed Behavior during Accelera"on from standing start

10AT

tran$r"isslon

As described above, the gear steps bet、veen the gear stages
Were designed with target upshift start intervals to generate
Changes in rotation speed in the same engine speed al'ea, while
realizing the target acceleration. Fig.3 Shows the rotation speed
behavior of the automatic transmission input shaft during
acceleration from a standing start, utilizing the designed gear
ratio and upshifttimings. The 負gure indicates thatthe automatic
transmission input shaft rotation speed changes within a certain
engine speed range and that the upshifts are successfU11y
accomplished.
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Time

Fig.3 Automatic Transmisslon lnput shaft R0始tion speed Behavior
du"ng Acceleration hom standing S始rt

32 Gear spread design method

This section describes the desion method for the low and hioh

Side ge雛1'atios.
In the AGAo transmission, the first gear stage is used as a

dedicated gear stage for standing starts. Therefore, the design
focused on the 8ear ratios from the second to the hiohest gear
Stages.1n accordance with the gready expanded lock・up area,
the gear ratio for the second gear stage was designed to achieve
Sufficient driving force for acceleration without relying on the
torque amplification function of the torque converter. The gear
Steps that 、vere designed as described in the previous section
Were then applied based on this second stage gear ratio to
determine the gear ratios for the low speed gear stages

In contrast, the gear ratios for the highest gear stages were
desiσned in consideration of the available drivino force during
Cruising, in addition to fuel e丘iciency and silent operation at
high speeds. The optimum target engine speed for high・speed
仇'uising was identified and the ideal gear ratios were set based
On engine efficiency, engine torque characteristics, as we11 as
noise and vibration (NV) performance.
F0ⅡOwing the description above, Fig.4 Summaにizes the gear

ratio design method for each gear stage. compared to the AA80
transmission, the developed transmission required lower gear

Stages for the lowest gear ratio and higher gear sta8es for the
highest gear ratio.

SU什icient drivjng
force achieved even

in lock・up state

Close ratios

achieve rhythmical
Shifting

AGAO

Ist

AA80

2nd

Available driving force
ensured while emphasizing
fuel efficiency end low noise

3rd

Ist

圏^^

Geer 『etios

Fig.4 Gear Ratios and Gear Ratio Design Method

16

4th

2nd

4. configura"on of Transmission system

The automatic transmission was desi8ned to simultaneously
achieve the gear steps and spread described in the previous
Section. unlike the AA80 transmission, the AGAo transmission

features closer gearing that positions the 8ear ratio of each gear
Stage close together to shorten the upshift start interval during
acceleration.1n addition, the AGAo transmission features lo

Speeds since an exu'a gear stage 、vas required on the high speed
Side to ensure sile址 Operation and exce11ent fuel efficiency
during high・speed cruising. This section describes the
Configuration of the AGAo system. Fig.5 Shows the exta'nal
appearance ofthe AGAo transmission.

5th 6th 7th

3rd

■

8

4th

8th

5th

9th loth

^
6th

4

7th 8th

4.1 Structure and main specifica"ons

The AGAo transmission consists of four newly desioned
Planetary gears and the same number of friction elements as the
AA80 transmission to realize the targeted gear ratios for lo
forward gears. Additiona11y,、vorld・1eading lightness was
achieved by adopting a two・stage engagement structure using
Separate friction elements for the inner and outer sides of the
Same portions, as weⅡ as alU加num members. Exce11ent vehicle
mountability was ensured by achieving the same axia11enoth and

Fig.5 ExternalAppearance of AGAO Transmlssion
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Central diameter as the AA80 transmission. Table l shows the

technical data of the AGAo transmission, Table 2 Shows the

engagement of the friction elements and the gear ratio of each
gear stage, and Fig.6 Shows a skeleton diagram of 血e gear
traln

65

Table l Technical Data of AGAO Transmission

Insta11ation engines
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Transmission model code

Items

Torque converterformat

Drive method

Transmission format

Name of oil

Oilca acit

2UR・FSE

RWD

Descri tion

L

Rev

Table 2 Shift pa廿em of AGAOTransmission

CI

V35AFTS

Electronica11 Contr011ed laneta

Ist

3・element,1・stage,2・phase
Withlock・u mechanism

2nd

Genuine TO

10w vehicle speeds. Fig.7 Compares the lock・up area of the
AGAo and AA80 transmissions. By expandino the lock・UP
Controlt0 10wer vehicle speeds and hioher accelerator pedal
angles, the lock・up area extends virtuaⅡy over the whole ranoe
Shown in the fioure. This helps to realize a drivino feeling
Similar to that achieved by a manual or dual・clutch tra11Smission
With direct response to accelerator inputs. The expanded lock・UP
area also increases transmission e丘iciency during driving, WNch
makes a major contribution to hioher vehicle fuel efficiency

AGAO

C2

RVVD/AVVD

0

3rd

0

0

C3

4th

0

8GR・FKS

0

5th

Ota vvorld standard

C4

6th

0

RVVD

7th

8.8

BI

0

8th

0

B2

0

9th

0

ears

10th

Gear ratios

0

VVS

0

0

0

0

0

5.169

0

0

0

0

0

4.923

0

0

0

0

0

3.153

山一ぐ▲^4〒1゜＼岡゛弓1墜・才一0'゜側

0

Ste s

0

0

2349

0

AGA010ck・up aree

1.879

Brake NO.1 (BI)

0

1.462

0

1.56

1.193

134

0

1.000

Greatly expanded

125

0792

Vehicle speed

Fig.7 Compa"son of Lock・UP Areas of AGAo and AA80
Transmissions

129

0.640

T0円Ue
CO「1Veder

123

0598

42 Newly developed torque converter

1.19

Furthermore, the torque converter torus of the AGAO
transmission is aatter (by approximately 13%) and features a
SmaⅡer external now path diameter (272 11血 reduced t0 260
mm). These measures helped to reduce the weight and enhance
the mountability of the torque converter. part commonization
Was implemented to aⅡOw the tranS111ission to be adopted with
different engine specifications by changing only the stator and
damper. Fig.8 Compares the external appearance of the torque
Convener adopted by the AA80 and AGAo tra11Smissions.

126

Front planetary gear

Fig.6 Skeleton Diagram of AGAO Ge引 Train

The AGAo transmission features a greatly expanded lock・UP
area compared to the AA80 transmission. This was achieved by
adopting a newly developed torque converter that incorporates a
multi・plate lock・up clutch with exce11ent oil pressure response
and a new dynamic lock・up dampel'that enables lock・up from

124

1.07

Clutch NO

(C3)

Clutch NO.2 (C2) Mlddle P恰netaN gear

AA8010ck・up area

ヘ
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Rear planetary gear

Dynamic lock・up damper

Multi・plate
10ck・up dutch

Torque co"verterfor
AGAo transmlssjon

Torque convederf01
AA80 trarlsr"1Sslon

Flatnes$:64.69/。

、、 ノ

/

Flow path d旧rnete『:260 rnm

Fig.8 Comparison of Torque converter of AGAo and AA80
Transmissions

Flow path diamet引
reduced by 12 mm

Length shortened
by13%

Flat"esS 7439、0

Flow path dlameter:272 mm
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High response and compact valve body4.3

To help achieve highly responsive shifts, the oil pressure
response of the AGAo transmission was improved by lo%
Compared to the AA80 transmission by adopting Hnear
Solenoids. optimum positioning of the linear solenoids and
Valves reduced the length of the oil passa合es and lowered the
resistance of the hydraulic lines by 67% compared to that of the
AA80 transmission.(D

4.4 Highly responsive clutches

As another approach to improve shift response, the dutch
Chamber volume was reduced to enhance the response of the
hydraulic contr01. The volume was reduced by a maximum
Value of342% compared to the AA80 tra船mission.

5. controltechn010gy

This section describes the new controltechn010oy that was
adopted to achieve the f0ⅡOwing aspects of the development
Concept:" rhythmical and sharp shifting,"" driving in tune with
driver intentions," and "direct response to accelerator operation."

5.1 Contronn response to driver intention and driving
Situa"on

Conventiona11y, automatic transmissions determine the gear
Stage based on the shift pattern and road gradient information,
Usin合 the vehicle speed and accelerator pedal angle set by the
driver as parameters. This approach makes it difficultto set gear
Stages in response to driver intention (i.e., driving emphasizing
fuel efficiency, brisk dynamic performance, or the like) and the
road environme川(highway, winding road, or the like). For
example, if the driver 、vants to accelerate out of a corner on a
Winding road using high driving force (i.e., a situation that can be
defined as brisk dynamic performance), a conventional
transmission wiⅡ downshift (known as a " catch・up downshift"),
Which lowers response to the driving force demanded by the
driver.

In contrast, the AGAo transmission cancels catch・UP
downshifts when exiting corners on winding roads only when the
driver requires brisk dynamic performance. This is
accomplished by a new controlthat responds to driver intentions
and driving situations by downshifting before the vehicle exits
the corner. Fig.9 Compal!es the gear stages selected with and
Without this contr01.

First, the development examined how to determine the driver
intention and drivin号 Situation to identify the necessary contr01.
If a d0圦,nshift is C釘ried out when the driver is emphasizing fuel
efficiency or during ordinary driving, the engine speed increases
and fuel efficiency drops. Therefore, the function that
determines the driver intention and driving situation is very
Important.

Corner

Acceleration

10th

d,_、.
一

゛

盆く 7th

8th

6th

:10th

、、ー

7th

10th

Vvith contr01

7th

18th

6th

18th

6th

ーーY、ヘ^、

一→一

7th 8th 7th

8th

Fig.9 Comparison of Gear stages selected with and W吐hout contr01
Responding to Driver lntentions and Driving S託Uations

(D"ve門nten"on: B"sk Dynamic performance)

17th

5th

:6th

Corner entrance

Brlsk dynamlc
Performance on

15th

本

After actual vehide road tests combinino various driving
Situations and driver intentions, a strong correlation was
identified between drivel' intention and acceleration.

Furthermore,1ateral vehicle acceleration was identified as an

important factor for determining different driving situations on
Winding roads. Fig.10 shows the driving data results analyzed
in terms of longitudinal and lateral vehicle acceleration
Longitud血al and lateral vehicle acceleration can be used to
identify which driving data refers to brisk dyna血C performance
On winding roads. As a result, the control can be limited to
Certain ranges without a丘ecting actual fuel efficiency when
driving on highways or urban roads.

ーー'6th

10th

W壮hout contr01

1

J
゛
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Brisk dynamic performance
On winding road A

Normal dynamlc
Performance on
Windirlg road A

00 0

0

Winding road B .二1
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Fig.10 D"ver lntention Determina"on Results
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Next, the development examined how to determine the most
appropriate gear stage when entering and driving through a
Comer on a 、vinding l'oad to help avoid catch・up do、vnshifts
When exiting the comer.

、刃hen exiting a comer, the gear stage demanded by the driver
is determined based on the drivino force demand. Therefω'e, the

Control must be capable of predicting the driving force demand
from the driver when exitino the comer. The combinations of

factors involved in entering and driving through a comer (see the
Iist in Table 3) that correlate strongly with the factors related to
drivino f01'ce demand 、vhen exiting the corner 、刃ere derived from
actual vehicle road tests. As a result, a strong correlation was
identified between the vehicle speed when the driver starts to
accelerate out of the corner and the maximum absolute

acceleration when exiting the corner. The same trend was also
found in driving data for other driver intentions. Fig.11
i11Ustrates this correlation. As described above, driving force
demand when exiting a comer can be predicted from vehicle
Speed information 、vhen entering and driving through the comer.

Development of New lo・speed Automatic Transmission for Rear・vvheel Drive passenger vehicles

Table 3 Ust of Factors when D"ving through/Exiting comer

In addition, as shown in Fig.12, the control can derive the
gear stage capable of achieving the driving force demand in
Combination with the achievable torque output characteristics of
the enoine.1t should be noted that, when do、vnshiftino the

Control selects the highest gear stage capable of achieving the
driving force demand to restrict the generation of unnecessary
deceleration 、vhen entering and driving through a corner. As a
result, the control can set the optimum gear stage before the
driver exits the comer

Drivin

Drivin

throu h comer

Brake master cylinder pressure

Vehicle speed va
Whenbrakin stads

Deceleration

Vehicle speed when entering corne

Vehicle speed vb
durin cornerin

Vehicle speed vc
When acceleration starts

Vehjcle speed d市erence
Va vs. vb

Vehicle speed di什erence
Va vs. VC

Situation

Accelerator pedal angle

Exitin

Maximum longitudinal G

Maximum absolute acceleration

Corner

Estimated G when

exltlng corner

Target drivin910『ce

Selection of highest ge引 Stage capable
Of achieving the driving lorce demand

Actual driving force

Gear stage

Di什erence in vehicle speed betwe
acceleralion start and end

Current vehicle speed

Engine speed

W

.

■ Brisk driving
Normal driving

Fuel e什icient driving

Fina11y, Fig.13 Shows the results of a comparative actual
Vehicle evaluauon with and without the controlthat responds to
driver intentions and driving situations on a winding road. The
results show the selected oear stage and vehicle acceleration
Performance with and withoutthe contr01. when the driver is
drivins briskly, the control selects a lower gear stage than
Without the contr01, thereby eliminatino catch・up downshifts.
Additiona11y,、ん,hen the driver intention chanoes to m01'e steady
driving, the control selects a higher gear stage that emphasizes
fuel e仟iciency as the driving time elapses in the same way as
When the controlis notimplemented

Fig.12 Target Gear stage Determination Method

Fig.11 Vehicle speed when Acceleration out of comer S怡rts and
Maximum Absolute Acceleration

髄、.ド薫濁

0

Vehicle speed when acceleration out of comer stads (km/h)

0

G achievable by
3rd 9ealstage

G echlevable by
4th ge引 Stage

G achievable by
5th gear stage

G achlevable by
6th gear stage

G achlevable by
7th geer stage

G achlevable by
81h gear stage
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4,000
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Fig.13 Actual vehicle veri"cation Results
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6. conclusion

Toyota has developed a lo・speed automatic transmission for
RWD passenger vehicles. The development researched the
Optimum automatic n'ansmission gear ratio and shift conu'01
desjg那 to achieve the exciting driving performance outlined by
the development concept. First, gear step and gear spread design
methods were pToposed to simultaneously realize the
"rhythmical and shωP shifting" and "standing start performance

and quiet performance during high・speed cruising" aspects of the
developme川 Concept. subsequently,{he development proposed
a controlthat responds to driver intentjons and dliving situations
to realize driving performance in tune with dliV由' intention.
Actual vehicle tests verified that this controlis capable of
estimating the driver's intention al〕d selecting the optimum gear
Stage
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INGA powertrains

Design of Highly E什icient Driveline W詫h
LOW Noise, V山ration, and Harshness for

Rear・vvheel Drive passenger vehicles

Abstract

Toyota Motor corporation has developed a new d"veline forthe Lexus LC50oh and LC50O W詮h the objective of
achieving the low levels of noise and exce11ent driving and environmental performance suitable forflagship Lexus
models. This adicle focuses on the techn010gies adopted to increase the e什iciency ofthe new drivetrain, and the
techn010gies adopted to reduce noise, vibration, and harshness (NVH). High e什iciency was achieved by op"mizing
the di什erential hypoid gear specifications, bea"ngs, and lubrication structure. Despite increasing the ring gear
Size by 11% compared to the conventional driveline, fuel e什iciency was improved by o.59,、o in the European test
Cycle. NVH performance was improved by greatly reducing booming noise. This was achieved by identifying the
e什ects of prope11er shaft axialdirection excitation force, and adopting double 0什Seuoints and low・sti什ness rubber
Couplings.

Keywords: drive/ine, differen力凌/, prope//ershaft

1.1ntroduction

In addition to hioh levels of dynamic and environmental
Perfonnance,10w noise, vibration, and harshness (NVH) are
important requirements for the Lexus Lc and LS. The new
driveline adopted by these vehicles was developed with the
Objective of achieving these levels of performance. This
driveline adopts eith引'the Multi staoe Hybrid Transmission or a
new lo・speed automatic transmission to help l'ealize exciting
P伽'formance in rear・wheel drive (R圦ID) passenger vehicles.
New techn010oies have been applied to the driveline to enhance
e仟iciency and reduce noise, while ensuring that the dynamic
Powel' of the vehicle is transmitted direcdy to the tires with
minima110SS (Fig.1).

Nobuharu lmai

Shinya lakama
Iakashi Kiten*

Norihiro Mizo

Front

2. Techn010gies lncorporated into New
Driveline

Prope11er shaft

2.1 Techn010gies for higher driveline e什iciency

Tokyo Enginee!'ing Di、, Ad、anced R&D and En窒ineerin冬 Conlpnny

Toyo{a Motor Europe
DriYe Tmin、 Hybrid vehicle power11'ain & chassis produclion En豊ine

DiY, PO、vel'tl'ain conlpany

R&D and En旦ineering Ma以lgenlent Di、_ Advanced R&D and Engine
Company
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Driveline losses affect vehicle fuel e仟iciency by 2 t03% and
Cannot be disregarded 、vhen addressing 、vays of making a vehicle
more efficient. These losses can be divided int0 10ading loss,
rotationa110SS, and churnin0 10SS. This development optimized
the differential hypoid gear specifications, drive pinion bearings,
and lubrication structure. As a result, despite in引'easing the ring
gear size by 11 Compared to the previous driveline, fuel
efficiency was improved by o.5% in the European test cycle

"

4

Fig.1 0uuine of D"veline

Rear

Di什erential

Front oil seal

Front bearing

Rear bearing

/0師'引

"ー゜゜}"00如御Ring gear

Fig.20U"ine of New Di什eren"al
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2.1.1 Techn010gies to reduce loading loss

Loading loss is mainly generated from the hypoid ge雛 of the
differential.a) The previous hypoid gear adopted a large vertical
Offset and spiral angle (Fig.3) to ensure gear strength and NVH
Performance. However, this design generates large meshing loss
due to sliding between the contacting gear faces.

Ring gear

Drive pinion

Fig.30什Set and spiralAngle of Hypoid Ge引

This developmentimplemented parameter studies and adopted
hypoid gear specifications that achieve both high fuel e丘iciency
and strength. Fig.4 Shows the relationship between the fuel
efficiency improvement rate and hypoid gear strength at different
Vertical offsets. Although fuel efficiency improves as the offset
decreases, the strenoth of the drive pinion fa11S. Therefore, the
thickness of the gear was adjusted to set the optimum offset for
achieving the strength target. Additiona11y, a low spiral angle
Was adopted to reduce meshing loss and aⅡOw the adoption of
Sma11er drive pinion bearings. Fig.5 Shows the relationship
between the fuel efficiency improvement rate and the e丘ective
gear con仏Ct ratio at different spiral angles. Although reducing
the spiral angle improves fuel efficiency, the effective contact
ratio decreases and NVH deteriorates. Therefore, the accuracy

Of the gear face 邑eometry was improved to create the optimum
Spiral angle for achieving the NVH target.

Vertical 0什Set

^

J Spiral angle

. 脅

E什ective gear contact ratio

New model

Fig.5 Spiral Angle and Fuel E什iciency lmprovement Rate

_と七七イ_

＼

2.1.2 Techn010gies to reduce rotationa110SS

Rotationa110ss is mainly generated by the bearinos that
Support the drive pinion. Although this loss can be reduced by
Switching from tapered r011er bearings to ba11 bearings (Figs.6
and 7), this has an adverse effect on bearing lifetime and hypoid
gear support stiffness. However, conventional ba11 bearings
Could not be adopted in the new driveline since the size of the
bearings needed to be increased to achieve the development
targets. Therefore, the new driveline adopted new ba11 bearinos
designed to achieve targets for lifetime and stiffness

_._.t NVH tar et

Fuel e什iciency
Improvementrate

Splral angle

Hypold gear strength

Fuel e什IC旧ncy improvement rate

New model 0什Set

Fig.40ffset and Fuel E什iciency lmprovement Rate

Previous model:

始Pered r011er bea"ngs

Target

、

Previous model

Line contact

Chenged to
Polnt contact

Fig.60U"ine of changes to Bea"ngs

New model:

ba11 bea"ngs

Tapered r011er bearings

Ba11 bearings

Vehlcle speed

Fig.7 Comparison of Torque LOSS

The target lifetime of the ba11 bearinos was achieved by
Optimizinσ the lubrication structure of the canier. oilis ouided
to the bearings by the ring gear f0110wing the lubrication
Struct山e of the differential.1n the lubrication stNcture of the
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Previous model, which used tapered roHer bearings,1aroe
amounts of oil are supplied to the front bearing to enhance
Seizure resistance. Lubrication analysis confirmed that the
Supply of oil was sufficient (Fig.8). However,if this lubrication
Structure is adopted with baⅡ bearinos, beal'ino lifetime drops
Substantia11y compared to tapered r011er bearings (Fig.9) in oil
Contaminated with foreign matter

Design of Highly E什icient Driveline with LOW Noise, vibration, and Harshness for Rear・vvheel Drive passenger vehicles

Previous model

Oilflow

Rear bearing

Fig.8 Lub"cation structure and Analysis Results of previous Model

Front bearlng

New model

Oil "ow reduced

Rear bearing

Fig.10 Lub"cation structure and Analysis Results of New Model

Front bearing

Tapered r011er bearings

Therefore, this development revised the lubrication structure
So that only the required amount of oH is supplied to the front oil
Seal by separatino the main lubrication aow of the ring oear 丘om
the aow to the bearinos. This structure ensures a stable supply
Of oil from the ring gear to the bearings, without over・
dependence on the vehicle speed. Analysis confirmed that oil
aow to the bearinos 、刃as reduced compared to the previous
Structure (Fig.10).

Fig.9 Compa"son of Bearing Lifetime

Fig.11 Shows the height of the oil surface at different vehicle
Speeds as confirmed in experiments. with the carrier stNcture of
the previous model, the oil surface height increased in
accordance with the vehicle speed.1n contrast, the new model
Carrier structure maintains a low oil surface height, regardless of
the speed of the vehicle. These improvements helped to achieve
the bearing lifetime target (Fig.12)
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Support stiffness 、vas seC山'ed thl'ouoh the differential asse1ηbly
including the can'ier. Tooth contact movement caused by
displacement of each part due to input torque was reduced
Compared to the previous component by optimizing the geometry
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Of the carrier (Fig.13). The optimized carrier geometry also
helped to reduce weight. The required thicknesses for each part
Were identified. This a110、ved the thichless of each part to be
reduced to preventthe deformation of high stress locations when
torque is applied. one issue of this approach is contr011ing
thickness variation during manufacturino. This was addressed
by improving die accuracy and optimizing the casting plan by
expanding runner sizes and the like to improve the molten metal
aow.

2.13 Techn010gies to reduce churning loss

Churning loss is mainly generated by agitation of the oilthat
Occurs when the ring gear rotates. churning loss was reduced by
decreasino the amount of oilin the differentialt010wer the level

Of the oil bath used by the ring gear and the like.

2.3 Techn010gies forlower driveline NVH

R圦ID passenger vehicles use Nbber couplings (Fig.14) to
decrease high・frequency noise. one issue when developing
Vehicles that use these couplings is reducin合 booming noise
during steady・state driving. The level of booming noise is
determined by the excitation force of the prope11er shaft and 血e
Sensitivity of the vehicle mountings.

Conventiona11y,this excitation force was thoughtto occur only
in the radial direction caused by prope11er shaft imbalance.
However, different levels of booming noise were measured in
Prope11er shafts with the same level of imbalance (Fig.15).

Fig.13 Comparison of Tooth contact Movement

Previous model

早

Be廿er

New model

^

'、 L

Di什erent prope11er shafts
With same level o"mbalance

Vehicle speed

Fig.15 Booming Noise Measurement Results

The root causes of this difference were analyzed and the effect
Of axial direction excitation force was identified in addition to

radial direction excitation force. The development analyzed this
Phenomenon using computer aided engineering (CAE). The
excitation force was verified on a test bench by modelin菖 the
axial direction excitation force, and 小en calculating the amount
Of slidin合 resistance and axial direction excitation force
generated by 血e prope11er shaft(Fig.16).
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The cAE results identified differences in tension values A, B,

and c 、vhen the prope11er shaft and differential yoke are
misalioned. Due to these differences, the total of axial direction

excitation force is not zero (Figs.17 and 18).
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Prope11er shaft yoke

Tension A

Di什erential yoke

0

Fig.170U仙ne of Di什erences in Tension when Misaligned
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Fig.18 Axial Direc"on Load when Misaligned

Additiona11y, the contribution of the radial and axial direction

excitation forces to booming noise was identified (2) and a target
Set to reduce the level of axial direction excitation force. Axial

direction excitation force was reduced by adopting a double
0仟Setjoint(DOJ) for the NO.2 joint, which lowered the stjffness
Of the 皿bber coupling. These measures achieved a substantial
improvementin the level ofbooming noise (Fig.20).
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3. conclusion

The new driveline techn010gies described in this article helped
to improve fuel efficiency by o.5% in the European test cycle,
and to substantia11y reduce booming noise

The authors would like to extend their sincere oratitude to aⅡ

the partner companies that supported this development.
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Development of Multi stage Hyb"d
Transmission

,

Abstract

The innovative Multi stage Hybrid Transmission vvas developed forthe nevv Lexus LC50oh. This transmission vvas

developed with the objective of substan"a11y enhancing the performance ofthe Toyota Hybrid system (THS 川 by
achieving high levels of both driving and environmental performance. This system consists of a shi什 device
insta11ed in series vvith theTHS Ⅱ,vvhich grea"y expandsthe operating range ofengine povverand provides povverful
driving force from a standing start. This configuration combines enhanced and exciting dynamic performance
With exce11entfuel e什iciency by increasing the usage frequency ofthe most e什icient system regions. This article
describes the performance ofthe Multi stage Hybrid system, as vveⅡ as the transmission hardvvare and controls
that vvere developed to achieve this performance.

Keyvvords:ル1U/tistage Hybrid system, transmission, motor

1,1ntroduction

Toyota Mot0↑ Cmporation developed 山e Lexus Hybl'id Dljve
System for passenger vehicles, which was insta11ed in the
GS450h in 2006 and the LS60oh in 2007.(1)(2) The fuel

efficiency of the Lexus Hybrid Drive system surpasses
Competing models and its dynamic perfolmance has been highly
rated by drivers. with a wide ranoe of refinements havino been
incorp01'ated since its initial development, the system has
Contributed greatly to leducing global c02 emissions
Demand for environmentaⅡy friendly vehicles has been

increasing as environmental consciousness rises and the fut山'e
Oudook for gasoline prices remains uncertain

At the same time, envi↑onmentalregulations in many countries

and regions are 即'owing in仇'easingly stringent. For these
reasons, the development and popularization of vehicles with
high environmental performance is very important、 As the
aulomotive industry intensifies its efforts to develop
environmentaⅡy hiendly vehicles, various different systems have

been commercialized, creating an increasingly competitive
market

The adoption of hybrid systems has accelerated even in 山e
hⅨ山'y coupe segment that emphasizes high levels of dynamic
Performance. As a result, it has become necessary to develop
Vehicles with even better fuel efficiency and drivinσ
Perf0↑mance. Thjs artide descl'jbes the development of the Multi
Stage Hybrid Transmission (model code: L31の to achieve

exceⅡent fuel efficiency and dynalnic performance in 11Ⅸ山'y

Coupes

KazU丁UkishHba*1
Keisuke omuro*2

10shiakilamachi*2

Ikuo Ando*3

Shun丁a Kato*4
Takuro Kumada*5

2. Development Aims

The deve]opment aims of the L310 [1'ansmjssion wele as
f0ⅡOWS

(D lmproved fuel efficiency
One of the key aims of d〕is development was to oreauy

improve fuel efficiency during high・speed 仇'uisino. More
Specifica11y, a high・efficiency operating point was added in the
Speed・multiplication l'ange of the transmission. This was

accomplished by settlng an appropriate value f飢' the 4th speed
Oeal ratio of the shift device insta11ed in series with the power
Split device
(2)1mproved dynamic P飢formance
The development aimed to achieve top・class dynamic

P剖lbrmance compared to other vehicles with the salne

displacement. This was accomplished by setting an appropriate
Value fⅨ' the lst speed oear ratio of the shift device insta11ed in
Series with the power split device, thereby amplifying the enoine
and lnotor torque.
(3) Lower noise

The development aimed to maintain or improve upon the top・
dass levels of noise and vibration (NV) achieved by the ptevious
hybrid transmission (model code: L11の While also ensuring
exceⅡent fuel efficiency and dynamic pa'formance. Nv was
addressed by meaS山'es including refjnino the lnotor connection
S力'ucture, adopljng a tola'ance ljng, and designjng a sepal'ate
Planetaly l'ing gear structure. This a↑ticle describes the tolerance
ring below

Drivetl'ain・EHV Desion DiY. NO.1, poweltlain company
D】'jveu'ain・EHV Desion Djv. NO.2. PO、ve1力'ai刀 Company

PO、vertrain pl'oduct planmng Div, powertrain company

Elecu'ic powertrain systen〕 Development DiY.、 NO.】, powertrain company
Aisin AW CO., Ltd
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(4) 1mproved shiftin8 Performance
The development aimed to achieve a top・class transmission

With fast response and a refined shiftino feeling. This was
achieved throuoh precise model・based shift contr010f the multi・
degree of freedom system comprising the engine,名enerator,
motor, and shift device.

(5) 1mproved driveability
Conventiona11y, the Lexus Hybrid Drive has focused on

achievin旦 Smooth driving performance. The engine mountings
Were desioned to emphasize low noise and the shifting contr01
aimed to keep the engine speed low as far as possible. As a
result, if the driver wished to accelerate, it was necessary to
increase the engine speed to obtain the necessary power.
OccasionaⅡy, this oenerated the so・ca11ed rubber band feeling, in
Which the sensation of acceleration and the operation of the
engine do not fUⅡy match the perception of the driver. This
development aimed to restrictthiS 川bber band feelino. This was
accomplished by adopting a lo・speed shift control using a hybrid
System with a wider operation range to achieve linear increases
in engine speed with respect to the speed of the vehicle, thereby
Creating a strongly direct driving feel

3. Multi stage Hybrid Transmission

3.1 Structure and basic specifications

ー'亀二tl'-L

Figs.1 and 2 Show the main cross・section and an oudine of
the newly developed L310 transmission. The L310 transmission
Consists of a motor, generator, PO、ル,er split device, a 4・speed shift
device that changes the oU中Ut rotation speed of the power split
device and the motor, a hydraulic mechanism that controls the
engagement elements of the shift device, as 、ve11 as mechanical
and motor・driven oil pumps that generate oil pressure. The
Power split device and shift device are provided co・axia11y with
the engine crankshaft.(3) Table l shows the engagement of the
transmission and Table 2 Shows the main specificati0船

Development of Multi stage Hybrid Transmission

Output

Fig.2 Skeleton D怡gram of L310 Transmission

Table l Engagement of Transmission Elements

BI FI B2

R

ヤ、↓.","ニ
^^^^^^^^^^^

・・・ヤ1-^

D

Power split device

ISI

2nd

3rd

、1 "

Engagement state

BIC2

4th

Transmission

Gear ratio of 2・stage
motor shift device

Input shaft

Oilpurnp Hydrauliccontrolmechanism

Fig.1 Main cross・sec"on (L310 Transmission)

Table 2 Main specifications

Shift device

Gear ratio of shift device

(FI)

L310 transmission

new
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321mproved fuel e什iciency
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The L110 transmission was only capable of changino the
motor output rotation bet、veen t、vo speeds.1n contrast, the L310
transmission features a shift device between the power split
device and oUゆUt shaft, which has four speed settings for the
Power split device and motor output.

Fig.3 Sho、vs the relationship bet、veen the theoretical
transmission efficiency and oear ratio.、入『hen power is supplied
and received between the motor and generator,10ss is generated
due to the conversion between mechanical and electrical power.
The theoreticaltransmission efficiency is the transmission
efficiency considerino that conversion loss. Therefore, when the
generator is rotating at o rpm, the electric path power is o k圦1.
This state is known as a hioh・efficiency point

The L310 transmission has multiple e仟iciency C山'ves (unlike
the L110 transmission,、vhich only had one),、vhich increase the
Ovel'a11transmission e仟iciency and help to enhance fuel
efficiency.
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3.4 Noise reduction

Xvhen the inputtorque of the shift device is o Nm, torque loss
may occur at the connection between the mechanism and shift
device, which can generate vibration in the engine and motor.
Consequendy,the connection between the motor and shift device
is a potential source of gear engagement noise when the shift
device inputtorque is o Nm.

Therefore, as shown in Fig.フ, a tolerance ring is provided at
the connection between the motor and shift device input shaft.
Under ordinary driving conditions, torque transmission is
Performed through the neighboring spline connection. However,
in extremely low torque ranges, torque is transmitted through the
tolerance rinσ. As a result, when the shift device inputtorque is
Close to Nm, the gear engagement noise between the t、VO
Components is suppressed because torque is not transmitted
through the spline connection.

As shown in Fig.3, the poW飢' split device enters a speed
multiplication state during high・speed cruising in 3rd gear
(roughly equivalent to the performance of the L110
transmission). The electric path power increases due to negative
rotation of the generator, and the transmission efficiency fa11S
(Fig.4・A).1n contrast, by using the highest speed of the shift
device as an overdrive ratio, excess speed multiplication by the
PO、ん,er split device can be restricted and transmission efficiency
increased (Fig.4・B).
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331mproved dynamic performance

Xvhen accelerating from a standing start with the L110
transmission, the rotation speed of the power split device
decreased and the rotation speed of the generator increased (Fig.
5). Therefore, the lowest speed of the shi丘 device required an
Underdrive ratio to attain an engine speed capable of achieving
the targeted dynamic performance without changing the
maximum rotation speed ofthe generator.
A gear ratio of 3.538 Was set for the lst speed of the shift

device to satisfy the required acceleration performance of the
Vehicle class taroeted by the L310 transmission. As a result, the
driving force of the L110 transmission was increased by
approximately 50%, as shown in Fig.6.(3)
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Motor

(rotor)
Spline
Connectlon

Fig.7 Adoption of Tolerance Ring

As sho、vn in Fig.8, the tolerance ring helps to improve NV
Paformance by lo、vering the sound pl'essure that exceeds the
background gear engagement noise by 56%.御

^

Tolerance ring

＼・仙 j11聖

Shift device

input shaft

^^^

A model・based shift control was developed to controlthis
multi・degree of freedom system. The main design concepts of
this contl'ol are as f0110、VS.

1. Estimate the torque transferred by the engine and transmission
Using equations of motion

2. calculate the tal'get rotation speed of each rotating element
from the equahons of motion, PO、ver balance equation, and
boundary conditions. Then, controlthe torque of the oenel'ator
and motor to achieve these tal'gets.

3. controlthe input torque to the engagement elements, as 、veⅡ
as the engine power and torque by combining the model・based
Shift control with existing automatic u'ansmission
techn010gies
Fig.10 shows the config山'ation of the shift contr01

incorporating this model・based appl'oach. The oil pressure for
Contr0Ⅱing the engagement elements is set in accordance with
the temperature of the transmission auid, the input torque to the
Shift device, the rotation speed of each colnponent element, the
battery state, and the like.
The genel'ator and motor torque is contr011ed by a model

Consisting of the equati0船 of motion, power balance equation,
and the boundary conditions (such as maximum battery power,
maximum motor torque, and the like), and the target shift map
adjusted to enS1Ⅱ'e shifting perforlnance. Here, the target shift
map is adjusted by the rotation speed of the motor and engine
during shifting.1n addition, even if the boundary conditions
described above change due to the limitations of each element,
the engine po、ver, engine torque, and oil pressure settings al'e
Compensated in accordance with those limitations to ensure the

56desired shifting paformance

、Nithout With

tolerance ring tolerance ring

Fig.8 Gear Engagement Noise Reduction E什ect of Tolerance Ring

即,

Development of Multi stage Hybrid Transmission

4. shift control Design

4.1 Mode!・based shift contr01

Fig.9 Sho、vs the gear speed map during an upshift(from lstto
2nd gear) by the shift device.1n this case, it is necessary to
Simultaneously control the rotation speed of the en8ine,
generator, and motor,、vhich are connected to the po、ver split
device, as 、ve11 as the battery power supplied to the shift device,
8enerator, and motor.

Reduced by56%

POW引 Split device

Generator
^

0.

MotorEngine

Shift device

Fig.9 Gear speed Map During upshiftfrom lstt02nd

TOYOTA Technical Revievv v01.64 Sep.2018

Output

Calibration items

^

^^

Target shift map

Engine poW引
and torque

Engagement oil
Pressure

Equations of motion
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The equations of motion, power balance equation, and
boundary conditions are as f0110WS.

Equations of motion

ω。=k昭r"+k則71,+kW7L+k代r。 ( 1)

ω=k sr8+k 川7m+k,加ア'+km'フ (2)

フ。=k'婚rx+k。川71,+k卯7。十k卯ア。

Power balance equation:

Boundary conditions:

1チ' SP6S IP Ⅲ

rω+P =rω脚+FI(ωのωm)ω。十F2(ω四ω刑)ω,

torque control and model・based shift control start from the
timing at which the input rotation speed of the shift device
deviates from the synchronous rotation speed of lst oear. The
model・based shift controlis used to comdinate the torque of the
generator and motor, thereby enabling the shift to be completed
in a short period of time.
Fig.12 Compares the shifting index value ofthe LC50oh with

the Lexus LS460 (8・speed automatic transmission) and a rival
Sporting coupe durin合 a po、ver・on upshift from lst t02nd.(The
index expresses the shiftino characteristics defined in terms of
Vehide longitudinal acceleration during shifting.) The L310
transmission achieves top・1evel response and shifting quality
Compared to the competing modelthrough precise and rapid shift
Contr01.(5)

rrv/ⅣS rgs rgMIX

Bl oil pressure

Definitions:

ro: outputtorque
7g: generator torque

刀ルωm: motor torque and rotation speed
70,ω.: engine torque and rotation speed
フ' torque れ'ansferred by transmission
k,: coefficient (rotationalinertia and geal' ratio of

Power split device)
F*: function (engine and motor rotation speeds)
Pb: battery power
Ipm: maximum battery input
IV0Ⅲ: maximum battery oU中Ut
rgu/N: minimum generatortorque
rgA力Ix maximum generatortorque
刀功VノⅣ: minimum motortorque
rmルιIM maximum motortorque
ω': engine rotation angle acceleration
ωm: rotational acceleration of motor/generator 2

42 Shifting performance

Fig.11 Sho、vs the time・series waveform during a power・on
Upshift from lst t0 2nd under wide・open throttle (圦10T)
Conditions for the Lexus LC50oh (L310 transmission).

Hydraulic control starts from the shift change. The enoine

7川'ν/A s r,,S 7',ルVHX

区

(3)

(4)
Gear stage

(5)

(6)

Vehicle longitudlnal acceleration
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Vehicle speed
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Engine speed
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Generatortorque

Amount of engine torque compensatlon
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Fig.11 1Stt02nd power・on upshift characteristics of LC50oh
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5. Measures to lmprove Driveability

Fig.13 ShowS 小e operationa11'an旦es of the LHo and L310
tra船missions in terms of the l'elationship between vehicle speed
and enoine speed. The speed reduction effect of the lowest gear
Of the shift device enables the vehicle to be driven at the

maximum engine speed from lower vehicle speeds.

フ,000

6,000

^^^^^^

Speed r

5,000

Operation range of L310 transmission
(shaded area inside solid lines)

Uctlon effect

4,000

3,000

2,000

1,000

Operation range of LTI0
transmission (shaded area
inside d0廿ed lines)

Potenlial range of
L310 transmission

(area inside solid lines)

Fig.13 Expansion of Engine operation Range

The speed reduction and overdrive effects of the L310
transmission expand the available engine speed range (Fig.13).
This expanded ran8e is used to enhance the engine speed
transition when the vehicle is accelerating and to increase the
Speed at which intermittent engine operation is possible. Due to
the enhanced engine speed transition during acceleration, it was
Possible to design an engine speed map that coordinates the
engine speed with the speed of the vehicle, using ten dose ratios
from a lo、vest gear ratio of 4.フ(Fig.14).1n addition, a contr01
that changes between these engine speed settings in accordance
With driver demand, vehicle acceleration, and the vehicle drivino

State was also developed. This control enables rhythmical
driving performance even with an electronica11y contr011ed
Continuously variable transmission (CVT). Fina11y, increasing
the speed at which intermittent engine operation is possible helps
to further reduce noise during high・speed cruising.(6)

Potential range of
LI、10 transmission

(area inside dotted lines)

0
0

Development of Multi stage Hybrid Transmission
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Fig.14 Engine speed Map during Accelerauon
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6, conclusion

This anicle has described the details of the ne、vly developed

Multi stage Hybrid T鳳nsmission. By insta11ino the shift device
in the optimum location on the output shaft of the power split
device, this transmission helps to improve both fuel efficiency
and dynamic performance.

As a result, this transmission wi11 help to brin豊 a completely
new sense ofexcitement and driving enjoymentto driV引's around
the world.
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INGA powertrains

Analysis of pHv charging Behavior

Based on Real・VVO"d Big Data

Abstract

Plug・in hybrid vehicles (PHVS) have even higher environmental performance than conven"onal hyb"d vehicles
(HVS) due to their higher battery capacity and extemal charging capabiⅡty since pHvs also run on gasoline when
the ba廿ery capacity is depleted over longer distances, PHvs can be driven more freely without anxiety aboutthe
next charging opportunity However, analysis ofreal・WO"d driving data has identified wide vanations in charging
behavior depending on the vehicle. This article describes how big data was used to analyze the conditions that
a什ect charging behavior.

Keywords: P/ugqh hybrid b喧 da始, charghg frequency, chargmg behavioranaly、sis, decisl'on tree

1.1ntroduction

In its Ne、v vehicle zero c02 Emissions cha11enoe, Toy0仏
Motor corporation has declared its intention to reduce c02
emissions from new vehicles by 90% between 2010 and 2050.
The electrification of po、vertrains is an essential step toward
reducing c02 emissions 、Nhile driving, and pluo・in hybrid
Vehicles (PHVS),、vhich can be driven with the same level of

Convenience as conventional vehicles, are regarded as a central
Pi11ar of electrification (Fig.1).

Keita Hashimoto*1

Tamaki oza、Ψa*1

Yuka Tada*2

Haruyoshi ohashi*3

Shinya shimada*4

Vehicles W詫h

Conventlonal

engines

2010

Fig.1 Predictions for powertrain Adoption up t02050

2. History of pHV Development

2020

HVS

In 2012, after extensive verification tests, Toy0仏 launched a
mass・market pHv with an extemal charging system based on the
Prius, the world's first mass・production hybrid vehicle (HV).
The objective of this pHv was to achieve exce11ent

environmental performance without affechng user convenience
by combining the merits of an electric vehicle (EV) over short
distances, which tend to be driven more frequendy, with the
merits of a fuel・e仟icie爪 Hv over longer distances (Fig.2

PO、、erlmin pfoduct planning Div.. PO、、,ertl'ain company

蛇 Technical AdministraⅡon Div_ AdYanced R&D and Engineering company
*3 DAD CO_ Ltd

叫 Toyo{a communication sys{ems co_ Ltd

PHVS

TOYOTA Technical Revievv v01.64 SeP2018

〆^

2050 (Year)

、^

After a limited pHv production run in 2007, Toyota initiated
Ial'ge・scale verification tests around the world in 2009 (Fig.3)
The laroest of these tests to be held in a sinole city was hosted by
Strasbourg in eastel'n FI'ance (phot01). Based on the range of
User behavior, the results of these tests c01寸irmed that a pHV
Could be driven wjth the same level of convenience as a

Conventional vehicle (Fig.4

Fig.2 PHV Driving Modes
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Fig.3 Locauons of Large・scale 2009 Ver託ication Tests and
Numbers of vehicles Tested
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3.1 Target vehicles for charging behavior analysis

The chargino behavior of l,8710f these vehicles in Japan was
analyzed. These vehicles displayed comparatively regular
Charging pattems, with charging being performed on average at
Ieast once a week while parked at nightthe day before a normal
Weekday." parked at night" refers to vehicles that were parked at
Ieast once between midnight and 6 AM. As sho、刃n in Fig.6,the
Proportion of charging while parked at night (i.e., the charging
frequency while parked at night) differed gready depending on
the vehicle.

Based on this result, the factors a丘ecting the ch釘ging behavior
Ofeach vehicle were analyzed.

、

、

USA

150

82

'ー,1;1

イ"Aゞー

350

Ba廿ery capacity (kwh)

Ev mode range in
JC08 test cycle (km)

Fig.5

Phot01 2009 Veri"cation Test in strasbourg, France
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3. Real・vvorld Data from Mass・production
PHVS

Toyota launched its first mass・production pHv in 2012. some
Of these prius pHvs were eq山Pped with on・board
Communication units to acquire data about how the vehicle was
being driven. Due to its large volume, this data is refen'ed to as
"big data"(Table l).

Table l Examples of Acquired Data (in Japa川

Number of vehicles 5,388

Data acquisition period February 7,2012 to March 31,2017

Total driving distance (km) 116,521,676

Total number of charges 2,701,738

Higher charging hequency

Charging frequency while parked at night (9、0)

Fig.6 Charging Frequency while parked at Night

4.45.2

23.4 26.4

HlstoN of pHV Development

1

Strasbourg

Based on these results, Toyota launched a mass・production
PHv in 2012 With an Ev mode range of 26.4 km (according to
the JC08 test cycle). This range was increased t0682 hn (JC08
test cycle) in the 2017 model, reaecting advances in battery
techn010gy (Fig.5).

Flg.4 Routes D"ven by vehicles in strasbourg Test
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4. Analysis of charging Frequency

4.1 Analysis method010gy

This analysis utilized a statistical method010gy ca11ed decision
tree analysis to identify universal conclusions independent of
Subjective or preconceived vie、vpoints. A decision tree uses a
model structul'ed to resemble a u'ee.1n this method010gy, the
inauential factors and threshold values that controltaroet acti0船

are extracted from multiple factors based on an algorithm, and
the relative importance of each factor is detennined. Table 2
Shows an example with "going out" set as the target action.
Factors are set for this target and the contribution of these factors
are analyzed. The results of this analysis are sho、vn as a decision
tree (Fig.フ) and in a chart that shows the importance of each
inauential factor (Table 3). Based on this example, the most
important factors a什ecting "going out" are the 、Neather and
temperature.1n contrast, the importance of humidity is relatively
10W.

Analysis of pHv charging Behavior Based on Real・vvorld Big Data

Table 2 Example Factors (Target AC"on:" Going out")

NO

Targelactlon

Dld lhe sublecl
go out?

、A/ent out

Did not go out

Dld not go out

42 Target actions and factors in charging behavior

This analysis selected " chargino 、N,hile parked at night" as the
target action. The inauential factors were categorized into action
factors such as driving and parking, and environmental factors
Such as the 、veather, ambient temperature, gasoline prices, and so
On.

A decision tree was created to analyze whether charoino was
Canied out while the vehicle was parked at nioht usino a total of
1.78 miⅡion char菖ing events.

Weath引

Factors
4

,阜.

Tem陣伯IU1θ WindsP旦ed Humid御、
" 6Cj ・'π而/'ア・.(尚'

4 45

7 50

13 69

3 642

"^.,ノ'Dia＼'・ー.イ6Ut

Went out

Vvent out

Sunny

Sunny

Rainy

Rainy

42.1 Action factors

Cloudy

Sunny

多ノ ~^^.ー゛

Sunny

Temperature

30 c orLess than

30 C high引
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Factor

Vveather

Temperature

Slrength of wind

Humidity

422 Environmentalfactors

The action factors listed in Table 4 Were set. These factors

include those related to vehicle usage, such as the day and time
the vehicle was parked and the distance driven immediately
before parkino, as weⅡ as those related to vehicle information,
Such as the state of charge (SOC) and remaining Ev mode range.

Time driven in nexttrゆ

Environmental factors are extemal factors that do not directly

a仟ect vehicle behavior, such as gasoline prices, the 、veather,
temperature, and the like. The factors listed in Table 5 Were set.

Gasoline price

Gasoline price fluctuation

Temperature

Rainfa11

Snowfa11

Snow depth

Hours of sunlight

Vvind direction

Distance driven in nextlrゆ

Vvhether vehicle was charged in
Previous parking period

Numb引 of days elapsed since initial
data acquisitjon

Hours of

SJ而ibHt血)

Impodance

50

25

20

5

R81nla11

(mm)

0

0

17

.

V、/eather

Table 5 Environmental Factors (Mainly Extemal Factors)

Vvind speed

Local air pressure

Sea level air pressure

Humidity

Dew point

Vveather

Visibility

2
'＼

Day when vehicle was
Parked

Time when vehicle was

Parked

Parking duration

Soc when parked

Finaltime parked at night
that day

Remaining Ev mode range

Duration of previous period
Of parking

Vvhether previous period of
Parking was at night

Fig.7 Example Decision Tree (Target Action:" Going out")

【コ Vvent out

【コ Did not go out

Cloudy or rainy

Vvind speed

Less than 10 m/s or

higher10 m/S

Table 4 Action Factors

Table 3 Extracted Factors and lmportance

Rank

Time driven in immediately previous lrゆ

Distance driven in immediately previous
trゆ

Duration of next period of parking

Vvhether next P引iod of parking was at
night
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43 Grouping of charging behavior

After creating the decision tree, the analysis was able to
Categorize the data sh0圦,n in Fig.6, which shows the charging
frequency while parked at night, into three groups with different
inauential factors, degrees of importance, and decision trees
(Figs.8 and 9). These groups were numbered (D to (3) and are
described in more detail belo、V.

350

150

100

50

0

Charging frequency while parked at night (9'0)

Flg.8 Ch討ging Frequency while parked at Night

Finaltime parked
at nightthat day

Flnaltime parked
at nightthat day

0.

IV

Charge

Notfinaltlme

Parked at ηight

Parklng duration
52 minutes

Or more

Do not

Charge

Vehicle not

Parked at night

Charge

Vvhether next

Period of parking
Was at night

Fig.9 Number and proportion of vehicles in each Group

The decision tree analysis results for group (1) are shown in
Fig.10 and Table 6. The f0110wing inauentialfactors affecting
Charging were identified: whether it was the final ume that the
Vehicle was parked at night that day, the parking duration, and
the time when the vehicle was parked. The analysis found that
the charging rate when the vehicle was parked at nightincreased
for this group because the user would charge the vehicle ifit was
Parked for the finaltime at night a11d planned to park the vehicle
for a certain amount oftime.

The charging behavior of vehicles in this group was hardly
a丘ected by other action factors (such as soc) or environmental
factors.

Cha『ge

Table 6 1n"uential Factors and lmportance for Group (1)

Rank

Fig.10 Decision Tree for Group (1)

Do not

Cha四e

Group (1)

口 Group (2)

Group (3)

52 mlnutes

Or less

Vehicle perked
at night

Factor

Finaltime parked at nightthat day

Parking duration

Time when vehicle was parked

Vvhether next period of parking was at night

Vvhether previous period of parking was at night

Cha四巳

Do n01

Charge

"Time 、vhen vehicle was parked" is ranked third in the
importance list. Although this time is concentrated in the
evening, this factor is not expressed in the decision tree (Figs.
10 and 11). when the vehicle is parked in the evening,there is a
high possibility that this wi11 be the finaltime that the vehicle is
Parked that day, and that the vehicle wi11 be parked for an
extended period of time. Therefore, the time when the vehicle is
Parked may be regarded as induded within the "finaltime parked
at nightthat day" and "parking duration" factors.

Do not

Char9e

100

Importance

39

31

23

2

切 60,000

県150,000

-40,000

,-30,000

」 20,000

10,000
コ

0

Number of Da始吐ems for Time when vehicle parkedFig.11
(Grou (1))

01

The decision arlalysis results for 8roup (2) are shown in Fig.
12 and Table 7. The f0110wing inauential factors affecting
Charging were identified: soc when parked, whether it was the
finaltime parked at nightthat day,the ume when the vehicle was
Parked, and the parMng duration.
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Less than 4500

Finaltime parked
at night that day

Finaltime

Parked at
nightthat day

SOC 訊/hen parked

Cha四e

Finaltime parked
at nightthat day

Flnaltlme Notfinal

Parked at night time parked
that day at nlght

Do not

Charge

Not final

time parked
at night

Char{1巳

45 Ot hlgher

Soc when parked
Less than 70oo or

7000 hi9her

ChargeCharge

Do n01

Charge

Table 7 1n"uen"al Factors and lmportance for Group (2)

Rank

Fig.12 Decision Tree for Group (2)

Analysis of pHv charging Behavior Based on Real・vvorld Big Data

Charge

Soc when parked

Finaltime parked at nightthat day

Time when vehicle was parked

Parking duration

Vvhether vehicle was charged in previous parking
Period

Duration of previous period of parking

Do not

Cherge

Potential charging conditions:
1. A soc of lo% orless when the vehicle is parked
2. The finaltime thatthe vehicle parked at nightthat day
3. A long parking duration (30 minutes or longer)
The chargina frequency was analyzed for parked vehicles

Satisfyino these conditions.1t was found that the number of
Vehicles with a charoing rate of 75% or higher accounted for at
Ieast 80% of the total number of vehicles (Figs.13 and 14).
This sho、vs that the charging frequency of most vehicles
increased compared to the charging frequency 、vhile parked at
night (Fig.8).

5

Do not

Charge

6

Factor

The charoino behavior of this oroup is determined by factors
Such as the battery soc 、vhen the vehicle is parked and the
timing of parking. This group optimizes its charging behavior by
Charoino the vehicle 、vhen it is effective to do so.1n other

Words, since there are many occasions when effective charging
Cannot be accomplished (such as when, D the soc is high 、vhen
the vehicle is parked,2) it is not the final time that the vehicle
WiⅡ be parked at night that day, and 3) the parking duration is
Short), decisions not to charge the vehicle during parking that
Satisfy 血ese conditions can be regωded as fa11ing under the
definition of optimized charoino behavior.

"Time when vehicle was parked" is also ranked third in the
importance list here. similarly to group l, this was exduded
Since it is included W北hin the " final time parked at nioht that
day" and " parking duration" factors.
For group (3), it was impossible to perfonn decision tree

analysis since no constant influential factors could be ide川ified.
This was probably because charging behavior was not affected
by any particular driving or environmental conditions.

DO "01

Charge

100

80

60

40

20

Impodance

45

22

13

"

C

6

200

100

0

Number of vehicles

W壮h high charging
rates increases.

B

Re・grouping under potential charging conditions4.4

Charging frequency of vehicles satisfying
Potential charging conditions wo)

Flg.13 Charging Frequency and Numb引 of Applicable vehicl

Satisfying potential charging conditions

The analyS玲 results for gl'oups a) and (2) identified the
f0110wing potential chal'ging conditions 、vhen the vehicle is
Parked at night

A
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.49,゛0:

268

Vehicles

29'0:

hiC1郎

83.4%:1,550 vehicles

Fig.14 Number and proportion of vehicles in Groups A, B, and c

The charging fl'equency results for vehicles satisfying the
Potential charging conditions can be categorized int0 75易 or
higher for group A,25 t075 for gl'OUP B, and 25 0r lowa' for
group c.1n group A, charging was carried out at a probability of
at least 80%、vhen the vehicle satisfied the potential charoino
Conditions.1n contl'ast, the charging fl'equency results were
dispersed widely for group B, ranging bet、veen 25 and 75%.
Therefore, an0血er decision tree 、vas created to analyze the

factors affecting the dlarging behavior of gl'OUP B

Group A (75% t01009'0)

G『OUP B (25゜o t075゜0)

Group c (0% t0259'0)
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4.5 Charging behavior analysis for group B

Fig.15 and Table 8 Show the results of decision tree analysis
for the charging behavior of group B, using the same factors as
before. This analysis identified gasoHne prices (an
environme爪al factor) and number of days elapsed since initial
data acq山Sition (an action factor) as the most important
inauential factors.

135 yen or
higher

Gasoline price
135 yen orlower

Number of

days elapsed
Less then 3 yearS 8 months

Distance driven

In next trlp

5.5 km orlonger

Charge

Do not

Char9e

Vvhether vehicle

Was charged jn
Previous parking

Period

Consideration of economic factors due to the economic benefits

Of driving in Ev mode rather than using gasoline aS σasoline
Pnces lncrease.

Charge

Not

Charged

Do not

Charge

Ch且四e

10

3 yearS 8 months
Or longer

Less than

5.5 km

Do rlot

Charge

Table 8 1n"uential Factors and lmportance for Group B

Factor Importance

51

Rank

Charged

Charge

Fig.15 Decision Tree for Group B

100

DO "01

Charge

2

Gasoline price

Number of days elapsed since initial data
acquisition

Distance driven in nexttrip

Time driven in nexttrip

Vvhether vehicle was charged in previous parking
P引iod

Distance driven in immediately previous trip

Time driven in immediately previous trゆ

90

80

Ch自「ge

70

Do rl01

Charge

5

60

100

Charge 80
60

Don01 40

Charge 20
0

^ GroupA

Group B

The charging rate of group c was low under aⅡ envh'omηents
and inauential factors with a high deoree of importance could
not be identified. Therefore, the effect of oasoline prices and the
number of days elapsed since initial data acquisition on char8ing
frequency was confirmed for groups A and B.
GasoHne prices had vir加a11y no effect on the char名ing

frequency of group A.1n contrast, the charging rate of group B
rose in accordance with the price of gasoline (Fig.16).1t is
Possible that group B changes its charging behavior in

10

10O TI0 120 130 140 150 160 170

Price of gasoline (yen/L)

Fig.16 E什ects of Gasoline p"ces (Groups A and B)

0

The charging frequency of group A remained high re0釘dless
Of the number of days that elapsed since initial data acquisition.
However, the charging frequency of group B fe11 as the number
Of days increased (Fig.17). This indicates that the motivation
Of group B to charge the vehicle might have dropped in
accordance with the number of days after first acquiring the
Vehicle,1eading to a lower charging frequency. However,it may
be possible to reverse this decline in charging frequency by
making charging more convenient.

29
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4
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Fig.17 Effects of Number of Days Elapsed since lnitial Data

Acqulsition (Groups A and B)
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5, conclusion

This analysis found that vehicle chargino behavior w、en
Parked at nioht was affected by the soc when parked, the
Parking duration, and whether the vehicle was being parked for

the finaltime at nioht that day. since 血e e仟ect of charoino is

10V、, Y、,hen tl〕ese conditions are not satisfied, decisions nol to
Charoe the vehicle in this case can be reoa↑ded as fa11ino under

the definition of optimized charging behavior
Analysis of prius pHv charging behavior found 血at more than

80q6 0f vehicles were charged when P田'ked at mght if these
Conditions were satisfied

It was also found that 山e charging h'equency of approximately
14% of vehides when parked at night varied σreatly. The
Charging hequency of these vehicles feⅡ ln accordance with
Current gasoline prices and the n山ηber of days elapsed since

acquiring the vehicle. However, since it may be possible to
revel'se this decline in charging frequency by making charglng
more convenient, further development efforts are required
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Introduction o"nnovative cs core

Process production Techn010gy

A什ecting Engine performance and the

Aluminum casting process

島

Abstract

This article describes the clean and smooth/circulation sand (CS) core process, an innovative production

techn010gy adopted in the aluminum cylinder head casting process of poMlertrains developed f0110vving the Toyota
Nevv Global Architecture (TNGA) design philosophy. Developed as an originaltechn010gy by Toyota Motor
Corporation,the cs core process drastica11y improves the"exibiⅡty of cylinder head design to help realize Toyota'S
Dynamic Force Engine series, vvhich balances high thermal e什iciency with high povver. The cs core process also
enables superior environmental performance and casting quality. 1t いlas adopted on the nevv TNGA production
"nes as the fjrst nevv casting techn010gy in "fty years, and is currenuy being introduced on a global basis. This
article details the characteristics ofthe cs core process as an indispensable part of heat management in engines
Vvith high thermal e什iciency from the standpoints of developing ever-be杜er cars and ever-be廿er plants,

Keyvvords: cyhhderhead core, a/uminum caS力hg, morga1υb core, cs core, foundty'

1.1ntroduction

1.1 Developing ever・be廿er cars and ever・be杜er plants

For the automotive industry, reducing c02 emissions throuoh
meaS山'es such as improving vehicle fuel efficiency is an issue of
Utmost impoltance to help combat environmental changes
brought about by global warming, such as the dramatic chan旦es
in climate that have occurred jn recent years. At the same time,
automaka's are also working to reduce the energy consumption
Of foundries and to a11eviate the burden on 〔he 010bal

environment caused by plant emissions

Hh.otsune 叉Natanabe*1

Shogo lzumi*1
Nlasaki okada*1

12 Background of production engineering (PE)
techn010gy development

S血Ce the aluminum casting indusu'y requires large amounts of
heat, CO。 emissions from foundries account for a laroe

Proportion of overaH automotive plant emissions. For this
reason, the adoption of n]ore ena'gy efficient techn010gy is

regωded as an urgenttask. Furthermore, increasingly stringent
environmental regulations governing emissions from plants are
S[imulating global competirion to develop techn010gy capable of
'd o ld' 0 'ttdf f d" t .Th'どl rouSご e l

techn010gy has a11eady stalted to be adopted in manufacturing
Processes. However, although commerciaⅡy avai]able

Photo l shows an exalnple of a powertrain and Dynamic
Folce Enoine developed and produced unda'the Toyota New
Global Architecture (TNGA) design philosophy. Fig.1 Shows a
Cross・section of a Dynamic Force Engine and the cross・sectional
Confiouration of a cylindeT head in this engine. The cylindel'
head comprises the top portion of the engine combustion
Chamber.1ts main functional parts include the valve tl'ain, the
intake and exhaust mechanism, as weⅡ the oil and coola川

Passages

techn010gy is capable of achieving substantia1 1eductions in
Inalodorous gases, various issues remain, such as lower product
geometry design aexibility and the lack of recycling techn010oy
Within manufacturing plocesses. consequendy, current pE
techn010gy has yet to fulfiⅡ its potential from the standp0血ts of
developing ever・better cars and eveT・better plants

Therefm'e, under the concept of improving the environmental
P引'formance of en即ne and aluminum foundries, this article

describes an initiative to develop orioinal pE techn010oy that wi11

Supportthe future of aluminum casting.

Foundry Enoineel'ino DIY.、 powertraln compnny

88

2. Details of Aluminum cas"ng and
Background of Engine Development

2.1 Cylinder head structure
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、

,亀、

Photo l TNGA powertrain

1

,

・ chamber ・ coolant passages (waterjacket)

C linder head cross・sec"on
.

、 The pods and coolant passages are h0110w cavlties

I En lne cross・sec"on and cylinder Head con"guration

Engme cros

.

Intake port

The cylinder head blank is cast at an aluminum foundry and

assembled to the engine after bein旦 machined at a machining
Plant. For simpHcity, this article treats the cylinder head as an
aluminum casting (Fig.2).

22 Cast aluminum cylinder head manufactu"ng
method

The aluminum casting process for manufacturing a cylinder
head is as f0110WS. Molten aluminum is poured into the cylinder
head die body and solidified. cavities such as the intake and

exhaust ports, and the waterjacket are formed using cores. The
Cross・section in Fig.3 Shows the relationship between the
Cylinder head, die body, and cores.

能}

・ Exhaust pod

..0
.

0

Overa" view ofcylinder head cylinder head cross・section

Fig.20veraⅡ and cross・sectional views of cylinder Head

Intake pod co『e

.

Die body Die body
今(side die) (side die)

^

" vvaterjacketcores
Dle body (10wer d

Fig.3 EXP恰natory Diagram of Die Body and core Assembly

.

Although development tends to focus on the shape and
Strenoth of the combustion chamber, the interior of 血e cylinder
head also contains a large number of h0110w cavities (Figs.1
and 2). These cavities contain the intake and exhaust p01'ts, as
We11 as oil and coolant passages. The mutual relationshゆ
bet、veen aspects of these cavities, such as wa11 thicknesses,

Shapes, accuracy, strength, and sealing P引formance, play a
major role in defining the perfonnance and reliability of the
enolne

Additiona11y. these coolant passages (refen'ed to below
C011ectively as the wat引' jacket),、vhich function to cool the
Comb11Stion chambers, exhaust ports, and other components, are
rapidly becoming more colnplex as heat managelnent is
Strengthened to enhance engine thennal e仟iciency

TOYOTA Technical Revievv v01.64 Sep.2018
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Core remoV81

0

Dle body (upper dle)

Solid refractory materials molded into the shape of the cavities
in the product are assembled into the die body in advance. These
refractory materials are ca11ed " cores." cores are created usino
fire・resistant refractory materials (sand) that wi11 not bum or
deform even when surrounded by molten aluminum. Fig.4
Shows the casting process.1n the casting process, the cores are
assembled into the die body, which is then dosed, fi11ed W北h
molten aluminum, and soHdified by coolino. After the
Solidification step, the cylinder head blank is removed from the
die body and sent for finishing.1n the finishing process, a shock
is applied to the cylinder head blank usino a vibrator or the like.
This shock breaks the cores into sand oranules, which are then

removed through the holes provided for this purpose. The cavity
Shapes formed by the cores function as the intake p01'ts, exhaust
Ports, and 、~,aterjacket (Figs.1 and 2).

Die cavity
f"1ed W靴h

molten

ヨ1Uminum

Exhaust pod core

Cヨヨtlng

Cylind引 head casting proC■Ss uslng cores

Core

Completion of castlng
(cores form C8V'ty

Shapes in引de casting)

Fig.4 Aluminum casting process and cylinder Head Manufacturing
Method

Core assembly

Φ
」
コ
一
何
Φ
止
一
m
-
0

才
一



2.3 Core manufactu"ng method

ShelToyota Motor corporation manufactures cores using
molding. Fig.5 ShowS 血e core manufacturing process.

.....

F1111n9 by alr blovver

Blower head

Core she11

hardened by

Curlng al
260゜C

Alr blow

Sand suppl

Lowerd1●

C0伯 manufacturlng by 5わe11 r"oldlng

Fig.5 Core Manufacturin Method (she11 Molding)

Cores are solid refractory materials molded into the shape of
the cavities in the product. Natura11y occurring silica sand
granules with a diameter of approximately o.1 to o.3 mm are
Used as the refractory material. This sand is coated with a

Phenolic resin, which acts as an adhesive to bind the sand
Oranules together. The sand is fi11ed into the core she11 Cavities
Using an air blower, passing through the blower head of the core
molding machine and blowin8 Ports. After the cavitieS 釘e fi11ed,
the sand is cured into a core she11 at a temperature of
approximately 260゜C. The core is then extracted from the to01
t0名ether with the blowing ports. The core is completed when the
blowing parts are removed.

2.4 Background of engine development and evolu"on
Of shape

The recendy developed Dynamic Force Engine series
SuccessfUⅡy pushes forward the conventionaltrade・off line for
maximum thermal efficiency and specific power. These engines
achieve world・1eading engine performance with a maximum
thermal efficiency of 40% for gasoline・powered vehicles and
41% for hybrid vehides (Fig.6).

Dry sand

UPNr
dle

Mlxed sa"d

-Blowng ρ0門

.. ,

.

Core eX訂ヨC110n

More spedfica11y, these engines adopt a motor・driven water
Pump and electronica11y contr011ed thermostat as a heat
management system to expand the hlock limit. This chanoe to

the coolino control required substantial modifications to the
Shape of 血e waterjacket around the combustion chambers. Fig.
7 Shows the waterjacket between the exhaust valves, which has
a particularly delicate shape..

./.

. ..

.ーノ

、4'ノ/

・ Divided into upper and lower levels
・ Network structu『e

七一,●

.

.

.

.

ー、

^^

Previous waterjacket

Between exhaust valvesBetween exhaust valves

Fig.7 Comparison of New and previous vvater Jacket between
Exhaust valves

This new waterjacket shape can reduce the waⅡ temperature
Of the combustion chamber by lo c while cuttino the coolant

aow rate by one・half compared to the previous shape. As a
result of this design change, the new wat引'jacket was divided
into separate levels and a complex network structure was created
(Fig.8).

100

90

80

70

60

50

40

30

New vvaterjacket shape

^の

9 Toyota
9 Cornpetltors

Prevl us Toyota
hl h・e"1Cenc en 1Π巳

3836 4232 4034

Maximum thermal efflclency (゜0)

Fig.6 Thermal E什iciency and power of New Engine se"es

9

Conventioneltrade・0什 line

^

0

Core ol previous
Core of new waterjacketWaterjacket

Fig.8 Change in water Jacket structure

The ne、v network structure gave rise to various issues affectin8
the molding of the core, the aluminum casting process, and
finishing, which required innovative pE techn010gy solutions to
resolve.

2.5 Background and issues of pE techn010gy
development

The conventiona1 血eⅡ molding process adopted by Toyota has
Various merits. For example, it a110ws comparatively high
aexibility in product shape design,is simple to implement durin8
manufacturing, and the sand recovered at the end of the process
Can be recyded. HO、vever, the phenolic resin used as an
adhesive coating for the sand generates gas when heated in the
Core molding and casting processes. The odor, smoke, and

Contamination caused by this gas is the main reason why
foundries are re合arded as sme11y, dirty, and dangerous.
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Introduction oflnnovative cs core process production Techn010gy A什ecting Engine performance and the Aluminurn casting process

One commercia11y available method that eliminates
malodorous gases is an inorganic thermosetting core
manufacturing process that replaces the adhesive with a water
glass binder. Fig.9 Shows the thermosetting reaction equation
Usjng water glass. Although this process enables exce11ent
environmental performance and casting quality since only steam
is emitted during the thermosetung process, various issues
Caused by the properties of the water glass have yet to be
resolved.

Fig.9 Curing Reaction o"norganic Thermosetting core

3.1Ssues of Developing Ever・Be廿er cars and
Ever・Be廿er plants

3.1 1Ssues related to creation of waterjacket network
Structure (ever・better cars)

This section describes three issues that occurred from the

Standpoint of coN molding when a waterjacket with a network
Structure was adopted to help develop ever-better cars.

3.1.1 Vvorsening offiⅡing performance

The first issue iS 山e core fiⅡ加g performance. A waterjacket
With a network structure has a sma11 Core sectional area.

Consequently,血ere are insU丘icient locations to place blowing
Pons with a large enough area to fiⅡ the core using an air blower,
Which means that the required fi11ing performance cannot be
achieved. Figs.10 and 11 Show a fiⅡing defect generated 血 a
molding test using the conventional process. changing the shape
to expand the blowing port area red11Ces design aexibility.

3,12 Vvorsening of sand removal performance

The second issue is the removal of sand from the cylinder
head. since the core sectional area is sma11er in a water jacket

With a network structure, the paths for removing the sand from
the cylinder head are greatly restricted, whjch worsens the sand
removalperformance

Fig.12 ShowS 血e relationshゆ between 山e waterjacket shape
and the sand removal performance. A TNGA cylinder head
requires a sand removal performance that far exceeds the
maximum capability of the conventional sheⅡ mold血g process.
Breakt11rough pE techn010gy was required to resolve this issue

3,500

3,000

Shapesthat TurbochargerA◆ノ

facili始tesand、/ノ
removal"、、 J/

^

Relatlonshlp betweerl waterjecket
network slructure and deslgrl flexib111ty

・ー'ー・'ロ、

、>

TU巾Och

bled by

,ノーー'ーー'＼、

,,

昆、、

可

500 ゛^"

der / sandremov
⇔ノ notposslble

Adoptlon of network slructure → CO011ng lmprovernent
(rnore 川tricate waterjecket)

Fig.12 Relationship between water Jacket Network structure and
Sand Removal performance

0

g

＼、

＼▼

New water Jacket Fig.11 Results of Test usingFig.10
ConventionalShape
Manufacturing Method
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3.131ncrease in waterjacketfractures (veining)

The third issue is fracturing of the water jacket caused by the
heatload durino casting. This is known as "veining." veinin8
refers to fracturing of 山e core due to theTmal expansion of the
Sand used in the core, which is caused by the heat of the molten
aluminum durin8 Casting. since veining tends to occur in
intricate water jackets, it becomes particularly noticeable when
the core sectional area is reduced in a water jacket with a
network stNcture (Fig.13)

1?0,則 125,剛 130.剛 135,咽 140,朔 145,剛 150,剛 155,咽 160.咽

Waterjacket area/waterjacket we四ht(mm'/kg)

Fi11ing defect

、

/,・ゞ,ー.

expansion 、」
/

The force ofthermal

expanslon fractU伯S the
Core althe weekest

Podlons

As a result, molten
日Iumlnur" enters the gap
Created by the lracture,
blocklng the waterjacket

Fig.13 Veining Mechanism
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321Ssues of inorganic thermosetting core
development(ever・be廿er plants)

32.1 Larger equipment and sand logistical di什iculty

The mixed sand 11Sed by she11 moldino iS 山'y and has

Comparatively hioh aowability when used for air blower fiⅡino
It is also a simple process to manage and store at the foun山'y.

The phenolic resin can also be burned off, which aⅡOws the sand
to be recycled. Howevel, makinσ the lnixed sand in a sinole
Concentrated mixer and transporting it to severaltens of core
machines in a plant requiles forklifts 01' another looistical method
Capable of lranspoltin0 1・ton b雛'rels of sand
In conu'ast, the mixed sand used for inoroanic thennosetting

Cores is wet because it uses water glass. phot02 Shows ilnages
Of 山'y and wetsand

Dry sand Vvet sand

Phot02 1mages of Dry and vvet sand

Xvet sal]d has poor aowability when used f0↑ air blower fiⅡino
and it is more difficult to fiⅡ Cavities with wet sand, which

reduce the aexibility of product shape desiσn. Furthermore, the
amount of moist山'e content causes variations in aowability and
Core slrenoth, and the core wi11 not hmden if it becomes too dry
These issues al'e ad山'essed by using a high・pressure high・aow
air blower, which in引'eases the size of the core machine

Although the mixed sand can be used in a concentrated mixelin

the same way as she11 molding, it results in a higher workload at

壮〕e foundry because wet sand is heavier and the moislure content

is difficultto manaoe. AdditionaⅡy, wet sand cannot be stored in

Iarge quantities' 1t must be used within a few hours and is

thrown away once this time limitis exceeded

322 Development issues related to recycling used
Sand

Of approximately 700゜C, yield drops in the process to sepa↑ate
the water glass from the sand

For these reasons, it has not been possible to establish a
↑ecycling process fof used sand. various methods have been

researched, but no successfulindustlial applications have been
reported.
The commercial water olass binder mentioned above is

Compolmded with special additives to offset power aowability
and sand remoYal pafotmance, which probably help to make the
Sand more difficult to recyde. To a]10w global application of

this inorganic process, a general-P山Pose and reasonably priced
binda' 1nust be developed at the same time based on a standard

Product

Table l compares the inorganic the↑mosetting core and sheⅡ
molding processes to highlight the development issues of
inorganic thermosetting cores
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Table l

The key element of the sheⅡ molding sand recycling process is
the thermal efficiency when the phenolic resin is bumed off. For
this reason, the burning process uses a single concentrated

Ncycling device similar to the sand mixing process. Fm'klifts or
the like are used to transpoTt l・ton barNls of waste sand h'om the
Severaltens of sand shakeoutlnachines used in one foundry
The water glass used by thennosettinσ Cores is difficult to

recycle since jt is an inorganic substance that does not bum off
Sand granules are fused together at a telnperature of
approximately 600゜C. This results in dumps of sand with poor
nowability in a fumace.1f solid olass is formed at a temperature

Process

Cornparlson

Comparison o"norganic Thermose廿ing core and she11
Molding processes

She11 rnolding
Process

In0四anic
Ihermose杜ing
Core process

Gas

emlsslons

X : poor,0: good,◎: exce11ent

Casting
quaⅢy

X

4.1Ssue Resolution and Key Breakthrough
吐ems

4.1 Breakthrough techn010gy for creating vvaterjacket
netvvork structure (ever・be廿er cars)

Breakthrough core mold techn010gies were required to enable
the manufact山'e of a waterjacket with a network structure. This
development improved aowability by adopting foamed sand,

improved sand removal performance by adopting h0ⅡOw cores,
and impl'oved veining by reducing thermal expansion

4.1.1 1mprovement of vvaterjacketfiⅡing performance

The developed clean and smooth/ciTculation sand (CS) core
Process differs gleady from a conventional inorganic
thermosetting cole plocess due to the addition of a surfactant to
the wet sand to oenerate a foam. This reduces the frictional

resistance between sand granules, resulting in substantiaⅡy
improved fiⅡing pafonnance. Fig.14 Compares the bloW血g
Port area between 血e conventional and cs core processes.1n
addition to enablino the creation of a wateljacket with a network
Sh'ucture, the exceⅡent fi11ino P引'forlnance of the cs core
Process helps to eliminate blowing port areas that are not
necessary to form the product shape, thereby nu'tha'increasing
design aexibility.
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2
Relationship between blowmg port aree and core weight
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Fig.14 Comparison of processes Based on Blowing port Area and
Core welght
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4.121mprovement of sand removal performance

Fig.15 i11Ustrates how the sand removal performance was
improved by the cs core process.1t was possible to improve the
Sand removal performance while maintain加g the shape of the
Core by adopting h0110w cores and hardening only the outermost
She110f the core

Higher ← design flexibiliW → 10W引

白

D

4.1.3 Veining countermeasures

As described above, veining refers to fracturing of the water
jacket when the core is not strong enough to withstand thermal
expansion during casting. Therefore, the susceptibility to
Veining can be defined by the relationship between strength and
thermal expansion' The cs core process uses artificial sand to
achieve low thermal expansion. As shown in Fig.17, this
measure increased veining resistance compared to the
Conventional process. Xへlith the developed process, no veinino
Occurs due to thermal expansion at the minimum sectional area
Of the water jacket core between the exhaust valves, even at a
10wer strength li血tthan the conventionalprocess.

C Iy

C

d

dh

Drstance from surface (rnm)

Fig.15 Hardening Mechanism of outermost core sheⅡ

As a result, these measures enabled the manufacture of water

jackets with a network structure, which are a key feature of the
Dynamic Force Engine series, while achieving sand removal
Performance that could not be accomplished by the conventional
Process
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Fig.16 Sand Removal performance of cs core Techn010gy

0

110,om 115,WO

42 κey breakthrough items for ever・be杜er plants

42.1 Reduction of equipment size and improvement of
mixed sand logistics

The cs core process incorporates a 111ixing machine 血to the
Cote machine. The developed process eli血nates mixing waste
by 血Xing and injection molding sand and additives for a single
molding shot. sand and additives equivalentto the amount of
decrease are then added. This eliminates the need for

transportation and storage ofthe mixed sand.
The core moldino machine used by the sheⅡ m01山ng process

included ducts and hoods to c011ect smoke and odors atthe top of

the equipment. since the cs core process generates no smoke or
Odor, and due to a thorough revision of the positional
relationship between the die and fiⅡing machine, the equipment
Structure was redesioned. As a result, the height of the basic

equipment structure was reduced to just l.5 meters. Fig.18
Shows an external view of 山e eqUゆment used in the she11
molding and cs core processes. These measures helped to
greatly improve visibility on the production line.
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Fig.18 Molding Machines used by conven"onaland cs core
Processes

Development ofrecycling techn010gy for used4.22
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The establishment of recycling techn010gy was inspired by a
maj01' change in approach. Norma11y, a powa'ful grinding
Process, a procesS 山at heats the sand to high temperatures of at
Ieast 700゜c and then grinds the result, or a combination of both
PI'ocesses is required to remove the water glass that remains in
Used sand. These processes have not been pracucaⅡy adopted
for the reasons described above.1n contrast, this development
focused on the fact that water glass also changes chemica11y
When heated t0 10、ver temperatures of around 40o c before
glassification occurs. consequently, an inactivation process that
Prevents glassification was combined with weak grinding that
Strips a、vay only the inactive content on the sand. This resulted
in a breakthrough low temperature heating and low・force
grinding process capable ofrecyding used sand.

This process consists of three steps: a heating step in which the
Water glass on the sand surface is inactivated atlow temperatures
Of approximately 400゜C, a stripping step in which the inactivated
Water glass is stripped away from the sand by mechanical
grinding, and a separation step in which water glass dust and
Sand are isolated and reused.

As shown in the top sraph in Fig.19, the index that expresses
the remaining binder decreases during the recycling process.
Although the remaining binder does not reach zero, the
remaining active content functions as a binder in the next
molding process. As sho、vn in the bottom graph in Fig.19, the
development verified that the remaining binder index stayed
below the standard value after lnore than 50 recycling processes.

Molding process

Remaining binderindex in recycling process

1・ NG-、J Remaining blnder $tandard :
-010
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Fig.19 Remaining Binde門ndex of sand Recycling

During

This low temperature heating and low・force grinding process
enabled electrical heaters to be adopted for a11the recycling heat
Sources, thereby helping to reduce the size of the eqUゆment and

10wer c02 emissions. As shown in Fig.20, C02 emissions
Were reduced by more than half compared to the conventional
recycling system, and the investment, throughput, and dedicated
fo0中rint of the new eq山Pment is approximately one・tenth that
Of the conventiona11arge・scale equipment. Fig.21 Shows the
external appearance of the conventiona11arge-scale sand
recycling system and the sma11・scale recycling system adopted
by the cs core process.
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Fig.21 Extemal Appearance of sand Recycling systems
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Introduction of lnnovative cs core process production Techn010gy A什ecting Engine perforrnance and the Aluminum casting process

Combining this smaⅡ・scale recyclin8 System and the core
machine with the one・shot mixino function enables the adoption
Of a self・contained sand recycling system on lines producing
9,ooo units per month. Fig.22 Compares the different sand
10gistics processes.

Alum】num mdustry
transportation by lruck
betwee" companles

RecyC11n9
CompanY

^0
゛1

ConventlonalToy0恰
Process:1ransporlatlon
byfork欣SⅧthin foundry

Core

CompanY

CaS11ng
ComDany

In the aluminum casting industry, sand logistics genera11y
involve the aow of sand to and from the recycling company via
the core manufacturer and aluminum casting company.1n
Contrast, the cs core process is capable of recycling the sand in a
Self・contained process on the production line.

Fig.22 Comparison of sand Logis"cs processes
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5. conclusion of cs core process

Development

IU碑'6

h間'5

卸艶剥

Sma11・scale recYC11ng on lme

Authors

Table 2 Summarizes the evaluation results of the cs core

Process. Although the table does not list a11the evaluation
indices, it demonstrates the fact that the cs core process is
Suitable for elobal application

0.゛ ^

H.VVATANABE

Process

Table 2 Evaluation ResU睦S of cs core process

Cs core

Process

Gas

emlsslons

In addition to simply satisfying targets for environmenta11y
friendliness and cost・reducino techn010oies, this development
aimed to achieve a specific vision for an ideal process and
foundry environment capable of contributing to the next
generation of ever・better cars. At the same time, this process
also demonstrated a potential capability to increase the aexibility
Of cylinder head design to help enhance engine paformance.
The development team intends to continue improvino this
techn010gy to enable furth引'innovations in product performance
and plant environments.

Fina11y, the authors would like to extend their sinca'e oratitude

to the many suppliers and other people involved in every aspect
Of this process development, including molding equipment and
dies, sand recycling equipment, subsidiary materials such as
binders and sand, as we11 as inspection method010oies, for the
invaluable advice and support that enabled the successful
adoption of this process.
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Design Method using Real・VVO"d vehicle
Data

1 1

Abstract

This article describes an optimum design method through an explanation of various applications ofthe method to
Product design. using real・MI0"d vehicle data,this method handles data with large variance caused by di什erences
in vehicle users and usage environments as probabiⅡty distributions, constructs a model using the probabiⅡty
distr山Utions of multiple di什erent parameters, and then calculates a probabⅡity distribution for the target design
Parameter.

Keyvvords: brake contr0ι brake actuator, adaPガVe cruise contr0ル'ACC/, automated driving, driverassiS始nce,
Pmbab所tyd府trめU力'on, perι Python, UA7ιAB

1,1ntroduction

The future of mobility lies in the development of vehides that
Can be driven simply and safely by anyone, and progless is being
made toward this objective. Techn010σies that partia11y realize
automated driving and systems that help to prevent c0Ⅱjsions and

the like are steadily becoming more widely available. The

development of 血ese techn010gies and systems involves the
C011ection of large amounts of drivjng and contro】 data, and
refinements ale being continuously applied for contr01
Optimization. This alticle proposes a method f0↑ extracting
information from driving data c0Ⅱected during development,
Processing the extracted information, and utiHzing it in design
Projects.

Data containing large variance caused by differences in vehicle
Users and usage environments must be handled acC1Ⅱ'ately to
achieve high levels of both product leliabiHty and perfonnance
However, the parameters for gauging the required levels of
Pmformance and Nliability often cannot be direcdy obtained
flom inf0↑mation extracted 介om driving data. Although
Predictions can be made by creating models ofparts and systelns,
no models are capable of accm'ately considering large variance to

a satisfactory degree. For example, the distribution when P11U'al
djmensions with a normal distlibutjon of variance are totaled

together (refen'ed to as "σ") is known to f0↑m the square root of
the sum of the squares. However,if the actual essential variance

Contains bias, modeling requires the synthesis of non・
dimensional parameters through calculations using elements
Other than sums, i.e., quotients or P↑oducts
This article lnⅡ'oduces an optimum design method by

describing examples of its application to various product design

Shin Koike*1

Projects. This method calculates the probability distribution of
tm'get design paralneters by handling variance inf011nation
extracted from dlivino data as the probability distributions of
Various palameters, and applying the four basic arithmetic
Operations to these parameters'

2. operational Durability conditions of Brake
Actuators

Automated DI'iving & Advanced safety system Management Div, Advanced
R&D aDd Engineerino company

This section describes the operational durability conditions of
brake actuators, which were the inspiration for this probability
distribution・based desion method. W'hen brake controls were

first adopted, the brake actuator operational dul'ability conditions
for anti・10ck brake systems (ABS) and traction cont↑01(TRC)
Inanufaclured by Toyota Motol corporation were reoarded as
Unnecessarily severe compared to the conditions of othel
Companies, and reqUⅡ'ed optimization. Therefore, the hequency
Of actuator operation (caⅡed 山e "actuating frequency") was
investigated to determine 廿〕e durabi1北y cond北ions. Repeated
test drives W釧'e paformed unda' real・world conditions outside
Toyota and information related to actuating hequency was
extracted h'om the mea乳U'ed data. This infoTmation was

SUPP]emented with statistjcal data about the p'oportjon of
Vehicles driving on what types of roads and under which
Conditions in the real・world. This enabled the creation of

Probability distributions that i11Ustlated the variance in actuatino

frequency based on differences in users and usaoe environments

The actuating frequency probability distribution was defined as
f0ⅡOWS. The averaoe number of actuator operations per l km
Was calculated. Then, how thjs number varied dependino on
environmental variance in 11)e real-world, and the probability that
each resultino numbel would occur was then i1111Strated in a

96



graph as a distribution. Fig.1 Sho、vs an example in 、vhich a
histogram 、vas created h'om measul'ed actuating frequency data
and then converted into a probability distribution usino a kemel
distribution. A k引'nel distribution cl'eates 、Neiohted averaoes of

the frequency values in a histogram to convert the values as
SmaⅡ normal distributions.1t then synthesizes aⅡ the converted
Values and creates a probability distribution.1t should be noted
that this graph was calculated from the actuating fl'equency of a
different system and does not show the data obtained atthe time.
Unlike actual ABs and TRc systems, compensation was also not
applied to this data in accordance with real・world conditions.

^

Histogram of actuating frequency

roughly determine the 御'obability dist"bution (、veibU11
distribution) of the number of operati0船 before the system
malfuncti0那. Thus,it should be possible to calculate durability
Conditions in line with real・、vorld usage environments. The
method in which the probability distribution of the number of
Opel'ations performed oV引' the vehicle lifetime and the 、veibUⅡ
distribution are displayed in the same 81'aph to calculate the
malfunction rate is ca11ed a stress・strength model.

Fig.2 Shows a driving distance distl'ibution estimated from
recent data. The description below the graph explains how the
nU1ηber of operations oV引' the vehicle lifetime is calculated from
this drivino distance distribution and the actuatin0 丘equency
distribution me爪ioned above.

0 2 6 8 10 12 14 16 18 204

Average frequency pertrip (timeS永m)

Approximated as kemel dislribution

Probability distribu"on of actuating frequency

Design Method using Real・vvorld vehicle Data

6 (×10 km)2 4

Flg.2 Drivlng Distance Distribu"on over vehicle L託etime
(Distribution a)

0.8
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(×10 )
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Fig.1 Probability Distr山Ution of Actuating Frequency
(Distr山Ution b)

Taking probability distribution a of the vehicle lifetime drivino
distance (km: horizontal axis of Fig.2) and probability
distribution b of the actuating frequency (times/km: horizontal
axis of Fig.1), then a probability distribution that is the product
Of both horizontal axes can be calculated. From this, probability
distribution c of the number of actuator operations over the
Vehicle lifetime (number of times on the horizontal axis) can be
Obtained

If the respective occurrence probabilities of a and b are
independent, then the probability that a number of operations
Occurs in probability distribution c is the total probability of a11
Combinations generated by that number of operations. The
Product of a certain distance in distribution a and a certain
actuating frequency in distribution b is, with respect to
Combinations of the actuating frequencies and a11 distances
matching a certain number of operations in distribution c, the
total of the product of the pl"obability that the respective
distances and actuatino frequencies wiⅡ Occur. This f01'ms the
Probability of the number of opa'ations. More specifica11y, each
distribution is divided into sma11er portions with a minimum
Width. The width of 小ese p01'tions is constrained to cova' the
Whole al'ea and the respective products of the areas of the
Portions representing combinations of distributions a and b are

The probability distribution of the numbel' of operations to be
guaranteed over the vehicle lifetime can be calculated by
multiplying the vehicle mileage walTanty (km) by the probability
distribution for the actuating frequency (times/kln). However,it
Should also be noted that the distance that a vehicle is driven

Over its lifetime may be longer or short引' than the guaranteed
numbel' of operations. Therefore, if the probability distribution
Of the number of actuator operations over the vehicle lifetime can
be calculated from the probability distribution data of the vehicle
Iifetime drivino distance and the pl'obability distribution data of
the actuating frequency described above.it should be possible to
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totaled over the whole area. This concept can be formulated as
f0110WS.

(DThe probability at point xc on the horizontal axis of
distribution c is the probability that a combination of two
Points, i.e., the product of points xa and xb on the horizontal
axes of distributions a and b, W川 become xc.1t shows the

Sum of aⅡ the combinations ofthese points.
(2) The horizontal axis of distribution c is divided into minimum

Widths dxc. Likewise, distribution a is divided into minimum
Widths dxa and distribution b is divided into minimum widths

dxb. Here, the relationshゆ between each minimum width is
the same as the relationship between xc, xa, and xb:
(XC+dxc)=(xa+dxa)(xb+dxb).1n this case, the minimum
Wid血 of at least one of the distributions is variable.

(3) The probability at xc in distl'ibution c is defined as h(XC).
Likewise, the probability at xa in distribution a is defined as
f(xa) and the probability at xb in distribution b is defined as
g(xb).1f dxb has a variable width, the sum of xa in the
f0110wing equation substituted into each dxa from the
minimum to the maximum values at each xc forms the

Probability distributjon of c (see Fig.3).

h(XC)=[Σ{f(xa)d松・g(xb)・dxb}]/dxc

Xb=XC/xa

(×10 )

4.5

4

35

3

25

2

1.5

0.5

0

Distribution of product →
number of operations over vehicle Ⅲetime

Distr山Ution a

Distr山Ution b

g

f(xa)

10 12 (×10 tlmes)0 8642

Fig.4 Number of Actuator operations over vehicle Life"me

(Distribution c)

If this probability distribution is defined as (D, the cumulative

XんleibUⅡ distribution incorporatino actuator malfunction pattem
m (2)is overlaid on a graph with the same number of operations,
and the distribution of the product of both values (3) is
Calculated, then the resulting area is the malfunction rate. Fig.5
Shows the stress・strength model created so that the malfunction

rate reaches a predetermined value. Fig.6 is the logarithmic
expression that visua11y i11Ustrates the distribution for calculatino

the malfunction rate. For example, if the number of operations
equivalent to the 80th percentile of thiS 圦leibU11 distribulion is
defined as s times, and a malfunction does not occur after s

Cycles of a durability test performed using N samples, the
XveibU11 distribution can be guaranteed with a risk of a・0.8)N.1n
this case, it is sufficient to have a number of operations and
Samples that can be guaranteed at a risk of several percent or
Iess.

g(xb)

Xa+dxaXn

Distribution of number of

Operations oV引 Vehicle 併etime (1)

Distribution c

XC+dxcXC

If dxa and dxc are divided equa11y,
dxb is divided using the f0110wing v

_____ー^

h

h(XC)=[Σ( f(xa)・dxa・g(xb)・dxb訂/dxc
=[Σ{ f(xa)・dxa・g(XC/xa)・((XC+dxc)ノ(xa+dxn)・xb)}]/dxc

The Σ Surn of xa in the equatlon above substituted into
each dxa from the minimum to the maximum values at

each is the value for distr山Ution h(XC)

Xb+dxb

Cumulative dlstributlon of

actuator malfunction (2): right axis

Xb

h(XC)

2

Fig.3 Method of calcula"ng Distr山Ution c of product of
Distribu"ons a and b

The probability distribution of the number of actuator
Operations over the vehicle lifetime (distribution xc) can be
Calculated from the probability distribution of the actuating
frequency and the driving distance probability distribution over
the vehicle lifetime using the numerical calculations described
above (Fig.4).

64 108

Fig.5 Stress・strength Model

12 (×10 tlmes)

Xb=xdxa

dxb=(XC+dxc)ノ(xa+dxa)、xb
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actuator malfunction 2
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0

Malfunction

distrlbution (3×(1)X(2))

Fig.6 Loga"thmic Expression of stress・strength Model

As described above, a probability distribution that is the
Product of different paramet引's can be calculated from the
Probability distributions of the respective paramet伽'S.1t is also
Possible to calculate distributions of sums and quotients in the
Same 、vay by applying the relationship between xc, xa, and xb,
and the variation division method described above to the sums

and quotients of the parameters
It has been possible to create sufficiently clear differentiation

in reliability and performance in comparison with Toyota'S
Competitors by designing various actuators and control systems

Using these method010gies.

Malfunction rate

2

Calculate the vveibU11

distribution of (2) SO
thet (3) 10rms e
Predeterrnined
Probability (area)

3 4

a) Multiple candidate operation requirements 、vere created that
Can reliably extl'act cases to be recorded,介om triggel's with a
10、v actuating frequency and triggel's with a l'elatively high
frequency.

(2) using real・world driving data meaS山'ed under various
environments, an actuating frequency (km/times) histogram
Was created showing the average interval(km) of operations
Per trゆ、vith each trigger (Fig.フ), and a 皿'obability
distribution was created using a kemel distribution (Fig.8)
The f0110wino section describes the how this real・、vorld

driving data was processed
(3) The daily driving distance probability distribution (km/day)

data was c011ated for a vehicle driving in the real・world (Fig.
9). The distribution of the product of the probability
distribution of the inverse number of this daily drivino
distance and the actuating frequency probability distribution
Created in step (2) was created' Here, since (km/times)/(km/
day)=(day/times), the probability distribution of the required
number of days for one trigger could be calculated (Fig.10).

(4) The number of cases stored in the memory before oV引'writing
Was defined as N, and the distribution of the sum of the

Probability distribution created in step (3) and 血e probability
distribution equivalentto the number of days required for one
Operation was created. This 、vas repeated N・1 times.
Creatino distributions equivalent to N times the required
number of days for l trigger enabled calculation of the
Probability distribution of the number of days from N triσoers
to the number of days that N memory items are overwritten
(Fig.11)

(5) The frequency distribution of the number of days between a
User encountering an incident and taking the vehicle to a
dealer (i.e., the number of days from the date of real・world
information oeneration to the date the vehicle is brouoht to

the dealer) and its probability distribution 、vere calculated
(Fig.12).

(6)The cumulative distribution was calculated from the

Probability distribution obtained in step (4). By overlaying
the cumulative probability distribution calculated in step (5)
On the same 旦raph,it was possible to visualize the margin for
the n山nber of days before memory overwriting occurs with
respectto the number of days before the vehicle is taken to a
dealer (Fig.13). The culnulative number of days before
memory ova'writing B and the probabHity of the number of
days before the vehicle is taken to a dealer A 、、,ere overlaid
On the same graph. The value for the number of days A
Shows the probability that the vehicle wi11 be taken to the
dealer at that number of days, and the value for B shows the
Probability that the memory wi11 be overwritten at that time.
The product of both values (AXB) is the probability that the
Vehicle wi11 be taken to the dealer at that number of days and
the memory overwritten. The area of the distribution is the

total probability that the mem01'y wi11 be overwritten (Fig.
14. Fig.15 Sho、vs the looarithmic expression of Fig.14

5 (×10 tlrnes)

3. parameter Design of Acc controlTrigger

Design Method using Real・vvorld vehicle Data

This section describes a more recent design case study
involving the controltrigger for Toyota's adaptive cruise contr01
(ACC) system known as Dynamic Radar cl'uise contr01. ACC
is a driver assistance system that has started to become more
Widely available as pad of the Toyota safety sense active safety
Packages.1t a110ws the driva' to set a speed that the vehicle
maintains while measuring the distance to the preceding vehicle
With radar. This driver assistance system uses data to record
real・world behaviⅨ'that mioht need refinement. This recorded

data can therefore help to optimize the system. However, since
Acc may be activated fⅨ' 10no periods 、vhile drivino, it is
d廿'ficult to distinouish normal data that requires no refinement
and data that may need refinement from the whole body of data.
Since large volumes of unnecessary data is recorded, it is
Possible that the dealer may overwrite the memory before the
required data is extracted. consequently, designing 、vhen to set
the reC飢'ding t】'igger must be determined in consideration of the
balance between the rec01'ding frequency and the extraction
timing. since the recmding triggel' frequency and Acc usage
environment contains large variance, the tl'igger was designed
Using the probability distribution method described above.
The trig8er design procedure consisted of steps (D to (6)

below
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Fig.12 Probability Distr山Ution of Number of Days before vehicle
Taken to Dealer
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Fig.7 T"gger Actua"ng Frequency Histogram
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Fig.13 Relationship between Number of Days before vehicle Taken
to Dea1引 and Number of Days before Memory overwriung
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Fig.16 90th and 80th percen"1e of T"gger Actuating Frequency
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900。→X km/time

8000→X km/time

Once the probability thatthe memory wi11 be overwritten after
the vehicle is taken to the dealer can be calculated as described

above, that value can be used as a target for designing the trigger
requirements and size of the memory. 1n the case study
described above, the probability of memory over、vritino at the
dealer was calculated as lo% or less.1n the event that the

Vehicle is taken to the dealer within about lo days, the memory
Wi11 not be ova'W"tten in at least approximately 99% of cases,
indicating thatthe memory was desioned with sU仟icient margin
Creating a distl'ibution for a target parameter enables the
Overwriting status to be visualized, something that cannot be
Understood easily by figures alone

In this case, the variance of three parameters (trigger actuating
frequency, driving distance, and number of days before vehicle
taken to dealer) waS 11Sed as the probability distributions.
HO、vever, if the probability distl'ibution is not calculated (for
example, if the value equivalent to the 80th t090th percentile of
each probability distribution is used under the same conditions to

Calculate the required memory size), the result shows that a
memory capacity between 5 and 18 times greater than N defined
above is needed. This represents a substantial deoree of excess
quality and a massive pa'formance compromise when 血Sta11ed in
a system that competes based on performance.1n the fi合Ures
belo、U, the 90th percentile of actuating frequency is defined as

X9。km/time and the 80th percentile as X8。knvtime (Fig.16),the
90th percentile of daily driving distance is defined as Y9。km/
time and the 80th percentile as Y8。krwtime (Fig.17), and the
90th percentile of the number of days untilthe vehicle is taken to

a dealer is defined as Z9。km/time and the 80th percentile as
Z8。km/time (Fig.18). Fig.19 Sho、vs an example of the
Calculated memory size requirement based on each of these
Values.

Cumulative number of days
before rnemory ove剛riting B

Design Method using Real・vvorld vehicle Data
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80%→Y km/day
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Fig.17 90th and 80th percentile of Daily Driving Distance
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4.1nformation Extraction from Measured Data

The previous section described how a modelis created from
Probability distributions to enable optimum design. This section
describes ho、v data from real・world drivino and system
evaluations is extracted, processed, and used in design.

Real・、uorld drivino data that can be used in the development of
driver assistance and other systems can now be c011ected in
Various formats.1n addition to system control data, this includes
Vehide state variables, radar recognition data, and imaoes of the
area in fr0爪 of the vehicle. Althouoh various measurino

inst川ments are used in accordance depending on the supplier or
Objective when 小e data was recorded, a11 Such instruments can
Output data as comma separated values (CSV). providing
Sufficienuy rich information can be recorded 血 the csv format,
Such data has a hioh level of re・usability and it can be used for
Various purposes. For example, data measured in durability
Condition studies of brake actuators for ABs and TRc systems
Can be applied to different brake actuators or brake contr01
Systems. Therefore, additional real・、vorld driving is not required

Operations. Therefore,it should be possible to convert a11 models
Created by conventional numerical calculations to probability
distribution models in this way. Fig.20 provides an overview
Of the calculations described above.

004

Target
Performance
(malfunction rate)

0.02

9000→Z days

80゜0→Z days

0 20 40 60 80 100 120 140 160 180 (Days)

Fig.18 90th and 80th percen"1e of Number of Days until vehicle
Taken to Dealer

0

In the case of ACC,the trigger requirements and appropriate
memory size were calculated by synthesizing the distribution
Ofthe number of days before memory overwriting N・(Xハ") as
the target parameterfrom distributions ofthe actuatin9
frequency (X) and the daily driving distance (Y).

Memory si2e n required so that memory is not
Ove則ritten at dealer using 80th percentile of values
defined in above graphs

X km/time
n=5XNXn=z days

Y km/day

18XN at 90th percentile

A mernory capacity between 5 and 18 times the assumed
Size is required

This shows that,廿 design js carried oU廿0110wing the
Conventional method, surplus quality severaltimes greater
than thatrequired and performance compromjses occur

、" 竝U＼_
XハJ

Y

X.Y

Fig.19 Required Memory size calculated by conventional Method

In the case of brake actuator durab111ty conditions, the durability
Conditions were calculated by synthesizing lhe number of
Operations overthe vehicle lifetime x・Y as the target parameler
from the actuating frequency (X) and the lifetime driving
distance (Y)

Sum of N

tlmes

As described above, a model can be created by exn'actino and
Synthesizino various probability distributions of variance from
driving data. using this modelto calculate the probability
distribution of a target parameter enables design with an
appropriate balance bet、veen quality and performance. This
method calculates products, sums, and quotients of probability
distributions and can be l'ealized using the four basic arithmetic
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even for reliability studies of unnecessary operations and or like
This data can be processed using script processing languages

Such as A、入IK, perl, and python. These script processino
Ianguages use poW引'ful search functions ca11ed normal
expressions and various libraries to extract the required
information from large volumes of csv data in a sh01't pe"od of
time and a cross・sectoral manner. Despite this capability, these
Ianguages sti11 require several days to process terabytes of data.
Therefore, as an initial step, intennediate data is created in the
Proper format using only the necessary data. once intenηediate
data has been created,the data can be processed and re・processed
repeatedly in a short period of time in a format that can be
handled by software such as MATLAB (Fig.21).

Real・world

driving data
Datずfrommeasuring x

instrument A
XX X X

Inlermediatedata -
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The processing sequence is described below. steps (1) and (2)
are perfomled by the script language and steps (3) and (4) are
Performed by MATLAB
(D csv data formats, which differ depending on the measurin合

instrument, are re-read using common data labels and units.

This data is then searched using various triggers and data
from those trigger timings are entered into intermediate files
in various formats.

(2) To create frequency distributions, the average per・trip
distance interval written into a11the intermediate files is read

to create files in a summarized list that are easy for
MATLAB to process. Aside from frequency distributions,
When studying settings, data volumes,01' the like used by
Controls based on variances of control parameters or various
State variables, files that can be processed by MATLAB are
Created from control data when triggel' operations occur.

(3) These files are read by MAILAB and histograms are created.
Kemel distributions are created from these histoorams. A11

distributions are handled as point sequences.1ntapolation is
applied as necessary and itis necessary to ensure acC山'acy

(4)1n addition to probability distributions created hom driving
data, MATLAB is used to read statistical data such as the

daily driving distance and vehicle lifetime drivino distance,
and calculate the distributions described in sectionS 2 and 3

(Fig.22)

Data from measuring
instrument B

ψ
= Data thatis easy to process using
- MATLAB or othersoftware

Flg.21 Da始 Processing FIOW

回

X

Measured data

Perl, python

X
X

5. conclusion

Fig.22 Probability Distribution creation Method

SectionS 2 and 3 described how the developed method is
Capable of the handling of frequency distributions as probability
distributions, the modeling of multゆle probability distributions
Using the f0山 basic arithmetic operations, and the synthesis of a
Probability distribution for a target parameter. section 40utlined
the procedure by which large volumes of data from various
measuring instrulnents is c0Ⅱected and used to create frequency
distributions. These method010oies can be used to accurately
design various systems containing large variance, th引'eby
helping to efficiently enS山'e reliability and perfonnance.
Furthermore,血e developed method is also capable of extractino
Various items of design data and hidden phenomena from large
Volumes of data.

Althouoh this article has only described an oudine of the

developed method, it is hoped that communicatino the
requirements and inspirationS 6.e., the needs and seeds) of the
method in this 、vay to a 、vider audience wi11 help to facilitate its
Utilization and advancement in various fields.
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Research into Response Type Detection

Techn010gy for Active Listening Robot

Using Machine Learning

Abstract

This research is developing techn010gythatsW託Chesthetypeofresponse made byactive listening robotsdesigned
to help prevent or arrestthe progress of senile dementia at an optimum timing. conventionaltechn010gies permit
Users and robots to converse in an a壮ernate question and answerformat.1n contrast,this research eS始bⅡShed a
Control method that a110ws the robotto make responses at approp"ate timings by detecting the type of required
response (silence, nodding, or an actualresponse) using randomized decision forests in machine leaming
Characterized by the user's voice. Randomized decision forests are capable of achieving high identification
Performance through group leaming using multiple decision trees. Quanti始tive indices were used to confirm that
this method enables more 巾ythmical dialogues than conven"onaltechn010gy.

Keywords: aC力Ve /府tening mbot, numberofinterruPガ0ns, machine /eaming, random forest

1.1ntroduction

Japan faces a severe aging population problem as the
Proportion of elderly people 65 0r over wi11 exceed 33.4% in
2035, and with an estimated 25% of that group predicted to
Suffer from senile dementia.(D The behavioral and psych010gical
Symptoms of dementia (BPSD),、vhich include delusions,
ha11Ucinations, and violence or other agitation, strongly heighten
the burden felt by caregivers. 1nterviews with doctors and
Careoivers in field S山'veys conducted at Mifune Hospital and
Other care and medical facilities revealed that conversation was

an essential part of providing care for dementia. Robotic
Conversation partners for elderly people afaicted with dementia
must have a conversational ability oriented toward sma11talk that
makes the user feel secure and appreciated, rather than task-
Oriented conversations such as those provided by Apple's siri.
Toyota has ah'eady developed a conversation system that

Iistens to the usen'eceptively,(3) a sma11talk conversation system
that uses lnternet ne、us to enrich the discussion, and a sma11

talk conversation system that searches for responses that match
the topic brought up by the user.(5) The development of the
Pocobee active listening robot (phot0 1),、vhich consolidates
those conversation techn010oies beoan in Apri12016.

Tatsuro Hori*1

Narimasa 、Natanabe*1

Z Fronher Div_ Frontier Research ce"ter
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2. overview ofthe pocobee Active Listening
Robot

e・、

With its ability to recognize 、vords and facial expressions, and
to move its eyes and body 、vhile conversing with the user, the
Pocobee active listening robot aims to function as an everyday
Sma11 talk partner that helps prevent the onset of dementia or
Slow its progress, and also contributes to reducing the burden on
Caregivers 、vorMng with dementia patients. using conversation
that prompts reminiscences while looking at old photographs (the
reminiscence meth0山 as a base, the robot interprets the contents
Of the conversation 、vhile switching bet、ueen talking,1istening,
responding, and asking questions at appropriate points, and its
Primary function is to hold a conversation while analyzing the
emotional state of the user.

Photo l pocobee



The reminiscence method ca11S for actively promptino the user
to speak. This makes it necessary to resolve the problems of
delays between the user talking and the robot respondino
(pr010nged silences) and robot responses unnecessarily

disrupting the user's speech (number of interruptions). To do so,
techn010gy that switches to an utterance type mode at
appropriate times (turn・taking) was developed. section 3
Presents this tum・taking techn010gy, and section 4 describes its
evaluation.

Research into Response Type Detection Techn010gy for Active Listening Robot using Machine Learning

3. Turn・Taking Techn010gy

Fig.1 Shows the processing now for tum・taking, which
Consists of three modules (user utterance feature deduction,

timing detection, and utterance type assessment). The utterance
feature quantity and timing detection method were carefU11y
desioned to reduce the computation burden that leads to
Pr010nged silences, and are respectively described in sections
3.1 and 32. The method used to determine the appropriate
Utterance type to reduce the impact of the number of
interruptions is presented in section 3.3
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3.1 User utterance feature deduc"on

The deduction of user utterance features involves extractino

10W・calculation feature quantities such as the pitch of the end of
the phrase or of the overaⅡ Segment of an utterance, its volume,
Or its length. characteristics such as an utterance being likely to
end when the user's voice drops in volume or rises in pitch, for
example, can be identified.1n addition, the use of the end of
Phrase feat山'e quantity makes it possible to identify first・order
Changes (rising tone, e.g.,"rm looking forward to that") and
Second・order changes (rising and fa11ing tone, e.g.,"This
Weekend, you know")(Fig.2). Typical conversation
applications such as siri rely on linguistic features such as voice
recognition results, which is prone t0 10nger delays than the
Phoneme feature-only approach presented in this article (siri
approximately 2 Seconds, this approach: approximately o.8
Seconds). Delays (pr010nged silences) are shortened with the
approach presented in this article.

Conversahbn

Segmenl

Timing
detection

3610

丁」'M

Fig.1 Turn・Taking processlng FIOW

Weekend,

「^

01

3.2 Timing detection

As a rule, a short pause in the other person's utterance
represents the appropriate time to respond, and is often
accompanied by nodding.1n conversations such as the one in
Table l (at right), there is a short pause in the utterances after
each unit of meaning, and a more natural conversation is
achieved by nodding at those points. cases such as these are
envisioned, and breaks in user utterances are detected as the

timing of the response. More specifica11y, as shown in Fig.3,
the timing of the response is detected as the point startino when
the volume faⅡS below and ooes back over the threshold in a

fixed segment T, and the number of times the o line is crossed
also fa11S below N.

Utterance

type
assess『nent

Fig.2 Pitch and volume waveform

Output

A. silence

04

Ⅱ"1

B. Nodding

C. Response

1111.,

「^

111 h11.

User

"we11,1 did it
this momin
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Table l utterance Type selec"on

Response
t e

'1t might be dry
b now."

Robot

,,

'Maybe r11
Check."

"sounds

reat."

Uh・huh B.Nodding

Random U廿erance type selection

C.

Res

User

"we11,1 did it
this momin

nse

ー^

. silence

"1t might be dry
b now."

Robot

Volume

threshold

,,

"Maybe Π1
Check."

Response
e

Uh・huh

"sounds c.

reat." Res onse

Appropriate utterance type selection

Response timing

Volume

threshold

Uh.huh

B. Nodding

0

、^

B. Noddin
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33 U廿erance type assessment

Using the feature quantities deduced in section 3.1 as inputs,
the utterance type assessment identifies an appropriate utterance
type.⑥ As shown in Table l (atleft), random selection of the
type of utterance may create a higher number of interruptions

because the response is taMng place while the user is stiⅡ talMng.
X刃、ith an appropriate assessment, the robot continues to listen
When playing the role of the listener, and to speak when playing
the role ofthe speaker, resulting in the more natural conversation
Presented in Table l (at dght)

In advanced research by Raveesh et al.,(刀 Utterance types were
Classified 血to silence or response, wjth a support vector machine
(SVM) dassifier used to discriminate between the t工Ⅳ0. The

Present research differs in terms of the number of types and the
dassifier

As described in section 32, this project aims to achieve more
natural conversation through the inclusion of nodding. This
results in three types of utterances: silence, nodding, and
response.

For 血e dassifier, methods of obtaining Mgher discrimination
accuracy were studied. There are three general approaches to
dassifiers. Decision trees (rules) and mach血e learning are used
after specifying feature quantities to some extent, while deep
Iea17ning involves relying on vast data sets to le勧l about feature
quantity and dischm血ators at the same time.1n this research,
the absence of feature quantities with a notable contdbution ratio
makes it difficult to establish a decision tree. conversely, turn・
taking is already partiaⅡy regulated, making vast amounts of
Iearning data unnecessary. Given the additional difficulty of
acquiring conversation data, the deep lear血ng approach, WNch
requires extremely large data sets, is not suited to this project.
Consequendy, maC11ine learning was deemed appropriate in tMS

SectionS 3.3.1 and 3.32 Nspectively discuss theCase.

Preparation of learning data for utterance type assessment, and
the details of the classifier

Comparison of approaches to U廿erance type33.2

disc"mination models

A classifier for the data pNpared 加 Section 3.3.1 Was
Prepared. Logistic regression, SVM, and random forests were
Used as candidate classifiers. The base approach involved a
random selection of the train血g label ratio (36% silence,48%

nodding, and 16% response) in the training data, which was also
Compared with the svM base approach used in advanced
research.

Fig.4 Shows the results of a comparative lo・fold cross
Validation of the candidates. The random forest approach had
the most accurate results, f0110wed by svM and logistic
regression as the order for the base approach. Given its hioher
accuracy of 27% relative to the base method and 15% relative to
the advanced research in terms of discriminating between the
three types of utterances, the random forest approach eX11ibited
Significandy better results. As shown in Fig.5, the random
forest approach is a machine learning method that 血Volves
applying ensemble learning using multiple decision trees to
Obtain l〕igh discri血nation performance

Adaptability to individual user types was another requirement,
For example, there is a difference in how voice pitch changes
between users who raise it atthe end of words and those who do

not, and this ca11S for a learning model with fine boundary
distinctions. Fig.6 Shows a comparison of the decision
boundaries between the svM and random forest approaches.

The random forest approach is capable of finer boundary
Classification, and suited to the task.

In terms of both accuracy and adaptability to user types, the
r釘ldom forest approach was therefore proposed as the utterance
type discdmination model.

3.3.1 Preparation o"earning data

Data c0Ⅱection was pedormed using the X入'izard・of・OZ (圦70Z)
technique, which 血Volves a hidden human operator using a
button to determ血e the utterance type for the robot. This
enabled the semi・automatic assignment of ideal utterance type
training labels at an idealtiming for the conversation data, and
facilitated the construction of the classifier.

However, even woz conversation contains response errors.
Consequently, some train血g labels (approximately 5% of the
Whole dataset) were later conected manuaⅡy. The time required
to assign training labels for conversation data for 負Ve subjects
SpeaMng for three 111inutes (a total of 15 血nutes) was reduced
from 150 血nutes t0 30111inutes, W11ich represents a significant
decrease in the work hours needed to prepare the training data
Compared to manua11abeling ofthe whole dataset
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4. validation Experiment

This section presents the validation experiment. The
evaluation data c011ection method, the quantitative evaluation,
and the qualitative evaluation are respectively described in
SectionS 4.1,42, and 4.3

4.1 C011ection of evaluation data

Fifteen users were asked to have conversations with two types
Of systems (the base approach and the proposed approach)
Eight users held the base approach conversation first, f0110wed
by the proposed approach conversation, while the remaining
Seven users held the conversations in the opposite order to

remove bias due to the order of the conversations. A single
Conversation lasted approximately four minutes (for a total of
120 minutes)

42 Quantitative evaluation

The number of intenuptions n (times/minute) was obtained

With Equation a), and the ratio of user utterances l)"(%) was
Calculated using Equation (2).

π= C/( t"十 i,.)

P,= 100 * t.,/( t,+ 1,.)

、入lhere,
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Fig.6 Comparison of Decision Boundaries
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System is believed to have reduced discomfort and fostered
Proactive continued conversation.
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*
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Fig.7 Number o"nterruptions and utterance Rauo
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4.3 Qualitative evaluation

After the experiment with the conversations systems, a
Subjective evaluation was conducted using the semantic
difference method (SD) method. The evaluation asked (a)

Whether the robot had 80od utterance timing and,(b) whetherthe
robot was a good listener. Fig.8 Sho、vs the results. The
Xvilcoxon signed・rank test was used to assign scores to (a) and
(b). Although the proposed approach had a higher average score
for (a), the difference could not be described as statistica11y
Sign廿icant. For (b), the proposed approach exhibited a higher
Score with a l% statistical significance. This suogests that
althoU8h there was no clear sense that the robot had good
Utterance timin合, the proposed approach provided a good
impression as a listener

C (times): cumulative number ofinterNptions

t"(minutes): cumulative user utterance time
t,.(minutes): cumulative robot utterance time

Fig.7 Shows the average number of intenuptions and average
User utterance ratio for the fifteen users. compared lo the base
approach, the proposed approach has a lower number of
interruptions (P = 0.049 in a one・tailed t・test,5% significance*),
and a higher rate of user utterance (P = 0.045 in a one・tailed
t・test,5% significance*).1n sh01't, decreasing the number of
int引'Nptions during conva'sations between the user and the

TOYOTA Technical Revievv v01.64 Sep.2018
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5. summary and Further Development

This resea17Ch focused on developjng utterance type assessment

techn010gy that esumates the timing a11d type (silence, nodding,
response) of the robot response from the usa" s utterance
features, with the aim of creating an active listening robot that

encourages proactive conversation in patients afflicted with
dementia. The use of low・processing burden phoneme features
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and a random folest discrimination model made it possible to
Con負g山'e an acC山'ate and user・friendly system despite the
difficulty of acquirino conversation audio data.1n addition,
Creating the learning dataset using the woz technique enabled
the semi-automatic assignment of training labels and facilitated
the construction of the classifier. The results of the evaluation

tests confirmed thatthe proposed approach decreased the number

Of inten'uptions and increased user utterances compared to the
base approach. similarly, a comparison with advanced research

Provided better dism'imination acC山'acy, delnonstrating the

Validity ofthe proposed approach

The next planned step is to apply the present research in the
field and conduct tests t0 11Se data hom conversations with

Patients sufferino from dementia to rebuild the utterance type
discrimination model

The authors would like to extend their gratitude to professor
Joakim Gustafson, Associate professor Gabriel skantze, and

Martin Johansson of the KTH Roya11nstitute of Techn010oy in
Sweden for their extensive assistance in the course of this

research
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Particle structural Analysis of sul"de

Solid Electrolyte

,

Abstract

The practical adoption of next・generation ba廿eries wiⅡ Play an important role in the further popularization of
environmenta11y friendly vehicles. one promising example is aⅡ・solid・state ba廿eries, vvhich have the potentialto
achieve both exce11ent safety performance and high energy density. solid electrolytes with high ionic conductivity
are necessary to realize high・performance aⅡ・solid・state batteries. To maximize the performance of sulfide・based
Solid electrolytes for aⅡ・solid・state ba杜eries, the correlation betいleen the internal structure and characteristics of
Particles must be identified to enable particle structural contr01. Hovvever,it has not been possible to establish an
analysis method for the particle structures of sulfide・based solid electrolytes due to chemicalinstabⅡity and the
assumption that these structures consist of a complex blend of crystals and glass. This research succeeded in
quan"tatively analyzing the structure of sul"de・based solid electrolytes through dark・field transmission electron
microscopy (TEM),

Keyvvords: a//・SO/id・S始te batteo,', SU/ガde so/id e/ectro/yte, conduction mechanism, crysta仂Zaガ0n behavior,
transmission e/ectron microscopy イTEル1/

1.1ntroduction

1.1 Background

Shinya shiotani*1

HideyukiYanlamura*1

The development and popularization of high・P剖'folmance
Storaoe batteries for environmenta11y friendly vehicles such as
hybrid, plug・in・hybrid, and battery electric vehicles is required to
help ad由'ess environmentalissues. one promising example is
aⅡ・solid・state batteries, which have 山e potentialto achieve both
exce11ent safety performance and high el]ergy density. solid
electrolytes with high ionic conductivity are necessary to realize
hioh・P剖formance aⅡ・solid・state batte↑ies

12 Current status and issues of solid electrolytes

Sulfide solid electrolytes with hioh ionic cond11Ctivity such as

LiユS・P2S5(D and Lil。GeP2Sn (LGPS)(2) have already been
discovered. xvith tl〕ese electrolytes, althouoh the cl'ystalHne
Phase can be precipitated by heat t↑eatment from a glass
P↑ecursor manufactured by mechanical mi11ing, the correlation
between ionic conductivity and 11〕e crystaⅡine su'ucture has been
a matter for discussion

」{ 1 Battel'y Material Englneering & Reゞarch DiY_ AdYanced R&D and

Engineering c0ΠIpany

Furthennore, ionic conductivity changes due to the heat
treatment conditions, As an example, Fig.1 Shows the
C田'relation between the heat treatlnent conditions and ionic

C01〕ductivity in LGps and 75Li2S・25PユS5 (refe↑red to as Li3PS4
below). Although the ionic conductivity of 上Gps increases
rapidly in acC例dance with the temperat山'e, it increases before
faⅡino in the case of L、PS_ This is because ionic conductiviw
is not contr011ed by the crystaⅡine struct山'e alone, and is a仟ected
by other factors, such as the size of nanocrysta11ites and degree
Of crysta11ization within 血e particles, as we11 as the distribution
Of crystals and glass, For 血is reason, contr011ing the intelnal
Particle structure is reg繊ded as a prolnising means of increasing
jonic conductivity. To fonnulate a deslgn approach toWωd this
Objective, it is necessary to i(1entify the correlation between the
State and properties of these pal'ticles. X・1'ay diffraction (XRD),
Raman spectroscopy, and the like have been studied as possible
Ways of analyzing sulfide solid electrolytes. However, these
method010oies can only obtain averaged data and are not suited
f01' particle analysis,、刃hich als0 1'equires the evaluation of
distributions. AlthoUσh dh'ect observation by transmission

electl'on microscopy (TEM) is l'egarded as a potentia11y effective
means of analysis, sulfide soHd electrolytes are vulnerable to

electron beams and a method010gy to analyze particle su'uct山'es
had yetto be developed
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6.OE-04
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More speC辻ica11y, Fig.2(b)(top view of the objective lens
aperture) shows an image formed by selecting particular
diffraction spots, i.e., information related to crystals.1n this
Case, since only the regions that satisfy the diffraction conditions
are shown brightly in the image, it is possible to define bright
areas as crystals and dark areas as glass.

(a) (b)

200150 2500 50 100

Heattreatmentlemperature ( C)

Fig.1 Correla"on between Heat Treatment conditions and lonic

Conduc"vity:(a) LGPS,(b) Li3PS4

2.OE-04

0.OE+00

.

600

Therefore, this research developed a method010gy capable of
Using TEM to evaluate the particle states (crystavglass
distribution and degree of crysta11ization) of sulfide solid
electrolytes. Then, by using this method010gy to analyze the
behavim' sho、vn in Fig.1, this research identified the correlation
between structural changes and ionic conductivity in LGps and

Li3PS4, and formulated an approach for contr011ing the particle
Structure to increase ionic conductivity.

.

.

2. proposed structural Analysis Method010gy

The main methods of observation usino TEM are electron

beam diffraction, high・resolution imaoing, nano・electron beam
diffraction, and bright field/dark field ima部ng. of these, high・
resolution imaging and nano・electron beam diffraction involve
the acquisition of ima8es at high magnifications or use
Convergent electron beams. These techniques are not regarded as
Suitable for sulfide solid electrolytes because electron beams
Unavoidably damage the sample. Therefore, the development
focused on dark field imaging, which is capable of acquirino
images at low magnifications and can selectively extract only
CrystaⅡine components. Fig.2 Shows an outline of observation
Using dark field imaging. This method010gy forms images using
electron beams that diffract when passing 血rough the sample.

Sample

Objective lens aperture
Image

Fig.20U"ine of observa"on using Dark Field lmaging:

(a) optical system,(b) Top view of objective Lens Aperture

^

Objective lens .

Electron beam

d廿fraction pattem

.

A ne、v analysis method010gy was proposed to apply this
technique to sulfide solid electrolytes (Fig.3). As sh0圦,n in
Fig.3(a), multiple images are acquired of different selected
Spots. These images are superimposed on each other as shown in
Fig.3(b). This method010gy is capable of obtaining images
reflecting large volumes of information related to crystals, and
Can potentia11y visualize the crystavglass distribution 血Side
Particles.
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Fig.30uuine of proposed Analysis Method010gy:
(a)1mages obtained hom Multiple spots,

(b) superimposed lmage

3. Results and Discussion

3.1 Verification of structural analysis method010gy

The TEM・based observation method010oy was studied using a
field・emission (圧) type JEM・210OF TEM system. The model
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material used in the study was Li ps sintered at 240 C.

Fig.4 Sho、vs the bright field image and the electron beam
diffraction pattern obtained fl'om each area circled in the imaoe
The electl'on beam diffl'action pattems sho、vn in Fig.4(b)
Consist of halos and spots, demonstratino that the observed areas
Contain a mix of crystals and glass. These results indicate that
this materialis S山table for the visualization of the crystavolass
distribution.

(b)
A

Fi .4 TEM observation Results of sul"de solid Electrolyte:

(a) Bright Field lmage,(b) Electron Beam Di什raction pattern

D

A

F

Subsequendy, analysis was carried out using the dark field
imaging method010gy proposed in Fig.3. obtaining and
Superimposing dark field images by selecting multiple spots of
electron beam diffraction as shown in Figs.5(a) and (b) enables
the acquisition of mapping images in which the contrast of
Crystal areas in particles is clear (Fig.5(C)). since the bright
areas of the image can be distinguished as crystals and the dark
areas as glass, it was verified that the proposed method010gy is
an effective way of visualizing the crystavglass distribution.
Additiona11y, briσht areas exist as masses sized between
approximately 50 and loo nm. since this is the size of a
nanocrysta11ite, this method010oy can also be used to evaluate

nanocrysta11ite sizes.

The obtained mapping images 、vere used to quantitatively
Study the degree of crysta11ization by image analysis. since the
bright pixels can be defined as crystals and other pixels as olass,
the degree of crysta11ization x can be expressed by Equation a)

Particle structural Analysis of sulfide solid Electrolyte

χ=

、vhere,

IV D: number of bright pixels
N : total number of pixels

This method010gy was applied to Fig.6 to quantify the degree
Of crystaⅡization. HO、vever, only areas (D to (4) were studied
Since the shaded areas represent sample thicknesses throuoh
Which the electron beam could not permeate. The table in Fig.6
Sho、vs the results. This analysis calculated that the deoree of
Crysta11ization was approximately 60%, verifying that
quantification was possible over an arbitrary area.

X I00

(a)
OF

0宛
0"

DFI

(C)

Fig.5 Application Results of proposed Method010gy:

(a) Electron Beam D託fraction pattem and selected spot

(b) Dark Field lmages obtained from each spot,

(C) supe"mposed Dark Field lmage

Supe"mposed images

Su erimposed image

字二

Area not permeated
by the electron beam
= Excluded from evaluatlo"

Fig.6 Quanti"ca"on of Degree of cryS怡11ization from Mapping

Images

Area not permeated
by the electron beam
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Brlght areas: crysta"ine
Dark areas: not crystaulne

321dent廿ication of crystaⅡization behavior

The developed method010gy was used to analyze stNctural

Changes during heattreatment of LGps and Li3PS4. First, Fig.フ
Shows the changes in the electron beam diffraction pattem due to
the sintering temperature as the analysis results for LGPS. The
Sintering temperature is shown in the top left of each figure. The
analysis observed spots in the samples at a11 Sintering
temperatures, indicating the presence of crystals. changes in the
Spots were observed from a temperature of around 410 C (the
areas circled by the white dotted lines in Fig.フ). These indicate
Changes in the crystalHne struct山'e. since previous research
rep011ed that phase transition to LGPS OCC1Ⅱ's in this temperature
ranoe,(3〕 it was concluded that the observed phenomenon was
this phase transition to LGPS

'

'
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Fig.7 Changes in Electron Beam D廿fraction pattern of LGps due to
Heat Treatment

410 C

50O C
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ノ

ノ

ノ

The dark field images were observed to evaluate the
Crysta11ization behavior. Fig.8 Shows the changes in the dark
field images due to the sintering temperature. The developed
method010gy identified an increase in the crystal area as the
temperature rose. The nanocrysta11ite size was estimated as
being approximately 30 nm up to the phase transition aowerthan
410 C) before growing to approximately loo nm after the phase
transition (around 410゜C). However, the nanocrysta11ite did not
Change if the sintering temperature was increased beyond that.
In other words, the crystal growth mechanism of LGps is
thought to depend on increases in the number of nanocrysta11ites
rather than on increases in nanocrysta11ite size.
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the increase in the degree of crysta11ization close t0 40O C
Coincide.1n other words, the precipitated crysta11ine phase is a
high ion・conducting phase and high ionic conductivity in LGPS
is caused by crysta11ine phase formation and growth.

240゜C

ノ

ノ

ノ
ノ

ノ

'

ノ

8.OE、03

6.OE・03

260゜C
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Heattreatmenttemperature ( C)

Fig.9 Correla"0η between lonic conductivity and Degree of
CryS怡Ⅱization of LGPS

0.OE+00

475 C

360 C

Fig.8 Changes in Dark Field lmages due to Heat Treatment of LGPS

The degree of crysta11ization at each sintering temperature was
Calculated to identify the con'elation between the degree of
Crysta11ization and ionic conductivity. Fig.9 Sho、vs the
Correlation bet、veen temperature and the deoree of crysta11ization
and ionic conductivity. The rapid rise in ionic conductivity and

0

Next, Fig.10 shows the changes in the electron beam
diffraction pattern due to the sintering temperature as the

analysis results for Li3PS4. spots were observed from 180 C,
Confirming the occurrence of crystaⅡization.

550゜C

120゜C

200゜C

150゜C

Fig.10 changes in Electron Beam Di行raction pattern of Li3PS4 due
to Heat Treatment

In the same way as the LGps analysis, the dark field images
Were observed to evaluate the crysta11ization behavior. Fig.11
Shows the chan8es in the dark field ima今es due to the sintering
temperature. As shown by the electron beam diffraction results
in Fig.10, S1地ht crysta11ization was observed in the dark field
images at 180 C. The crystal areas then increased at higher
Slntenng temperatures.

The nanocrystalHte size was estimated to be between 30 and
50 nm, regardless of the sintering temperature.1n other words,it

Was found that the crystal growth mechanism of Li3PS4 also
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depends on increases in the number of nanocrysta11ites l'ather
than on increases in nanocrystaⅡite size

180 C

,ロ'

20O C

^

4

,

220 C

Fig.11 Changes in Dark Field lmages due to Heat Treatment of

Li3PS4

50o nm

Again, in the same way as the LGps analysis, the degree of
Crysta11ization was calculated to identify the correlation with
ionic conductivity. Fig.12 Shows the correlation bet、veen the
Sintering temperature, degree of crysta11ization, and ionic

Conductivity. 1n the case of Li3PS斗, the decrease in ionic
Conductivity coincided with the increase in the degree of
Crysta11ization. This is thought to be because the precipitated
Crysta11ine phase is a low ion・conducting phase and reduced

ionic conductivity in Li3PS4 is caused by crystal groW血.1n
Contrast, in the sintering temperature ran旦e between 120 and
dose t0 180 C,ionic conductivity increases slightly regardless of
the formation of crystals from glass. This range cannot be
explained simply in tenns of crystal formation and growth.1n
Other words, a change occurs in the internal particle conduction
mechanism that leads to hioher ionic conductivity. AlthoUσh the
Causes of this phenomenon were infen'ed to be the f0ⅡOwino two
factors, final confirmation was not possible within the limits of
this research.

i) Heating causes the glass st札Ict山'e remaining inside the
Pal'ticles to change, contributing to higher conductivity.

ii) A third phase with high ionic conductivity is formed at the
intaface between the nanocrystaⅡites and glass, contributino
to higher cond11Ctivity.

Particle structural Analysis of sulfide solid Electrolyte

50onm

8.OE・04

240 C

6.OE,04

500口m

120 C

4.OE・04

180 C

2.OE・04

Heattreatmenttemperature ( C)

Fig.12 Corre恰"on between lonic conductiV詮y and Degree of

CryS始川Zation of U3PS4

0.OE+00
0

This article has described the development of the world's first
analyticaltechn010gy capable of visualizing and quantitatively
analyzing particle structures in sulfide solid electrolytes. This
techn010gy was used to identify the cm'relation between
Crysta11ization behavior and chanoes in ionic conductivity of

LGps and Li3PS4. Based on these results, the f0ⅡOwino two
approaches 、vere formulated to increase the ionic conductiV北y of
Sulfide solid electrolytes.
(D when 血e precipitation crysta11ine phase is a high ion・

Conducting phase (such as LGPS), it is effective to increase
the degree of crysta11ization of the particles, that is, to create
a near monocl'ysta11ine state.

(2)圦7hen the precipitation crysta11ine phase is a low ion・

Conducting phase (such as Li3PS4), high ion conductivity may
be achieved by contr011ing the remaining glass stNcture or by
Contr011ing the mixed crystavglass phase state. However
these control mechanisms have yet to be identified and
further enhanced analyticaltechn010gy wi11 be required for
future studies.

TOYOTA Technical Revievv v01.64 Sep.2018

4. conclusions

i) This research succeeded in visualizing the crystavglass
distribution and quantifying the de81'ee of crystalHzation of
Sulfide solid electrolytes by combining TEM d雛k field
imaging and image analysis

) The corl'elation between cl'ysta11ization behavior and

Conductivity of LGps and Li3PS4 Was evaluated and the
f0110、ving three points wel'e identified.

The crystal orowth mechanism of both LGps and Li3Psl is
the same, and depends on incl'eases in the number of
nanocl'ysta11ites.
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In the case of LGPS, conductivity rises in accordance with

increases in the degree of crystaⅡi2ation

In the case ofLi3PS4, althouoh conductivity decreases aS 血e
degree of C↑ysta11ization incNases, conductivity jncreases
immediately before a rapid increase in the deoree of
CI'ysta11ization

Based on [he 血ese results, the f0110wing approaches were

formulated for in仇'easing ionic conductivity

a ) contr010f the degree of crystaⅡization inside the particles
(2) contr010f the glass structure or the mixed glass/crystal phase

State

In addition to ionic conductivity, it should also be possible to
apply the internal sulfide solid electrolyte state observation
techn010gy developed in this research to the analysis of degraded
Solid electrolyte su'uctures, a phenomenon that remains unclear
As a result,血is techn010gy has the potentialto greatly contribute

to advancino the developm引〕t of a11・solid・state batteries

Fina11y, everyone involved in this research would like to
extend their sincere gratitude for the support provided by
Professor Mori and Mr. Tsukasaki of osaka prefect山'e

Univa'sjty in obtainino the results of thiS ↑esearch

H. YAMAMURA
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Iec nica Awa d News

The New Techn010gy Development Foundation: The 49th The lchimura prize in lndustry for

Distinguished Achievement

Research and Development of Thermo・swing vva111nsulation Techn010gy
(TSVVIN)for Engine Heat LOSS Reduction

Naoki Nishikawa*2Akio Ka、vaouchi*1

1.1ntroduction

Automakers are searching for ways to boost the thermal
e仟iciency of intemal combustion engines to help combat global

Fig.1 Shows an example of the heat balance ofWarmlno.

energy 旦enerated from fuelin an engine. A large proportion of
this enel'gy escapes through the wa11S of the combustion
Chambers as cooling loss. To help reduce this loss, many studies
Were carried out in the 1980s into the feasibility of insulating
Combustion chambel's using ceramic materials. However, these
insulation method010gies did not provide a practical solution
because the combustion chamber waⅡ temperat山'e would remain
high at aⅡ times (see the conventionalinsulation line in Fig.2),
resulting in an elevated intake air temperature, which causes
10wer performance and greater emissions.1herefore, a
Completely ne、N concept ca11ed Thermo・swing 、N'a11 1nsulation
(TS、入'1N) was proposed and developed to resolve these issues.

F

" S、vinging") the 、va11temperature in accordance with changes in
the gas temperature during the engine cycle.1t aims to reduce
Cooling loss in the combustion stroke and prevent intake air
heating from the waⅡS during the intake stl'oke (Fig.2).

0

3. Material Development

The insulating coating formed on the combustion chamber
Wa11 Surfaces must have heatinsulating properties and be capable
Of tracking the temperature of the gas inside the cylindel'.1ts
thermophysical properties mustinclude low thermal conductivity
and low volumetric specific heat capadty.1n other words, the
Coating material must contain a large proportion of voids and
have an appropriate thickness. Material development focused on
an anodized coating of an aluminum a110y. xvith this material,
the voids created by cl'ystals within the a110y can be used to
increase the volume of voids compared to a conventional coating
and improve the thel'mophysical properties.1n addition, silica
fiⅡer was added to the coating as reinforcement a冬ainst the high
Stresses generated during engine operation (Fig.3). The
resulting newly developed coating was ca11ed sHica Reinforced
Porous Anodized Aluminum (siRPA)(Fig.4).

Exhausuoss:

3000

Losses

LOW引 ternpera
d1什erence

TSVVIN

CO011ng loss:
26%

Yoshifumi wakisaka*3

2. concept of TSVVIN

TS、入11N reduces the temperature diff引'ence bet、Neen the oas and
the combustion chamber waⅡS by increasing or decreasing (i.e.,

▲

Advanced power駐'ain Function De、e】opment Div_ PO、vertrain company
尋

Inor曾anic Material Engineerina Di、.. A小anced R&D and Engineering company
3 ToyotιI cenn'al R&D Labs..1nc
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Fig.3 SiRPA
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Fig.4 Thermophysical properties of siRPA
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4, Applicauon to Diesel Engine

After forming the developed siRPA coating on the piston
Surfaces of a diesel engine, the sudace tempa'ature of the coating
Was meaS山'ed and its performance evaluated. The surface
temperature of the coating 、vas measured in an optica11y accessible
Single cylinder engine by laser・induced phosphorescence
thermometry, which is capable of non・contact and rapid
temperature measurement. As intended,the maximum temperature
Of the siRPA coating increased to approximately 140K durinσ
Combustion and decreased duling the 血take stroke (Fig.5).

5. conclusion

This techn010gy was adopted for the first time in the world in
the newly developed 2.8-1iter turbocharoed diesel engine
insta11ed in the Land cruiser prado. photo l sho、vs a piston
Coated with this techn010gy

Actual engine evaluations confirmed that siRPA・coated
Pistons reduced cooling loss compared to normal aluminum
Pistons, while increasing brake 、vork and exhaust loss (Fig.6).
These results verified the feasibility of the TSWIN concept under
real・world engine operating conditions and confirmed that
thermal efficiency increased.1t was also confirmed that
emissions cleared the target level with the same engine
Calibration regardless of whether TS、VIN was adopted.

1009、0

＼

80

The authors 、vould like to extend their sincere gratitude for the
invaluable advice and support of the many people involved in
this project.1t is planned to adopt this techn010gy on other
engines, and to achieve further thermal efficiency gains by
improving the insulating properties of the coating and expanding
the area of insulation.

6000

◆

Photo l cut Modelof siRPA"coated piston

313 ^i 319

SiRPA coating

4000

13

2000

Turbocha!ged dlrectlnjection diesel englne
- Englne speed' 1,40o rpm
・ Fuelinjection qU8n枇y:10 rnm3/stroke

Metalwa11S lnsulatlngc0日

Fig.6 Energy Balance W詮h and W吐hout S旧PA coating
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000

TS圦11N has been awarded a numba' of prizes in addition to the
Ichimura prize in lndustry. The uues of award・winnino papers
and the names of the authors are as f0110、VS.

◆ R&DMagazine R&D I0OAwards
A. Kawaouchi, Nishikawa, Yamashita, wakisaka." Toyota
Land cNiser prado."

◆ JSME Medalfor New Techn010gy
A. Kawaguchi, Nishikawa, Yamashita, wakisaka, shimizu.
"A Novel cooling LOSS Reduction Technique for lmproving
En合ine Thermal Efficiency."

◆ The JSAE Techn010gicalDevelopment prize
A. Kawaouchi, Nishikawa, Yamashita, wakisaka, shimizu.

"Development of Engine cooling LOSS Reduction
Techn010gy by Thermo・swing wa111nsulation"(in Japanese).

◆ The JSAE Thesis prize

Y.圦lakisaka, Horie, Kawaouchi, Nishikawa, Yamashita.

"Heat lnsulation by "Temperature swing" in combustion
Chamber wa11S"(second to Fourth Reports).
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TheJSAE Techn010gicalDevelopment prize (67th JSAE Awards)

Development of uthium lon Batteries for Hybrid vehicle with vvorld class Fuel E什iciency

1.1ntroduc"on

As the ranoe of available fuel e行icient techn010oies becomes

increasingly diversified, the development of hybrid vehicles
(HVS) is facing the cha11enge of meeting greater customer
expectations for even higher fuel economy. To meet these
expectations and to further enhance the product appeal of HVS,
Toyota Motor corporation initiated a program to develop
techn010gy capable of reducing the size of battery packs by
improV血g the oU印Ut power of litNum ion batteries (LIBS). This
Program focused on reducing LIB resistance as an e丘ective

means of increasing battery output power by revising the
technical concept, particularly of the cathode active material,
Which is the predominant cause ofresistance.

2. Details of Techn010gy

A cathode active material was newly developed with h0ⅡOW
Structural particles that reduce the resistance of each active

material particle and greatly enhance the oU印Ut power
Performance per unit area of the electrode. Fig,1 Shows the
Concept of this techn010gy, which increases oU中Ut power by
adopting h0110w particles for the cathode active material. The

Cathode active material secondary particles are formed by
aggregating primary particles. The primary particles are
aggregated to form h0ⅡOw areas in the center of the secondary
Particles. The aggregation of primary particles is contr011ed to
Provide t11rough・holes that a110w the electrolyte to penetrate to
the center of the h0ⅡOw space in the secondary particles. This
enlarges the surface area of the active material exposed to the
electrolyte, thereby reducing the internal resistance and
increasing output power. Based on this concept, a process was
developed from synthesis of the cathode active material
Precursor to create a h0110w particle cathode active material.
Fig.2 Compares the oUゆUt power characteristics of the first
generation LIB, which used a conventional cathode active

material, and the second genention LIB, which used the
developed h0ⅡOw particle cathode active material. Table 1 1ists

the speci丘Cations of the developed battery. By adopting the new
Cathode active material, the output power per unit electrode area
Of the second generation LIB increased by 40易. As a result,
these improved output power characteristics helped to reduce the
Size and weight of the second generauon LIB by approximately
20% compared to the first generation LIB

Kouichi sato、1

●一ξ、

HiroM Naoai*2

Yasuhiro Takahashi、2

罰
Fig.1

HiroyukiAMta勺
TakayuM Tanahashr3

Development conceptforlncreasing output power of second
Generation uBs by Adopting H0110w particle cathode Active Material

Reactlon reslstance reduced by lncreasmg
actlve surface alea exposed to electrolyte
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thlnne『 she11
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耳.1 Battery Matel'ial Engineering & Research DiV「 Advanced R&D and

Engineering company

EHV Battel'y Desig口 Div.、 powertrain company

Bartery & Fuel ceⅡ Productlon Enoineerino Div.. powertrain company
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Fig.2
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Comparison of output power per unit Electrode Area of Flrst and
Second Gen引ation uBS

Previous ba廿ery
川rst gener3tion uB)

Table l specifications of Developed Battery (second Generation uB)

Developed ba廿ery
(second generation U引

' previousba廿ery
川rst generation LIB)

Voltage (V)

Capacity (Ah)

Output power(W/kg)

1 1
捻、_^■

Welght (g)

Dimensions (mm)

3. conclusion

A h0ⅡOw particle cathode active material was newly
developed to increase the oUゆUt power of HV LIBS. This
techn010gy enables the development of more compact battedes
by increasing output power, thereby helping to improve the fuel
economy and product appeal ofHVS.

Developed battery
(second generation uB)
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67th JSAE Awards: Techn010gicalDevelopment Award

Development of stampable Thermoplastic carbon Fiber Reinforced plastic
and its Application to stack Frames

1. Background and purpose

The gro、ving importance of reducing vehicle 、veightto comply

With global c02 emissions regulations has dra、vn attention to
Carbon fibel' reinforced plastic (CFRP), which has higher specific
Strength and specific rigidity than steel or aluminum. until no、V,
CFRp for automotive parts mainly consisted of thermoset epoxy
】'esjn and was subject to ca11S for hioher productivity. The
Purpose of this research was to develop a stampable
thermoplastic cFRp material for use in the stack frame of fuel
Ce11 Vehicles (phot01)

2. Mate"al Development

To obtain the flowability necessary to form shapes, the
material was developed as a carbon fiber mat confioured with
randomly disP引'sed non・continuous fibers (phot0 2) and
Suitably loosened carbon fiber bundles. The fiber volume ratio
Was set t0 30 to satisfy both the strength and flo、刃ability
required by the part, and the fiber length was optimized.
Polyamide 610 was used for the resin matrix to inhibit decreases
in su'ength 、vhen water is absorbed at high tempa'atures.

Koichiro Hayashi*1
Kiyoshi Hokazono*3

interference or c011isions) and ensuring vehicle rigidity, the
development also factored in the low fracture strain
(approximately 2%) of cFRp and galvanic corrosion of steel
Components. As a result, the structure shown in Fig.1 Was
Created, in which three laya's of cFRp are bonded t0菖ether to
form a cardboard・1ike panelthat is endosed by a steel frame,
With a11 fastenino points between the fuel ce11 Unit and the
Vehicle body consisting ofsteel members.

Phot01

Kokilkeda*2

Natsuhiko Katahira'叫

3. part Design

External

Appearance of
Part

In addition to fulfi11ino part functions such as holdino and
Protecting the fuel ceⅡS from external forces (e.g., road

M organic Material Engineerina Div., Advanced R&D and Engineering
Company

" Advanced Body Techn010oy Development Div.. Advanced R&D and

En3ineering company
3 CV Body Design Div_ cv company
'4 Advanced production En豊hleenno Div., Advanced R&D and Enoineerlng

Company

Thermoplas"C
CFRP

Phot02 External

Appearance of
Mate"al

Steel

1'18

4. production Enginee"ng Development

Fig.1 Con"guration of Fuel ceⅡ S怡Ck Frame

Taking into account material sn'ength and mass production
Capacity, and specifica11y 血e balance between the length of the
Carbon fibers and stamping time, press molding after preHminary
heatino of the cFRp sheets was selected as the molding method.
Issues such as warpage and voids were resolved during
Prototyping before production began

Steel

5. conclusion

A stampable thermoplastic cFRp material with the potential
for wider application has been developed. This 、vorld・first
application to automotive parts satisfying the P引'fonnance
taroets of the fuel ceⅡ Stack frame 、vas realized after overcomino

a variety of issues. The use of thermoplastic cFRp eliminated
fifteen components and achieved a weioht reduction of
approximately 11 kg compared to a part made only from steel.



The JSAE Thesis prize (67th JSAE Awards)

In・Line Quality Monitoring system using MU川Ple Regression Equation in
Remote Laser vvelding

1.1ntroducuon

Demand for hybrid Yehicles (HVS) is increasing year・by・yeal

as part of measures to address environmentalissues. one of the
key components of a hybrid system is the inverter、 which
Converts dil'ect currenl fron〕 the battery to altemating cul'rent and
Consists of sen〕iconductm's mounted into heat radiating modules

The module tenninals and external bus bar are welded by remote

Iaser welding, W'hich ls capable of jojning these parts at high
Speed. To ensure a channel for 1田'ge currents, the area of these
Welds must exceed a certain value. Therefore, a quaHty

monitoring system that focuses on the l)rocess waYeform during
Welding was developed to ensure that 壮〕e required welding al'ea
is achieved

2. Development of Laser vvelding Monitoring

This welding procedlu'e uses a pulse laser with a wavelength of
1.070 nm. The vJelding arc generated by this laseT Yゾelding
Ptoced1Ⅱ'e is plasma light with a wavelength between 60o and
80o nm, and is obtained usino an optical sensor cil'cuit.＼入'hen

the welding quality is within nolmal pm'ametm'S, the plasma lighl
is strong and 血e voltage auctuates gready. An algorithm was

formulated thatjudges welding quality by estimating the welding
area h'om tl〕e plasma ligl〕t using multゆle regression analysis

First, the factors a仟ectino weldino wa'e identified based on 山e,'こど

eqUゆment and parts used, as weⅡ as h'om human observation. A
dh'ect relationship was then established between welding area
and the plasma light wavelel〕gth by examining various levels of
tl〕ese lact01'S. subsequently. the chaTacteristic points of the
Wavefonn wa'e defined in accordance with welding process
Princjples based on Fig.1 to completely qua川ify the obtained
Waveforn]

Next, the charactel'istic points were converted lnto explanatory
Vanables, an(1 multゆle l'egression analysis was carl'ied oul with
U〕e meaS11red welding area as the target variable. DUTing this
Process、 each data item 11〕at advel'sely affected the sensitivity of
d]e multiple regl'ession equation was sludied. For example.
meta11ic vaP伽' fumes that grea札y distorttlw vJaveleng{h behaYi01
Were exclude 'rom the area judgment, and aju gme川 Window
Was created for the characteristic points. chal'acteristic polnts
綴'eated by tlw effecls of sputterino、 which is defined as abnormal

Sachiko Nakajima*1

Combustion, wel'e also excluded h'om the explanatory variables
As a l'esult, the relationship between the meaS山'ed welding area
and the we】ding a↑ea predicted by quantifying the plasma light
Using the multゆle regression equalion was found to correlate
Closely, with a high multiple C田'relation coefficient of o.89
(Fig.2)

Fina11y,10 verify the quality judgment accuracy, tesl pieces
W引'e fabricated with welding al'eas within and outside the

acceptable standard. The criterion value for we】ding al'ea quality
Was defined as the upP引'1imit of the welding area within a
reliable range as derived using the multゆle regression equation
11 Was confirmed that this system is capable of C田'rectly judging
血e state of botl] d〕e good・quality and sub・standard welding area
test pleces

The monitoring system was then incorporated into the welding
equipment and applied to judge welding area quality, The
Plasma light wavelength is obtained using 山e laS飢' irradialion
Signal as a trigger, al〕d the welding area quality is judged
Simultaneously with 山e welding area calculation.1t is planned
to apply this monitoring techn010gy to othef process points

Masaru ochiai*2 Alsushi Fukunishi*1

亘lecr【'onlc component、 producTion EnE川eel'i"E Dハ'.. poxver11aln company

E/E ArC11itecture DeYelopmenlDIY'. A小 anced R&D nnd En旦incenn旦 Con]pany
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The JSAE Thesis prize (67th JSAE Awards)

Analysis o"nflU印Ce of snow Melting Ag印ts and soilcompon印ts on corrosion of DecoratNe chrome plating

1.1ntroduc"on

Some plastic automotive exterior parts are coated with a
decorative copper・nickel・chromi山n (CU・Ni・cr) plating to create
a metalHc appearance. However, as the global automobile
market grows, vehicle usage is expanding in Russia.1n this
market, chromium plating is affected by a particular type of
Conosion that does not occur elsewhere, despite the presence of
Similar severe corrosive environments. Therefore, a study was
Carried outto identify the causes of this phenomenon that occurs
Specifica11y in this region. This research focused on soil
Components, and discovered 血at fulvic acid contained in the soil
is one cause of this parricular type of conosion.

Yuko Kajiyama*1

2. Details of Research

2.1

Motohide Mori*2

Particular

Corroslon

2.1.1 Mechanism and key points of chromium plating corrosion

Conventional plating corrosion is sacrificial corrosion that occurs at
the bottom Nilayer before the S山'face cr layer. However, the
C0訂'osion that occurs in Russia affects the cr layer first. This research
aimed to identify the causes of 血is particular Russian phenomenon

2.12 Survey of environmental characteristics in Russia

◇

Characteristics of chromium pla"ng
in Russia

and that this compound attached to the S山face of the cr and
Corroded the passivation film (Fig.1).

Masahiro Nakamura*1

This research focused on soil components. soiltypes in
Russia were found to have a11three properties regarded as having
an impact on conosion: organic components, high ion exchange
Properties, and a highly acidic nature. After analyzing a11the
Soil components and investigating each type of acid found in the
Soil,the research focused on conosive organic fulvic acid, which
interacts particulady stl'ongly with metals.

1,000

100

10

This research examined the reasons for the particular conosion
Of decorative chromium plating that only occurs in Russia.
Through ge010gical surveys and other investigations outside the
field of conosion, this research identified interaction between the

fulvic acid in the soil and a sno、v melting agent as the
mechanism causing this CⅨ'rosion.

Tsuyoshi sugimoto*3

22 Estimation of corrosion mechanism

Vvithout passivatlon

Vvith fulvic acid

0.01

Vvithout fulvic acid

22.1 Changes caused by fulvic acid to passNation film

0.001

0.0001
・イ)8 -0.2 0-0.4-0.6

Electric potential
(compared Ⅷth saturated calomel electrode (SCE))

Fig.1 Polarization curve of chromium plating

The electric potential of crNi plating was measured inside and
Outside a sat山'ated solution containing 11 mass% of fulvic acid
(the same concentration as that found in soilin Russia) and

Calcium chloride (a snow melting agent). From the results, it
Was estimated that cr formed a colnpound with the fulvic acid,

222 Elimination of sacrificial corrosion e什ect of Ni by fuNic acid

Fulvic acid was gradua11y added to a saturated calcium
Chloride solution up to a concentration of 20 massq . The natural
electric potential of cr and Ni was then measured under the
different acid concentrations. The research confirmed that the

difference in potential between cr and Ni disappeared at a fulvic
acid concentration of lo mass% or higher (Fig.2).

IW ' Vvith assivation

1 0rganic Material Engineering Div.. Advanced R&D and Engineering company

Inorganic Matel'ial Engineering Div, AdVιlnced R&D and En冬ineerin旦 Company

Material platform Engineering Div.、 Advanced R&D and Engineerino company
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3. conclusion

0

-100
■ Cr

◇ Ni

-200

-300

-100

10 15 2050

Fulvic acid concentration (mass゜0)

Fig.2 Changes in cr/Ni Electric potent怡l due to Fulvic Acid concentration
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For these two reasons, it was presumed that fulvic acid is the
Cause of the particular conosion occuning in Russia.
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Best poster paper presentation Award at 2016 Annual congress of

Society of Automotive Engineers ofJapan,1nc.

Development of Highly Durable Fuel ce11 Stack for New FCVS

1.1ntroduction

For its ne、~, mass・PI'oduction fuel ce11 Vehicles (FCVS), Toyota
Motor c01'poration took on the cha11enge of developing a fuel
Ce11(FC) stack with the f0110、ving characteristics, based on the

approach of simplifying the Fc system to reduce size and cost:
a) the world's first capability to generate power without a
humidification system and (2) a substantia11y lo、ver amount of
Precious metals by reducing the platinum (pt) in the
electrocatalyst by two・thirds and eliminating the gold (A山
Plating sLⅡ'face treatment of the separator.

This Fc stack has a 、vorld・class power density of 3.1 k、vn_,,
and can be insta11ed under the seats of a sedan・type FCV (Fig.
1). This article focuses on the measures adopted for (1)
humidifier・free operation and (2) reducing the amount of pt
While ensuring the durability and maintaining the power of the
Fc stack

Michito Norimoto、村

Reductlon of materials

FC S始Cks

・ compect and
high pedormance

electrolyte membrane,(2) increase the amount of hydrogen
Circulation, and (3) flow the hydrogen and air in counter
directions (opposing aows). These measures enhanced the self・
humidification function of the stack and l'educed the

Concenu'ation of radicals at the air inlet,、vhich is strongly

Susceptible to drying, withouu'elying on an extemal humidifier
Or othel' humidification system. Fig.2 Sho、vs the po、ver
genel'ation P引formance and resistance distribution with and
Withoutthese countermeasures

Hideki Kubo*1

Elimination of humidi"er

・ operatlon by self・humldification
Usin99enerated water

370 ce11S

.

High・pressure
hydrogen tanks
・1mproved hydrogen
Storage capaclty

・ Fewertanks

(reduced from fourto two)

2. Maintenance of power Level with
Humidifier・Free power Generation

Before countermeasures

Seiji Mizuno*1

Reduction of number of pads

Fc boost converter(FDC)
・ Newly developed lo reduce
number of Fc slack ce11S

and enable use of existing
Components from hybrld
Vehlcles

One issue with a humidifier・free system is the concentration of
hydroxyl(OH) radicals formed during power genel'ation in the
Ce11S of the stack. These radicals cause sulfonic acid to be

released from the elecu'odes and adversely affect po、ver
generation pelformance. The f0ⅡOwing countenneasures 、vere
adopted to ad由'ess this issue:(D reduce the thickness of the

・ curre"1 dislribulion

(at high load)

Fig.1 New Fc system

Power 9eneratlon
Js weak

After countermeasures

(Ncm
Large

Fuel ceⅡ S>S(em Engineel'ing & DeYelopment Di、.. PO、、ertrain compan)

me"

Power generatlon ls more unlform

Power

generation is
Concen訂ated

(non・unlform)

・ Reslslance

dlstrlbutlon
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CeⅡ Current Distribution and ResiS怡nceFig.2
Distribution after poW引 Generation Durability Test

註、=. LOW 遷

At l kHZ

^^^^

3. Maintenance of power Level with Reduced

Pt Amount

Resistance is high

(mΩ・ cm才)
H19h Φ

Power is reduced by the dissolution of pt particles,、vhich
Occurs due to potentia1 ΠUctuations and at high potentials when
the Fc system is started up, stopped, and dul'ing dnving.圦lhen
dissolution occurs, catalytic activity de仇'eases as the pt particle
Size in釧'eases,、uhich increases the oxy8en diffusion re istance
and causes po、ver to drop. Although dependent on how the FCV
is used, this accounts for appl'oximately 70% of poW引'1'eduction
in an FCV, and is the main cause of powel' deterioration

During a powel' generation dul'ability test,10、vering the pt
Content of the catalyst increased the oxygen diffusion resistance
and led to furtha' decreases in po、ver.1n response, a solid cal'bon
Catalyst support was adopted that maintains the pt catalyst close
to the carbon surface layel'. This confiouration helps the pt
Catalyst to contl'ibute m01'e stl'ongly to powel' genel'ation (Fig.3)
and achieves approximately the same powel' drop charactel'istics
With one・third the amount of pt

C
m

仂

m

Hydrogen mlet

Fuel ce11

Coolant(FCC)
inlet

Increase in reS15tance
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Pt catelystthat contributes
Iess to power generation

(1) H0110w carbon suppod (previous)

50 nm

a n
SU

(2) S01!d ca巾on support(new)

4. conclusion

The Fc stack countermeasures described above, and the

adoption of an operation method that lowers the upper voltage
Iimit while driving to avoid high potential states, helped to
reduce the power drop in a system bench durability test by two-
thirds compared to the previous model, thereby ensuring
Sufficient durability for mass production.

Fig 3 State of Electrocatalyst support

Pt

50 nm
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Best poster paper presentation Award at 2016 Annual congress of society of Automotive Engineers ofJapan,1nc.
Study of Enhancing the Ride Down E什ectin side lmpacts

1 1ntroducuon

、vhen a side impact occurs, the vehicle has little space in
Which to absorb the impact energy. unlike in hontalimpacts,
the ride down e仟ect, which helps mitioate injuries by
transfening some of the kinetic energy of the occupants to the
Vehicle, has yet to be utilized in side impacts. HO、vever, the
Utilization of this effect is becomino more feasible as hioh・

Strenoth vehicle bodies and faster sensino techn010gies are
adopted. As pre・C011ision sensors are becoming more
Widespread, this study provisiona11y calculated the ride do、vn
e仟ect when pre・C011ision sensors are adopted for side impacts, as
We11 as the injury・mitioation benefit of the ride do、ル,n effect in
real・、vorld traffic accidents

2. Details of Techn010gy

2.1 Application of pre・C0Ⅱision sensors to side impacts

Masato Kunisada*1

An effective means of mitigating injury by enhancing the ride
down e丘ect in a side impact is to constrain the vehicle occupants
Continuously and securely from a point in time before the
C011ision occurs. This study proposed a system consisting of
multiple occupanu'estraint devices, induding a device activated
by pre・C011ision signals (Fig.1).

extemal force applied to the occupant was red11Ced by 17% and
the ride down e仟ect waS 32%(Fig.2). Furthermore, an
equivalent occupant protection performance 、vas obtained even
When 血e impactspeed wasincreased by 20%.

Hiroyuki Nagura*2
Takashi Haseoawa*4

Impact unavoidable

(1) A1巾約 only

@

(2) syS也m aC11Vated
by pre・C0ⅢSion

Osamu Fukawatase*3

Hitoshi Kondo*1

Time

Fig.1 Side lmpact W詮h operation of pre・C0Ⅱision system

Pre・C011ision

Sensor

Impact =の

Sensors

22 Ride down e什ect

Impact

Slde a1巾ag

A spring・mass model、vas used to simulate this occupant
resu'aint system, which combines a device activated by pre・
C0Ⅱision signals that operates continuously fl'om befm'e to
immediately aft引' the c0Ⅱision, and a side airbag that is activated
by the impact of the c011ision. Accordino to this model, the

Device activated by
Pre・C011ision slgnals

DisplacernentTime

Fig.2 1mpact of pre・C0Ⅱision system on simulated wavelengths

3. ES"mation o"川Ury M櫛ga"on E什ect

Slde alrbag combmed lnpul

Impact(S=0

The number of severe or fatalinjuries was calculated usino a
Probability curve based on logistic regression analysis of side
impact accident data. This calculation found that the maxim山η
n山ηber of severe or fatalinjuries was o.7 When the vehicle was
equipped with a system activated by pre・C011ision sensors,
Compared with l with only a side airbag.1n other words, this
System has the potentialto help reduce the number of severe or
fatalinjuries caused by side impact accidents by a maximum of
approximately 30%(Fig.3)

Side ai巾ag

Vehicle En旦i11eering De、elopment Di、_ A小nnced R&D and En旦lneel'1ng colnpan)
Nls vehicle EⅦIU;11ion & EngineeⅡΠg Di、., Mld・size vehicle comPι111)

A小'anced B0山 Techn010g} De、elopmenl Di、, Ad、11nced R&D and EnEiηeering compa11

AdYanced saftt) performance Engineering Dn , A小anced R&D 肌d 夏n旦ineering comP肌
4

Exlemalforce

Rlde down e什ect

'32゜0 (are8) 1

Tolerance
Value

TOYOTA Technical Revievv v01.64 Sep.2018

Tolerance
Value

20 40 5030

△V (km/h)

Fig.3 Esumation oflnjury Mitigation E竹ect

4. conclusion

4000

e什ect:-30゜0

: system activated :
Iby pre・C011ision :
:sensors:0.フ

Maximum potential

100

This study f飢md that pre・C011ision sensors have the potential
to help further mitigate injuries caused by side impacts.1n
antiCゆation of the 、vider adoption of side radars in automated
dl'ivino systems, the results of this study should help to
encourage the wider adoption and popularization of pre・C011ision
Safety systems.

、^
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2016JSMEMedalforNewTechn010gy

Vehicle Frame Development using Laser screw vvelding with
Circular scanning Method

Koushi Kumaoai*3Shuhei ogura叔Norimasa Koreishi*1 Junichiro Makino*・

1.1ntroducuon

Spot welding accounts for most ofthe joints in a body in white
(BIW), which forms the foundation of vehicle performance.
However, the shunt cunent limits the number of spot welding

joints that can be applied, which makes it difficult to fU11y utilize
the strenσth and rioidity of the frame members. Therefore,1aser
Screw 、velding (LSXV) was developed as an alternative joining
techn010oy to spot welding. This is a joining techn010gy that
Overcomes the major laser welding issue of sheet gap tolerance,
and is capable of increasin8 the number of joints and 、velding
application range while also improving productivity

New

3. conclusion

Lsxv is the world's firstlaser welding techn010oy to overcome
the issue of sheet gap tolerance and be applied to mass
Production, successfU11y satisfying requirements related to both
Productivity and performance. Toyota Motor corporation
intends to expand the number of models using Lsw and to
actively fultha' enhance vehicle performance.

2. outline of Techn010gy

2.1 Development oflaser welding process

The LS圦I process a110ws metaⅡic zinc vapor to escape by
Scannin8 the laser in a circle and carefU11y agitating the molten
Steelthrough the correct welding conditions. This process
achieves stable weld quality regardless of the presence of a sheet
gap (Fig.1). LS圦l a110ws laser welding to be applied widely
throuohout the Blw and makes a more positive contribution to
Vehicle performance than conventiona11aser welding.

22 Development of 引Vv using LSW

22.1 1nnova"on of Blvv structure

03 and o.8 Seconds per weld. Replacing spot welding with LSXV
Can shorten the welding process by 40%(Fig.3).

S

Unlike conventional spot weldin合, LS訊I can create
Concentrated joints with a shod pitch between welds. Adoptin8
this approach in areas of the BI、v that absorb high force in a
C011ision helps to enhance passive safety.
In conventional spot weldin8, the weld has to be placed

between the electrodes of the welding gun. Therefore, some
10cations of the Blw cannot be joined by this method.1n
Contrast, as shown in Fig.2, LS、入I can be applied to areas of the
B1圦I with closed cross・sections. This enables the design of
Continuous stNct山es in the Blw without any loss ofproductivity.

2221nnovation of welding process by high・speed joining

LS、v is a faster process than spot welding, requiring between

Large sheet gap

External appearance o! weld

Minghuang cheng*3

Image of cross・sectlonImage of cross・section

Fig.1 Compa"son of weld Quality W詫h Different sheet Gaps

No sheet gap

External appearance of weld

" AdⅦnced B0山 Techn010gy De、elopme爪 Di、.. A小anced R&D 肌d Engineering company

MS Body Assembly Engineering Div., Mid・size vehicle company
A小anced cAE D八, A小肌Ced R&D and Eng川eering compan)
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Fig.2 Example of Areas of BIW Adopting LSVV

色

Previous

P

Fig.3 Compa"son of New and previous welding processes
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2016 JSME Medalfor outstanding paper

Ve""cation of Micro pi廿ing Formation Mechanism conside"ng Fric"onal
Force at Gear Tooth Mesh surface of power Transmission Gears

1.1ntroduction

1.1 1Ssues of micro pi廿ing design

Important development requirements for automotive
transmissions include reducing 、刃eight and increasing
transmission efficiency. However, decreasing the size of the
gears to reduce weightincreases the contact pressure on the gear
face. Additiona11y, reducino lubrica爪 Viscosity t0 10wer
Iubricant churning loss results in thinner oil films, creating
Severe lubricating conditions. These conditions have the
Potentialto generate micro pitting. Micro pitting consists of
C011ections of extremely sma11 Cracks that appear as a clouded
負nish on gear faces. This phenomenon may generate abrasion
that worsens gear noise.

Various parameters have been proposed for application to
micro pittin8 design, including the lubricating conditi0那 and
aash temperature of the oear face. However, these parameta'S
are difficult to adopt in actual design method010gies due to
Undear physical evidence and a lack of verification with respect
to limit values for individual gear specifications.

12 Approach to resolve issues of micro pitting design

Clear sliding marks and extremely sma11 Cracks can be observed
On gear faces affected by micro pitting. since these phenomena are
thoughtto be caused by flictionalforce bet、veen conねCt S山faces,it
Was necessary to measure the frictional forces occulTing on a gear
face to identify the factors directly a仟ecting micro pitting. TO
Vedfy the accuracy of this approach, micro pitting was generated
Under laboratory conditions. The distribution of this micro pittino
Was then colnpared with the theoretical distribudon of frictional
force generated on the gear face.

The distribution of frictional force on the oear face was

Calculated usinσ the method devised by Kubo and umesa、va.
The value calculated using Matsumoto's formulae was adopted
for the friction coefficient.

Yuko Yasue*1

Yasushi Hayashida*2

22 Compa"son of micro pi廿ing and fric"onalforce
distribution

Fig.1 Sho、vs a photograph of micro pitting on a gear face and
an example of the comparison with the results of the frictional
force distribution calculation

The area of micro pitting highlighted by the orange lines on the
Photograph matches the area of frictional force shown by the
black lines in the frictional force calculation results. This

Confinns that micro pitting occurS 血 areas of high frictional
force.1t was also confirmed thatthe minimum frictional force in

the areas in 、vhich micro pitting occurred on other gears was
Virtua11y the same, thereby verifying the existence of a frictional
force value that results in 加Cro pitting.

Seiji Hiroshima*2
Susumu Matsumoto*3

2, verification of Micro pi廿ing Formation
Mechanism

2.1 Test method and calculation of gearface frictional
force

Five test specimens 、vere prepared respectively of t、vo types of
gears and micro pitting 、vas fonned on each spechηen.

Driven'ain・EHV De、ion Di、. NO.2. PO、vel'tl'ain c01れPany

Drivetrain・EHV Design Di、. NO.3. powel'11'aln comPιlny
、Naseda uni、 erRit>

TOYOTA Technical Revievv v01.64 Sep.2018

Fig.1 Gear Face with Micro pitting and F"ctjonal Force calculatio

Results

3 mm

3. conclusions

,^1

■■■■■■
■備置壷潤■
■騰血"謝■
■■習翌劉亜

Experimental verification results confirmed the hypothesis that
micro pitting occurs in areas of high frictional force, and
identified a limit value for that force. These results demonstrated

that the frictional force oenerated on a gear face can be applied to
design method010gies for micro pitting without causing physical
Inconslstencles

-12-840 4 8

Tooth width (mm)

Frictionalforce (N)
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2016 Energy conservation Grand prize (Nlinister prize ofEconolmc, Trade and lndustry)
Ofthe Energy conservation center, Japan

Hybrid Techn010gies forthe New p"US

1.1ntroduc"on

As the standard bearer fⅨ' enviromれenta11y friendly and hybrid
Vehides (HVS), advanced performance and unsurpassed fuel
economy are indispensable attributes of the prius. These
requirements are satisfied primarily through hybrid system
techn010gies.

A sma11er,1ighter, and more e丘icient next・generation hybrid
System (Fig.1) was developed for the fourth generation prius.
This article introduces the component parts ofthis system.

Mitsumasa Fukumura*1

Engine
＼

Shunsuke Fushiki*1

Takaji Kikuchi*3

POW引 Control unit

Transaxle (with built・in motor)

Fig.1 Hybrld system ofthe Fourth Generation prius

2. Details of Hyb"d Techn010gies

Volume by approximately 33% due to the development of new
Power semiconduct01's and the optimization of the coolino
Structure and high・voltage system wirin合 Struct山'e.
High・voltage battery: the size of the battery was reduced by lo%
by refining the contact materials and case struct山'e, as we11 as by
expanding its charge/discharge performance.
Electronic four・wheel drive (4圦ID) system: a more fuel e仟icient
4圦『D system was achieved by adoptino an induction motor and
greatly reducing the drag loss that is a characteristic feat山'e of
4WD systems

Control system: various refinements were incorporated to
maximize the performance of each component, such as
expanding the vehicle speed range in which the engine can be
Stopped, and optimizing the voltage boosting contr01. These
Control refinements conh'ibuted one・quarter of the gains in
Vehicle fuel economy.

Michitaka Tsuchida*1

Takanori K山naoai*4

Enoine: a maximum thermal efficiency of 40% was achieved by
improving combustion with a redesigned intake port shape and
improved exhaust gas recirculation rate, and by adopting low・
friction items in each component part

Transaxle: the lenoth of the transaxle 、vas sh011ened by 47 mm

and the mechanica110ss reduced by approximately 20 by
adopting a dual-axis structure for the motor and generator and a
ParaⅡel axis layout for the motm' speed reduction device.
Motor: copper loss was reduced by adopting a segment coil
Winding structure for the stator and optimizing the coil W加ding.
Additiona11y,10ss and weight were decreased by 20%
respectively by developing magnetic steel sheets and a core
Struct山'e that reduced iron loss and high・frequency loss.
Power control unit:10ss was reduced by approximately 20% and

倉4
号含

゛

High・voltage ba廿ery

Keiji Takizawa*2
Koichiro Muta*5

3. conclusions

PO、vertrain product p】anning Div- powertrain company
Driveれ'ain・EHV Desion Div. NO.1. PO、vertrain company

EHV Electricity converter Desion Div., PO、¥ertrain company

Toyota Motor Engineering & Manufacturing (china) CO- Ltd
Electric po、venrain system Development Div- NO.1. powertrain company

The fourth generation prius achieved impressive
environmental performance, as typified by its fuel economy of
40.8 km征.' underthe Japanese JC08 test cycle.

126

応rst genera百on
(1997)

Second generetlon
(2003)

Japanese lo・15
tesl cycle

28.o km/L

296kmル
(JC08 test cycle)

ni『d ge"erelion
(2009)

Fig.2 Genera"ona11mprovements in Fuel Economy ofthe p"US

The development of a fuel・efficient electroniC 4晒ID system
also helped to expand the appeal of environmenta11y friendly
Vehicles to new markets.

32.6kmル
(JC08 test cyde)

Fourth geneTation
(2015)

40.8kmん
(JC08 test cycle)
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2016 PresidentialAward for patented lnventions

Seat structure Having a side lmpact Air Bag Apparatus

1. Background ofthe lnvention

Val'ious countenneasul'es have been taken to better protect

Vehicle occupants against impacts occurring at the side of the
Vel〕icle (referred to below as simply "side in叩acts")

As one example、 a su'ucture in which a side impact alr bag
apparatus is incorporated lnto the side of a front seat of a vehicle

has been developed ln recent years. However, in this

Conventional struct山'e, when a relatively easy・to・SU'etch material
Such as knit Ⅸ' the like is used for the s{U'face layer of the seat
back、山e S山'face layer gready stretches outW御dly in the
U'ansverse direction of the seat in the initial stage of ajr bag
deployment. As a resU11,the sewn portion to be broken, which is

fonned by a sewino {hread, becol×1es hard {o break
Consequently, the speed of air bag deployment slows down a1司

the deploylnent shape becomes unstable

色

2. overvievv ofthe lnvention

Fig.1 is a perspective view that shows the SⅡ'ucture of a seat
With the side ilnpact ai↑ bag apparatus described by this
Inventlon

Fig.2 is a horizontal cross・sectional view showing a side
P0↑tion of the seat su'uct山'e. A sewn p0↑tion, which is formed by
Sewing togetha' the 介ont terminal p0↑tion of the seat back side
SⅢ'face layer and the outel' terminal portion of the h'ont side
Surface layer、 is positiolwd in 山e viciniw d'the h'ont side of 11〕e
front edge of the air bag case lid.＼入'hen the air bag deploys、血e
Sewn portion is bloken by the Hd

In addition, a cotton doth is provided at 山e inner side of the
Seat back side S1Ⅱ'face layer as a h鈿d・to・stretch fabric. The front

tenninal of d〕is cotton doth is sewn onto the sewn portion, and
the real' tenninal is connected to tl〕e fixing member on tl〕e seat
Slde

Xvhen the inaator of the ai↑ baσ apparatus is activated by a side
impact,the aiT bag is inflated by 小e How of gas injected from the
inflator. The air bag case lid is then pushed and opened in the
direction indicated by arrow A in Fig.2. when this occurs. the
Stress that pushes and opens d]e air bag case lid is concenu'ated at

Ihe sewn portion through the cotton cloth. Therefore. the sewn
Portion is instantaneously broken as jndicated by the two・dot
dlain line in Fig.2 and the air bag deploys ilnnwdiately

Japanese patent NO.3345279

Hisaaki Kato.:.1

1

Mitsuyoshi ohno*2
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Seat back

Air bag apparatus

Seat back side surface layer

Vehlcle fn窒ⅡWenng DeYelopmenl DIY_ AdYanced R&D and Englneel'iΠ旦
Company

A小 anced Body Techn010oy DeYelopment DIY.、 AdYanced R&D and
En旦川eer】nE company

TOYOTA Technical Revievv v01,64 Sep.2018

Fig.1 Seat structure

ー"^

Front side surface layer

Sevvn portion

.＼

Cotton cloth

Fig.2 Horizontal cross・sectional view of side portion

Air bag

Inflator

Fixing mernber

3. E什ects ofthe lnvention

This invention a110ws the side impact air bag to deploy
Promptly and smoothly
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2016 PresidentialAward for patented lnventions

Master cylinder Device and Hydraulic Brake system using the same
Japanese patent NO.5626414

1. Background ofthe lnvention

As shown in Fig.1, some conventjonal master cylindel
devices include a pressure receiving piston, which is moved
forW釦d by the pressure of brake auid introduced into an input
Chamber f↑om a high presS山'e s01Ⅱ'ce, and an input piston, which
is fi{ted in a rearward openino bHnd hole of the pressure
receivino piston and which is moved forW田d by brake operation
In this type of conventional device, an inter・piston chamber is
formed between the bottom portion of the blind hole and the
front end face of the input piston, which enables the pressU↑e
receiving piston and the jnput piston to move independently from
each other. However, in 山is master cylinder device, when the

PlesS山'e recejvjng pjston js moved by the hjgh-PI'esS山'e brake
auid, a seal between the pistons oenerates frictional force. This
generates a force that causes the input piston to move, which has
an adverse effect on brake ope↑ation feeling

Pressure recelvlng piston

左7 フヲヂ毛/ラ夛ヲノ"多男

五ι'多三ぞZZ互之タ//

nuid to be supplied to the brake device,(2) an input chamber
10cated between the rear end of 山e main body portion and the
Partition portion, into which the brake fluid h'om the hioh

PtesS山'e s0山'ce is intl'oduced, and B) an opposing chamber
10cated around the main body, which opposes the input chamber
and has the aanoe interposed between it and the input chamber
Ihe master cylinder device described by 血is invention

includes an inter・piston chamber between the input piston and
PresS1Ⅱ'e receiving piston, which faces both pistons. since 小is
device is plovided with seals between the input piston and
housing, the input piston and the plessure receiving piston are
thelefore not fitted to each other with any seal

Input charnber

Fig.1 Conventional Master cylinder Device

2. overvievv ofthe lnvention

Seal

Inter・piston charnber

Fig.2 Shows a hy山'aulic brake system inC111ding the masler
Cylinder device described by this invention

The housino of the master cylinder device includes a partition
Poluon, which separates the interior of 山e housing into a h'ont
Side chamber and a rear side chamber, and has an openino that
Passes through it. The pressU↑e receiving pjston jncludes a
打anoe formed atthe rear end. The main body of the pressure
↑eceiving piston is fitted in the housing with seals at the aange

and at a portion in front of the aange, and the pressule receiving

Piston is also fitted in the partition portion of 血e housino with a
Seal. Through this configuration, the presS1Ⅱ'e receiving portion

Consists of:(1) a pressurizing chamba' 10cated in front of the
main body portion of the presS山'e receiving piston for the brake

ノ"
一

Hlroshilsono*】

^.゛^

Input plslon

Presswe 悶Ceiving piston

Front slde

Chamber
、『f-゛、

Seal
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Pressurlzing
Chamber
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Master cy11nder devlce

Inter・plston charnber
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Rear side charηber

Brake system
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3. E什ects ofthe lnvention

Seal

Input chamber

In the master cylinder device described by lhis invention, the

input piston is not fitted to the presS山'e receiving piston by any
Seal. Therefore, no force generated by the fTiction of a sealis
applied to the input piston, even when the plesS山'e receiving
Piston is moved by 血e brake auid in 血e inP川 Chalnbel'. As a
result, this invention enables exce11ent bl'ake opelation feelino
because drag is not applied to eitha' the input pjston m'the brake
Pedal by the movement ofthe presS山'e leceiving piston

Fig.2 Hydraulic Brake system
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Thank you fm' reading the 70y01α 7edlnicalReview.1tis my pleaS山'e to plesent volume 64, which is the

234th edition ofthe rのWla lechπicalReview since its publjcation beoan.

Constanuy keeping in mind that a better approach exists, and to further promote tl〕e cTeation of ever・

better cars and the trainin菖 and nultuling of personnel, Toyota introduced the business unit system in 2013

and established in・house companies in 2016, the↑eby implementino a major adjustment of the development

framework from one centered on functions to one focused on products

The special feat山'e of this edition introduces the powertrain techn010gies of the Toy0仏 New Global

Architect山'e (TNGA) developed by the powertrain company, which led the transjtion into the ne、刃

development framework.1 hope that these articles wiⅡ fUⅡy convey the tioht c011aboration between the

engineering and production divisions during development

I would like to express my sinca'e gratitude to the authⅨ's for their extensive cooperation in the publication

Of this edition of the Tの,ota rιChniα11Review

Last year was a milestone markino the 150th anniva'sary of the birth of sakichi Toyoda, founder of the

Toyota group.1n retracing his footsteps,1 realized that, having resolved to dedicate himself to helping

Society throuoh his invel]tions, sakichi f0110wed through on his conviction that a product should never be

Sold unless it has been carefUⅡy manufact1Ⅱ'ed and fUⅡy tested in commercialtrials. He spent 30 some years

P田fecting Toyota's non・stop automatic shuttle change loom (the Type G automatic loom), which offered the

best performance in the world atthe time

As one of dw inheritors of sakichi's leoacy,1 feel a renewed responsibjlity to play a part in inviσolatino

real・world reseal'ch and development throuoh the introduction of new techn010oies.1 hope that you wi11
Continue to Nad these a↑ticles with interest
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The summer Triangle asterism and Milky vvay rising above the shirabiso highlands

in Nagano prefecture
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