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Cover design:
As the automotive industry stands on the verge of a once・in・a・century period of profound change, the theme

Ofthis cover is Toyota's transformatlon from a car・making company into a mobility company, as represented

by the Japanese character"革"(pronounced "kaku"), which means "to rebuild" or"renew" and is used in the
Japanese wordS 変革(henkaku: change and improvement) and 革棄斤(kakushin:innovation). The character
is emphasized using a red c010r m0Ⅲ to symbolize Toyota's strong resolve to implementthis transformation.
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From a car・Making company
into a MobiⅡty company
The Electrification Techn010gies

Supporting Toyota'S Transformation

島

^

弓Z/.統P払ン
Shigeki Terashi,
Executive vice president

Throughout our history, we have dedicated ourselves to contributing t0 10cal communities and becoming the

most admired company in town through vehicle manufacturing. NOW, we are faced with the urgent task of

broadening our focus away from our home towns and countries to encompass our entire home planet. SO, when

We reg雛d the whole planet as our home across aⅡ national boundaries,、Ⅳe have to answer the questions of what

Toyota and the automotive 血dustry can do to contribute on this massive scale

The automotive industry has entered a once・in・a・century period of profound transformation. AS Toyota

transforms itself from a car・making company into a mobility company, its role is also chan即ng.1n addition to

Work血g to resolve socialissues, such as those related to the environment and traf負C congestion, we are facing the

ChaⅡenge of workino hand・in・hand with everyone m'ound us to build an even more inte11igent and productive

mobility society

The keyword at the root of this transformation is cASE, an acronym that stands for "connected, autonomous,

Shared/service, electric." progress in these four techn010gical fields is gena'ating immense changes in product

Iineups and business models.

Toyota is also a worldwide partner of the olympic and paralympic Games.いi7e have established three key

themes ahead of the Tokyo summer games in 2020: a) mobility for a11,(2) sustainability, centering on the

realization of a hydrogen・based society,圦ノith the environment and safety as core prindples, and (3) transportation

Support for staff, media, and athletes between venues based on the Toyota production system (TPS).圦le wantto

Use the Games as an opportunity to propose the way ahead for our future mobility sodety,induding the evolution

OfcASE techn010gies
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Frorn a car・Making company into a MobiⅢy company ・ The Electrification Techn010gies supporting Toyota'S Transformation ・

The developlnent of innovative electrification techn010gies (i.e., the "E" of cASE) is the foundation for pr0町'ess
in a11 these fields

In 1997, Toyota launched the prius hybrid vehicle (HV) as the car of the 21St centLlry. Twenty yeω's have

Passed since then, and the fourth σeneration of the prius is currendy on the road aⅡ around the world. Toyota also

Iaunched the world's first mass・production fuel ceⅡ Vehicle (FCV) in 2014.＼入1"e wiⅡ Start the fuH、scale r0110ut of

electric vehicles (EVS) in 2020 and have set various cha11enoil〕o taroets for the future. For example, by 2030, we

Wantto raise our rate of electrification to above 50%, achieve a lo% EV庄Cv model mix, and boost annualsales

Of electrified vehides to at least 5.5 mi11ion units. To encourage the widespread use of electrified vehicles, which

are an essential part of measures to reduce c02 emissions, it wiⅡ be ilnportant to satisfy a wide ranoe of

reqUⅡ、elnents created by the energy situation and policies of counn'ies and regions around the world, as weⅡ as

Customer preferences

Cun'endy, commercial Evs have a battery capacity approximately 50 tjmes greater than HVS. To achieve our

Objective of annual electrified vehicle sales of 5.5 mi11ion units, we wi11 need to establish a fm' 1nore extensive

battery supply network. W"e must work with our partner companies to further accela'ate the pace of this process

＼入le must also think of what to do with this massive amount of batteries once their service life has expired.＼入le

are working on solutions encompassing reuse by other industries, in addition to reuse within the automotive

industry

Another issue of lnass batta'y production is the question of resource risks.＼入le need to reduce the use of scarce

resources ln ne、v techn010gies and work t010wer costs

IntelHgent, information, and connected techn0100'ies, such as advanced safety and autonomous drivin0 磁'e

becoming intertwined with the electrification of vehicles. As these u'ends prompt Toyota to redefine its concept of

transportation to encompass the boundless possibilities oflnobility, we are proposing and providino new value as a

Inobility company beyond the boundaries of traditional car making. For example, the use of electrified vehides to

Supply large amounts of power and various related services in the right locations after a natural disaster

demonstrates the possibilities of mobiljty as a lnemba' of society in a diffa'ent way than before. our ooalis to

Propose the wide・reaching possibilities of mobility to a11 those that need it, and to help realize an ever・better

mobility society, with the whole world as our home

TOYOTA Technical Revievv v01.65 Dec.2019 3



The Ba廿ery Techn010gies ofthe Future

Fuel ce11S and storage Ba廿e"es

1.1ntroduction

Electfified vehicles are attracting attention around the world in
reaction to growing concerns about air p011Ution from emissions,
global warming due to c02, and the depletion of fossil fuels
However, despite a long history of practical adoption, electrified
Vehicle development has proceeded in fits and starts.
In 1769, Nicolas・Joseph cugnot, a captain 血 the French
Army, manufactured a wooden three・wheeled steam-powered
Cart that is recognized as the world's first self・prope11ed
automobile. cugnot chose steam as the first automotive power
Source and created a powertrain that used pressure hom a boiler
to operate a piston and dlive the front wheel.
Subsequendy, various attempts wete made 血 the first half of
the 19th cen加ry to develop electric vehicles. However, these
efforts did not have any practical results. Fina11y, in 1873, the
British 血Ventor Robert Davidson is said to have manufactured

the world's first electric vehicle (EV). subsequently, in 1886,

German engineer Karl Benz was granted a patent for a three-
Wheeled gasoline・powered vehicle, which is now recognized as
the world's first practical automobile. The first four・wheeled
σasoline・powered automobile appeared in 1893
In this period of the 180OS, steam・powered vehicles were as
Competitive as EVS, and no one was S山'e which powertrain was
most suitable for automobiles. The Ford Model T, a compact

and robust gasoline・powered vehicle manufactured under the
Ieadership of American industrialist Henry FⅨ'd, debuted 血 this
environmentin 1908. By 1915, more than 1 血Ⅱion Model TS
had been sold, gain血菖 it a dom血ant position in the market. Fig,
I shows an exalnple of a Model T in use during 山is period. The
advent of 血e Ford Model T ushered in the age of gasoline・

Powered vehicles, and steam-powered vehicles and Evs were
gradua11y pushed out of the market.
In the 190OS, although gasoline・powered vehides developed 血
Ieaps and bounds, this progress was accompanied by issues such
as air p011Ution, global warming, and fossilfuel depletion. These
issues came to be studied around the world.
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S血Ce its foundation, Toyota Motor corporation has
recognized the importance of energy sources that do notl'ely on
fossil fuels. This sense of urgency has been passed down to

Succeed加g generations.1n 1925, sakicM Toyoda donated pnze
money to the lmperja11nstitute of lnvention to be awmded for
Storaoe battery invention.1n 1935, the same lnstitute held a
Contest for secondary battery invention based on the ldeal
Battery MiⅡion Yen contest proposed by sakichi. subsequently,
the lmperia1 1nstitute of lnvention estabHshed a dedicated
Iaboratory to pursue research into storage batteries
In 1939, f0ⅡOwing in the footsteps of saMchi, Kiichiro Toyoda
Set up a storage battery research laboratory in shibaura,10kyo.
This step inaU8Urated studies into batteries for EVS, and
encouraoed future research and development efforts. Realizing
that the continued popularization of gasoline・powered vehicles
Would lead to a future of worsening enviromnentalissues, the
Toyota group continued its research into battery・powered
Vehicles. As a result, Toyota launched the TownAce Ev in 1993
and 小e RAV4 Ev in 1996.

In 1997, Toyota launched the prius hybrid vehicle (HV)、1ifting
the curtain on the hybrid era. since then, the prius has become
the 010bal pioneer for environmenta11y friendly vehicles, with a
growing number of models f0ⅡOwing its example. This was
f0ⅡOwed up by the launch ofthe Mirai fuel ceⅡ Vehicle (FCV)in
2014.

Then, in 2017, Toyota announced that it was taking up the
Cha11enge of popularizing electrified vehicles. Fig.2 Shows a
Projected scenario for the future growth of electrified vehicles.
By 2030, Toyota is aim血g to increase the prop01'tion of
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Fig.1 Ford Model T carrying Hay (1921)①

村 R&D and Enσineerino Manaoement DIV.、 Advanced R&D and Enoineermo

Company

4

^

.

.
,
,



electrified vehicles hl jts total sales to at least 50屍'.1t also wants

to raise the proportion of Ev and Fcv sales to at least lo(殆. TO
achieve these ta↑gets, the development of c01'e elec{rilied vehicle
techn010gies, namely the motor、 battel'y, and power control unit
(PCU) is of cl'iticalimportance. This article focuses on batteries
and provides a broad overview of fuel ce11 and st01'aoe battery
developmen(.e)、(斗〕

Conventional

engine・powered
Vehicles

The Battery Techn010gies ofthe Future - Fuel ce11S and storage Batteries

1990

997
m

Fig.2 Projected sceηario for Future popularization of Electr藷ied
Vehicles
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FCV

2. Relationship between Electrified vehicles,
Fuel ce11S, and storage Batte"es

Fig.3 depicts a definition of vehicles based on customer
requirements. with the dl'iving distance on the horizontal axis and

Vehicle size on the vertical axis' To encourage the widespread

Use of electrified vehicles, it wiⅡ be important to satisfy a wide
range of requirements created by the energy situation and
Policies of counu'ies and regions around the world, as weⅡ as
Customer preferences. For this reason, Toyota is developing a
Strono lineup of electl'ified vehicles, includino EVS、 HVS. FCVS.
and plug・in hybrid vehicles (PHVS). Fig.4 Compal'es the
Characteristics of each type of electrified vehicle. By developing
both storage batteries and fuel ce11S, Toyota is aimino to broaden
the bounds of mobility and increase customel' choice
Ihe characteristics and future direction of each type of battel、y
are described belo、N,, starting from section 3
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4. Fuel ceⅡ Development lnitiatives

Fuel ceⅡ reseal'ch has a long history and began in Europe in

the 19th century. Fuel ce11techn010gy was eventua11y practica11y

adopted by the us space program in the 1960S, and incorporated
into both the Gemini 5 and AP0110 spaceshゆ Prog】'ams
Growing momentum for the development of fuel ce11S for
ground・based applications led Ba11al'd power systems lnc. to
invent the polymer electl'olyte fuel ceⅡ(PEFC), which uses a
打Uorinated ion exchange l'esin as an electrolyte membrane、 in
1987.

The developme川 of Fcvs as weⅡ as fuel ceⅡ and contr01
System techn010gies for mobility is now adYancing around the
World.

Currendy,小e Japanese Ministry of Economy, Trade and

Industry (METD is promoting the development of techn010gies
to encourage 山e adoption of hydrogen ena'gy, with the aim of
realizing a hy由'ogen・based society. For this purpose、 it has
forn]ulated a Basic Hydrogen stTategy to create a more strategic
and d'fective appl'oach (Fig.5).圦lith the objective of achieving
a dl'amatic expansion in hydTogen use, tal'gets have been set f01
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3. vvhat is a Fuel ce11?

A fuel ce11 0enerates electricity from the chemical reaction
between hydrogen and oxygen. This chemicalreaction can be

expl'essed as f0Ⅱ0、VS.

Fig.4 Comparison of Electrified vehicles

、層、

Hrgh・preS5υre
bydtogen tank5

2H.+ 0 → 2H,0 + 4e

J/^、

・EV,

Advantage
EVS

Since water is the only by・product of 山is reaction. fuel ce11S
genel'ate no co? emissions
AdditionaⅡy, since hydrooen can be pr0山Iced h'om a wide
range of primary energy s0山'ces, supplies can be secul'ed without
the concem of fossil fuel depletion
As a l'esult, C0山ltries around the world have beoun to adopt

hydrogen energy as a promising envirom11entaⅡy friendly energy

Source with a stable supply.

PHV
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Fig.3 Rela"onship between Driving Distance and vehicle size
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the popularization of stationary fuel ce11S (for homes, businesses,
and industry), FCVS, and means of mobility.
Toyota also has a long history of Fcv development.1n 1996,
it developed the FCEV・1, which was equipped with a fuel ce11
and hydrogen・absorbing a110y tanks.1n December 2002, Toyota
took 伽e first step toward the practical adoption of Fcvs by
Offering the Toy0仏 FCHv for sale 血 Japan and the us. on a
Iimited lease basis. This vehicle was equipped with the Toy0仏

Fossilfue1●ased hydrogen

やy簡ωUdhydr^1,胎虹1隠lgasm何加尿冷)

Fc stack, a fuel ce11 developed in・house by Toyota.1n 2005,
Toyota was the first automaker to obtain vehicle type
Certification for an FCV. subsequently, Toyota launched the
入仙ai FCV 血 2014 as an ideal environmenta11y friendly vehicle
The Mirai runs using motors powered by electricity generated
t11rough chemicalreactions between hydrogen stored in on・board
tanks and oxygen in the air. Fig.6 i11Ustrates how an FCV
Operates. The fuel ce11System is at the heart of every FCV, and
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Toyota is developing d〕is system in・house, induding the FC
Stack and high・pressure hydrogen lanks. At its launch, the FC
Stack in the Mil'ai achieved wodd・1eadino paformance.1tis also
Compact enouoh to be insta11ed under the vehicle's seats.1n
addition, with the objectives of stimulating hy山'ogen demand

and encouraging the establishment of the necessary
infrastructure, Toyota is also working to apply fuel ce11
techn010gy h'om populal' passenger vehicle models to
Commercial vehicles. sonw examples are as f0ⅡOWS
In 2017, Toyota inⅡ'oduced two Fc forkHfts, which were
developed by Toyota lndustries corporation, to tl〕e Motomachi
Plant, f0110、ved by twenty more in 2018. A dedicated hydrogen
refueling station was also established inside the plant
In 2017、 Toyota conducted field tests of heavy・duty Fc trucks

in califomia and beoan studying the feasibility of introducino a
new heavy・duty Fc truck in 2018.1t also la山Iched dw sora FC
bus in {he Tokyo Metfop0Ⅱtan al'ea in the same year
In september 2018, to facilitate initiatives el〕couraoino the
Widespread utilization of hydrogen (such as the establishn〕e川 of
hydrogen refuelino stations, introduction of Fcvs and Fc buses
for localtransportation, the adoption of Fc techn010gy for
railroad vehicles, and so on), Toyota and the East Japan Railway
Company signed a basic agreement for a comprehensive business
Paltnership centered on a hydrogen・based mobility partnershゆ
between failways and autolnobiles
Although the marketplace f0↑ Fcvs is growing steadily,issLles
Standing jn tl]e way of the h111・scale popularization of this
techn010σy include reducing the cost of Fcvs and establishino
the necessary hydrogen refueling stations

The Battery Techn010gies ofthe Future - Fuel ce11S and storage Batteries

Japan. This is the wodd's first such pannership and it
encompasses inh'astructure business operatm'S, automotive

Companies, financialinslituti0那 and the like. The objedive of
血is type of nationwide mitiative is to accelel'ate FCV

Popularization and the self・reliance of hy山'ogen refueling
Stations,、vhile also helping to realjze a hy山'ogen・based society
in Japan

Toyota intends to continue working toward achieving the fUⅡ・
Scale acceptance of Fcvs in the market by addressing the issues
Of Fcvs and hy山'ogen refueling stations, and creating a virtuous
CⅡ'cle

5. Fuel ceⅡ Populariza"on

Ihis section describes various initiatives related to reducing

Costs and establisl〕ing hydrogel〕 refueling stations to help achieve
fUⅡ・scale popularization ofFCVS

Cost reduction was a major issue for acl〕ieving widespread
acceptance of HVS, and Toyota has played a leading globalrole
in reducing the size,、veight, and cost of hybrid systems. FCVS
Combine techn010gies re}ated to both fuel ce11S and HVS. Toyota
is accelerating its efforts to reduce the cost of Fcvs by both
10wering the costs of dedicated Fc parts and by adopting HV
techn010gies in FCVS
Key elements fm'increasing the nun〕ber of hydrogen refueling
Stations include forming and f0ⅡOwing a strategic approach to

Station establishment, facilitatjng efficient station management,

and so on.1n Februa↑y 2018, a partnership including Toyota set
Up a new company ca11ed Japan H2 Mobility, LLC (JHyM) to
Promote the establishment of hydrogen refueling statjons across

6. vvhat is a storage Ba廿ery?

Batteries can be separated into two broad categories: primary
baltefies that al'e used and discarded, and secondary batteries that

Can be repeatedly recharged and reused、 st01'age batteries faⅡ
into the second category.1n 1800, Alessandro volta developed
the voltaic pile、 This, the world's first true battery, has been
Continua11y improved and has evolved into the convenient form
Of the portable rechargeable dry battery. Typical examples of
Storage batteries than can be charged and disch磁'ged include the
nickel・cadmium battery, nickel・metal hydride battery, and
Iithium・ion battery

The nickel・cadmium batta'y was developed as early aS 1899
and evolved ↑apidly h'om the 1970S. These batteries are mass・
Produced today in large numbers as power sources for colnpact
Cordless consumer P↑oducts such as electric razors. However

Compared with more modem nickel・metal hydride or lithium・ion
batteries, nickel・cadmium batteries have dl'awbacks such as hioh

Weigl]t pel' unit of capacity、
The eneroy density of nickel-1netal hydride batteries is l.5
times hioher than nickel・cadmium. Froln the 1990S, these

battefies started to replace nickel・cadmium in high・capaC北y
appHca60ns
Lithi山n ion batteries were commercialized in 1991 fm' use in

mobile telephones. These batteries are now widely used as
Powel' sources for mobile telephones and computers
Furthermore, various e仟orts are being made to increase the

enel'gy del〕sity and inpuvoU印Ut denS北y properties of these
batteries. Recent developments have seen the adoption of larσe-
Scale hlgh・capacity lithium・ion batteries as stationary po、N'er
Sources and in EVS. These trends are tl〕e result of prooress in

Colnpact battery techn010gy developlnent, which has enabled the
P捻Ctical adoption of large・scale batteries, and has been greatly
Stimulated by rising social consciousness of envil"onmental and
eneroy lssues.(6)、ao)
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フ. storage Battery Developmenunitiatives

Research and development into storage batteries has naturaⅡy
focused on batte↑y materials and stnlctures. Atthe same time,
further progress has been achieved 血to developing evaluation
methods and control systems for electrified vehicle storaoe
batteries. currently, storage batteries are being developed with
Particular P引'formance attributes f飢' specific applications.
This section focuses on storaoe batteries for HVS, PHVS, and

EVS. Nthouoh the future performance requirements of storage
batteries wi11 differ depending on the application, the future
Popularization of electrified vehicles depends on developino
10wer cost batteries with oreater oU印Ut. For Ev batteries in
Particular, increasing battery capacity to extend cruising range is
a key ongoing issue.

フ.1 Storage ba廿e"es for HVS

The 2015 Prius lineup includes models with two different
battery wpes: nickel・metal hydride and lithium・ion. compared
With the previous generation, the charging perfom〕ance of the
nickel・metal hydride battery was enhanced thr0110h the adoption
Of a newly developed electrode material and a new battery case

In contrast, models equipped with the lithium・ionStructure

battery indude a ne圦,1y developed electrode materialthatlowers
Celh'esistance and gready boosts oU中Ut performance.
Lithium・ion battel'ies have a higher energy density (i.e., the

amount of energy that can be stored per unit of weight or
Capacity) than nickel・metal hydl'ide batteries, which feature
Particularly stable performance a110w temperaれlres
Toy0仏 has adopted b0山 battery types reaecting customer
requirements and regional characteristics.

8. Future Direction of storage Ba廿ery
Development

Toyota recognizes the need for innovative battery development
to achieve wider acceptance of electrified vehicles.1t is
Currently researching and developing various types of next・
generation storage batteries with higher outputs and capacities,
includino a11・solid・state batteries, metal・air batteries, sodium・ion

batteries, and maonesium batteries. A11・solid・state batteries are

CⅢ'rently considered to be dosest to the 】evel of practical
application for adoption in mass・production vehicles. Toyota is
Continuing to work on ↑esearch and development of these
batteries,including production engineering.
Genera11y,1ithium・ion battelies use a transition metal oxide
Containing lithi山n as the cathode active material, a carbon

material as the anode active material, and a liquid electrolyte
O f l'11i ld l d' 0 1こど0

In contrast, a11・solid・state batteries replace this liquid
electrolyte with a solid electrolyte (Fig.フ). since solid
electrolytes contain a higher amount of lithium than liquid
electrolytes and can u"ansport a larger amount of lithium in the
Same time, it should be feasible to reduce battery size. The
development of sma11er battel'ies may enable more batteries to be
insta11ed in a given space, thereby increasing the total battery
Capacity ofthe EV.

72 Storage ba廿e"es for pHVS

To realize smooth and poW伽'ful drivino in Ev mode,the prius
PHv is equipped with compact,1ightweight, and high・capacity
Iithium・ion batteries

The second・oeneration prius pHV, which was launched 血 the

U.S. in 2016 as the prius prime, was awarded the 2017 World

Green car of the Year aS 山e most environmental】y friendly new
modelto debut between the autumn of 2015 and the autumn of

2016

73 Storage batteries for EVS

Evs require batteries with even greater capacity than pHVS.
In addition to ful'th引' 1ithium・ion battery development to boost
Performance, Evs wiⅡ also require the development of next・
generation batteries

Liquid・based battery

,,,,'邑悪゛勲'一長゛寄'.

・ーー,,・ 1-"_.。,_',一翻嘩、^●詣・募
Negatlve s011d posltlv

8

9. conclusion

electrode eleC1円tyto

Fig.70U"ine of aⅡ・solid・state ba杜e"es

The development of fuel ce11S and storaoe batteries, which al'e
fundamentaltechn010σies for the diversification of mobility, is of
山e utmostimportance. The popularization of eleCれ'ified vehicles
Cannot proceed without progress in these fields
In contrast, this goal cannot be achieved by progress in the
fields of fuel ceⅡS and storaoe batteries alone. other key items
血Clude the establishment of infrastructure and the development
Of control systems capable of maximizing the pa'formance of
fuel ce11S and storaoe batteries insta11ed in vehides

As global electrified vehicle development becomes
increasingly active, Toyota intends to make every e仟ort in ils
Own development initiatives and to work closely with its gl'OUP
Companies, suppliers, business partners, and research instituti()ns
to promote the further popularization of electl'ified vehicles
around the world

electrode
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AⅡ・solid・state Ba廿e"es with Thick

Electrode configurations

' 1 '

Abstract

This article describes the preparation ofthick electrode aⅡ・solid・state lithium・ion ce11S in vvhich a large geometric
CapaC託y of 15.7 mAh cm"2 Vvas achieved at room temperature using a 600 μm・thick cathode layer. The e什ect of
ionic conductivity on the discharge performance vvas then examined using tvvo di什erent materials for the solid
electrolyte. Furthermore,importantmorph010gica"nformation regardingthetortuosityfactorvvaselectrochemica11y
extracted from the capaC託y・current data. The e什ect of tortuosity on ceⅡ Performance vvas also quantitatively
discussed.

Keyvvords: a//・soh'd・state battery, thick e/ectrode, ion transfer, t0πUosity

1 '

1. Background

^

Increasino the thickness of an electrode is an attractive option
for imploving the energy densities of batte↑ies, as jt minimizes
the relative volume of inactive components, such as the cun'ent
C0Ⅱector and separator.a)、(5) However, this creates chal]enges in
terms of po、ver characteristics due to the ion or electlon u'ansfer
Iimitations of thick electrodes. To date, the poW磁' capabilities of
Iithium・ion batteries containing thick electrodes have been
improved by the incorporation of three・dimensiona] SU'uctured
Substrates, such as aligned carbon, metal foil, and pofous

Carbon.(2)、(ヰ) However, in the hiσh C山'rent density reoion, the
rate capabilities of thick electrode systems Nmain limited by ion
diffusion in the liq山d electrolyte.(4×5) 1ndeed, tl]e low number of

Iithium ions transfen'ed (1L,+<0.4) results in a concentration
gradient of lithium ions across the system dU↑ing charge/
dischaloe.(6X刀dischalge.

As such, a11・solid・state batteries can be considered an

alta'native option for thick electrode systems because the numbel
Of li山ium ions transfelred in inorganic solid electrolytes is
a11nost unity、 1n addition, some solid elecu'olytes exhibit higher

Yuki Kato*1

ShiⅡya shiotani*2
Keisuke Morita*1

0

jonic conductivity than liq山d electrolytes, a110wino the
Production of hi01〕・powa' aⅡ・solid・state batteries with hioha' 1ate

Capabilities than liquid electrolyte・based lithium・ion batteries.⑧
AlthoUσh aⅡ・solid・state battefies with thick electrode

Configurations have been reported,(8×9) a quantitative analysis of
ion transfer, includin8 the effects of ionic conductivity and
mmph010gy, has yetto be ca1丁ied out. This article describes the

details of a11・SOHd・state batteries with hioher S山face capacities
than previously reported systems.(8×10)、(12) 1t also details a
Systematic investigation of the effects of ionic cond11Ctivity and
electrode morph010gy on the discharge performances of such
Systems

Advanced Material Enoineerino Div, Advanced R&D and Enoineel'ino

Company

Battely Material Enoineel'ino & Rcscarch DiY., powerⅡ"ain company
ノ「
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Solid

electrolyte

Table l Details of Adopted solid Electrolytes

SEI

SE2

SE3

Li伯GeP2S12

75Li2S・25P2S5

30Lil-70(0.75Li2S・025P2S5)

Cornposltion

10nic

Conductivity
(κ/ms cmーリ

3.2

028

1.2

青
自

B
島



(a)

ー.^'225

'嘩鴨,'託吐"、山、門山,_^タ'^,'.、゛^盆 SE3止il・Li.S・P.S,g1鄭^^,'、^^、、、、、、、、-i、、、.3.、、!、t、、、、、

御小,,獣。
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Cur『ent c011ector

^

Cathode

LICO0 (LINbo coaled)

Solid electrolyte
SEI. LI Gep s

SE2: U S'p s glass

ゞ＼、§＼隱漣、、＼、§、、慧、＼ミ演、浸^＼^

A"・solid・state BatterieS Ⅷth Thick Electrode configurations

(b)

ιC

4.5

40 16128

Capacjty (C/mAh cm )

Fig.1 (a) schematic Representation of Expe"mental setup,(b) charge/Discharge capab"ity of Thick Electrode configuration,(の Cycling
Performance of L60o configuration

ι5

~ 100 μm

4.0

Current c011ector

(LI0の

3.5

ιa

3.0

2.5

(L30の

Calhode: SEI
/=0.5 mA cm

(ce11 Configuratlon)

2.0

(C)

0

Matehal

UCO02(LiNb03Coateの

Acetylene black

S011d electrolyte

Grephite

4.5

Table 2 Powder Mixtures Employed for preparation of cathode and Anode Layers

Mass fraction in electrode (wt゜0) Volurne fraction in electrode (V01゜0)

4

(L600)

4.0

8

Capacity (C/mAh cm

3.5

Density
ψノg cm-3)

3.0

2. ResU吐S and Discussion

Fig.1 Sho、vs a schematic Npresentation of the adopted ceⅡ,
and Table 1 1ists the details of the pl'epal'ed solid electrolytes
that exhibit di仟erent ionic conductivities.(13) U5) LiNb01・coated
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2.5

12

5.05

2.0

Cathode: SEI

L600

i=0.5 mA cm

2.00

Cathode

Iayer

4.3

16

2.00

2.27

4.0

61

10th lst
4^

3.フ
15.0

3

Anode

Iayer

36

153 15.6

Cathode

Iayer

54

46

38.1

Lico02 and graphite W引'e selected for the cathode and the
anode, respectively. As indicated in TableS 2 and 3. sevel'al
types of aⅡ・solid・state batteries 、vere pl'epared by systematica11y
Changing the electl'ode layer thickness. The sepal'at01'1ayer (LS)
thickness was setto a constant value of lo0 μm.
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Configuration

L75

Lオ 00

L125

■50

L200

L250

L300

L600

Table 3 Properties of prepared cathode and Anode Layers

Anode layerCathode layer

Thickness

(ι。/vm)

~75

~100

LC010ading
(財LC。/mg cm-2)

~125

~150

14.5

~200

(a)

19.3

~250

4.1

24.オ

~300

~600

Thlckness

(ιyμm)

28.9

4.0

38.6

~66

48.2

~88

~109

Graphlte loading
(uymg cm、.)

57.フ

1 '15,4

3.8

~131

゛ノ

.゛

,y
_ームー,

ブ

6.4

3.フ

~174

,

/

(C)

0

8.6

~219

J゛

」' 1

'

ノーー

10.フ

12.8

Capacity
(amAh cm・2)

30 60 90

Capacity (C加Ah gにdり

~262

ノ

4.5

~524

4.0

17.1

2.00

2.64

3.30

3'96

529

6.60

フ.93

157

(b)

21.4

25.6

4.5

120

3.0

51.3

4.0

2.5

0

L600

Cathode: SEI

WmA cm、み

0.5

△ V(△ C)・ソV C・,

Fig.2 Charge/Discharge curves of AⅡ・solid・state ce11S:(a) charge/Discharge capabⅡity of Thick Electrode configura"on (Discharge Behavior

Was lnvestigated by varying (b) current Density,(C) Electrode Thickness, and (d) the lonic conductivity ofthe cathode Layer
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Fig.1(b) shows u]e charge・discharge curves obtained at o.5
mA cm・2 Usino sEl aS 山e soHd electrolyte.1t is apparentthat
the theoretical capacity 、vas successfU11y cycled at this current
densiw even fm' the L60o thick e}ectrode configuntion (ac"Ye
material mass per electrode area Lico02=H5.4 mg cm、2).1n
addition, in the constant current rnode、 t11e charge capacity

Nached in excess of 95% of the theorelical capacity and the
discharge capacity reached 93%, thereby indicating the potential
Of this system. Fig.1(C) shows the cycling test of the L600
Config山'ation at o.5 mA cm、2. Good cydability (greater than
99% of capacity after lo cycles with a charge/discharge
efficiency of aP御'oximately loo%) was exhibited under these
Conditions, thereby indicatino tha{ the change in volume v、1as

accommodated over a minimum of lo cycles

Fig.2(a) shows the variation in the ch雛'ge・discharge
Characteristics of the L60o and L30o configurations at o'5

mA cm、2 relative to the specific capaciw of Lico02. Evolution
Of the overpotential was also observed when the electrode
thickness was increased, thereby indicating ena'gy loss due to
ion tfansf圃'in tl)e eleclrolyte. Althouoh a plateau in the potential
Was observed for the L30o configuration, which corresponds to
the stage structure of graphite、 a smootheT slope was observed
for the L60o config1Ⅱ'ation, with 血e differential constant
(△Vノ△C) at arolmd 3.8 V being a good indication of this (see the
rig11t・hand panel of Fig.2(a)).1ndeed, this difference between
the two configulations reaects the particle distributi01]s at
different states of cha↑oe across the electrodes due to tl〕e requlred

Overpotential for mass transfer
Fig.2(b) sholNs the discharge curves of the L60o ceⅡ PreP釦'ed
Using sEl at different discharge cur↑ent densities (i). Below i=6
mA cm、2,血e ce11 exhibited almost d〕eoretical capacity, while a
discharoe capacity of 13.9 mAh cm、2, which iS 88% of the
theofetical capacity.、vas obtained at i=6 mA cm、2.1n addition,
tl〕e relatively straight discharge C山'ves observed wheTe i>6
mA cm・2 indicate that the reaction of this ce11is limited by an
Ohmic potenlial drop in the electrolyte layer, which can be said to
have Teached the ohmic limit. This phenomenon js seen when
the effect of ion transfer iS 町'eata'than the d辻fusion in the active

materials in te↑ms of celh'eactions. The operation of a Licooy
graphite system at current densities greaterthan 50 mA cm、- with
a thin electfode layer 6.e., a thickness of 25 μm)(8)加dicates that
the active material particles can respond rapidly at these current
densities.1ndeed, in tl〕e case of a 壮lick electrode system, this is

feasible, as the current density per particle decreases as the
thickness increases、 As such, the reaction of ba{{eries that haYe
reached the ohmic limit can be und引'stood usino the reaction

Zone model proposed by Newman et al.US) since the effective

electron conductivity (σ。rf c=0.3 S cm、1,σCtf a=0.7 S cn]、1) was
Signincantly lal'ger than tl〕e ionic conductivity of a solid
elecu'olyte (κ), the potentia1 山'op is considered to orig血ate
Inainly from ion transf伽'1n this system. The Yoltage profile of
the haH-ceⅡ at the ohmic limit can thelefore be eX皿'essed as

indicated in Equation l

AN・solid・state Ba廿erleS Ⅷth Thick Electrode configurations

X¥here,

b40pen citcuit potential of the actlve material in the
Charqed state

、"゛

R。: high frequency resistance
q: capacity density of the composite electrode

κψ: e仟ective ionic conductivity of the composite
electrode

t: ulne

13

11WⅨ'poration of the volume frac{ion of lhe eleCⅡ'olyte ε and

山e tortuosity factor T gives the e仟ective conductivity of the
Con〕posite electrode as f0Ⅱ0、NS

ε

As both Equations l and 2 incm'porate the morph010gical
Parameter of the toTtuosity factor, this parameter can be
esun〕ated by analyzing the discharge culves. Atthe ohmic limit,
the slope of the discharoe C山'ves indudes direct infonれation
regarding the morph010gy of the a11・solid・state ce11. Equation l
Can therefore be modified to oive a fU11 CeⅡ model, and upon
Considering the direction of current, the voltage behavior of the
fU11 CeⅡ atthe ohmic limit can be expressed as Equation 3

τ

a)

χ

P=υρ
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=U-R

ノー

ι
U゜-R I

、vhere,

a ・(ー・ー)ーq'K'呪, q"武',i,

.

(2)

0

C: values conesponding to the cathode
a: values conesponding t0 血e anode

Theルfore, Equation 3 indicates that the slope of tl〕e discharoe
Curve is proportionalto the square of the applied current density.
The slope of the discharge C山've shown in Fig" 2(b) corresponds
With the ratios of tl]e squared 以Ⅱ'rents (i.e., slopes =・0.52,・2.07,
and ・6.22 au=6,12, and 20 mA cm、2, respectively).1n addition,
血e insert of Fig.2(b) slwws the relationship between the slope
Of the disch砥'ae curYe and the sqU雛ed current,indica{ing thatthe
Ce11S are atthe ohmic limit. Furthennore, the slope shown in the

inset of Fig.2(b) Cω1でSponds with tl〕e value of

qx qx,q'取ノ"ヅル

'『「

M飢'eover, Fig.2(C) shows the discharge curves at i=12
mA cm、2 for different electrode thicknesses (i.e「 LI00, L200,

and L600).1n the case of the thinnest electrode configuration

(LI00)、 more than 80% of t11e capacity was discharged,
indicating tl〕at at this C1Ⅱ'1'ent denslty, the active materials can be

(3)

for the sEl system
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almost fU11y (de・)1ithiated. This shows that the diffusion in the
active material unda' this current is sufficiendy fast and can
respond to the applied current.1n other 、vords, the battery
Performance may be considered to be limited by lithium transfer
Within the electrolyte. Therefore, as shown in Expression 3, the
Slopes of the discharge curve are not dependent on the electrode
thickness and are approximately constant. Furthermore,
Consistent with the reaction zone model, the slopes of the
discharoe curves are independent of the electrode thickness, but
are strongly depende川 on the ionic conductivity of the
electrolyte. This can be clearly observed 、vhen cathode layers
With different conductivities are used (Fig.2(d)).

2

L600

L300

L200

L75

Table 41ists the values of the various constants.1nformation

regarding the electrode morph010gy was then extracted from

Fig.3. At a cunent ofi く<(U/- U。e p。゛t。ff) R.,the capacity
is inversely proportionalto the current density, and it is favorable
to use a sma11 Cunent density in addition to a thick electrode to
minimize the effect of diffusion in the electrode particles.

Therefore, the value of + Can

q'武CO・_d q。KCO・_。

for each electrolyte system by fitting with the experimental data
(Fig.3),、vhere the deviation observed adarge current densities
is caused by the effect of diffusion in the electrode particles.

^^^^^^^^

0

^^^

-1

、、、、、4^ Data: SEI

SEIFlt Ⅷth eq4

、

・・・・→コ、・・・ Data sE2

^FitⅧtheq4 SE2

Og ( mA cm )

Fig.3 CapaC託y・Rate plots for AⅡ・solid・state ce11S for Electrodes

L75 to L60o at Applied current Range of o.1t010o mA cm・2

、

、

The rate capability tests were then merged in the cun'ent・
Capacity plot shown in Fig.3. Although the theoretical capacity
based on 血e electrode thickness can be discharoed at a low

Cunent density,it was found thatthe dischargeable capacity 、vas
both thickness・independent and current・dependent, forming a
Straight line with a slope of ・1 at large cunent densities.1ndeed,
this is typical behavior of an ohmic・1imited electrode
System.(18)(19)

Using 血e cut・0丘 Voltage vcut。仟,the capacity atthe ohmic limit
Condition is defined as f0110WS.

0

Table 4 CeⅡ Parameters for prepared AⅡ・solid.state Batteries

q/c cm 3

q'/c cm 3

U O/V (VS LVLi-)

U O/V (VS LVLi.)

V/V

R ΩCm'

'・."ーイ・「、・「ト0-0,・"ー・.。0

Obtained values f0門on Transf引 in Electrode LayersTable 5

、vhere,

td: time at which the ceⅡ Voltage reaches vcut。仟
j: SEI U=D or sE2 U=2)

efr c l

953

1298

en Cユ

κ。fl・ヨ/ms cm l

1丁IS C】11

111S C111 1

14

4.1

Considering that the cathode layer morph010oies are

Comparable for sEl and sE2 (i.e., Ta=τ'2), the effective

Conductivities KCが・_d,κ《が_'2, and KCが・_。 can be determined and the
tortuosity factor T can be estimated, as indicated in Table 5.1t
Should be noted that, although estimation of the tortuosity tends
to be cha11enging due to the complex battery reactionS 仏king
Place (2の、(22) a simplified electrochemical treatment of the a11、
Solid・state ce11S due to the absence of a concentration gradient
a110ws this value to be determined relatively easily. The
Obtained eHective ion conductivity and tortuosity are as shown in
Table 5.

Voids and cracks were observed in the solid electrolyte reoions
Of both the cathode and the anode, which also intedere with ion

transfer and increase the tortuosity factor. such interference is a
fundamental characteristic of a11-solid・state batteries, and its

e丘ect on tortuosity should be analyzed carefU11y. Furthermore,
an improved understanding and contr01 0f crack evolution is
desirable when considering the application of such systems,
thereby indicating the importance of electrode processing and
Pressure control during operation.
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The effect d'the tortuosity factor 01' the ionic conductivity on
the P引'formance of aⅡ・solid・state ce11S can be quantitatively
discussed using Equation 4. Tortuosity has an ilnpact on battery
Pel'f01'mance. F01' example, a doubling of the capacity can be
achieved usino sEl ati=20 mA cm、2 for a homogeneously mixed

System、 again indicating the importance of electrode processing
More specificaⅡy, battery P引'formance can be significantly
improved by alterjng the adopted mixture conditions and by
Suppressing void fonnation in the electl'ode through sintering or
hot presslng, althoush the ocCιⅡ'rence of undesired side-reactions
must be considered during such processes. considerino the cycle

Iife, pressure control would also be required to suppl'ess crack
and void formation during operation
Conductivity also has a significa川 inauence on battery
P引'formance、 with an incNase in conductivity at the anode
enhancing battery pafonnance.1n theory, the fU11 Capacity of
壮]e L60o configuration (15.8 mAh cm、2) can be discharged at 30
mA cm、ユ With an electrolyle of lo ms cm、1. Although some
matel'ials eX11ibiting values greata' than lo ms cm、1 have been
rep01'ted,〔8× 13) tl〕ese materlals den〕onstrate exceptional
Conductivities at densified conditions achieved either by
Sintering or hot 皿'essing, tl]ereby suggesting that materials with
hioh conductivity in the compressed state are desirable for thick
electrode aⅡ一solid・state battery systems

A11・solid・state Ba廿erieS Ⅷth Thick Electrode configurations
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Analysis of structural phase Transi"on

Of storage Ba廿ery carbon Negative

Electrodes using synchrotron Radiation
and Neutrons

AわStract

This study used synchrotron radiation and neutron diffraction to carry out operando structural analysis of carbon
(graphite) negative electrodes of storage ba廿eries during the charge/discharge process. LOW・temperature
Operando measurement using synchrotron radiation di什raction and neutron di什raction vvas enabled by the
development of a new single・ceⅡ measurementtool capable oftemperature contr01. vvhen dQ/dv analysis vvas
Performed in accordance with the diffraction pa廿ern,託 Vvas found that, at low・temperature, high・rate discharge,
Structural phase transition of the graphite (i.e,, stage structure changes) is inhibited and that transition in multiple
Phases is facilitated. As a result,it 、Nas inferred that this structural transition a什ects ba廿ery low・temperature
Performance and high-rate discharge performance" 1n addition, X・ray di什raction (the fundamental parameter
meth0の Vvas used to analyze the crysta1Ⅱte size distribution and quantify the carbon structure,thereby identifying
the relationship vvith ba廿ery performance. Furthermore, analysis of the e什ects on phase transition due to the
CrystaⅡinity of graphite during charge and discharge found thatthe multi・phasetransition phenomena differed due
to the crysta1Ⅱnity of the graphite, This analysis also identified the graphite crysta川nity and structural phase
transition during charge and discharge, as weⅡ as the relationship betvveen these parameters and battery
Performance.

Keyvvords: synchrotron radiaガ0n diffraC力'on, neutron diffraCガ0n, X・raydiffraCガ0n, fundamenta/parametermethod graphite,
CO,sta/ガte S泛e

.

1.1ntroduction

Shigeharu lakagi*1

A number of issues related to storage batteries must be

resolved to encourage the widespread adoption of electric
Vehicles (EVS). These indude furtha'increasing capacity, as
WeⅡ as enhancing both lo、V-temperat山'e and high rate charge・
discharge characteristics. understanding the lithi山n (Li)
intercalation and de-intercalation mechanism at dle carbon

negative electrode of the storage battely is a critical step toward
improving these battery performance attributes. To accomplish
this objective、 it is importa川 to examine sh'uctural phase
transition states using oP飢'ando analysis during ch磁'ge-
discharge. since d〕e sh'uctural phase transitions that occur due to
temperature change must be analyzed. temperat山'e-contr011ing

tools tl]at can be utilized with synchrotron radiation diffraction
and neutlon difhaction measurement methodo}ooies are under

development.1n addition, since lecent research has found that

杜〕e type of cal'bon 11Sed fm、 the storage battery negative electrode
Causes diffel'ences ln battel'y pa'forlnance, researchers are also
W01'king to quantify the physical ploperties of stm'age battery

Maに1'ial Englneering DiY' NO.2. AdYalwed R&D nnd Enσincering company
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Carbon negative electrodes. Analysis is focusing on carbon
CI'ystaⅡinity as a physical property of carbon that affects battery
Performance h'om the standpoint of Li diffusivity
This article describes the development of new tools capable of
10W・temperature contr01 (from ・10 t0 50゜C), which enabled

Operando structural analysis with syncl〕rotron radiation
diff↑action and neutron difh'action.aH. This research tl]en

applied these developments to identifylng how the f0110、刃ing
factors affected phase transition: the differences undalow- and
room・temperature conditions, the effects of the charge・dischal'ge

rate, and different degrees of carbon crysta11inity. Additiona11y,

X・fay diffraction (the fundamental pal'ametef (FP) fnethod(5))
Was used to quantify the crysta11ite size and distribution, and to
analyze the relationship between these factm's and lithium・ion
battery low-temperatLⅡ'e perfonnance、(6)
Fina11y. these results enabled the eHects on battery
Pafonれance a110w temperat1Ⅱ'es and during high rate charge-
dischaToe to be analyzed. This helped to f01'm useful guidelines
for the developme爪 of next・generation storage battery materials

f
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2, Expe"mental Method010gy

2.1 Phase transi"on analysis auow temperature
(operando structural analysis by neutron
di什raction)

Forthe neutron diffraction measurement,this research used the

Special enviromnent neutron powder diffractometer (SPICA),
10cated atthe BL09 beam pod of the Materials and Life science
Experimental Facility (MLF), which is part of the Japan proton
Accelerator Research complex (J・PARC) in lbaraki prefecture
(Fig.1),(3) and measured neutron diffraction pattems at the
QA・bank

2.2 Phase transi"on analysis atlow temperature and

high・rate discharge (operando structural analysis
by synchrotron radiation diffracti0川

Neutron

beam

For the synchrotron radiation diffraction measurement, this

research used the BL28Xu beamline at the laroe sprin8-8
Syncm'otron radiation facility under the Research and
Development lnitiative for scientific lnnovation of New
Generation BatterieS 2 RISING 2) initiative.

The individual ce11S used nat山'al oraphite for the carbon
material, which was coated onto a copper c011ector foilto create
the graphite electrode, and Li for the counter electrode. An EC/

EMC・system electrolyte (proportion:3/7 V01%) containing l
m01/10fLipF6 in soluuon was adopted in the ce11S.
The energy of the synchrotron radiation diffraction was set to
25 kev, and a two・dimensional detector (the pilatuS 30OK、、V

manufactured by Rigaku corporation) was used.
The camera lenoth of the pilatuS 30OK・w t、VO・dimensional

detector was set t0 830 mm. This setting expanded the
meaS山'able angular range and improved 小e angular resolution,
enablino the acquisition of x・ray diffraction data containing
Other than the graphite (002) peak (the main peak).
The individual ce11S were subjected to two cycles of pre、
treatment (aging) at RT. After charging (Liintercalation) at a
Cc of o.1C and a ・cv of o.05 V, the discharoe (Li
de・intercalation) reactions at o.2C were analyzed at RT and o゜C.

AdditionaⅡy, the dQ/dv curve was calculated from the charge、
discharge curve and the correspondence with the dQ/dv peaks
Was analyzed. The discharge (Li de・intercalation) reactions at
IC 、vere also analyzed at RT.

This research utilized polychlorotriauoroethylene (PCTFE) for
the external coating of individual ce11S. This is a thermoplastic
Chlorofluoropolymer that contains no hydrogen atoms. This
material a110、Ned the analysis to proceed without the use of a

deuterium・substituted electrolyte and th01'oughly reduced the
background noise (reduction rate:72%). As a result, the signav
noise (S/N) ratio increased and enabled the acquisjtion of high・
quality neutron diffraction data.
The individual ce11S (four・1ayer ce11S) consisted of the
f0ⅡOwing materials. Natural graphite was used for the carbon
material,、vhich was coated onto a copper c011ector foilto create
the oraphite electrode. Li was used for the counter electrode, and
an EC/EMC・system electrolyte (proportion:3/7 V01%)

Containin3 1 m01/10fLipF6 in solution was adopted.
The individual ce11S were subjected to two cycles of pre・
treatment (aging) at room temperature (RT). Afta' charsing (Li
intercalation) at a constant cun'ent (CC,0.1C) and constant

Voltage (・CV,0.05 V), the discharge (Li de・intercalation)
reactions at o.05C were analyzed at RT and o゜C. Additiona11y,
the dQ/dv curve was calculated from the charge・discharge curve
and the correspondence with the dQ/dv peaks was analyzed.

F .1 TOF・Type Neutron Diffractometer(SPICA)

QA bank

detector

2.3 Relationship between quant愉Cation of ca巾on
Structure and ba廿eN performance (analysis of
CrystaⅡite size distribution by x・ray diffrac"0川

The crysta11ite sizes and distributions of various carbon
(graphite) materials were analyzed using the Fp method. six
types of natural carbon (graphite) and four types of artificial
graphite 、vere analyzed.

In the Fp method, a powder x・ray diffraction pattem
Simulation is carried out by convoluting machine・derived (i.e.,

Using measurement conditions such as the slit width and sample
thickness) profiles with profile shapes derived from the

Crysta11ite size and lattice distortion and profile shapes created by
the x・ray emission profile. This simulation is used to optimize
the crysta11ite size and lattice distortion parameters, and is
Capable of obtaining a precise value for the crystalHte size
distribution by approximation using lognormal distribution or
Similar techniques. The x・ray diffraction measurement used cu
K(alpha) radiation (0.154 nm).



Analysis of structural phase Transition of storage Ba杜ery carbon Negative Electrodes using synchrotron Radiation and Neutrons

Coil ce11S (fUⅡ Ce11S) were fabncated using the various carbon
(graphite) materials described above as the negative electrode
active material and a temary system (NMC) cathode active
material. The battery low・temperature and high・rate charoe・
discharge characteristics were then analyzed using these ce11S.
The relauonship bet、veen the physical properties of carbon
(graphite) and battery performance was analyzed based on the
acquired results.

2.4 Analysis of e什ect of changes in carbon structure
(crystaⅡinity) on phase transition du"ng charge・
discharge

Individual ce11S (aluminum laminateの Were fabricated using
Sample A (natural graphite, high crysta11inity) and sample B
(artificia1 8raphite,10w crysta11inity) and the same Li counter
electrode as described above. operando analysis of chal'oe・
discharge 、vas also carried out using the same synchrotron
radiation diffraction method010gy as described above. The
eneroy of the synchrotron radiation diffraction was sett025 kev,
and a two・dimensional detector (the pilatus looK manufactured

by Rigaku c0印oration) was used.
The coin ce11S and aluminum laminated ce11S were aσed at a

Predetermined charge-discharge cunent, and then analyzed at
Predetermined temperatures and charge-discharge cunents.

Fig.3 Shows the neutron diffl'action results durino discharge
(i.e., the Li de・intercalation pl'ocess) with the 8raphite negative
electrode at RT.1n the Li de・intercalation process, a clear

Change can be observed through LiC6 (d value: around 37A) and
Lic!2 (d value: around 3.5A) to c (d value: around 3.35 A). AS
a result, it was possible to dearly identify the phase transition
(i.e., the changes in stage structures) of graphite

3, Results and Discussion

3.1 Phase transition analysis at low temperature
(operando structural analysis by neutron
di什racti0川

Fig.2 Shows the developed tool capable of low・temperature
Contr01. This tool can controlthe temperature from low
temperat山'es to RT

38

37

36

34

33

10040 8060

Number olslices (→ Li de・intercalation)

Fig.3 Neutron Di什raction pattern in u De.1ntercalation process

(RT,0.05C)

32

0

Fig.4 Sho、vs the dQ/dv curve calculated from the charge・
discharge curve. The curve indicates that the phase transition
differs at RT and o c from stage 2 0nward. These results also
Confirm that operando structural analysis during charoe・
discharge can be calTied outincorporating dQ/dv analysis.

20

Fig.2 Developed Tempera加re・contr0Ⅱing Toolfor Neutron
Di什raction
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Fig.4 dQ/dv curve in Li De・1ntercalauon process

Fig.5 Shows an example of the results after isolating the
neutron diffraction pattem peaks. The peaks could be dearly
isolated even for neutron diffraction pattems expressing multゆle
Phases thatindude shoulder peaks.
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d value (A)

Fig.5 Peaks lsolated from Neutron Di什rac"on pattem
(Example)

Neutron diffraction pattem peaks were isolated at state of
Charge (SOC) intervals of 5% in the Li de・intercalation process.
Figs.6 and 7 Show the state coexistence results of the phases,
based on the peak area ratio.1n contrast to RT, at which stage
Structure transiuon occuned in a single phase, it was found 血at
Stage structure transition occuned over multiple phases at o c.
These results confirmed the feasibility of operando structural
analysis using the developed device configuration for analyzing
the phase transition state due to differences in temperature.
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From the results described above, it was estimated that

Structural phase transitions occur over multiple phases during
discharge (i.e., the Li de・intercalation process) at low
temperatures, and that this phenomenon affects battery low-
temperature performance

32 Phase transition analysis auow temperature and
high・rate discharge (operando structural analysis
by synchrotron radiation d廿fracti0川

Fig.8 Shows the developed tool capable of low・temperatⅢ'e
Contr01. This tool can controlthe temperature from low
temperatures to RT
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Fig.6 State of phase coexistence in u De・1nterca怡tion process
(RT,0.05C)
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Fig.8 Developed Temperature・contr0Ⅱing Toolfor synchrotron
Rad治tion Di什raction
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含5

Fig.9 Shows the synchrotl'on radiation diffraction results
durin合 discharge (i.e., the Li de・intercalation process) with the
graphite negative electrode at RT and o.2C.1n the Li
de・intercalation process, a clear change can be observed through

LiC6 (2θ: around 7.フ゜) and LiC12 (around 8.1゜) to c (around
8.5 ). As a result, it was possible to dearly identify the phase
transition of graphite.
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ノ

8.0

2θ0

Fig.9 Synchrotron Radiation Diffractlon pattern in u
De・1ntercalation process (RT,0.2C)

In the same way as the neutron diffraction analysis,
Synchrotron radiauon diffraction pattern peaks were isolated at
Soc intervals of 5% in 血e Li de・intercalation process. Figs.10
and 11 Show the state coexistence results of the phases, based on
the peak area ratio. Even 、vhen the discharge rate was set to
02C, stage stnlct山'e transition occurred in a single phase at RT,
but occun'ed over multゆle phases at o c.
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Fig.12 Shows the synchrotron radiation diffraction results
during discharge (i.e., the Li de・intercalation process) with the

graphite negative electrode at RT and lc. Differences in LiC12
(2θ: around 8.1 ) behavior can be seen compared with o.2C and
IC.
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Fig.12 Synchrotron Radiation Di什raction pattem in
De・1ntercala"on process (RT,1C)
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Fig.13 Shows an example of the results after isolating the
Synchrotron radiation diffraction pattem peaks. Analysis was
Carried out with the exposure time of the detector set to o.5 S
(detection time at lc). The peaks could be clearly isolated even
for synchrotron radiation diffraction patterns expressing multiple
Phases thatinclude shoulder peaks.
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2θU

Fig.13 Peaks lsolated from synchrotron Radiation D廿fraction
Pattem (Example)

In the same way as described above, synchrotron radiation
diffraction pattem peaks 、vere isolated at soc intervals of 5% in
the Li de-intercalation process at RT and lc. Fig.14 Shows the
State coexistence results of the phases, based on the peak area
ratio. At o.2C, stage structure transition ocC山'red almost
Completely in a single phase. However,it was found that stage
Structure transition occurred over multゆle phases at lc.
These results confirmed the feasibility of operando structural
analysis using the developed device config山'ation for analyzing
the phase transition state due to differences in the charge・
discharge rate and temperature.
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3.3 Relationship between quantification of carbon
Structure and ba杜ery performance (analysis of
CrystaⅡite size distribution by x・ray di什rac"on)

The carbon crysta11ite size and distribution were analyzed
Using the Fp method. Fig.15 Sho、vs an example of the analysis
results for crysta11ite size distribution using the Fp method,
Which were obtained from the x pattern. There is little
difference (residuaD bet、veen the measured and calculated

Values,indicating the high quality of the calculated results. Fig.
16 Shows the analysis results for crysta11ite size distribution in
these calculations. The crysta11ite size distribution can be
analyzed we11 at each graphite plane.
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Fig.16 Crysta11ite size Distribution of Graphite
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From the results described above, it was estimated that stage
StNcture phase transitions occur over multゆle phases during
disch釦'ge (i.e., the Li de・intercalation process) at low
temperatures and high discharge rates, and thatthis phenomenon
affects battery performance under these conditions.
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Fig.17 Sho、N,s the relationship bet、veen the crystalHte size
distribuuon of the graphite a02) plane and battery low・
temperature characteristics. The discharge capacity (i.e., the
Specific capacity with respect to the amount of cathode active
materiab of the fU11 CeⅡ at o c and o.5C after charging at o c
and o.5C is sho、vn as the low・temperature characteristics. The
results indicate that the low・temperature characteristics improve
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Analysis of structural phase Transition of storage Battery carbon Negative Electrodes using synchrotron Radiation and Neutrons

as the crysta11ite size and distribution of the graphite (102) plane
decreases. The same results were also obtained for the

relationship bet、veen the crystaⅡite size distribution of the
graphite a02) plane and the high・rate discharge characteristics
Of the battery. The crystalHte size distribution of the oraphite
a02) plane is thought to express the Li diffusivity, considering
the diffusion paths of the Li.
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Fig.17 Relationship between crysta1Ⅱte size (Distribution) and

Battery LOW・Temperature
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These results suggest that analyzing the crystalHte size and
distribution of carbon (graphite) is a feasible 、vay of inferring the
10W・temperature and hioh・rate discharge characteristics of a
battery.

3.4 Analysis of e什ect of changes in carbon structure
(crystaⅡinity) on phase transition during charge・
discharge

Differences in the phase transition during charge・discharge
Were investi旦ated using sample A (high crystaⅡinity) and sample
B (10w crysta11inity). Fig.18 Shows the dQ/dv curve in the Li
de・intercalation process calculated from the charoe・discharoe
C山've. The curve indicates that the phase transition diff引'S
between the samples, which have different crysta11ine properties
(i.e., different crysta11ite sizes), from stage 20nward.

90

Ce11 Voltage (V)

Fig.18 dQ/dv curve in u De・1ntercalation process

100

In addition, Figs.19 and 20 show the phase transition states
as analyzed by synchrotron radiation diffraction usins sample A
(high crysta11inity) and sample B (10w crystaⅡinity). Here, the
transition process to stage 3 is analyzed in detail. The results
Show that the structure 、vhen transitioning to sta菖e 3 differs in
accordance with the crysta11inity (i.e., the crysta11ite size . AS
Shown in Fig.19, sample A (high crysta11inity) has shoulder
Peaks and transitions to stage 3 0ver multゆle phases.1n
Contrast, sample B (10w crystaⅡinity) has no shoulder peaks in
the transition process to stage 3, and the phase transition occurs
almost completely in a single phase.
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Fig.19 ×・Ray Di什raction pa廿em in S始ge 3 Transition process

(sample A, crystal"te size: Large)
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Fig.20 ×・Ray Di計raction pattern in stage 3 Transition process
(sample B, crystal"te size: sma川
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These results suggest that reducing the crysta11inity of carbon
(graphite)(i.e., reducing the crysta11ite size) increases the area of
edoe planes and lattice defects. This facilitates inter・1ayer
transition and the like and boosts Li diffusivity, thereby making
transition more likely to occur in a single phase.
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transition during charge・discharge. A battery reaction
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development of next-generation storage battery materials.
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Self・Forming lnterface of LiFep04
Cathode in sul"de AⅡ・solid・state Battery

.

Abstract

A11・solid・state ba廿eries are regarded as a promising next・generation storage battery with a high energy density that
Cannot be surpassed by conventiona11ithium・ion ba廿eries. cathode material design is an important factor in
achieving a high energy density since resistance layers form due to side reactions at the interface betvveen the
Cathode active material and solid electrolyte in sul"de aⅡ・solid・state ba廿eries, the active materials adopted in these
batteries are genera11y coated with a bU什erlayer comprising an oxide orthe like. This research applied Ⅱthium iron

Phosphate (LiFep04), vvhich is already adopted in conventionanithium・ion batteries,to an aⅡ・solid・state ba廿ery. A
nevv phenomenon vvas discovered in vvhich a stable and low・resistance phase self・formed atthe interface betvveen
the LiFepo active material and sulfide solid electrolyte. As a result, an aⅡ・S0Ⅱd・state battery that exhibits the

theoretical capacity ofthe LiFep04 active materialvvas successfU11y achieved vV詮hout a coating layer.

Keyvvords: e/ectric vehic/e,/ithium batte乃,', a//・soh'd・state batteo,',ガthium iron phosphate イιiFep0ν, SU/ガde soh'd e/ectro/yte,
Cathode, SO/id interface, phase interface, coa力'ng・free, mterface reaC力'on, se/f・formmg,ガ/m

1.1ntroduction

1 ◆

1.1 Background

The automotive industry is undergoing a dramatic
U'ansformation prompted by tl〕e entry of lT companies and
electronic appliance manufacturers into the market and the rapid
economic growth of developing countries. These changes al'e
Ieadinσ toward the realization of a ne、v mobility society. vehicle
electrification has become an inescapable trend and competition
in 山e field of battery development is growing increasingly
intense by each passing year. Electric vehicles (EVS), which 川n
Purely on battery power and therefore use a larger n山nber of
batteries than hybrid vehicles (HVS), require safe,10W・cost
batteries with a high a〕ergy density
A11・solid・state lithium batteries are one type of next・generation

Storage battery. Due to their high de旦ree of design aexibility and
exce11ent safety paformance, these high・energy density batteries
are being increasingly regarded as a practical successor to
Conventiona11itl〕ium・ion (Li・ion) batteries. of tl〕e different

Yarieties of aⅡ・solid-state batteries, reseal'ch has focused on those

that use a sulfide solid electrolyle. This solid electrolyte has

good formability and an ion conductivity as high as conventional
Iiquid electfolytes

Mayuko osaki*1
Manabu lmano*2

HideyukiKoga*2
Yukinari Kotani*1

Shinji NakaniS11i*】
Hidekilba*1

121Ssues of sulfide aⅡ・solid・state battery cathodes

It has been reported that,血 Sulfide a11・solid・state batteries, the

transition metal and sulfur generates mutual diffusion at the
int伽face between the cathode active material and the sulfide

Solid electrolyte, and that Npeated charging and discharging of
the battery has a negative e仟ect on battery characteristics.U)
This mutual diffusion is usua11y suppressed by coating a tl]in

Oxide layer (Li2Si03, LiNb05, m' the like) on the cathode active
material swface.aX2)

Since lithium iron phosphate (LiFep04) C0川ains p04
tetrahe山'al polyanions, which contribute t0 血e highly stable
Crysta11ine structure, it has exceⅡent duTability and safety

Performance, as we11 as high energy density. F0↑ these reasons,it
is used as a cathode active materia1 血 Conventiona11iquid・type
Li・ion batteries.(3) However, there are very few applications of
LiFepo、 in a11・solid-sta(e batteries (4) and the theoretical capacity
Of a LiFepo cathode has not been exhibited in an aⅡ・solid・state

battery. since the electron conductivity of LiFepo is lower than

Oenera11ayered oxides used as cathode active materials, it is
desirable to form a surface coating on microscopic particles using
Carbon. However,issues of applying this materialto an aⅡ・SOHd-
State battery include the coating method to form a unifom〕 nano・
Ievel oxide film and the blending with the electrolyte
Since it is difficult to create a uniform nano-1evel oxide

Coating on microscopic LiFep04 Particles, this research studied
how to electrochemica11y control u〕e il]terface struct山'e with the
aim of creating a low-resistance interface. This research also
Studied the details of the interface states usin旦 Va↑ious analysis

methods and a model electrode to identify 廿〕e medねnism of this
10W・resistance int由face

AdYanced Mnlel'ial Engineering DIY_ AdYanced R&D ιlnd Engineering
Company

Battery Marerial EnEil]eer1Π旦& Reseal、ch DiY_ PO、vel'11'ain company
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2. Expe"mental Method010gy

2.1 Synthesis of LiFep04 Powder

First, sub・μm LiFep04 Particles 、vere synthesized using the
Standard hydrothermaltechnique.(5) The Licl, H3P04, and
Fes04/H20 precurs01'S 、vere dissolved in water 、vith the Na2S03
reductant, and placed in a hydrothermal vessel. The vessel、vas
fiⅡed with N。 gas and sealed, and then heated at 200゜c to
Oenerate the hydrothermal reaction. The resulting LiFep04
Sediment was further dispersed into a mixed solution of water
and polyethylene glycol using a baⅡ mi11. This suspension was
then spray・dried under a 180゜c atmosphere to form a granulate
Coated with a carbon preC山'sor. This granulate was sintered for
One hour at 750 c to obtain secondary particles with a size of
approximately l0 μm and coated in a thin carbon layer with a
thickness of several nm.

Since the contact interface with the solid electrolyte cannot be
Sufficiendy ensured by these particles in an a11・solid・state
battery, the secondary pal'ticles were further broken do、刃n to an
average size of 09 μm using a jet mi11. This process facilitates
mixing 、vith the solid electrolyte at a primary particle level, and
a110ws carbon to be partia11y coated on the surface.

1.6

200

22 Fab"cation of battery ceⅡ and electrochemical
measurement

the battery that discharged down to a cut・off voltage of o v a .6
V VS. LVLi+) increased after several charge・discharge cycles.

This battery realized the theoretical capacity of LiFep04
(approximately 170 mAh/g).1n contrast, the capacity of the
battery with the 0フ V cut・off voltage (23 V VS. Lin."i+) fe110ver
Several charge・dischar合e cydes, and the capacity of the battery
With the o.5 V cut・0丘 Voltage (2.1 V VS. LVLi゛) feⅡ by a large
amount before increasing slightly.
Fig.2 Shows the charge・discharge curves of 血e battery with
the o v discharge cut・off voltaoe.1n the profiles of the first and
Second cycles,1arge polarization appears between char合e and

discharge.1n particular, a discharge plateau occurred close to
2.6 V VS. LVLi+, which is substantia11y different from the
theoretical potential of LiFep04 (3.4 V VS. LVLi+).
Subsequently, from the third cycle, repeated charging and
discharging resulted in a simultaneous increase in discharge
Voltage and capacity, and the polarization became sma11er.

The sulfide solid electrolyte at the cathode used amorphous

Li2S・P2S5・Lil(6)(σ,。,= 3.o ms/cm) that was atomized to match
the size of the LiFep04 Particles. The LiFepo and Li2S・P2S5・
Lil solid electrolyte were mixed with a vapor 即'own carbon
nano・fiber (VGCF) conductive additive at a volume ratio of
10:10:1 to form the cathode mixture. The counter electrode was

Prepared by mixing lithium titanate (Li4Ti5012) with the same
Solid electrolyte and vGCF at a volume ratio of 30:20:1. The
Cathode/anode molar ratio was set t0 2.4 to utilize the stable

Operating range of Li4Ti5012 around l.5 V VS. LVLi+. A triple・
Iayer pe11et, consisting of a cathode mixture layer, Li2S・P2S5・Lil
Solid electrolyte sepa17ator layer, and counter electrode layer, was
Prepared by pressing at 40O Mpa.
The 3alvanostatic char旦e-discharge measurements 、vere

Paformed under c/10 conditions (CUITent density:0.40 mAcm'2)
at 60 C. The charge cut・off voltage was fixed at 2.5 V (4.1 V VS.
LVLi-) and three dischar含e cut・0仟 Voltage levelS 研,ere set:07,
0.5, and o v. Each ofthese batteries was then evaluated.

180

3. Results and Discussion

160

140

3.1 Electrochemicalcharacte"stics

120

100

Fig.1 Shows the specific capacitance of LiFep04征."i4Ti5012
Sulfide a11・solid・state batteries during repeated charge・discharoe
Cycles with different discharge cut・off voltages. Although the

LiFep04 Was not coated W北h an oxide,the discharoe capacity of
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Fig.1 Charge・Discharge cycling performance of uFep04/Li4Ti50,
Ba廿eries
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As a large shift in the polarization was observed during the
first fe、v charge・discharge cydes, the electrical resistance of the
battery was analyzed. An LiAl reference electrode was placed in
the separator layer and the altemating current (AC) impedance
bet、veen the cathode and the LiAl reference electrode was

measured during the charge・discharge cycle process of the
battery with the o v dischal'ge cut・0仟 Voltage. Fig.3 Sho、刃S the
results. The resistance/capacitance caused by the charge transfer
reactions of the cathode active materiavelectrolyte interface
increased for the first t、vo or three cydes. The resistance then

Continued to decrease from the fourrh to the looth cycle. This

behavior is a ne、v phenomenon unreported in previous literature.

450

Self・Forming lnterface of LiFep04 Cathode in sulfide A11・solid・state Battery
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electron beam diffraction pattem of these bright portions
ide爪ified diffraction spots corresponding t02.67 A (re山,2.16 人
(blue), and l.フ7 A (green) in real space. These results
Conespond to the diffraction planes of Fes (hexagonaD and Fes
(cubic)(bottom left of Fig.4). These results suggest that iron
Sulfide is formed at the interface in the in川al charge・discharoe
Cydes. This means that chemical reactions are occurring

between the LiFep04 and solid electrolyte close to the interface
Since the ion conductivity of iron sulfide is lo、V (σi。nく10-フ
ms/cm), these iron sulfide side reaction products seem to have
an effect on the resistance of the cathode active materiav

electrolyte intedace.
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Fig.3 Nyquist plot between LiFep04 Cathode and Reference
Electrode (SOC 40,1 M t010 mHZ)
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32 Analysis of cathode active mate"avsolid
electrolyte interface state

The chemical phenomena, in which the charσe transfer
resistance of the cathode exhibits large shifts over the charge・
discharge cycles, were investigated using a battery that was
Charoed and discharged with a o v discharge cut・0仟 Voltage.
Cross-sections of the cathode mixture were observed and

elemental analysis carried out using scanning t{'ansmission
electron microscopy with energy dispersive x・ray spectroscopy
(STEM・EDS). A JEOL JEM・ARM20OF transmission electron

microscope 、vas used and the accelerating voltage was sett0200
kv. Fig.4 Sho、vs the analysis results of the cathode after two
Charge・dischal'ge cydes at a cut・off voltage of o v.1n the high・
angle annular dark field (HAADF) image at the top left, bright
Portions (b)(indicating the existence of a heavy element)、vere

Present at the outside of the LiFep04 Particle (a) at 血e interface
With the sulfide solid electrolyte.1n contrast, the image also
Sho、vs a compal'atively darker layer to the inside of the particle
Elemental analysis of the brioht portions f飢lnd strong evidence
Of iron (Fe) and sulf山'(S), indicating that Fe from the LiFep04
Particles al'e diffused throuohout the solid electrolyte. The
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Fig.5 Cross・section of LIFep04 Cathode aft引 Twenty charge・
Discharge cycles
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Similarly, Fig.5 Sho、vs a HAADF・STEM image of the
Cathode cross・section after twenty charge・discharge cycles. The
bright portions observed after two cycles in Fig.4 (iron sulfide)
have almost disappeared. These results suggest that the drop in
Cathode active material/electrolyte interface resistance from the
fourth cycle may be caused by reactions that change the iron
Sulfide due to the discharge voltage being lo、vered to o v.
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Next, the details of the LiFep04/sulfide solid electrolyte
interface structure were investigated after twenty charge-
discharge cydes (Fig.5) and before charge・discharge. Fig.6
Shows bright・field sTEM (BF・STEM) images of each intedace
at a high resolution, as we11 as EDs elemental analysis results.
Compared to the initial state before charge・discharge, a different
Phase with a thickness between several and ten nm formed atthe
interface between the LiFep04 Particle and solid electrolyte after
twenty cydes. This different phase is mainly non・crystalHne
(amorphous). Local elemental analysis of the phase using EDS
found a lower Fe concentration than inside the LiFep04 Particle,
and thatthe phase contains phosphorous (P), oxygen (0), and s.
This phase is likely to be a stable residual surface layer with less
Fe after the Fe diffused from the LiFep04 Particle surface to the
Solid electrolyte in the initial cydes.

LiFepo

①

(Fig.フ).1n the same way as the galvanostatic meaS山'ement,the
reduction side sweep of the iniual cycles created a peak close to
a potential of 2.4 V VS. LVLi+, after which, the potenual
increased in the subsequent cycles (Fig.フ(1)). This peak is
thoU8ht to conespond with the discharge plateau around 2.6 V
VS. LVLi+ that occun'ed in the first and second cycles of the
Oalvanostatic measurement in Fig.2.1n addition, a further
Sma11er peak appeared close t01.85 V VS. LiA_'i十. As the number
Of cycles increased, the peak position remained virtua11y
Unchanged, but became gradua11y smaⅡer (Fig,フ(2)).
According to the charge・discharge cycle characteristics shown in
Fig.1, a discharge cut・off voltage of o.5 V (2.1 V VS. LVLi+) or
Iess results in an increase in capacity in accordance with the

number of cydes. The reduction reaction derived at this peak
Close t0 1.85 V VS. LVLi+ is thought to indicate the
decomposition of the iron sulfide resistance layer.
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Fig.6 LiFep04/SUI"de solid Electrolyte lnterface:(a) Before charge・
Dlscharge,(b) Aft引Twenty charge・Discharge cycles (AI
Derives from the sample Holder)
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3.3 Analysis of modelinterface using thin film
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In the battery with a discharge cut・0丘 Voltage of o v, to
analyze the mechanism by which the iron sulfide disappeared
and to chemica11y identify the amorphous interface phase that
formed, a sulfide a11・solid・state battery with a LiFep04 thin film
Was fabricated and verified. The LiFep04 thin film was created
Using sputter deposition to form a 50o nm・thick layer on
Plaunum (pt) foil and sintered at 600゜c in a reducing
atmosphere. The LiFep04 thin film was adopted as the cathode
after confirming its crystaⅡine structure by x・ray diffraction
(XRD). Amorphous Li2SP2S5・Lil was used as the separator
Iayer, and a Li・1n a110y was utilized for the counter electrode.
First, the cyclic voltammetry of a battery with the LiFep04
thin film and the Li・1n a110y counter electrode was measured
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Fig.7 Cyclic voltammogram of LiFep04 Thin Film/U・1n AⅡoy Battery

4.1

Iron sulfide is used as an electrode material, and is known to

react with Liions. The literature shows that,in addition to the Li

ion insertion reactjons expressed by Equations (D and (2), the
Conversion reactions expressed by Equations (3) and (4) occur at
10wer potentials.(8×9) Although the reactions that insert Liions
are reversible, the conversion reactions result in the

decomposition of iron sulfide, and are not reversible. Therefore,
the peak dose t0 1.85 V VS. LVLi+ is assumed to represent
Conversion・1ike reactions that decompose the iron sulfide of a
resistance layer.
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Next, X・ray absolption spectroscopy (XAS) was applied to the
LiFepo thin filrrvsulfide solid electrolyte interface.1n the same
Way as a po、vder battery, the thin cathode film was peeled from
the separator after galvanostatic char合e・discharge u.6 t04.1 V
VS. Lin"i+) at a current density of o.8 μAcm equivalent to o.1C.
The thin cathode fi11Tvsolid electrolyte interface phase 、uas then
analyzed. This phase 、vas detected using a surface・sensitive
technique ca11ed the total electron yield (TEY). Fig.8 Shows the
X・ray absorption nea17 edge structure (XANES) spectra of the L
absorption edge of p and K absorption edge of s at the interface
On the cathode side. Atthe L absorption edge of p, the a/c peak
ratio after forty cycles increases from o.55 to o.95. This
indicates an increase in phosphate chains in the crysta11ine
Structure (0・mediated links between p04 tetrahedrons centered
On the p with neighboring p04 tetrahedrons).1n other words,the
Chemical composition of the LiFepo chanoes into one with less
0, such as pyrophosphoric acid or a metaphosphate.(1の ln
Contrast, after forty cydes, the K absorption edge of s shows

Strong peaks at 2,478 ev, which is derived from s03'ions, and at
2,482 ev that conesponds to s042、. These results demonstrate
that the different phase at the interface phase is an amorphous

Self・Forming lnterface of LiFepo cathode in sulfide A11・solid・state Battery

Substance that can be chemica11y expressed as xLi20・(100・X)
P205・Li2SO (× 567, y = 3 t04). This phase is thoughtto be
Stable since s is present as sulfuric acid in a hish state of
Oxidation as 、ve11 as containing virtua11y no Fe in the interface
Consequently, this phase functions to suppress further chemical
reactions due to diffusion of the transition metal and sulfur

between the LiFep04 and sulfide solid electrolyte.
This amorphous Liつ0・Pう05 Substance also has Liion
Conductivity. Furthermore, it has also been l'eported that Liion

Conductivity increases 、vhen Li2S03 and Li2S04 is mixed.
Therefore, the reduction in resistance as the number of cycles
increases is thought to be caused by the disappearance of iron
Sulfide and the increase in Liion conductivity at the interface
Phase.

(A Initial LiFepo thin film

After 40 cycles

Ref.: solid electrolyte

During discharging, this iron sulfide reacts with Liions at a
10wer potentialthan LiFepo . Th引'efore, the Liions that had

been conducted t11rouoh the solid electrolyte are inserted by the
discharoe potential of the iron sulfide.圦↑hen the voltage drops
even lower, the iron sulfide resistance layer is decomposed by a
reduction reaction at close t0 1.85 V VS. LVLi+.圦lhen this cyde
is repeated, the Fe ions activated by decomposition diffuse
throughout the solid electrolyte and, concurrendy, the voltage

increases to the potential of the LiFep04.
At the interface, a phase with less Fe and that has a thickness

between several and ten nm,、uhich can be expressed as xLi20・
(100・X)P205・Li2SO (× 567, y = 3 t04), forms on the S山face of
the LiFep04 Particles. since this interface phase is stable and
has Liion conductivity, it suppresses further chemical reactions

between the LiFep04 and sulfide solid electrolyte. This type of
reaction process does not occur in layered oxide cathodes or
Other oxide active materials, and is thouoht to be particular to

Polyanions,induding LiFep04.

Summary ofreaction mechanism of uFep043.4

Cathode interface

(B)
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A"er 2 Cycles

To summarize the results described above, Fig.9 Sho、vs an
Outline of the phenomena that are assumed to occur.1n the first
few cycles, during char部ng, Fe ions are extracted and diffuse to
the solid electrolyte side from the surface of the LiFep04
Particles. The chemical reaction sho、vn in Equation (5) then
Occur at the LiFepo /sulfide solid electrolyte interface and an
iron sulfide resistance layer forms.

150145135 140

Ph010electron energy (ev)

S Li so

2470 24802475 249024852465

Photoelectron energy (ev)

Fig.8 XANEs spectra of uFep04 Thin Film lnterface:(A) L
Absorption Edge of p,旧) K Absorption Edge of s
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4. conclusion

The application of an LiFep04 Cathode active materia1ιo a
Sulfur a11・solid・state battery was studied. A phenomenon was
discovered in 、vhich a low・resistance LiFepo /sulfide solid

electrolyte interface can be formed by charoe・discharoe contr01.
Detailed investioations of this interface identified the self・

formation of a stable phase with Liion conductivity. This phase
Creates a low・resistance cathode interface even on microscopic
Particles, without the need for an oxide coat.1n addition, this

Self・formation function may be an effective means of
maintaining durability thl'ouoh the self re・formation of this layer,
even if the coating layer degrades and cracks due to the volume
expansion and contraction of the active material during charging
and dischar8ing.
This research is the first pl'actical demonstration of exce11ent
battery characteristics at the level of the theoretical capacity of a
Sulfide aⅡ・solid・state battery using an olivine cathode. An
LiFep04 Cathode is highly reliable in terms of d山'ability and
Safety, and has the potentialto accelerate the practical adoption
Of a11・solid・state batteries.
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attery lechn010gies ofthe Future ・ Fuel ce11S and storage BatteriesIhe

Development of Test Method010gy for

Intemal short・circuits caused by

Foreign Ma廿erin Lithium・10n Ba廿e"es

Abstract

This article describes a safety test method010gy that assumes the occurrence of an internal short・circU詫 in a
Iithium・ion battery insta11ed in an electrけied vehicle. For lithium・ion baせeries, the ability to properly test states
a"sing from short・circuits generated by foreign ma杜er inside the battery is extremely important. 1n previous
intemal short・circU壮 test methods, the ba廿ery was disassembled, minute metal particles inserted inside the
ba廿ery, and pressure applied to generate an internalshort・circuit. Thistest could not be carried out W詮hout a high
Ievel of specialist knowledge and techn010gy Therefore, a simpler method010gy was developed that generates
Sma11Shortcircuits insidethe battery byanextemalmechanicalmeans,therebyeliminatingthe needtodisassemble
the baせery E什orts are currently under way to incorporate this method010gy into global standards.

Keywords: e/ectrified vehic/e,/ithium→'on battery, mterna/ short・circuittest,/EC

1.1ntroduction

As the automotive industry stands on the veroe of a once・in・a・
Century period of profound transformation, the progress of
Vehicle electrification and automation is increasing at a rapid
Pace. At the same time, with greater expectations being placed
On vehicle electrification from the standpoint of the environment,

Toyota Motor corporation is working to reduce c02 emissions
through its Ne、v vehicle zero co, Emissions cha11enge,、vhich
is a part of the Toyota Environmental cha11enge 2050. Fig.1
Sho、vs historical and predicted milestones for the electrification
Of Toyota's vehicle lineup. Toyota is aiming to reduce the

tailpipe c02 emissions of new cars by 90% in 2050 compa17ed to
2010 by expanding the proportion of electrified vehicles.

Shinichi Hamasaki*1

Yuya lshihara*1

Kensaku Miyaza、va*1

Tetsuya Kaneko*1

HV: hybrld vehlcle
PHV' plug・1n hybrld vehlcle
EV: eleC訂Ic vehlcle

FCV:fuel ce" vehlC恰
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Fig.2 Shows the sales and c02 emissions savinos achieved by
Toyota'S HVS. compared with gasoline・powered vehicles in the
Same class, Toyota'S Hvs have saved the equivalent of 7フ

mi11ion tons of c02 emissions. Toyota intends to expand its
Iineup of electrified vehicles to achieve the targets laid out in the

New vehicle zero c0ユ Emissions cha11enge.U)
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Afta'1aunching the first・旦eneration prius in the 1990S, most of
Toyota'S Hvs have been equipped with nickel・metal hydride
batteries. More recenuy, the company has also launched HVS
and pHvs insta11ed with lithium・ion battel'ies,、¥hich have a

higher energy density than nickel・metal hydride
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Toyota's first Hv equipped with a lithium・ion battery was the
Prius Alpha in 2011. since then, the fourth・generation prius,
Which was launched 血 2015, and other vehicles have also used

Iithium・ion batteries. The first・ and second・generation prius
PHvs launched in 2012 and 2017, respectively, also used
Iithium、ion batteries. Tables l and 2 Show the specifications of
the lithium・ion batteries insta11ed in these Hvs and pHVS. The

Iithium-ion batteries for Hvs feat山'e higher power density,
Which helps to improve vehicle fuel economy.1n contrast, the
Iithium・ion batteries for pHvs feature higher capacity to help
extend Ev mode range.

Table l speC託ications of Lithium・10n Ba廿e"es for HVS

Fourth・generation
Prlus AlphaVehicle

Prius

3.65.0

3,9202,950

204245

VV:137 X t:13.3、N:1 1 1 X t:14.1

X h:633X h:918

Capacity (Ah)

Power density (W/kg)

Weight(g)

Dimensions (mm)

Shod・circuit

resistance

increased by
HRL

Typicalissues that might affect vehicle safety indude
Overcharging, external short-circuits, impacts, and 加ternal sholt-
Circuits caused by foreign matter.
Overcharging is addressed at the ce11 design phase by
incorporating a function that shuts do、un the current inside the
battery. This is accomplished using a polyolefin separator
Provided between the cathode and anode 血at melts 、vhen the
temperature inside the battery rises. overcharoing is also
addressed using a cunent interrupt device (CID) that shuts 0仟
the current when the pressure inside the battery rises.1n
addition, multiple detection processes are incorporated at the
battery control design phase (such as ce11 Voltage monitoring) to
restrictthe possibility of overchar即ng.
Extemal shod・cirC山ts are addressed atthe ce11 desion phase in
the same way as overcharging. Additiona11y, fuses are adopted
at the battery pack design phase to prevent the ao、v of laroe
Currents.

Measures to address battery impacts caused by vehicle
C011isions indude increasing the strength of the battery pack and
insta11ins the battery in a position protected from impacts at the
battery pack design phase.

Battery appearance

designed to ensure safety.

3. Ensuring Lithium・10n Ba廿ery safety in the
Design

Table 2 Specificauons of L壮hlum・10n Ba廿e"es for pHVS

Second・generationFlrst・generation
Vehicle

Prius pHVPrius pHV

25.0215

720726

VV:148 X t:26.5 VV:148 X t:26.5

X h:91X h:91

In generalterms,1ithium-ion batteries are used as battery packs
that combine a number of individual ce11S. A battery pack also
Contains several contr011er units for battery voltage, temperature,
and the like. Therefore, a three・phase design process is adopted
to ensure battery safety: the design of the individual ce11S, the
design of the battery controls, and the design of the battery pack.
Table 3 1ists ho、v a lithium・ion battery is desioned to ensure
Safety based on this process.

Capacily (Ah)

Weight(g)

Dimensions (mm)

Countermeasures based on battery
Contr010r pack design are not possible

Battery appearance

Table 3 Ensu"ng Lithium・10n Ba廿eN safety in the Design

Ba廿ery contr01 Ba廿ery pack
Ce11 design

design design

Protection by multφleSeparator
deteclion processesShutdown

・ voltage monitoringWhen
Of each ce11abnormal

・ voltage monitoringheat
Of each blockgeneration
・ voltage monitoringOccurs

Ofthe battery pack

The improvements that have been achieved in aspects of the
electrical performance of lithium・ion batteries, such as po、ver
and energy density, are 血e cumulative result of a wide range of
developmentinitiatives. Examples include improvements to the
actual battery materials, as 、ve11 as the development of
manufacturing methods to increase the material packing density.
However, the development of sufficient electrical characteristics
is notthe only precondition to be satisfied before a battery can be
released onto the market. since a battery stores energy within
Predetermined volumetric restrictions, the safety and reliabi1北y
Of the battery are just as important as exce11ent electrical
Characteristics when decidino whether it is suitable for release.

The f0110wing section discusses how a lithium・ion battery is

Overcharging

Over・current

Protection using
fuses

Higher strength
Insta11ation poS川on

External short

Clrcults

Impacts

Intemal shod・

Circuits

Caused by
foreign ma廿er

Current

Shut・0什 by
CID.



In the case of internal short・circuits caused by foreion matter,
the risk of thermal Nnaway is reduced atthe ce11 design phase by
Providin3 a heat resistant layer (HRL) bet、veen the cathode and
anode, which restricts the heat oenerated 、vhen a short・circuit

Occurs inside the battery. The issue of foreign matter int川Sion
into the battery is also addressed by thoroughly contr0Ⅱing the
generation of foreign objects during the battery manufacturing
Process. A system is used that detects batteries contaminated
With foreign matter atthe shipmentinspection phase. However,
Unlike overcharging and other issues,it is not possible to protect
against intemal short・circuits caused by foreign matter at the
battery control and battery pack design phases. As a result, the
ability to properly assess safety due to fore喰n matter intrusion at
the ce11 design phase is extremely important. The f0ⅡOwing
Section describes the current method010gy used to test safety
When the battery is contaminated with foreign matter

Development of Test Method010gy forlnternal short・circuits caused by Foreign Ma廿erin uthium・10n Ba廿eries

4. current Test Method010gy forlntemal
Short・circuits caused by Foreign Ma廿er

The intemationalstandard 正C 62660-3, which was drawn up
by the lnternational Electrotechnical commission (1EC),
indudes the Forced lnternal short circuit (FISC) test for internal

Short・cirC山ts caused by forei8n matter. The procedure of this
test is as f0ⅡOWS. First, the electrode assembly is removed from
the outer battery case, and minute metal particles are inserted
into the assembly. The electrode assembly is then retumed to the
Case and external force is applied to forcibly generate an intemal
Short・circuit. The test then confirms the safety of the battery
When this short・circuit occurs (Fig.3).

battery and handle the minute metal particleS 皿'operly
Therefore, different countries have proposed various altemative
methods, includino the Brandt rod test, Brandt nail test, and

Ceramic nailtest (Fig.4).

Force applied
by testjig

0

Electrode assemblY removed

hom out引Case

Cathode

terfninal

V

V01怡ge meter

Brandtrod
Metal

I R 2 mm

In these altemative proposals, force is applied to the outside of
the battery using a testjig to generate a local short・circuit. These
are more simple method010gies that do not require disassembly
Of the battery.
However, unlike the Flsc test,、vhich generates a short circuit
in only one of the several tens of cathode/anode layers in the
battery, these altemative proposals generate short・circuits in
multiple layers. This means that the alternative proposals
diverge somewhat from the purpose of the Flsc test,、vhich
Simulates a short・circuit in one layer, assumin8 the intrusion of
foreign matter inside the battery. Furthermore,in high・capacity
batteries like those used in pHvs and EVS, the alternative

Proposals tend to increase the number of layers in which a short・

Circuitis generated (Fig.5

Anode

ter『ninal

Fig.4 Llst of proposed A吐ernatives to FISC Test

Ejectrode assemblY containino

the minute metal Darticles Dlaced

back inside outer case

Rmm

Brandt nail

ξ三f
Minute metal Darticles inserted

into electrode assemblv

Ceramic nail

The Flsc test is an extremely e仟ective method of simulating
the occurrence of an internal short・circuit caused by foreign
matter. HO、vever, this test cannot be carried out without a high
Ievel of specialist knowledge and techn010gy to disassemble the

Metal

End fadius

0.9 mrn

Fig.30U"ine of Flsc test

Ceramlc

Melaltφ

Imm
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Fig.5 Battery capacity and Number of short・circuit Layers
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The altemative proposals generate short・circuits in multiple
Iayers for the f0110、ving reason. 1n these tests, force is
Continua11y applied to the outside of the battery usino a test jio.
The test is completed when the battery voltaoe fa11S below a set
Value. Because a delay occurs bet、veen the occun'ence of the
Short・circuit and the drop in battery voltage, short・circuits have
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already ocC山'red in multゆle layers by the time the voltage
Conditions for ending the test are detected. since this delay is
Particularly long with a hi旦h・capacity battery, the number of
Short・circuit layers increases (Fig.6).

Short・clrcult

Bat胎rY voltage
atle1γ CapaCⅡy: hl h

CepaC11y:1 __ーーーーーーーーーーーーーーー・ yl -ー

Voltagecriteria ,
for stopping test

、、ofce
ANOU

0

Fig.60uuine of Factors behind lncrease in Number of short・circuit
Layers

Long delay

XCBX、0い

Test stops
N9W

: 39Bd'y'
:や、eてゞC ↑Larg
Battery capacity'10W

For these reasons, various studies were carried out to derive a

new test method010gy thatis simple and capable of generating a
Short・circuit in a single layer. The f0ⅡOwing section describes
the details of this new test method010gy.

Indlcated v011age

Tme

Particles. unlike the ceramic nailtest, since 血e Dlsc test does
not require a special high・cost testjig that is dif負Cult to proC山'e,
it is easier to calTy outthan the altemative proposals.
The number of short・circuit layers generated by the Dlsc test
is as f0110WS.1n the alternative proposals, the average voltage of
the entire battery is used to determine whether 血e test
Completion conditions have been achieved. This causes a delay
bet、veen the occun'ence of the short・circuit and the drop in
Voltage, resulting in short・circuits occuning in multiple layers.
In contrast, in the Dlsc test, the nail also functions as the voltage
measurementterminal. This means thatthe change 血 Voltage at
the location of the short・circuit can be measured directly and the
minute changes in voltage that occur immediately after a short-
Circuit can be identified. Therefore, the test can be stopped after
a short・circuit occurs in one layer

Time

5. New Altemative Method010gy for Testing
Intemal short・circuits caused by Foreign
Ma廿er(2)

5.1 Principles of new test method010gy

The new test measuring method is ca11ed the Directly Detected
Intemal shon circuit (DISC) test. As sho、N,n in Fig.フ, it
involves inS引'tin合 a metal nailinto the battery 丘om the outside.
Unlike the other proposals, it is simple and generates a short・
Circuit in only one layer because the nail also functions as a
Volta8e measurementterminal.

52 Voltage behaviorin Dlsc test

Although the method010gy of the Dlsc test is extremely
Simple, the voltage bet、veen the nail and cathode terminal
behaves in a complex manner. This can be described in
Sequence as f0Ⅱ0、VS.

"ル町0 ↓

V
Voltage meter

) Before start of test

The cathode terminal and nail are connected to the voltage
meter. since the nailis not in contact with the battery, the
indicated voltaoe bet、veen the nail and cathode terminalis o

V (Fig.8).

The 、vorkability of the Dlsc test can be described as f0Ⅱ0、VS.
The Dlsc test resembles the other proposals in that an internal
Short・circuit is senerated by inserting 血e metal nailint0 血e
battery.1t is also a simple test method010合y since there is no
need to disassemble the battery m' insert any minute metal

0

Cathode terminal

Nail

Fig.70U"ine of Dlsc test

ずユ

Connected to

Cathode terminal

3 mm
^

Outer case

Anode

Anode terminal

(2) start of nail application and contact with outer case
When 血e naH is applied, it first contacts the outer case
Since the nailis now in contact with the outer case, the

indicated voltage between the nail and cathode terminalis the
Voltage between the cathode terminal and outer case (Fig.9)

Metal

Angle of
Polnt
Up t045

Cathode

V

Fig.8 V0吐age between Nailand cathode Terminal before S始rt of
Test
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Connected to

Cathode terminal

Outer case

Anode

Cathode

Development of Test Method010gy for lnternal short・circuits caused by Foreign Maせer in Lithium・10n Batteries

V

Fig.9 Voltage between Nail and cathode Terminal when Nail

Contacts case

(3) contact with anode

、uhen the nailis forced further in, it pierces throuoh the
battery case and the end of the nail contacts the anode. since
the nailis in contact 、vith the anode, the indicated voltage
bet、veen the nail and cathode terminalis the battery voltaoe
(Fig.10).

Connected to

Cathode termina!

Outer case

Anode

Cathode

Time

battery 、vas disassembled and the number of short・circuit layers
Counted.

V

Na" and cathode Terminalwhen NailFig.10 voltage between
Contacts Anode

(4) contact with cathode (short・circuit

After the nail passes throuoh the anode, the end of the nail
Contacts the cathode. The voltaoe between the nail and

Cathode terminal wi11 drop due to the short・circuit between
the cathode and the anode at the moment that the nail

Contacts the cathode. This drop in voltage can be detected as
Soon as a short・circuit occurs in one layer (Fig.11).

Nail

Specifications

Table 4 DISC Test conditions

Test

Conditions

Diameter

Angle of point

Material

Testtemperature

Start voltage

Nainnsedion speed

Amount of drop in voltage
belween nail and cathode

terminal

End

Cond轍ons

Connected to

Cathode terminal

62 Testresults

Time

Outer case

Anode

Cathode

The test used 3.6 and 25.O Ah batteries.1n addition, to

Simulate a high・capacity battery, four 25.O Ah batteries were
Connected in para11el and used as a loo Ah battery. The test
results are shown in Fig.12.

3 mm

45

SUS440

Room temperature

4.1 V (fU11y charged state)

0.ol mm/S

V

Fig.11 Voltage between NaⅡ and cathode Terminalwhen Na"
Con始Cts cathode

6. Results of DISC Test and Discussion

6.1 Actualtest method010gy

Ceramic nailtest

OFlsc test

Dlsc lest

0.2 V min

Table 4 Sho、vs the conditions for an actualtest conducted

f0110wino the pl'oced山'e described above. After the test, the
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Time

0

Fig.12 Ba廿ery capacity and Number of short・circuit Layers

At a11the battery capacities, the Dlsc test generated a short・
Circuit in only one layer. As these results demonstrate, the DISC
test is simple and can be stopped when a short・circuit occurs in
One layer in the same way as the Flsc test. This is an effective
method010gy for internal short・circuits caused by foreion matter.

20 60 8040

Batlery capadty (Ah)

、^

フ. Activities toward Global standardization

Previous sections have described the back01'ound and details of

this newly developed test method010gy. This final section
discusses the activities that are under way to tum the Dlsc test
into a global standard.
In Japan, these activities are being administered by the Japan
Automobile Reseal'ch lnstitute σARD. Relevant companies and
Organizations inside Japan are participating in the JARI Battery
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Stand釦'dizauon wm'king Group, which hosts the discussions
re}ated to electlified vehicle lithjum・ion battery standards. part

Of its role is to consult about standatds drawn up by the lEc and

International organization f01' standardization (1SO).1t c011ates

P↑Oposals from Japan, consults with other countries partiCゆating
in the standardi2ation activities, and converts them into

international standards. palticularly in the case of lEC 62660,

Which covers lithium・ion battelies for electrified vehicles, Japan
is takino' the lead role toWωd international standaldization as the

Chair countl'y.B) Toyota is also a member of the JARI Battery
Standardization ＼~'orkino GIOUP. R takes part in the discussions
and makes proposals related to lEc standards
Although the Flsc test was proposed as a part of lEC 626603,
the hioh deoree of technical difficulty of this test prompted
Several counu'ies to suggest the necessity for an altemative
method010gy during consultations on inte↑national
Stand雛dization.1tis thouohtthatthe Dlsc test described above

meets these requirements. Therefore, the effectiveness of the
Dlsc test has been raised at meetings of the JARI Battery
Standardization 圦10rkino Group and intemational meetinσS of
the lEc attended by 山e member counu'ies. The international
Stand田dization of the Dlsc test is being taroeted throuoh these
act1Ⅵtles

Authors

8. conclusions

This article has descl'ibed a simple and approP↑iate test method
Capable of pa'forming an intemal shoTt・circuit tes{, which is an
exu'emely ilnportant pa↑t of verifying the safety of lithium・ion
batteries. This method010oy should help to enhance the safety of

electrified vel]ides equipped with li血ium・ion batte↑ies, which is
Of particular importance to automotive engineers. Toyota
intends to continue making every effortto pl'acticaⅡy implelnent
this method010gy

Fina11y, the authors would like to extend 山eir sincere σratitude
to everyone that suppor[ed rhis development
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Development of Lithium・10n ce11S and

Ba廿ery packfor Redesigned camry HV

Abstract

The redesigned camry Hv thatvvas launched in 2017 features a vvide range of neM11y developed components. This
development aimed to maximize the performance ofthe Toyota Hybrid system (THS 川 insta11ed in the redesigned
Prius, vvhich vvas the first vehicle based on the Toyota Nevv Global Architecture for hybrid vehicles (HV・TNGA). The
Iithium・ion ce11S and ba廿ery pack used in the redesigned camry Hv vvere reduced in size and vveight while
maintaining high performance and safety. This article describes the techn010gy of these lithium・ion ce11S and
battery pack.

Keyvvords: camry HV,/ithium・ion ce//, batteゆ'pack, battery stack

1.1ntroduction

Faced with increasingly stringent environmental regulations

around the world, the automotive industry musl develop and

Popularize vehicles with an even greater focus on environmental
Perfonnance. Further expanding the availability of hybrld
Vehicles (HVS) is an essential part of satisfying this demand
However, to achieve this, it is necessary to enhance the comfort
and fun・to・drive characteristics of HVS, as weⅡ as to simply
focus on environmental performance, The traction battery
instaⅡed in Hvs is an extremely important component with a
direct relationship to the appeal of the vehicle' This article
describes the components and functions of tl〕e traction battery
developed for the redesioned camry Hv that was launched in
2017

B

Iakanorisoejinla*1
Shuta lto*2

2. Development Aims

The redesigned camry Hv achieves better handling than the
Plevious model due to its lower height and centel' of gl'avity

Reaecting these changes, the traction battery development also
aimed to further enhance tl〕e appeal of tl)e vel)icle ぜOT example,
by improving fuel efficiency, reducing 血e size and weight of 血e
battely, expanding the available luggage compar[ment space, and
So on). These aims were achieved by developing a new traclion

battery for the camry Hv wlth substantiaⅡy highel' pa、formance
than the previous baltery,、Ⅳhile making optimum use of
Component parts developed for the redesigned prius that was
Iaunched in 2015

3. ceⅡ Design

3.1 Size of ba壮ery ce11S

Tables l and 2 Compare the developed second・oeneration
Ii血ium・ion ce11 With the previous first・generation ceⅡ. The
Second・generation battety pack is sma11e↑ and lighter than the
first・generation pack due to sma11er al〕d lighter ce11S that also

feature a lower capacity optimized for use with HVS

ノ「

Battery Nlateria】 Engineering & Research DiY.. PO、vel'tl'am company

EHV BatteTy Design Div_ PO、vertrain conlpany
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Table 2 Second・Generation uthium・10n ceⅡ
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3.2 Safety

Safety is an essentiah'equirement when using lithium・ion ce11S.
The developed ceⅡ Satisfied a11the requirements laid out in
Section 38.30f the sixth edition of the uN Recommendations on

the Transport of Dangerous Goods (UN 38.3), the applicable
regulations in china (GB/T31485), as we11 as the requirements
described in the lEC62660 standard determined by the
Intemational Electrotechnical commission (1EC)(Table 3).

Table 3 Safety Test Results

吐em

Impacvcrush

Drop

Nail penetration

Extemal short circuit

Overcharge

Forced discharge

Forced lnternal shod circuit

Seawaterimmersion

In addition, as a countermeasure against overcharging, the
Control adopted for nickel・metal hydride batteries was
Supplemented by a function that monitors the voltage of every
Ce11in the battery. An upper limit voltage threshold is set for
each ceⅡ as a decisive measure to prevent overchar呂血8.

330utput performance

To ensure the required levels of dynamic performance as we11
as energy re合eneration during braking, an Hv battery must have
exce11entinput and oU印Ut performance.1nput performance is a
Padicularly important aspect for enhancing fuel efficiency.
The second・generation battery achieves higher input and
OU印Ut performance than the first generation through the use
Sma11er active material particles (Figs.1 and 2).

Result

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

3.0

2.5

2.0

15

Firstgeneration secondgeneration

Fig.2 Compa"son of First・ and second・Generatlon L託hium.10n ce11
Input performance

Increased by 18000

1.0

0.5

0.0

3.4 Performance life"me prediction

For durability, the resistance of this lithium・ion ce11 briefly
drops under low・temperature and low state of charge (SOC)
Conditions, before increasing once those conditions n0 10nger
apply.
The resistance transition of the ce11 Was divided into a

decreasing term and an increasing term, which enabled the
resistance transition to be predicted more accurately.

In addition, a new lifetime prediction method010gy was
adopted to help make fUⅡ Use of the battery performance (Fig.3
and Equation D.

3.0

25

2.0

15

Flrstgeneratlon secondgeneralion

Fig.1 Comparison of First・ and second・Generetion Lithium・10n ce11

OU如Ut performance

1.0

0.5

0.0

Increased by 40%

Estimated value

＼~Measured value

＼、

0
Decreasing term

、五

Fig.3 Lifetime Esumation Method
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4. Traction Ba廿ery pack

4.1 0U"ine and insta11ation

The traction battery pack (abbreviated to " battery pack"
below) is insta11ed under the rear seats of the vehicle to expand
the available luggage compartment space and to help achieve
exce11ent handling by ensuring a lo、ver center of gravity. The
battery pack developed for the redesigned camry Hv iS 11.5
Iiters sma11er and 15.2 kg lighter than the battery pack in the
Previous generation camry HV (Fig.4). Moving the battery
Pack from behind to under the rear seats helped to substantia11y
increase the capacity of the luggage compal'tment (by 841iters
Compared to the previous generation camry HV)(Fig.5).

Development of Lithium・10n ce11S and Battery pack for Redesigned camry HV

11.5 L sma11erthan previous generation camry HV

115L

4.2 Speci"cations

Table 4 and Fig.6 Show the specifications and appearance of
the battery pack. The battery pack includeS 70 of the lithium・ion
Ce11S described above, and has an energy capacity of l.o kwh.1t
feat山'es t、vo battery stacks of 35 1ithium・ion ce11S apiece,
Connected in series in the lonoi山dinal direction of the vehicle

Table 4 Battery pack specifica"ons

70 (35 × 2)Numb引 of ce11S

Rated voltage (V) 259

Weight (kg) 32.8

Energy (kwh) 1.0

50.4

RedesignedPrevious generation
Camry HV Camry HV

152 kg lighterthan previous generation camry HV

152 kg

38.9

RedesignedPrevious generation
Camry HV Camry HV

Fig.4 Size and vveight comparison

Fronl

UP

Redesigned
Camry HV
Underrear seats

(20の

(32の

}山
、^

郡11拠1

Fig.5 1nsta11a"on position of Ba廿ery pack

4.3 Configuration of battery stacks

Fig.7 Shows the battery stack stNcture. Each stack features
35 1ithium・ion ce11S layered together usino plastic holders.1he
Plastic holders act as insulation between the lithium・ion ceⅡS and
Create paths fm' the coolino air. Each stack is held at both ends
Using restraining plates and four steel bands arranged at the top
and bottom of the stacks.

Rear seats

UP

Fig.6 Appearance of Battery pack
(Top cover Removeの

Left
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4.4 Cooling structure

The battery stacks are cooled via cooling air inlets under the
The performance of the cooling structure wasrear seats

enhanced to obtain the necessary amount of cooling air and to
reduce the tempera加re of the cooling air by a sufficient amount.
Cooling air flows bet、veen the lithium・ion ce11S from
Underneath to both sides. The air cools the ce11S before being
Vented to the space under the rear seats and the lU合gage
Compadment. This configuration separates the intake (air from
inside the occupant compartment before cooling) from the
exhaust (air after cooling) to suppress the e仟ects of heat on the
Iithium・ion ce11S (Figs.8 and 9).

゛ '＼

5. conclusion

^"^"'
.^.^'遭よ、^

This development successfU11y enhanced the environmental
Performance of the battery pack instaⅡed in the redesigned
Carmy HV (see the fuel efficiency comparison in Table 7) and
reduced its size and weight. This was achieved by increasino the
input and output performance of the Hthium・ion ce11S while also
reducing the ceⅡ Size.1n addition,insta11ino the traction battery
Pack under the rear seat helped to enhance vehicle handlino
thereby contributing to the development of fun・to・drive vehicle
Pedormance.
Fina11y, the authors would like to extend their sincere oratitude
for the invaluable support of a11the companies that participated
in the development of these lithium・ion ce11S and traction battery
Pack.

、j
喜

Rear seats

Fig.8 1nsta11ation S始te under Rear seats

Ba杜ery pack

Under cover

叫.J

.

UP

The air is eventua11y vented to the space under
the rear seats and to the lug9age compartment

Table 5 Stand・Alone Evalu

Evaluation 詫em

Vibration

High・altitude simulation

Impacvcrush

Mechanical shock

Drop

Thermal propagation

Thermal shock and cycling

Fire resistance

Overtemperature protection

Extemal short circuit

Overcharge protection

Over・discharge protection

Salt water immersion

Humid龍y/moisture exposure

Smoke exhaust performance

4.5 Safety evaluations

Fig.9 Flow of cooling Air inside Battery pack

In addition to compliance with regulatory requirements, the
battery pack was subjected to Toyota's stringent in-house safety
evaluations. The developed battery pack satisfied a11the stand・
alone requirements for a battery pack, as 、ve11 as the
requirements after insta11ation into the vehicle (TableS 5 and 6).

On Results of Battery pack

Result

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirernents satisfied

Requiremerlts setisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Alr flow

Front

UP

Evaluation item

Frontanmpact

Rear irnpact

Side impact

Vvater exposure

Force resistance

Table 6 Vehicle Evalua"on Results

High・voltage safety

Flooded road

Result

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirements satisfied

Requirernents satisfied

Requirements satisfied
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Comparison of Fuel Efficiency of Redesigned and previousTable 7

Generation camry HVS

Fuel e什iciency (Japanese
JC08 test cycle)(km川

Test cycle

Reference

(D T. soejima et al"'Battery Development for the new camry
HV."AA召CAsia (2018)

Authors

Previous generation
Camry HV

ベ>、,

,'01、',、
',,きI J'1

^行ノ1

ノ'叫i七':、゛

25.4

Development of uthium・10n ce11S and Battery pack for Redesigned camry HV

Redesigned
Camry HV

T. SOEJIMA

33.4
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Ihe Battery echn010gies ofthe Future ・ Fuel ce11S and stora琴e Batteries

Introduc"on to the Toyota Fuel ceⅡ

System (TFCS)

Abstract

In December 2014, Toyota Motor corpora"on launched the Mirai, a pioneering first step toward the gen引al sale of
fuel ceⅡ Vehicles (FCVS). This was accomplished through the adoption ofthe newly developed Toyota Fuel ceⅡ
System (TFCS). The TFcs further enhances the established advan始ges of an Fcv and substantia11y reduces the
Cost ofthe Fc system, which had been a major cha11enge for Fcv commercializa"on.

Keywords: EV/Hvsystem, fue/ce//, hydrogen 始nk, system techno/ogy

1.1ntroduction

The use of electricity and hydrogen (Hつ) is regarded as a
Promising 、vay of helping to resolve environmental and energy
related issues.1n particular, H2・PO、ん,ered fuel ce11 Vehicles
(FCVS) are attracting attention as a type of alternauve energy
Vehicle with strong market appeal.1n addition to clean and
highly efficient environmental performance, Fcvs also combine
driving enjoyment and user・friendliness throU8h smooth and
quiet dynamic performance using motors and a similar cruising
range and refuelin邑 time as conventional gasoline vehicles.
Toyota Motor corporation began the development of

H2・powered fuel ce11(FC) systems in 1992 and was the first
automaker in the world to start sales of an Fcv on a Hmited

Iease basis in December 2002. subsequendy, after incorporating
a number of incremental advances and making progress to、vard
the resolution of the main technicalissues of cruising ranoe and
Cold start capability,1ease sales of the Toyota FCHV・adv (Fig.
1) began in 2008. over this period, Toyota verified the strong
Potential ofthe Fcv as an alternative energy vehicle.

Mikio Kizaki*1

2. Development ofthe Toyota Fuel ceⅡ
System

refining the dynamic performance and silent operation
established by Toyota's previous FCVS. This article describes

the overa11 development of the TFcs and its components,
focusing on the approaches taken to reduce cost.

In December 2014, Toyota launched the mass・production
Mirai sedan, a pioneering first step toward the general sale of
FCVS (Fig.2). The development of the Toyota Fuel ce11
System (TFCS) used in the Mirai was started with the aim of
realizing the world's first truly practical FCV, which would be
Capable of demonstrating the potential of this type of vehicle and
encouraging fUⅡ・scale popularization in the future. The TFCS
10wered the cost of the Fc system, which is one of the laroest
Obstacles to the commercialization of FCVS, while further

*1 Fuel ce11 Products Development Div.. powertrain company
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Fig.1 Toy0始 FCHV・adv

3. cost Reduction Approach for Fc system

The biggest cost drivers for an Fc system may be cate晉orized
as f0110WS: the high cost of special materials for FCS, the

Complexity of dedicated Fcv systems (induding the large
numbers ofP威S), and the sma11 Production scale (Table l). The
details and countermeasures forthese factors are described below.

、11
^闇
゛ー

々

Fig.2 Mirai FCV
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Factor

1. High cost of special
Fc mat引ials

2. complexity of
dedicated FCV

Systems

Table l Fc system cost Analysis

Counlermeasures

・ Reduce material amounts

・ use or develop alternative materials

・ consolidate parts
・ optimize pad requirement specifications
(market feedback, regulations, etc.)
・ Revise part configurations

・ carry over mass・produclion pads from other
Vehicles

・ carry overthe production line from other
Vehicles

Unify mass・production specifications
between eutomakers

3. sma11 Production
Scale

3.1 Reducing the cost of special Fc materials

An Fc system uses large amounts of high・cost materials, such
as a precious metal plaunum (pt) catalyst and carbon fiber high・
Pressure hydrogen tanks. As shown in Fig.3, the Fc system in
the Toyota FCHV・adv used a significant proportion of special
materials.

The TFcs lowered material cost by adopting compact,
Iightweight, and high・performance components that use less
materials, and by replacing high・cost materials with general・
PU印Ose alternatives

43

(Fig.5). ThiS 3D fine・mesh aow field is a 3D micro-1attice that

Promotes 02 diffusion to the catalyst layer by ao、ving turbulent
air toward the electrode. The front and back shapes and surface
Wettability of the aow field were also optimized to quickly draw
Water 8enerated from the electrode to the back surface of the

aow field. These measures help to preventthe inhibition of oas

打Ows due to aoodino of the aow field, enable uniform power
generation within each ce11 Surface, and reduce voltage variations
between stack ce11S. Furthermore, the mesh aow field pattern
Within the ce11 Surface can be modified to a11eviate turbulence at

the air inlet to help prevent drying of the electrode when the
extemal humidifier is removed from the system.

Introduction to the Toyota Fuel ce11 System (TFCS)

Fc system parts
(general・purpose
materials)

3.1.1 Cost reduction of materials in Fc stack

(D lnnovative ce11 aow field structure: conventional ceⅡ aow

field structures in Fc stacks genera11y use straight channels.
This structure is susceptible to water accumulation undemeath
the aow field ribs that contact the electrode,、刃hich adversely
affects oxygen (0う) diffusion and causes non・uniform po、ver
generation (Fig.4). To help resolve this issue, porous metal
"ow fields such as foamed sintered compacts that remove the
generated water from the electrode by capi11ary force through

minute holes have been studied as a 、vay of ensurino 02 diffusion
and enhancing performance. However, issues caused by these
Porous metal flow fields include hioh pressure loss,1aroe
amounts of residual water left inside the pores, product quality,
and cost.

To increase the cun'ent density and ensure the voltaoe stability
Of the ne、vly developed Fc stack, an innovative three、
dimensional BD) fine・mesh air flow field was developed

多
Special FC
materials

Fig.3 Cost Breakdown

Generated waterfloods the flow

field, inhibiting the flow of air

Coolant

TOYOTA Technical Revievv v01.65 Dec.2019

Electrode
向一ーーー制

Ce11thickness:1.68

ー^

Fig.4 Convenuonal straight channel structure

Generated water accumulates unde

the ribs, inhibiting 02 diffusion,
and affecting power generation

Generated wateris quickly drawn
in by the 3D fine・mesh flow field

Coolant

、^

Electrode
ーー^

Fig.5 NeW 3D Fine・Mesh FIOW Field structure

02 diffusion to the electrode is promoted by
the sma" flow fie!d rib area contacting the
ribs and turbulence.
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(2) 1nnovative electrode: The activity of the catalyst in the new
Ce11Structure was boosted by a factor of l.8 by optimizing the pv
Cobalt (CO) a110y ratio. The carbon support was also changed
from a h0ⅡOw to a solid type. As a result, the pt catalyst, which
Was functiona11y difficult to utilize effectively inside the support,
Could be reduced, thereby increasing the effective utilization rate
Of pt by a factor of approximately 2.
The innovations that were appHed to the ceⅡ flow field
Structure and electrode had the f0110wing effects:10wer
Concentration overvoltage due to improved gas diffusion,10圦,er
resistance overvolta8e due to improved proton conductivity, and
10wer active overvoltage due to improved catalytic activity. As a
result, the generation current per unit area increased
Substantia11y, increasing the current density by a factor of 2.4
Compared to the previous configuration (Fig.6).
This increased performance (i.e., increasing the current density
by a factor of 2.4) reduced the area of the electrode per unit
Power by 59%.1n addition,increasing the utilization rate of the
Pt catalyst reduced the amount of pt used by two・thirds (Fig.フ)
and lowered the material cost of the electrode per unit area. This
development als010wered the electrolyte membrane thickness by
two・thirds, thereby decreasing the required amount of high・cost
electrolyte polymer.

(3) cost reduction of separator and other components: The
Previous separator consisted of a stainless steel base material
(SUS316L) coated with a h喰h・cost gold (AU) surface treatment
to reduce contact resistance and ensure anti-corrosion

Performance. changing the base materialto conosion・resistant
titanium a110wed the required surface treatment function to be
Simplified to the reduction of contact resistance. As a result, the
Conventional Au plating treatment was replaced by a newly
developed carbon nano・coating ca11ed pi conjugated amorphous
Carbon (PAC). Eliminating the precious metal usage in the
design enabled substantial cost reductions (Fig.8).1n addition,
Simplifying the Fc stack tightening structure by integratino the
functions of the structure also reduced the number of tightening
Parts and helped to reduce cost.

Fig.6 Current・V0壮age (1・V) characte"stics of New ce11 Structure

(current Density)

Previous

Ce11 Structure

Current density
increased by factor of 2.4

Current density (A/cm2)

New ce11

Structure

Previous: Au plating

Quantjty of pl
reduced to one・third

Fig.7 Amount of catalytic pt per un吐 Power

Previous stack

St

AU P at

New: carbon nano・coating

S steel base mate"al

ng.
n

@a 向・

New stack

These developments enabled the new Fc stack to achieve a
Volumetric power density of 3.1 kw/L, which is more than twice
as high as the previous stack (Fig.9). The maximum p0Ⅵ,er of
the new stack was increased by 27% from 90 t0 114 kxv (a per
Ce11 血Crease of 36%). Atthe same time, the volume of the ceⅡS

Was reduced by 24% as a result of the higher current density
(increased by a factor of 2.4) and the use of thinner ce11S
(thickness reduced by 20%). Furthermore, changing the
Separator aow field material from stainless steelto titanium,
Which has a lowerspecific gravity, reduced ceⅡ Weight by 39%

na .・Gφanl g'

Fig.8 Separator surface Treatment.
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2002 model

Molded carbon

Straight channels

205 1.50

Mass power density (kvv kg)

Fig.9 FC S始Ck volumetric and Mass power Density

New stack

T蛇an山m

3D fine・mesh

flow field

2008 model(previous model
Slainless steel

Stralght channels
▲

3.12 Cost reduc"on of mate"als in high・pressure
hydrogen tanks

a) LOW・cost carbon fiber: a large proportion of the cost of the
high・pressure hydrogen tanks is accounted for by the carbon
負ber used. consequently, reducing the cost and amount of the
Cal'bon fiber were both important aspects of the TFCS
developme川. The previous model adopted high・grade aviation
Carbon fiber for 血e tanks. For the TFCS, with the cooperation of
Carbon fiber manufacturers, the properties of general・purpose
Carbon fiber were strengthened to the same level as aviation-
grade carbon fiber,thereby lowering the cost of the carbon fiber.
(2) Reduction of amount of carbon fiber used: Fig.10 shows
the structure of the high・pressure hydrogen tanks. The high・
Pressure hydrogen tanks are composed of a resin liner at the
innermost layer that functions to sealin the hydrogen gas,
Surrounded by a strong carbon fiber reinforced plastic (CFRP)
Iayer. Aluminum bosses are provided at both ends. T0 10wer
Cost and weight, the development focused on the cFRP
Iamination and aimed to substantia11y reduce the amount of
CFRp used.

The cFRp lamination pattem of the high・pressure hydrogen
tanks consists of a combination of three types of winding
methods: hoop winding to strengthen the centra11'egion of the
tank (in the circumferential direction), helical 、vinding to
Strengthen the dome regions (in the axial direction), and high・
angle helical winding to reinforce the boundary regions (Fig.
11).

Of these winding methods, the hioh・angle helical winding is
Wound around the tank at an angle of approximately 70 and also
has to be wound around the dome regions. However, as shown
in Fig.12, the stress distribution in the circumferential direction
is low, and this winding does not make a major contribution to
tank strength.

Introduction to the Toyota Fuel ce" system (TFCS)

Dome region

CFRP

Boundary
region

Central

Fig.11 Lamina"on pattern of High・pressure Hydrogen Tanks

゛

W＼W

N /
J
J

reglon

、

Valve

Fig.10 structure of High・pressure Hydrogen Tanks

Protector
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Liner

四

Reduction in e什iciency .

9030 600

Angle offiber with respeclto central axis e o

Fig.12 Relationship between Fib引 Angle and strength E什iciency

Focusing on the factthat high・angle helical、vinding accounted
for approximately 25 0f the tota11aminated cFRp structure in
the previous model, a new lamination method was developed to
Streng血en the boundary re即ons (Fig.13).
Specifica11y, the f0ⅡOwing three changes were made to the
Iamination method

(1) The shape of the liner was changed,負attening the boundary
regions and a110wing lamination by hoop winding.
(2) At the flat parts described in a), the boundary regions 、、,ere
Strenothened 、vhile formino the conventiona11iner shape by
hoop winding
(3) HOOP 、vinding lamination was concentrated in the inner
Iayers.
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Conventional
Iamination method

High・angle helical
Iayers (25% oftotal)

Developed
Iamina"on method

(2) The dome shape is formed using the hoop layers,
Strengthenjng the joint region

Flg.13 Comparlson of conven"onaland New Lamination Methods

These changes eliminated the high・angle helical winding, and
a110wed the hoop 、刃inding, which is a highly effective method of
increasing strength in the circumferential direction, to be
Concentrated in the inner layers of the laminated structure at
Which the generated stress is highest. This enabled an
approximately 20 wt% reduction in cFRp compared to the
Previous lamination method.1n addition, optimizing the boss
Shape and reducing the amount of cFRp used helped to achieve
a storage performance (storable hydrogen weight / tank system
Weight) of 57 Wt%, one of the highest in the 、vorld, thereby
Substantia11y lo、uering the cost of the high・pressure hydrogen
tanks (Fig.14).

入

(3) concentrated hoop layers

(1) Liner shape changed (non・continuous region)

Sca廿ered hoop layers

入

Cooli"g s stem

6.0

、11"、、、、、、、'滞1 -1
. 1 HユSystem
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4.0

CO011ng system

3.0

2000 2002 2004 2006 2008 2010 2012 2014 2016 (Yeao

' Ta"k storage pedormenC8 (WWり= hydroge" SI0伯ge amount(kg)恰nk welght(kg)" 100
' source of cor"pe批ors' data: Toyota

Fig.14 Compa"son of High・pressure Tank storage performance
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Fig.15 Structure of previous Fc system
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32 Fc system simplifica"on

EHminatin80r consolidating paにts is an indispensable aspect of
Fc system simplification. Figs.15 and 16 Show the stNctures
Of the previous Fc system and TFCS, respectively. To hi号hlight
the progress between the two,the parts that were canied over are
Shown in ye110W, and the parts that were consolidated are shown
in blue.

t●r

・ M心S・orodⅡalo" P宜門

▲

New tanks

'

01山岫1

'

MU叩創

丘口

Fc ca3e i"畑rn■I Hユ deteotor

Alr C1■日11●r

Air s

'

'

As part ofthe approach to simplify the Fc system,the TFcs is
the first Fc system in the 、vorld without an extemal humidifier.
10nic conduction in the electrolyte membrane of an Fc requires
the membrane to contain an appropriate amount of water.
However, by improving the Fc stack and system contr01,it was
Possible to realize the humidifier・free concept by interna11y
Circulating water generated downsu'eam of the air system
(cathode) to the upstream side of the air inlet through the H
System (anode)(Fig.17).

The H2 and air aow paths of the new ceⅡ are macroscopica11y
Confi3Ured to run in counter directions on either side of the
electrode (Fig.18). This structure uses the water generated
downstream of the air aoW 負eld in the ce11 by back diffusion to

humidify 血e upstream portion ofthe H2 aow field. The aow of
H2 transports water vapor to the H2 0udet, achieves back
diffusion of water through the electrolyte membrane, and
humidifies the air aow field, which is susceptible to the drying
action of the electrode.1n addition, the electrolyte membrane
thickness was reduced by two・thirds, thereby promoting the
generation of water by back diffusion and increasing the proton
Conductivity by a factor of at least 3. consequendy, this
Configuration enables self・humidification by circulating
generated water within each ce11, thereby maintaining the
required high・temperature performance even without a hU加di丘er.
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Back di什Usion

Air

、、
、、

、、

Electrolyte
membrane

(1)・2 Anode inlet
Pressure reduced

Anode P

(H. system)

Cathode

(air system)

(2) structural
Countermeasures

Fig.17 Elimination of Humidifi引 by self・Humid廿ication
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33 Utilization of mass・produc"on parts

Durino the in川a11aunch phase of FCVS, the size of the market
Wi11 not be comparable to that of conventional gasoline・powered
Vehicles. As a result, it wiⅡ be difficult to obtain the normal cost

reductions by mass production and economies of scale.
Therefore, efforts were made to reduce cost by carryino over
existing mass・production parts in the motor system and the
Systems for operating the FC
To maximize the adoption of motor system parts used in
Toyota's mass・produced hybrid vehicles (HVS), the

Specifications of the Fc system were adjusted in line with the
Specifications of those parts. However, in the previous model, it
had been necessary to design a dedicated motor and inverter for
the Fcv motor system (Fig.19) to match the unique
Characteristics of an FC (i.e.,10w voltage and high current) since
the Fc stack and inverter were directly connected and used the
Same voltage. Th引'efore, the TFcs features a new Fc boost
Converter (FDC) that converts the Fc voltage and enables the
adoption of a mass・production Hv motor and inverter (i.e., high
Voltage and low current). This measure helped to reduce the size
and cost of the motor system.
The component parts ofthe FDc also feature a hioh proponion
Of components adopted in mass・production HVS, such as the
inte11igent po、刃er module (1PM) and inductor, helping t0 10wer
Cost.

(1)・1 Anode
flow increased

Introduction to the Toyota Fuel ce11 System (TFCS)

Air flow field

(3D fine・mesh)

322 Reduction of number of high・pressure hydrogen
tanks

The previous model used four high・pressure hydrogen tanks
insta11ed under the floor. However,it was necessary to reduce
the number of tanks because the valves attached to each tank are

a major cost driver of the system.1n addition, a lar8e number of
tanks would also be an impediment to insta11ing the system in a
Sedan package.
To reduce the number of tanks, it 、vas important to minimize
the required Hつ Storage capacity of the vehicle by improving fuel
e仟iciency, and to design an efficient way of packaging the high・

Pressure tanks to maximize the H2 Capacity within a limited
Space.1n the Mirai, the number of tanks was reduced to two by
improving fuel efficiency by approximately 20% compared to
the previous model, and by ne、vly developing two differently
Shaped tanks to store the l'equired amoU爪 of H2 Without wasting
Cabin space in a sedan.

Fig.18 New ceⅡ FIOW Field structure

Alr outlel

ant inlet

Air inlet

Drlve motor

(650 V)

FDC Fc boost converter

BDC: batlery boost conved引
PCU: POW副 Control unit
INV'10ve『ter
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(fewer layered ce11S)
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Ieadlng pedormarlce

PCU

Dedicated

BDC

TFCSPrevious model

Fig.19 Structure of Motor system

r

Drlve motor

(240 V)

4. conclusions

The mass・production and commercialization of the Mirai FCV
is the result of a long and 田duousjourney by a large number of
People at Toyota and its partner companies. Funhel'more, the
Iaunch of this Fcv signals only the start of a lengthy struggle
toward achieving widespread popularization
The name of the Miraiis derived from the Japanese w01'd
meanino " future" and Toy0仏 has decided to use the same name
in every market in 、vhich the Miraiis sold al'ound the w01'1d. The
name l'eaects the sionificance of the Mirai as a vehicle for the
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next oeneration that wiⅡ Open the way to the future、
Toyota is continuing the development of Fcvs as one of the
most promising techn010gies for achieving sustainable mobility
and energy diversification. At the same time,北 Wi11 Cω'ry on
actively W飢'king with govemments and related fields toward the
realization of a hydrogen・based society, fm'the sake of the Earth
and fut山'e generations

Note: this alticle is based on the f0110wino published technical
Paper

M. Kizaki."1nu'oduction of Toyota Fuel ceⅡ System

"TFCS"."/om'παl qf' sociely ofAιιtonlohve 三ngineers oj
ノαPaπ V01.69 NO.5 (2015) PP.51-56

Author

'参、
M. KIZAKI
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Ihe Battery lechn010gies ofthe uture ・ FⅡel ce11S and storage Batteries

Development of High performance and
Low cost Fuel ceⅡ Stack

Abstract

Greatly enhancing the performance and reducing the size and cost ofthe fuel ce11(FC) stack is an important part
Of measures aimed atfacilitating the widespread adoption 0什Uel ceⅡ Vehicles (FCVS). The new Fc stack insta11ed
in the Mirai,the pioneering mass・production Fcv that was launched in Decemb引 2014, adopted an innovative ceⅡ
"OW・field structure and electrodes to realize the wo"d's first humidifier・1ess system. compared to the previous FC
Stack,these innovations improved performance by increasing current denS吐y by a factor of 2.4, and reduced size
and weight by decreasing the extemal volume ofthe stack by 42%. As a resU吐,this FC S始Ck achieved a power
density of 3.1 kw/L and 2.o kvv/kg, one ofthe highest in the wo"d. These "gures are more than twice as high as
the previous modeland aⅡOwed the Fc stackto be insta11ed underthe "oor of a sedan・type FCV. Furthermore,the
durabiⅡty ofthe electrodes was improved by a factor of 3 Compared to the previous stack, and the reliability ofthe
FC S怡Ck againstimpacts, water exposure, and corrosion was ensured. The cost ofthe Fc stack was also greatly
reduced by simP1汁ying the stack tightening structure, CU廿ing the amount of platinum (pt)in the electrocatalyst by
729、0, and replacing the gold (AU) pla"ng ofthe separator surface treatment with a newly developed carbon nano・
Coating.

Keywords: FC S治Ck, ce//, power density, humidifier・free deS勾n, f/OW ガe/d structure, e/ectrode,impactresistance,
durab所tyand re/伯bi/πy cost

1.1ntroduction

A fuel ceⅡ(FC) generates power by electrochemical reactions

through an electrocatalyst using hydrogen (H2) as fuel and
Oxygen (0つ) in the air. since these reactions generate only water
as a by・product, Fcs are regarded as an extremely dean and
efficient means of generating power, with the potential to help
resolve energy and environmentalissues in the future. Fuel ceⅡ
Vehicles (FCVS) use polymer electrolyte fuel ce11S (PEFCS) that
Can start up and generate po、ver at low temperatures, and that
achieve fast reaction speeds and high cunent densities (Fig.1).

Seiji Mizuno*1

Norishige Konno*1

KenjiTSⅡbosaka*1
HiroakiNishiumi*1

Hideki Kubo*1

Toshiyuki lonuma*1

M

Coolant pump

Hydrogen
(Hり^

Motor, elc
/'ー、＼
＼___ノ

Electrolyte
membrane

(containing
Water)

To achieve the required performance with a pEFC, it is
necessary to reduce the proton conductivity resistance by
maintainino the h山nidity of the ionomers of the electrolyte
membrane and catalystlaya'(CL).1n a conventional Fc system,
air is passed throU旦h a humidifier and supplied to the Fc stack
(Fig.2)
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Fig.1 Generation p"nciple of pEFCS
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For its mass・production FCV, Toyota aimed to develop a
Simpler Fc system that would be sma11er,10wer cost, and more
reliable. This was achieved by developino the world's first FC
Stack without a humidifier. As a result of these e仟orts, the

developed Fc stack achieves a w01'1d・1eading powel' density of
3.1 k、刃旺_. and is compact enouoh to be insta11ed und引' the aoor
in an Fcv sedan. Furthel'more, the durability of the electrodes
and the reliability of the stack against impacts, watel' exposure,

Fig.2 Conventional Fc system
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and corrosion in the particular under・floor insta11ation
environment were ensured. The cost of the Fc stack was

reduced by adopting a simpler tightening stNcture with fewer
Parts, and by substantia11y lowering the amount of precious
metals used through reducing the amount of platinum (pt) in the
electrocatalyst by 72% and eliminating the gold (AU) plating
Surface 訂'eatment of the separator.
This article describes the innovative ce11 aow field stl'ucture

and electrodes, which are the key techn010gies f01' enhancing the

Performance of the Fc stack, as we11 as the techn010gies for
reducing size, enhancing aspects of reliability such as resistance
against impacts, water exposure, and con'osion, and lowering
Cost.

2. Enhancing Fc stack performance

、刃ater management in each ceⅡ Plays a key role in enhancing
the power generation performance of the Fc through ensuring
Sufficient diffusion of 0つ to the cL and maintaining proton
Conductivity. The newly developed Fc stack features an
innovative ce11 aow field structure and electrodes that achieve

the required performance by self・humidification using only
generated water.

2.1 1nnovative ce11flow field structure

Conventional ceⅡ aow field structures in Fc stacks oenera11y

Use straioht channels. This stNcture is susceptible to water
accumulation undemeath the aow field ribs that contact the

electrode, which adversely affects o。 diffusion and causes non・
Uniform power generation.(D ln addition, straight channels are
Susceptible to aooding by generated water, which inhibits gas
tlo、vs and a仟ects volta8e stability (Figs.3 and 4).

Generated water accumulates under

the ribs,inhibiting 02 di什Usion, and
a什ecting power generation

Vvaler {10w palh blockage

印り
ChaN】e

Generated waterfloods the flow

field, inhibiting the flow of air

Coolant

'"-Y lnsiqe di{fuslo
や.y

In contrast, porous metal aoW 負elds such as foamed sintered
Compacts thau'emove the generated 訊/ater from the electrode by
CapiⅡary force through minute holes have been studied as a way
Of ensuring 02 diffusion and enhancing performance. However,
issues with porous metal aow fields include h喰h pressure loss,
Iarge amounts of residual water left inside the pores,
manufacturin合 quality, and cost.(2)
To incl'ease the current density and ensure the voltage stability
Of the new stack, an innovative three・dimensional(3D) fine・

mesh air aow field was developed. ThiS 3D fine・mesh aow field
is a 3D micro-1attice that promotes 0つ diffusion to the catalyst
Iayer by flowing turbulent air toward the electrode. The front
and back shapes of the 3D fine・mesh flow field were also
Optimized and the aow field surface given hydrophilic properties
to quickly draw water generated from the electrode to the back
Surface of the flow field (ca11ed "inducted water"). These

measures help to prevent the inhibition of gaS 負Ows due to
blocka3e of the aow field, and also help to achieve uniform
Power generation within each ce11 Surface and reduce voltaoe
Variations between stack ceⅡS by reducing the residual water in
the diffusion layer to ensure oas diffusivity. Furthermore, the 3D
fine・mesh aow field pattern within each ce11 Surface can be
modified to a11eviate turbulence at the air inlet to help prevent
drying of the electrode and to enhance high・temperature
Performance (Figs.5 and 6).

Fig.4 State of Residual water in straight FIOW Field
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Fig.3 Conventional straight channel structure
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Generated wateris quickly drawn
in by the 3D fine・mesh flow field

Coolant

Electrode
ーーーー制

Ce11thickness:

134 (-209・、0)
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Fig.5 NeW 3D Fine・Mesh FIOW Field structure

toward the air inlet, which is more susceptible to dryinσ than at
血e air outlet, thereby restricting the evaporation of moisture
from the electrode. As a result, the Fc stack maintains the

required high・temperature performance even without a
humidifier (Figs.7 and 8

02 diffusion to the electrode ls promoted
by the sma11flow field rib area contacting
the ribs and tU巾Ulence

VV唯er dr九、vn up by 川duC110n

Electrode
H and coolantflow field
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Fig.6 S始te of Residual waterin 3D "ne・Mesh FIOW Field
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1Π Contrast, the Hう aow field is channel・based and integrated
With the coolant ao、v field at the back and h'ont. This creates a

2-turn,3・step cascade macrostructure in which the Hう and air
ΠOw in counter directions on either side of the electrode. This

Structure uses the watel' genel'ated at the air outlet by back
diffusion to h山れidify the inlet H,. The H。 cil'culation pump then
transp01'ts water vapor to the H。 outlet and humidifies the aow
field at the ail' inlet,、vhich is susceptible to the dl'yino action of
the electl'ode. Therefore, this confioul'ation enables self・

humidification by circulating generated water 、vithin each ce11.
This ao、v field stnlcture also enS山'es that more coolant nows

Pressure Hユinlet
(wel)Conlr011er

The amount of H2 drculation is

increased lo increase supply of wa1引
Vaporfrom the inlelto the outlel.

H lanks

^

Fig.7 New ceⅡ FIOW Field structure
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To enhance perf01'mance without a h山ηidifier, the electrolyte
membrane thickness was reduced by t、VO・thh'ds, thereby

Promoting the generation of water by back diffusion and
in口'easing the proton conductivity by a factor of at least 3.1n
addition, meaS山'es 、vere also adopted to restrict chemical
detehoration of the electrolyte membrane due to the formation of
high concentrations of hydrogen peroxide and hydroxylradicals,
Which are reacuon by・products when the Fc is operated under
10W・humidity conditions. These measures include the addition
Of a radical quencher into the electl'ode and the reduction of iron
(Fe) ion contamination from auxiliary system parts. As a result,
the required croゞover lifetime was achieved
In the cL, proton conductivity and gas diffusion P引formance
Was achieved by lowering the equivalent weight (E、刃) of the
ionomers (i.e., by increasing the functional groups) and
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Optimizing the ratio of the ionomers. The activity of the catalyst
、vas boosted by a factor of l.8 by optimizing the pvcobalt (CO)
a110y ratio and adopting an acid treatment. The carbon support
Was changed from a h0110w to a solid type. This measure
a110wed the pt catalyst to be supported on the carbon surface,
reducing the o? diffusion resistance.1t also increased the
effective utilization rate of pt, which promotes the reaction

a factor ofParticularly under conditions of low humidity, W
approximately 2.1n addition, the pt particle size and distribution

Were optimized to restrict the reduction in the size of the active
reaction area due to the dissolution and particle growth of pt in
the potentia1 負Uctuation durability process.
In the diffusion layer, the ratio of the carbon fiber and binder
in the carbon paper base material was optimized and the 、veight
Of the carbon paper was reduced by 45q , resulting in higher gas
diffusion performance. Furthermore, adopting a thinner carbon
Paper and coarser grained carbon black (i.e., material with a
Iarger pore diameter) in the micro porous layer (MPL) fonれed at
the interface of the base material and cL reduced the water

Permeation pressure. This helped to improve the 、vater removal
Performance and increased 3as diffusion by a factor of 2 (Figs.
9 and lo).G)

The innovative ce11 flow field structure and electrodes

described above had the f0110wino effects:10Ⅵ,er concentration

Overvoltage due to improved gas diffusion,10wer resistance
Overvoltage due to improved proton conductivity, and lower
active overvoltage due to improved catalytic activity. As a
result, the maximum per unit area sweep current of the electrode

improved substantia11y, increasin今 the current density by a factor
Of 2.4 Compared to the previous structure (Fig.11).

MPL Ⅷth high water
removal performance

Electrode cross・section
Highly active a110y catalyst
(catalytic activity increased
by factor of l.8)

Thinner electrolyte membrane
(proton conductivity increased

by factor of 3)

Fig.9 1mprovement of physical properties of Electrode
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High performance gas di什Usion laye
(gas di什Usion increased
by factor of 2)
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Fig.11 Current・voltage (1・V) characte"stics of New ceⅡ Structure
(current Density)
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3. size and vveight Reduction of Fc stack

20

Current density
increased by factor of 2.4

Pt catalyst

The maximum power of the new stack was increased by 27%
from 90 t0 114 kxv (a per・ce11increase of 36%). At the same
time, the volume of the ce11S was reduced by 24% as a result of
the higher cunent density (increased by a factor of 2.4) and the
Use of thinner ce11S (thickness reduced by 20%). Furthermore,
Changing the separator aow field material from stainless steelto
titanium, which has a lower specific gravity, also reduced ceⅡ
Weight by 39%

A new stack tightening structure was developed. changing the
Ce111ayer configuration from a two・row to a single・row structure
enabled the area of the tightening plates to be halved. The

Previous structure also used springs to achieve constant-pressure
tightening. These springs were eliminated by adopting a
Constant・dimension tightening method using the intemal ce11
Spring propenies. The stamped stack case was replaced by an
aluminum casting and the number of tightening parts was
reduced by incorporating measures to increase tightening
Strength in the case. As a result, the volume and weight of the
Case 、vere reduced by 42%(from 64 t037 L and l08 t056 ko)
(Fig.12).
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Previous stack

20o ce11S
Two rows

^

New stack

370 ce11S

Constant・dimension

tightening

Fig.12 Fc stack Tightening structure

As a result of these measures, a high・performance, compact,
and lightweight Fc stack was developed with a power density of
3.1 k、VA" and 2.o kwnくg, more than twice that of the previous
Stack, enabling insta11ation under the seats of a sedan (Figs.13
and 14.

亀

Constant・pressure
tightening

Springs

Single row
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3.5

3

25

2

1.5

Fc stack

Fig.14 Under・Floorlnsta11a"on of New stack

4. Ensuring the Reliability 0什he Fc stack

Due to its insta11ation position under the aoor of the vehicle, it
Was necessary to ensure the reliability of the new Fc stack
Considering the f0110、uing factors:(D impacts such as c011isions
and road surface contact,(2) water resistance when drivin合 on
Submerged roads and the like, and (3) corrosion resistance
assuming use in regions susceptible to salt damage.

4.1 Measures to ensure impactresistance of Fc stack

The new Fc stack featureS 370 ce11S tiohtened tooether in

Iayers. Gaskets are provided between each ceⅡ to sealthe H。,
air, and coolant ao、VS. From the standpoint of ensurino high・
Voltage and H2 Safety against impacts, it is necessary to prevent
Sealing defects occurring bet、veen the ce11S of the Fc stack due to
Ce111ayer deviation.

The Fc stack maintains its stNcture usino the tightenin8 force
and the friction constraint force oenerated by the tiohtenino
friction bet、veen the ce11S. A SU丘icient friction constraint f01'ce

must be ensured against impacts to prevent ce111ayer deviation.
Therefore, experiments and simulations 、vere carried out to
identify 伽e impact resistance of the friction constraint force of
the Fc stack (Fig.15). The results found that the Fc stack has
Sufficient impact resistance against impacts, and that the friction
Constraint force protects the stack against road surface contact
and mild c011isions.

0.5

▲
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Molded carbon

Straight channels

.

0

205 1.5

Mass power density (kvv kg)

Fig.13 Fc stack volumetric and Mass power Density
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In addition, to prevent sealino defects between ce11S when the
Fc stack is exposed to a high impact force that exceeds the
friction constraint force of the stack in a hioh・speed c011ision
(such as during a lega11y required crash test or an ever higher
Speed c011ision), an external constraint struct山'e was adopted to
restrict the amount of ce111ayer deviation to below the required
Value. when an impact is applied to the Fc stack, this ext引'nal
Constraint structure reduces the shear force generated at the ceⅡ
interfaces of the ce11 1ayers, thereby restricting the amount of
deviation (Fig.16). The external constraint force is obtained by
Contact with ext引'nal constraints when the impact causes the
Stack layers to distort dynamicaⅡy. To achieve the required
reaction force, the development identified the deviation
Characteristics of the ce11, and optimized the distance bet、veen the
Ce11S and extemal constraint, as 、ve11 as the stiffness of the
external constraints.

As a result, friction constraint force is used to prevent ce11
deviation when an impact occurs at normal speed, and external
Constraints are used to obtain the required reaction force when a
hiah・speed impact occurs. These measures are e行'ective against
a wide range of impacts by restricting the amount of ce111ayer
deviation to below the required value.

Layered ce11 Structure

ノノーー^

G P

Stack case

Fig.16 Concept of Fc stack External constraint structure

42 Measures to ensure waterresistance of Fc stack

Vvater pressure distribution

Q: externa constrain廿orce

^

'.

F M'G lne川alforce

F一Ω Shearforce at end of
2 1ayeredce11Structure

Because the Fc stack is insta11ed under the aoor close to the

ground, it must be resistantto water spray and subm引'sion when
the road is aooded.

Experiments and simulations were calTied out to measure the
required water pressure resistance when driving on a submerged
road. A close correlation was achieved bet、veen computer aided
engineering (CAE) simulations and measurements, the results of
Which were used to optimize the water・resistant design of each
Componentin the stack (Figs.17 and 18).

●T

星 Extemal constrainlforce at
2 end oflayered ce11 Structure

M: stack weight
g: gravitational acceleratlon
G: acceleration from impact
P: tightening force

Fig.17 CAE ResU吐S of wat引 Pressure Distribu"on when Driving on
Submerged Road

■
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Fig.18 Comparison between Measurements and cAE simulations of
FC S始Ck water pressure Distr山Uuon

4.3 Measures to ensure corrosion resistance of FC

Stack

,

Measured value

The operating environment of the Fc stack is disadvantaoeous
Compared to a conventional engine. For example, due to its low
insta11ation position, the Fc stack is exposed to sprays of
de・icing a8ents and water, aS Ⅵ,e11 as submersion on aooded
roads. Furthermore, due to its lo、v operating temperature, ice
around the Fc stack does not melt. This means that measures

must be taken to ensure conosion resistance

Various anti・con'osion measures were applied to the new FC
Stack considerin8 its corrosive usage environment. An alumite
treatment was applied to the aluminum stack case, cationic
electrodeposition was applied to the lower stack cover, and a
Geomet coating was applied to the bolts.1n addition, the
Structure of the Fc stack was designed to restrict conosion of the
base material. AdditionaⅡy, an ethylene・propylene・diene rubber
(EPDM) was used for the sealing gaskets as a measure against
the alkaline environment oenerated when the base material

Corrodes. These measures enSⅢ'ed the corrosion resistance

Performance of the Fc stack insta11ed under the aoor(Fig.19
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Fc stack case:

alumite treatment

'

Fig.19 Measures to Ensure corrosion Resistance of Fc stack
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5. cost Reduction of Fc stack

The high cost of an Fc stack is mainly due to the electrolyte
membrane in the electrode, which is a special Fc material,the pt
in the catalyst, and the Au plating separator surface treatme爪(to
reduce contact resistance and pl'ovide corrosion resistance),
Which cannot be reduced by economies of scale throuoh mass・
Production.
The development of the new Fc stack successfUⅡy reduced the
area of the electrode per unit power by 59%. This was
accomplished by improving performance with the innovative ce11
aow field stnlcture and electrodes (cunent density was incNased
by a factor of 2.4) and reducing the number of layered ceⅡS in
the stack (from 40o t0 37の by adoptin合 an Fc boost converter.
Furthermore, the development als010wered the material cost of
the electrode per unit area. This was accomplished by l'educino
the electrolyte membrane thickness by t圦,0・thirds to decrease the
required amount of high・cost electrolyte polymer, and by
reducing 血e amount of pt by 72% by enhancing the activity of
the catalyst and increasing the pt utilization rate (Fig.20)

Gaskel

EPDM

.
' '.

.

..r。。..・
'

Development of High performance and Low cost Fuel ce11 Stack

Lower Fc stack coV引

Cationic electrodeposition

.

'
.
.
'

be simplified to the reduction of contact resistance. As a result,
the conventional Au plating tl'eatment was replaced by a ne、vly
developed carbon nano・coating ca11ed pi conjugated amorphous
Carbon (PAC). Eliminating the precious metal usage in the
design enabled substantial cost reductions phot01

Previous: Au plating

S憶lnless steel base material

New: carbon nano・coatlng

Au plalin9
10o nm

New stackPrevious stack

Fig.20 Amount of catalytic pt per unit power

In addition, the base material of the separator aow field was
Changed from stainless steel (SUS 316L) to c0訂'osion・resistant
titanium. This a110wed the function of the surface treatment to

Photo l separator surface Treatment

As described above, simplifyin8 the stack tiohtening structure
by integrating the functions of the stNcture also reduced the
numba' of tightening parts and helped to reduce cost.

Ca巾on nano・coaling
50 nm

舶ni口m 郎日matθΠal

Quantity of pt
reduced by 729/0

6. summary

The current density of the new Fc stack 、vas increased by a
factor of 2.4 by adopting an innovative ce11 ΠOw field structure
(enabling more uniform power generation by improving gas
diffusion and water removalthrough the use of a 3D fine・mesh
flow field) and electrodes (enabling the promotion of
electrochemical reactions by improving proton conductivity, gas
diffusion, and catalytic activity .1n addition, inteoratino the
functions of the stack tightening structure reduced 血e size and
Weight of the stack, enabling a power density of 3.1 k圦1/L and
2.o k込1/ko, more than twice that of the conventional stack, and
a110wino the stack to be insta11ed under the seats of a sedan

Furthermore, the d山'ability of the electrodes was improved by a
factor of 3 Compared to the pl'evious stack, and the re】iability of
the stack against impacts,、Nater exposure, and corrosion was
ensured. Fina11y, major coゞ reductions were achieved by
re山Icing the amount of pl'ecious metals used (the amount of ptin
the catalyst was reduced by 72% and the AU S山face treatment
Was eliminateの and by simplifying the stack tightening struct山'e.
This development of a ne、v hioh・performance and low・cost FC
Stack has enhanced the product appeal of Fcvs a11d represents an
important step toward the realizahon ot a hydrogen・based
Soclety.
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The High・pressure Hydrogen storage

System forthe Mirai FCV

春

Abstract

This article describes the high・pressure hydrogen storage system developed forthe Miraifuel ceⅡ Vehicle (FCV).
This nevv storage system was designed vvith tvvo di什erent shaped tanks to hold the necessary quantity of hydrogen
Vvithout sacrificing interior space in a sedan・type vehicle. As a vveight reduction measure, the amount of carbon
fibervvas reduced by designing tanks with an innova"ve laminated carbon fiberreinforced plastic (CFRP) structure
and bosses, resulting in class・1eading Ⅱghtness (vveight e什ectiveness:5.7 Vvt9'0). The storage system also features
nevvly developed valves, pressure regulator, receptacle (hydrogen inlet), and piping, vvhich enabled the vehicle to
acquire certification under the newly established international standards for compressed hydrogen vehicle fuel
devices. since these standards involve exposing the tanks to a localized fire test, both drop and fire resistance
requirements vvere satisfied vvithout increasing the external volume ofthe tanks by combining the impact energy
absorbing tank protector with a fire・resistant material, The storage system is also compatible vvith standards for
Communicating betvveen Fcvs and hydrogen refueling stations. As a result, a high "Ⅱing e什iciency vvas achieved
While reducing the hydrogen refueling time to approximately 3 minutes, roughly the same level of convenience as
a gas0Ⅱne、powered vehicle.

Keyvvords: hydrogen storage system, high・pressure hydrogen tanks, carbon 力berreinforcedp/aS力'C イCF月P/, carbon 力ber,
/ammated structure, h@h・pressure va/ve, hydrogen refue/ing
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1.1ntroduction

Toyota Mot01' corp0↑ation began development of fuel ceⅡ
Vehicles (FCVS) in 1992, and is C1Ⅱ'↑endy engaged in various
development initiatives wilh the aim of achieving widespread
Popularization. The Toyota FCHV・adv. which 、vas launched in
2008, was more efficient 血an the 2005 model and adopted a
hydrogen storage pressure of 70 Mpa compared with the 35 Mpa
System of the 2005 1nodel. As a result, the Toyota FCHV・adv
achieved a cr11ising range in practical driving conditions of more
than 50o km. Toyota subsequently deYeloped a new hioh・
PI'esS1Ⅱ'e 70 Mpa hydrogen storage system suitable f01' adoption
in a sedan package. The developed system is substantia11y
Hghter and lower cost than the system adopted by the 2008
mode}
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2, system configuration

Fig.1 Shows the insta11ation layout of the developed high・
PNssure hydrogen tanks. The shapes of the newly developed
high・pressure hydrogen tanks were optimized to fit under the
Seats of a sedan type vehicle. This configuration was designed to
ens、U'e both space for the vehicle occupan{s and the required

hydrogen storage capacity
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High・pressure hydrogen tanks

Flg.1 Tank lnsta"ation Layout
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Fig.2 Sho、vs the basic oudine of the high・pressure hydrogen
Storaoe system. Table 1 1ists the specifications of the high・
Pressure hydr08en tanks. High・pressure hydr08en is supplied
hom two tanks of different shapes. The hydr0合en pressure is
reduced in two stages by a high・pressure regulator and injector
before reaching the fuel ce11(FC) stack.

Injector

TO Fc stack

High・pressure
regulalor

P

High・pressure valve

Temperature sensor

High・pressure
Sensor

P

High・pressure hydrogen ねnks

Fig.2 Basic ou"ine of High・pressure Hydrogen storage system

P
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Table l Main speci"ca"ons of High・pressure Hydrogen Tanks

Nominal workjng pressure
(Mpa)

Type

Size (mm)

Intemal volume (L)

Weight(kg)

Hydrogen storage mass (kg)

Regulatory and standard
Compliance

↓

Front Rear

Receptacle

ーノー'

70

4 (plastic liner)

Front diameler = 350 × 1ength = 1,016
Rear: diameter = 436 × 1ength = 748

Fronl:60.0, rear:62.4

Front:428, rear:447

(The above figures do not include the
hydrogen gas and valves.)

Approx.5.0

KHK S0128, SAE J2579, GTR NO.13,
European regulations: EC NOS.79 and
406

ノノノ
ノノ

ノ/
ノノー

Fig.3 Con"gurauon of High・pressure Hydrogen storage system

The two tanks are fixed under the aoor by two band・shaped
brackets (Fig.3).

3. High・pressure Hydrogen Tank vveight
Reduction

3.1 1mproved cFRp lamination method

Since the high・pressure hydrogen tanks account for the hiohest
Prop0札ion of the weight of the high・pressure hydrogen storage
System, the design of 血e tanks was substantiaⅡy revised. Fig.4
Shows the struct山'e of the high・presS山'e hydrogen tanks.

58

High・pressure
Valve

BOSS

Fig.4 Structure of High・pressure Hydrogen Tanks

The high・pressure hydrogen tanks are composed of a plastic
Iiner at the innermost layer that functions to sealin the hydrogen
gas, surrounded by a strong carbon fiber reinforced plastic
(CFRP) 1ayer capable of withstanding high pressures. This is
Surrounded by a glass aber reinforced plastic (GFRP) 1ayer with
high impact resistance, and a protector. Aluminum bosses are
Provided at both ends of the plastic liner for valve fitting. TO
reduce the weight of the tanks, this development lowered the
CFRp content by improving the cFRp laminated structure. Fig.
5 Shows the normal basic lamination pattern of a high・pressure
tank.

Protector

CFRp layer GFRp layer

Plastic liner



Dome region

Boundary region Centralregion

i

Hoop windingHigh・angle
helical winding

Fig.5 Lamination pattern of High・pressure Hydrogen Tanks

Conventiona11y, a laminated high・presS山'e tank cFRP
StNct山'e adopts a combination of the f0110、ving three types of
Winding methods: hoop 、vinding to strengthen the central region
Of the tank,10W・angle helical winding to strengthen the dome
regions (in the axial direction), and high・angle helical winding to
reinforce the boundaries between these regions. By necessity,
the high・angle helical winding required to strengthen the
boundary regions is also wound ova'the central region. since
the hioh・angle helical windino is wound around the tank at an
angle of approximately 70 with respect to the central axis, the
efficiency of the reinforcement provided by this stNcture is
reduced, as sho、vn in Fig.6.
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Conventiona11amination method

Hlgh・angle helica11ayers (25% of t0ね1)
、

LOW・angle
he11Cal windin9

(2) The dome shape is formed uslng the hoop
Iayers, strengthening the j01Πt region

Developed lamination melhod

08

0.6

0.4

60 900 30

Angle 0仟iber Ⅷth respectto central axis e (゜)

Fig.6 Relationship between Fiber Angle and strength E什iciency

02

Reduction n

e什iciency

Fig.7 Comparison of conventionaland New Laminauon Methods

0

Scattered hoop layers
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Focusing on the ine仟ective high・angle helical winding at the
Central region of the tank, a lamination method was developed
that strengthens the b飢lnda!'y regions without the use of high・
angle helical、Ninding. Fig.7 Compares the conventional and
new lamination methods.

Specifica11y, the f0ⅡOwing three changes were made to the
Iamination method.

a) The sectional shape of the liner was aattened to enable
Iamination by hoop 、Ninding atthe boundary regions.
(2) The boundary regions were streng血ened while forming the
Conventiona11iner shape by gradua11y retracting the end
Positions ofthe hoop winding.
(3) Hoop winding lamination was concentrated in the inner
Iayers.

These chanoes had the f0110wing t、vo effects. First, the hi旦h・
angle helical winding,、vhich accounted for approximately 25%
Of the tota11aminated structure, was eliminated. second, hoop
Winding, which is a highly effective way of strengthening the
Centralregion of the tank, was concentrated in the inner layers of
the laminated structure at which the oenerated stress is hiohest.

This dual effect enabled an approximately 20% reduction in
CFRp compared to the conventiona11amination method.

32 Boss optimization

The shapes of the bosses were also optimized to help reduce
the cFRp usage amount. The reaction force to the intemal
Pressure acting on the cFRp opening is transferred by the bosses
to the cFRp in the form of aange surface pressure. As a result,
the surface pressure applied to the cFRp can be loW引'ed by
reducing the size of the opening (proportional to the valve
diameter) and increasing the aange diameter. This enables less
CFRp to be used in the helica11ayers. Fig.8 i11Ustrates the
action of surface pressure atthe inner SⅢface of the cFRp based
On the differences between the previous and new boss shapes.

y

ι一ーーーーーー
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(1) Liner shape changed
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Intemal pressure:70 Mpa

Flange
diameter increased

by35%

New deslgn

Conventlonal

deslgn

Reduction of boss flange
Sudace pressure

By optimizing the shape of the bosses, the helica11ayerS 圦,ere
reduced by approximately 5%.
Improving the laminated structure and optimizing the bosses in
these ways substantia11y reduced the cFRp usage amount in the
boundary re旦ions (high・angle helical、刃inding) and the dome
regions (helical、vinding). combined with other weight
reduction items, these measures reduced the laminated

Proportion of the tanks by 40% compared to the conventional
tanks. The 、veight e任ectiveness of the tanks was increased t05.フ
Wt易, one of the highestlevels in the world (as of 2015). Fig.9
Compares the cross sections of tanks laminated by the
Conventional and newly developed methods.

Fig.8 Surface pressure Applied to cFRp at BOSS

4. cosvsize Reduc"on

4.1 Adop"on of high・strength general・purpose carbon
fiber

'
Opening
dlameterreduced by 309'0

Reducing the number of tanks from four to two was not
Sufficient to achieve the cost target for the high・pressure
hydrogen system. Therefore, the development examined the
Whole system with the aim of reducing material cost,10wering
the number of parts, canying over components from 合asoHne・
Powered vehicles, and so on. one particular cost driver in the
System was the carbon fiber used forthe tanks. The 2008 model
adopted hioh・grade aviation carbon fiber,、vhich is very
expensive. Therefore, while considering the required
Characteristics of cFRp for Type 4 tanks, the developmentteam
Worked with carbon fiber manufacturers to increase the strength
Of general・purpose carbon fiber. The resulting low・cost carbon
fiber is almost as strong as high・grade material, while also
retaining elasticity close to conventional general・purpose carbon
fiber.

40 mm

Fig.9 Tank cross sec"on compa"son with conventional and New
Lamina"on Methods

2008 modeltank

High・pressure valves42

The development reduced the cost and size of other high・
Pressure components in addition to the tanks. Factoring in the
risk of hydrogen embrittlement, high・pressure parts that come
into contact with hydrogen tend to use aluminum aⅡoy or
Stainless steel. F0ⅡOwino the lead of the 2008 model, the high・
Pressure valve and high・pressure regulator bodies in the
developed system were constructed of aluminum a110y, and
Stainless steel was adopted for aⅡ main components. The
Structure of the valve system was then revised to reduce the
number of parts. Fig.10 shows the configuration of the newly
developed and conventional valve system.Φ

mn

New modeltank

Valve

介 0

So enold valve

FⅢ引

Hlgh・pressure joinl

Manual valve

Solenoid valve

.

Ei--check va1νe
下＼

る

Fig.10 configuration of New and convenuonal valve systems

High・pressure tank

2008 model valve

↓

Safety
Valve

: checkvalve

: Manualvalve

'、、途、、'
High・presSⅢe tank

New model valve
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The developed valve system features a simplified gas aow and
a different solenoid valve layout. This solenoid valve is also
Sma11er and has an improved internal structure.1n addition, to
ensure the durability of the slidino portions such as the check
Valve, the stainless steel sleeve used in the 2008 model was

eliminated to reduce the number of parts and size of the valve
System. Fig.11 Compares the sliding portion of the check
Valves in the previous and ne、vly developed solenoid valves.

Body (alu『"inum)

Poppet
(Sねln恰SS
引e引)

Fig.11 ComP引ison of valve slidlng portions

Aluminum aⅡoys are genera11y relatively soft.圦lhen used in
Combination with stainless steel, there is the concern that sliding
may cause adhesion or generate foreign material. The 2008
model paired stainless steel surfaces with other stainless steel
Surfaces to restrict wear and the generation of foreign material.
In contrast, this development studied the feasibility of replacing
the stainless steel sleeve with a new sudace treatment.

Fig.12 Shows an oudine of the baⅡ・on・disk wear test used for
this study. A new tester was manufactured for 、vear tests in
hydrogen. Fig.13 Sho、Ns an outline of this tester. The ba11 Side
Simulates the poppet and is made of stainless steel.1n contrast,
the disk side simulates the sliding surface of the valve body.
Various materials and surface treatments were examined. The

total sliding distance was set considering the durable lifetime of
the valve. The test results found that an alumite surface

treatment on the aluminum valve body achieved stable sliding
Characteristics in hydrogen

Fig.14 Shows the average friction coefficient during the test
With and without the alumite treatment and different materials

Used for the disk side. Fig.15 Shows the wear generated on the
Surface

Sleeve (stalnless steel)

2008 model valve

The High・pressure Hydrogen storage system forthe Mirai FCV

Body (alumlnum)

POP那t
(S伯ln恰郭
Steel)

Load

Sudace lreatrnenl

New modelvalve

Disk

皐

Ba11

Hydrogen sensor

^

Fig.13 Ba11-on・Disk wear Tester

1.0

0.8

0.6

0.4

0.0

Stainless steel AluminumAlumlnum

(with surface treatment)(Ⅷthout sudace treatment)

Fig.14 Rela"onshゆ between Disk Mate"al, surface Treatmeηt, and
F"ction coe什icient

Disk

(r011ing)

0.2

Ba11 materlal: stainless steel

Equivalentto
2008 model

Load
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Ba11

(stainless
Steel)

Fig.12 0utline of Ba11・on・Disk we引 Test

Equlvalentto
new model

▲/

Ba11

(steady)

丸

Disk

(且Iuminum)

!.

Withoul surface trealment

Fig.15 Di什erences in sliding surface with and without surface
Treatment

I mm
^

.'.^制,

、よー=がJ

Figs.14 and 15 Show that the alumite surface treatment
achieves stable slidino characteristics in hydl'ooen. These
measures reduced the valve system weight by approximately
25 and the number ofparts by 35,thereby lowering both the
Size of cost of the system. Fig.16 Sho、vs the appearance of the
ne、v and conventional valves.
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2008 model valve

43 High・pressure regulator

Fig.16 Comparison of High・pressure valves

The development studied the feasibility of reducing the cost of
the high・pressure regulator by measures such as redesioning the
Sealing portion. The transient characteristics of the pressure
Control value achieved by the high・pressure regulator are an
important aspect for controlHng the injector insta11ed
do、vnstream of the high・pressure regulator.1f this transient
Pressure control value contains a large variation, this wi11 Cause
Iarge variations in the injection quantity and have an adverse
eHect on fuel efficiency. Fig.17 Shows an outline of 血e
Pressure regulator structure.

materials to ensure stable sliding characteristics. The shape of
the piston was also optimized. These measures achieved
Superior pressure control characteristics than the 2008 model at a
10wer cost. Fig.18 Shows the changes and hysteresis of the
Pressure control value at different aow rates.

New modelvalve

Low pressure く1コ

^ Conven110na deS川n

New deslgn

High pressure [:;>

Fig.18 Compa"son of pressure control characte"stics

High・pressure joints4.4

The pressure regulator consists of parts such as a valve
element on the high・pressure side, and a piston and spring on the
10W・pressure side.訊lhen fuelis supplied, the transient aow rate
Of the pressure regulator changes in synchronization with the
Operation of the downstream injector. Therefore, the piston,
Valve element, and 伽e like move up and down by very smaⅡ
amounts.圦lhen this happens,instability in the pressure regulator
(e.g.,1arge changes in the friction coeffident of the piston sliding
Portion) causes variations in the presS山'e control characteristics.
This development adopted lower cost materials for the piston
Sliding sealing portion and adjusted the shape of the sealing

This development changed the high・pressure joints and sealing
Structure to reduce cost. The 2008 model used an o・ring sealing
Structure. However, since the temperature of the high-pressure
joints drops to around ・50 c when hydrogen gas is continuously
Consumed, this structure required the use of special high・cost
materials. This development adopted a metal sealing stNcture
and reduced the number of parts. Fig.19 Shows the structure of
a high・pressure joint.

ぐ二二◇ Atmospheric
Pressure

Spring

Fig.170uuine of pressure Regulator structure

Hydrogen flow rate

今

Hysteresis

Seal

Piston

Pipe ,.

ク・'^

Nut

房^_多Z

Stainless steel was adopted for both the Pゆe andjoint material.
However, the hardness of the stainless steel used was determined

based on the required sealing pedormance. The new structure
achieved the required reHability without the use of gaskets or
0血er parts, resulting in a low・cost joint that can be assembled
more quickly than the conventionaljoint

Fig.19 Cross・section of High・pressure Joint

Joint

45 High・pressure sensor

The high・pressure sensor is an enhanced version of a part
adopted in an existing engine, adapted for use with high・pressure
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hydrogen. Fig.20 shows a cross・section of the high・pressure
Sensor.

Semiconductor

Slraln gauge

^

舮

The high・presS山'e sensor is S訂'uctured to detect minute
deformations of the diaphragm under hiah pressure using the
Semiconductor strain gauge.1t 、vas found that, when this sensor
is used for an extended period of time in hydrogen, smaⅡ
amounts of hydr0合en form solid solutions with the diaphragm.
This causes the diaphra合m to deform and has an adverse e丘ect
On sensor accuracy. Fig.21 Shows the measured results of
diaphragm expansion and deformation due to hydrogen solid
Solution formation.

The High・pressure Hydrogen storage system forthe Mirai FCV

Hlgh・pressure hydrogen

Fig.20 High・pressure sensor

5.1mproved Refueling performance

In 2008, most hydrogen refueling stations compatible with pre・
Cooling used a hydrogen gas temperature of ・20 C. Atthese
Stations, refueling took around lo minutes.1n addition, since
these stations 、vere not compatible with station/vehicle
Communication standards, a maximum state of charge (SOC) of
around 90% of tank capacity could be achieved. More modern
hydrogen refueling stations that comply with the sAE J2601
Standard are compatible with pre・cooling down to -40 C. At
these stations, the refueHng time has been reduced to the
eq山Valent amount of time required by a gasoline・PO、vered
Vehicle. since these stations are also compatible with the
Communication protoc01, the achievable soc is also hioher.
Fig.22 Shows the confiouration of the communication system
and Fig.23 Compares the refueling times and socs of the 2008
and new models (measured by Toyota under standard sAE
Conditions)

Diaphragm

Body

Deformation

^↑ Large
■
■
↓ Sma11

Semiconductor

Straln gauge

Dlaphragm

Fig.21 Deformation of Diaphragm by Hydrogen solid solution
Formation

Various proposals 、vere examined to address this issue, such as
Changing the material or shape of the diaphragm. Eventua11y,the
inner surface of the diaphraσm was coated with a film to
SUPPI'ess hydrogen permeation. conventional surface treatment
techn010oy was adopted for this film to minimize cost increases.
This measul'e reduced the amount of hydrooen solid solution
formation on 血e diaphragm by around 90%, and it was
Confimled that sensor accuracy did not deteriorate even 、vhen
Used for an extended period of time in hioh・PI'esS山'e hydrooen.

High・pressure sensor

H

High・pressure
Valve

Temperatu『e
Sensor

＼
P
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IrDA:1nfrared Date Assoclatlon

Fig.22 Con"gura"on of communication system

ECU

Front

T

Receptacle

Rear

Nozzle

IrDA

transm轍er

IrDA

Communlcatlon

Fig.23 Compa"son of Hydrogen Refueling Times and socs
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This development also examined ways of improving the fUⅡ・
tank judgment acC山'acy during communication to further
enhance the soc.1n a system comprising multゆle tanks of
different shapes, the amount of temperature rise during refueling
genera11y differs depending on the difference in pressure drop
h'om the hydrooen inlet to the tank, as we11 as differences in the
rate of heat dissipation. previous studies have also found that a
temperature distribution occurs inside the tank during refueling.
Unlike a liquid fuel, a fU11 tank of a gaseous fuelis usua11y
judged by correcting the pressure during refueling using the
temperature. Therefore, when large temperature differences
Occur between such tanks and inside the tanks, it is importantto
detect the average temperature as dose as possible. The
refueling paths to the tanks in the developed hydrogen storage
System were designed to minimize the temperature diff引'ence
between tanks.1n addition, the spray direction of the refueling
gas and the positions of the temperature sensors were adjusted to
minimize the difference bet、veen the intemaltank temperature
distribution and the average temperature. These measures helped
to achieve an soc of atleast 95%. Fig.24 Shows the results of

an experiment to identify the effects of the position of the
internal tank temperature sensor position and gas spray direction
On the soc.

Compressed hydrogen vehicle hlel containers. However, the
high・pressure hydrogen tanks and high・pressure valves used in
the ne圦, Fcv were the first such parts to be successfU11y certified
in Japan under the more stringent test conditions described in the
GTR. The three differences with the conventionaltest conditions

are as f0110WS:(D continuous evaluation of resistance to

Chemica110ads and physicalimpacts (drop resistance) after the
application ofa pressure cycle load,(2) evaluation under extreme
temperatures as 、veⅡ as room temperature in the environmental
temperature conditions of the pressure cyde test using hydrogen
gas, and (3) in the bonfire test, the adoption of a flame
application pattern on one side away from the therma11y
activated pressure relief device (i.e., a localized fire test pattern)
in addition to the conventional engulfing fire over the entire tank.
Fig.25 Sho、vs the evaluation pattem for condition (D and Fig.
26 Shows photographs of condition (3) in progress.
It should be noted that condition (2) was applied to the 、vhole
hydrogen storage system including parts other than those
SpecificaⅡy targeted by the test, using a vehicle cut body. Fig.
27 Shows the appearance of this test condition.

1.2

0.8

0.6

0.4

0.2

Temperature sens01
(T) position

TI.15 mm

T2:65 mm

Fig.24 Rela"onship of soc W詮h Gas spray Direction and
Temperature sensor position

0

6. certification

丁1 (0 )

For the component parts of the developed hydrogen storage
System, this development aimed to achieve certification under
the ne、vly established 名10baltechnical regulations (GTR) and the
relevant E山'opean (EU) regulations (EC NO.79/2009 and EC
NO.406/2010). The conventional high・pressure hydr0合en tanks
Were type・certified under the Japanese standard KHK S0128,
Which was established in 20B as a technical standard for

TI(45 ) T2 (0 )

Initlal bur$t pressure

◆.....゛......."・ー.ーー・ー.・・・▲・.'..ー...........""...'.・... Bursttesl

T2 (45 )

Chemical exposure

48 hr

60 #cyd●S
15 C 25 C

Fig.25 Procedure of Hydrogen Gas pressure cycle Test

NVVP: nominal working pressure

10

Cycle5
15.25 C

180%NWP

【4 mlnule5)

150% NWP

10oo hr
20川#CYcles゛85 C
+85 C,959'。 RH

◆一125% NWP
80%NWP

20%#cycles
40 C

Fig.26 Bonfire Test (Le": Localized Fire Test, Right: Engulfing Fire
Test)
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Fig.27 ExternalAppearance of Hydrogen Gas pressure cycle Test

In addition, to ensure compliance with the localized bonfire
test requirements, fire・resistant material 、uas incorporated into
the conventionalimpact energy absorbing protector of the high・
Pressure hydrogen tanks. This satisfied the drop resistance and
new fire resistance performance requirements withoutincreasin合
the size of the tanks. Fig.28 Shows the structure of the
Protector

The High・pressure Hydrogen storage system forthe Mirai FCV

Of other parts from conventional vehicles also helped to realize
Substantial cost reductions. Refueling performance 、vas
improved by ensuring compatibility with 血e sAE J260l and
J2799 Standards for communication between the hydrooen
refuelino station and vehicle. As a result, a fuelino time of

approximately 3 minutes and a high soc were achieved,thereby
improving the usability of the vehicle. At the same time, the
developed hydrogen storage system 、vas certified under
intemational guidelines for compressed hydrogen vehicle fuel
Contain伽's and also achieved certification lmder the relevant EU

regulations (EC NO.79/2009).
As the next step toward fU11・scale popularization of FCVS,
technical development wi11 be continued to further reduce the
Size and 、uei3ht of the hydrogen stora合e system and advance the
Performance ofthe next・generation ofFCVS.
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フ. conclusion

The high・pressure hydrogen storage system insta11ed in the
Mirai Fcv incorporates newly developed component parts such
as the tanks, valves, and regulator. As a result, this system
ensures sufficient hydrogen storage capacity without sacrificing
interior space. xveight reduction meaS山'es, including
improvements to the laminated cFRp structure of 血e tanks
helped to increase the 、veiσht e仟ectiveness of the whole storaoe

System by approximately 15% compared to the 2008 model. The
adoption of a new low・cost and high・strength cal'bon fiber, the
Simplification of vanous high・pressure parts, and the can'y・over
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Fig.28 New Tank protector
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Utu e ・ Fuel ce11S and sIhe Batte y lechn010gies ofthe

Development of Fuel ceⅡ System for
New FC BUS

Abstract

This article describes the fuel ce11(FC) system adopted by the sora, a new Fc route bus developed afterthe Mirai
FCV. since an Fc route bus has a greaterfrequency of high motor outputthan a conventional FCV, use ofthe FCV
System in an Fc bus results in larger electric potentialfluctuations and causes a substantial reduction in power
a什er a life"me durability test. Therefore, for the sora, the ba廿ery output rate was increased and a system and
Control adopted that reduces the electric potentialfluctua"ons ofthe FC. This configuration and control enables
the new Fc bus to satisfy requirements for both durabiⅡty and dynamic performance. Additiona11y,汁 SU什icient
Power cannot be provided from the ba廿e"es due to a low state of charge (SOC) orthe like,the system ensures the
required dynamic performance by tempora"1y operating the Fc at an operation point W詫h a large potential
"uctua"on range to boost output. The durability ofthe Fc system in the sora,including this contr01, was verified
in durability tests. These tests confirmed thatthe Fc system achieved both the required durability and dynamic
Performance.

Keywords: fue/ce//イFC), Fcsystem, Hvsystem, e/ectricpoten力a/f/uctua力'on, povverreduC力'on, durabi/ity, povverdistrめU力'on

Orage Batteries

1.1ntroduc"on

Fuel ce11S (FCS) are gaining attention as a promising means of
helping to address environmentalissues such as global warming
and air p0ⅡUtion, which are becoming more and more serious.
Fcs oenerate no har111ful emissions such as c0つ and NO×, and

are powered by hydrogen that can be produced from a wide
range of energy sources, without becoming over・reliant on any
Particular country or region. To enc0山'age the market
acceptance of Fcs and to help realize a hydrogen・based society,
Toyota Motor corporation has f0110wed the development and
Iaunch of the Mirai fuel ceⅡ Passenger vehicle (FCV) by
developing a new Fc bus ca11ed the sora.
This article describes the configuration and controls of the FC
System developed for this Fc bus. This system was desioned to
Satisfy requirements for both dynamic performance and
durability,、vhich are particular issues for a Fc bus.

Tomohiro 0套awa*1

Kenjiumayahara*1

Yoshihiro lkogi*1

Photo l The New sora FC BUSε卑 1
Fuel ceⅡ Products Development Div., PO、venrain company

2. OU"ine 0什he sora

2.1 Main specifica"ons

Photo l shows an extemal view of the sora, and Table l

Compares the main speci丘Cations ofthis bus with 血e 2002 model
that 、vas C引'tified by the Japanese Minister of Land,
Infrastructure, Transport and Tourism (MLIT).(D
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Compared to the 2002 model, the sora features oreater
dynamic performance and substantial】y higher durability.1t is
also eqUゆPed with a high・capacity external power supply
function that is capable of providing a substantial amount of
Power in the event of a natural disaster (provisiona11y calculated
as equivalentt04.5 days of power for an evacuation center, based
On po、ver consumption of approximately 50 k、V/h per day).

Table l speC汁ica"ons ofthe sora

Vehicle

Length/width/height
(mm)

Occupant capacity

Fc stack

External power supply
System

Motor

Type

Power(kw)

Maximum power(kvv)

Maximum torque (N・m)

Type

10,525

2,490

3,350

79

Maxlmum power
9 kvv

None
Power supply
Capacity:235 kvv

Polymer electrolyte

114×2 90×2

113×2 80×2

335×2 260×2

Sora

Traction

battery

High・pressure
hydrog印
tanks

3. controlto Enhance FC Durability

2002 model FC

bus

10,515

2,490

3β60

60

3.1 0U"ine

Development of Fuel ce11 System for New FC BUS

The durability of the Fc stack adopted in the sora was oreatly
enhanced compared to the stack adopted in the 2002 model. This
Was accomplished by developing a new system and controlthat
restricts platinum (pt) dissolution and the formation of large pt
Particles, which are known to reduce the power of the Fc stack.

22 Fc system

Number oftanks

Nominal working
Pressure (Mpa)

Fig.1 Compares the system config山'ations of the sora and
Mirai. To ensure the required dynamic performance and
durability, a second high・voltaoe battery was added to the Toyota
Fuel ceⅡ System (TFCS) developed for the FCV. Two systems
incorporating this additional battery 、vere then insta11ed in the FC
bus. These systems are electrica11y isolated. Each operates
independently and the drive motors are connected mechanica11y
through a gear. The power distribution 、vas desioned so that the
PO、ver of the drive motors is the same. This desion helps to
enhance the durability ofthe Fcs and auxiliary components.

Aft引Ⅲetlme durablmy test

32 Mechanism of powerreducuon in Fc stack and
issues of Fc buses

Nickel・metal hydride

The pt used as a catalytic materialin Fcs tends to dissolve at
high electric potentials and to precipitate at lo、v electric
Potentials. Furthermore, at lo、v electric potentials, the oxide fHm
On the pt surface is stripped away, faciHtating pt dissolution if
the electric potentialincreases immediately afterward.(2×、
Xvhen the electric potential changes repeatedly, successive
dissolution and precipitation causes the pt particle size to
in引'ease,10wering the effective catalyst surface area (Fig.2)
、vhen the effective catalyst surface area is lowered, the reaction
resistance increases,1eading to a drop in power (Fig.3)

10

70

5

35

Sora

FC

E11'・

DC・Dc conveder

H19h・V011a9e ba杜ery

Inv rt引
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Power conl『01

Umt(PCU)

Fig.1 System configurations ofthe sora and Mirai

Mirai
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Transax!e
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Fig.2 1ⅡUstration of power Reduc"on Mechanism
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Fig.3 E什ective ca怡lyst surface Area and Fc power after ufetime
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X入lhen the system and control used in the Mirai were adopted in
the sora, the effective catalyst sulface area fe11 dramatica11y after

Completing a lifetime durabHity test,1eading to a substantial
reduction in power.
The graph in Fig.4 Shows the frequency of motor power in
Standard driving patterns for a passenger vehicle and a route bus.
Compared to the FCV,the Fc route bus has a higher frequency
Of high・power oU印Ut. consequendy, to cover the output range
Of a bus, a larger voltage auctuation range (i.e., the range of
electric potential auctuations) occurs in a bus than in an FCV
(Fig.5). As a result, the system is susceptible to much larger
reducuons in po、ver.

Pfcmax

(Mimi)

07

0.6

05

0.4

03

02

Motor power (P,加1) is supplied from the Fc power (Pル) and
the po、刃er of the high・voltage batteries (P加1), and is defined by
the power balance equation sho、vn below.(1his equation omits
the power consumption ofthe auxiliary equipment.)

Pm。,= Pノと+ phⅢ

The f0ⅡOwing system design 、vas required to achieve sufficient

motor po、ver up to the target Fc maximum power(P五力川.、), which
is determined from vfmin

0.1

70 8050 603010 40200

Motor output power(kw)

Fig.4 Motor power Frequency of Fcv and FC Route BUS

0

Pfcmax (Mirai)

Standard passen9er
Vehlcle drivlng pattem

Roule bus d『1νing
Pattern

Ba牡ery 2

09

Ba廿ery l

0.8

0.フ

P 之Pm,-P

Fig.7 Shows the breakdown of the power of the Fc and hioh・
Voltage batteries atthe maximum motor power level of the Mirai

and sora. To obtain maximum motor power at pkm飢, the sora
requires greater power from the high・voltage batteries than the
Mirai. Therefore, maximum motor power is supplied in the sora
through two high・voltage batteries.

0.6

Slan由「d passeng剖 VehlclednV1叩 Pヨ札em

Route bus drlV1Πg patlom

0.5

Fc power(kw)

Fig.5 Electric poten"al Fluctuation Range of Fcv and FC Route BUS

New Fc busFCV

(1 System)

Fig.7 Power Breakdown at Maximum Motor power

0.4

Pfcmax

(sora)
33 System and control design to reduce electric
Potentialfluctuations

Fig.6 Shows the power・voltage (PV) ch釘acteristics ofthe FC.
T0 1'educe the range of electric potential nuctuations, it is
necessary to restrict the load variations of the Fc stack. TO
accomplish this while maintaining the minimum power
号eneration level, the system in the sora is designed so that the
10wer limit voltage (vfmin) satisfies the power target after the
durability test. This value is h電her than that value adopted for
the Mirai.

08

07
Vfmm (sora)

Vfmin (M{rai)
06

68

05

04

Pfcmax (sora)

Fc power(kw)

Fig.6 Maximum power ofthe sora and Mirai

Lower limit voltage
0{th9 Sora
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3.4 1Ssues of system that secures power using high・
Voltage ba廿eries

Supplying the power necessary for motor drive using the high・
Voltage batteries is an effective means of reducing Fc load
Variations. HO、vever, if the bus is required to climb a lono hiⅡ,
the system may not be able to supply power fl'om the high・
Voltage batteries if the state of charge (SOC) is to0 10w or the
battery temperatⅢ'e is too high, resulting in insU仟icient dynamic
P伽formance
Therefore, if sufficient power cannot be obtained from the
high・voltage batteries, the system secures the required dynamic
Performance by temporarily reducing the lower limit voltage and
0仟Setting the reduction in power through the FC. Fig.8 Shows
an oudine of this design. The Fc power can be increased by
raising the vehicle request po、ver. However, when the lo、ver
Iimit voltage of the Fc is reached, power is pr0Ⅵded from the
high・voltage batteries (Fig.8 a)).1f the vehicle request p0圦,er
is increased and maintained at a high value, output from the
hi8h・voltage batteries is used to offset the output at the lo、ver
Iimit voltage of the FC.1n this case, the battery soc fa11S (Fig.
8 (2)). when the lower soc limit is reached, durability is
enhanced by temporarily reducing the voltage lower Hmit,
increasing the Fc power, and restricting the power of the high・
Voltage batteries (Fig.8 (3)). This design satisfies the power
requirements of the bus.

3.5 Actual vehicle veri"cation

Fig.9 Shows the acceleration data of the sora in the route bus
test pattern. The fioure shows that the contr01 乳Ipplies the
Vehicle request power from the high・voltage batteries and
maintains the loW引'1ilnit voltage to enhance durability.
Fig.10 shows the temperature and soc of 小e hioh・voltage
batteries of the sora in the route bus test pattern.1n the route bus
driving pattem, the temperature and soc of the high・voltage
batteries are within the ranoe that a110ws the controlto enhance

d山'ability by maintaining the lo、ver limit voltage. As a result,
this control satisfies the requirements for both Fc durability and
dynamic performance

Development of Fuel ce11 System for New FC BUS

Vehicle request power

②

Fc power

Ba廿ery power

Battery temperature ( C)

09

08

0.フ

0.6

05

0.4

Fc power

Fig.80U"ine of Design to secure power performance

Ba廿ery l power

Battery 2 Power

Vehide request power

Fig.9 Ve"fication Results of FC V0壮age Behavior du"ng
Accelera"on

Lower 11mit of soc

TOYOTA Technical Revievv v01.65 DeC2019

Lowerlimit of FC V01怡ge

Lower 11mlt of Fc voltage

Time (S)

Upper 11mlt of battery temperature with

Controlto enhance Fc dⅢability

Lower limlt of battery soc wlth

Contr0110 enhance Fc durabi11ty

Fig.10 Battery soc and Temperature in Route BUS D"ving
Pa廿ern

As described above, the developed contr01 0perates the FC
System to reduce electric potential fluctuations. This helps to
1'estrict the decrease in e仟ective catalyst sul'face area, thereby
Satisfying the powa' reduction target after the lifetime dul'ability
test (Fig.11)
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Target

After 11fetimeInitial After lifetlme

durability test durability test
(before coun1引measures)(a壮er countermeasures)

Fig.11 E什ectiveness verifica"on Results of controlto

Enhance FC Durability

K. UMAYAHARA

Fina11y, Fig.12 Shows the data 、vhen climbing a long hi11.
、刃hen the soc of the high・voltage batteries faⅡS due to the long
Upward gradient, the system temporarily reduces the lower limit
Voltage of the FC,thereby increasing the Fc power supply. This
ensures thatthe motor power is sufficient and enables the bus to
maintain speed up the hi11

4. conclusions

Since an Fc route bus has a greater frequency of hioh motor
Power outputthan an FCV, use ofthe Fcv system in an Fc bus
generates lar合er electric potential fluctuations in the FC,
resulting in a substantial reduction in power after a lifetime
durability test. Therefore, for the sora, the rate of battery power
OUゆUt 、vas increased and a system and contr01、vas adopted that
reduces the electric potential auctuations of the FC. This
Configuration and control enable the sora to satisfy requirements
for both durability and dynamic pelformance.

The authors would like to extend their sincere oratitude to

Hino Motors, Ltd. and Denso corporation for their invaluable
Cooperation in this development.
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Utiliza"on of production Line lnformation

to lmprove productivity

自

Abstract

As the automotive industry faces a period of transformation, it is desirable to start up engine production lines
Smoothly and using a minimum of resources. HO、Alever,ittakes time forthese lines to reach production targets.
UtiⅡZing information from engine machining lines, the causes ofthese production delays vvere identified as cutting
tool replacement vvork, equipment malfunctions, and cU廿ing tool abnormalities. This article ou"ines hovv these
Causes vvere identified and addressed by increasing the e什iciency of cutting toolreplacement vvork, managing
Signs of possible equipment malfunction, and establishing a system to identify the mechanism of cU廿ing to01
abnormalities. 1t also describes the results of these initiatives.

Keyvvords: production /ine,/OT, causes ofproduction de/ays, vvaveform monitoring, A/, neura/ net

1. Background and purpose

＼vith the automotive industry entering a period of μ'ofound
U'ansformation and 血novative electrificaTion, autonomous

driving, and connected techn010gies emerging at an incl'easingly
rapid pace,壮〕e aⅡOcation of res0山'ces has become a key issue for
automakers.11〕 contrast, even as these techn010gicalinnovations
Continue to evolve, conventional engines sti11 Play a centl'a1 10le
in vehicle powertrains. Althouoh the production lines for these

engines must be started up using a minim、un of resources, il

↑emains a lengthy process and the required line operation is
difficult to achieve within 血e taroet period. Therefore, a system
Capable of obtaining various items of infonnation h'om
P↑oduction equipment (such as tl〕e state of WⅨ'k, details of
abnormalities, C【Ⅱ'rent waveforms, and so on) has been

Constructed with the aim of rapidly identifyino the causes of
Production delays and implen〕enting counta'measures. This

article outHnes the deYelopment of a system that uses u〕is
informalion to identify these causes and implement
Countermeasul'es, and describes some results from the application
Of this system

Yuki、Natanabe*1

YukiHayash〒:'1

Hiroald Fujimura*1

2. Developed systems and ResU犹S of
Introduction

2.1 Visualization of production status (enhanced
Production monito"

¥1 Enuine pl'oductlon En旦ineering DIY_ PO、vel'train colnpany

First, to help identify the C飢Ises of production delays, this

development enhanced the functions of the conventional

Production monitoring system to visualize the production status
more dearly. conventional production monitors indicate the
Status of production as a series of time・based events for
individualiten〕s of equipment, such as " operating,"" Error," and
"stopped to replace cutting to01." However, these monitors are

not able to fU11y determine why a production stoppage has
OCC{Ⅱ'red. Therefore, to clarify the causes of production
Stoppages, a system capable of obtaining detailed 11〕formation
about errors, the presence of work, and so on 、vas constructed
(Fig.1). This system can identify whe{her 郡'oduction stopped
becaⅡSe work was not transported in or because it was not

transported out、 thereby showing which piece of equipment was
the cause of the line stoppage. Functions that show the stoppage

time per a'ror and total cutting tool replacement and quality
Confim〕ation time were also added. This monitoring system was
then adopted and the causes of pl'oduction stoppages were
analyzed. The results found that production stoppages wa'e
mainly caused by delays in cutting tooh'eplacement、 equipment
errors. and machining defects (Fig,2). The countermeaslu'es for
each cause are descnbed in the f0ⅡOwing secti01〕S

TOYOTA Technical Revievv v01.65 Dec.2側 9 71
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Information c011ection server

Additional network

Enhanced andon monito『

Fig.1 1ⅡUstra"on o"nforma"on c011ec"on

＼、

enabling production to continue even when the replacementteam
is resting, thereby increasing the operational time of the
Production line.
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Cutting toolreplacement delays are caused when the timing of
replacement、vork overlaps. Although 血e work hours for cutting
tool replacement and the like is estimated atthe process planning
Staoe to calculate the required number of staff, the to01
replacement team cannot replace two different tools at the same
time. This increases the duration of production stoppages (Fig.
3). Therefore, a cutting tool replacement timin8 Prediction
System was developed to identify the timin今 of simultaneous
replacement work in advance. since cutting tool replacement
Work occurs at fixed production volume intervals, the current
Production history of aⅡ equipment can be obtained to predict
When replacement work wi11 0ccur (Fig.4). A screen was
developed that shows the replacement times calculated for each
to01, which can be confirmed as necessary (Fig.5). This a110WS
Overlapping replacement、vork to be identified in advance so that
the replacementteam can make the necessary preparations. This
System reduced the cutting toolreplacement、vork by 80 minutes
Per shift.
As an incidental effect of this system, replacement work
Scheduled to take place during breaks can be brought forward,
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To reduce production stoppages caused by eqUゆment errors,
the causes of lengthy stoppages were categorized in detail and
analyzed. spindle and feed shaft seizures caused the lonoest
Production stoppages, f0110wed by jig and motor issues (Fig.6)
Xvhen an equipment enor occurs,the a丘ected equipment must be
disassembled, repaired, and re・assembled, before the accuracy of
the repaired equipment is verified. since this results in lengthy
Stoppages and a丘ects the operation of the whole Hne, it is
important to identify warning signs before the error occurs.

Fig.5 Screen of cutting TO0I Replacement predic"on system
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Althouoh various efforts have been made to detectthese warnino

Signs at an early state, measurable data can only be obtained at
irreoular intervals, making it difficult to implement preventative

Therefore, an equipment state monitor wasmeasures.

Constructed to detect error warning si8ns by c011ecting and
monitoring data at aⅡ times.
Data can be directly obtained from electrical parts such as
mot01'S. The developed system detects the spindle torque to
monitor the occurrence of seizures or damage. During
machining, torque trends are difficult to identify because the
torque changes due to the degree of cutting tool friction, the
hardness of the 、vork, and so on. For this reason, this system
monitors torque when n0 10ad is applied to the motor, that is,
When machining is not being canied out and variations are low.
This system also monitors the insulation resistance value to
detect water intrusion into the motor and insulation deterioration.

As a result, this system detects motor water intrusion using drops
in insulation resistance, and prevents line stoppages due to motor
malfunctions by replacing the motor when production is not in
Progress (Fig.フ).
In contrast, it is more difficult to c011ect data directly from
mechanical parts such asjigs, clampers, and so on. Therefore,
this system identifies the equipment state by monitoring
alternative da仏. For example, to monitor the state ofjigs, the
System uses quality confirmation measurement results and
detectsjig tilting from surface position measurement data.

Ut"ization of production Line lnformation to lmprove productivity

2.4 CU牡ing tool error reduction (cutting to01
information link system)

Cuttin8 tool breakage and other machining issues occur
Suddenly on production lines.1f an issue occurs, the data
C011ection location is determined and data c011ection started

HO、vever, the issue cannot be reproduced in simulations and the
Causes have to be estimated from the remaining defective 、vork
and broken cutting tool before a countermeasure can be applied.
In this case, the presumed cause is often not the root cause, and
the issue becomes a chronic long・term concem.1nformation
about the production line, equipment, and cutting tool are aⅡ
necessary to identify the mechanisms of such machinino issues.
Therefore, the conventionalinformation c011ection system was
enhanced to enable the c011ection of additionalinformation on

the cutting edge and setting (Fig.8). A system was constructed
to centra11y c011ect the necessary information, such as data from
the cutting edge inspection devices located in the tool re・grindin旦
room (in 、vhich used tools are re・grounの and from the to01
Presetters to obtain the accuracy between the holder attached to
the eqUゆment and the cutting to01.1n addition, when an issue
Occurs, to extract the target data from the huge quantities of
available information, cutting tools, holders, and 、vork are
assigned individua1 1DS. Data can then be saved with links to
those lDS (Fig.9). This cutting toolinformation link system
Was used to identify the course of crankshaft oil hole dri11
damage, which had been a chronic machining issue (Fig.10)
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T、venty crankshaft oil hole dri11S broke over the course of three
months, which had a majorimpact on production. Two breakage
modes 、vere identified: one in 、uhich the first dri11 after cutting
tool replacement broke (approximately 60%) and 血e other in
Which the driⅡ broke before reachino its fU11 1ifetime

(approximately 40易). This development studied each of these
t、vo modes.

Fig.10 craηkshaft oil Hole

(1) Firsttool breakage mode
The characteristics of breakage events were invest喰ated using
data linked to the occunence of breaMno and the cuttino edoe.

Imaoes of the cutting edge after re・orinding identified differences
in thinning shapes (Fig.11).1f the thinning portion is too large,
Cuttino tool stiffness decreases and leads to breakage. TO
Confirm the conelation bet、veen the thinning shape and breakage,
a verification evaluation was canied out to assess the breakage
threshold value.1t was found that breakage could be prevented
by checking the thinning depth. conventiona11y, the thinning
depth was not checked during re・grinding. Therefore, the
Verification results 、vere shared with the tool re・orind team

members, who formulated a thinning depth check method and
inc0印orated the results into the grinding process (Fig.12). The
first tool breakage mode has not re・occurred since this method
Was added to the check items after re・grinding (Fig.13).

命

Check locatl。n

Fig.12 Thlnning Depth check Method
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Fig.13 Results afte門mplementa"on of Thinning Amount check
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Fig.14 ComP引ison of spindle T0川Ue of Broken and NormalTO0IS

途畿參& OX映◇0 Check crlterlon
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(2) Breakage mode before reaching toouifeume
The sP血dle torque was compared between normal and broken
tools. The data sho、ved an increase in spindle torque before
breakage (Fig.14). The timing of this torque increase was
investigated and found to occur approximately 25 Cycles before
the breakage (Fig.15). Assuming this increase to be a breakage
Warning sign, a torque waveform monitoring system 圦,as
Consu'ucted to identify the phenomena occuning 、vhen the torque
Increases.

As it was necessary to identify the exact moment of torque
increase, a threshold value was set to enable simple and clear

judoment. However, it was realized that the 、vaveform is not
Constant even under normal conditions,、vhich means that a

Simple threshold value could not be used forjudgment(Fig.16).
Therefore, machine learning was applied to judge the 、vaveform.
Although machine learning method010号ies require large numbers
Of learning samples, this development adopted a neural net,
Which is capable of judging the 、vaveforms without extractino
feat山'e quantities from the 、vaveform. Leaming was applied to
a11 machinin8 Cydes over t、VO・week periods to create a normal
Waveform model. Then, a monitorino system that detects errors

in real・time was constructed by calculatin8 the deviation between
this model and each machining waveform over each cycle
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11r5t hole

I CYcle

Fig.15 Timing of change in spindle Torque

Tor ue increases from 85th c cle

Breakage ゛1arnln9
Sign waveform

州"

Normal waveform

"1

Fig.16 Variation between waveform when Torque lncreases and
Normalwaveform

Tool breaks

Monitoring usino the neural net detected the increase in torque.
Xvhen the dri11 Cuttino edoe was examined after this torque
increase was detected, the shoulder of the margin portion was
found to be chipped (Fig.17). A total of seven cases were
detected, in a11 0f which the same chipping phenomenon was
identified (Fig.18). This chipping is the eventual cause of
Cutting tool breakage, and the torque increase detection system
Was capable of detecting its warning signs.
Next, cutting tools with chゆPed margin portions 、vere
investigated with the tool re・grind team members to identify the
Cause of the chipping from photos after re・grinding and before
eqUゆment attachment.1n one of the seven cases, manual honing
Of the cutting edoe, which is carried out during re・grinding, was
applied up to the margin poHion (Fig.19). since this might be a
Cause of the chゆPing, a visual check was added after re・orinding
to confirm that honino had not been applied to the maroin
Portion. The other six cases are cunenuy under investigation.

Utilization of production Line lnformation to lmprove productivity
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Chipping

Fig.190bservation Results of chipped cutting Tool after

Re・G"nding

This system was applied to identify the cause of tool breakaoe
by detectino torque increases in the crankshaft oil hole dri11ino
Process. As a result, tool breakages were stopped by replacing
the tool after the detection of the torque increase. subsequently,
a trial was carried out to extend the tooHifetime untilthe torque
increase timino. The trial results found that the cun'ent to01

Iifetime could be incl'eased by four times without the occun'ence
Of chゆPing. Additiona11y,、vhen the grinding amount 、Nas

、
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Considered, it was sti11 Possible to extend the lifetime of the to01
by two times withoutincreasing the machining a110wance during
re・grinding (Fig.20).
This process reduces to011ifetimes because of the frequency of
breakage. This issue continues to be investigated since it was
found that addressing the issue of tool chipping should enable
Substantialimprovements in to011ifetimes. cutting tool error
mechanisms in other processes are also being investigated in
Similar 、vays and countermeasures are being adopted.
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3. Adoption of Developed systems

This development identified the causes of production line
Productivity issues to be delays in cutting tool replacement,
eqUゆment errors, and machining defects. The developed
Systems (the enhanced production monitor, cutting to01
replacement timing prediction system, equipment state monitor,
and cutting to01 血formation link system) were confirmed to be
effective 、vays of addressing these causes.
These systems wiⅡ be adopted on future production Hnes to
help boost productivity on a elobal scale (Fig.21).

Authors

Fig.20 Results of L廿etime Extension T"al

150 200 250 300 350

Machined units

400

Y.VVATANABE

450 500 550

R nnd伯 Sh

m舶Sulemenl

600

Y. HAYASHI

H

de11edlon elc

ヨ"引Se

CU杜ln loolmunlel

Andon1ん

Grlnd旧

韶型四迦旦}".0'.勘岫

InきPeC110n
devroos

De訂eC110rl measum9
devlces

Toolre・grinding
room

Ul me"1

H. FUJIMURA

d1● ojrlenl

WavElormdurⅢ machlnl

Int rat●dd●lab03■

Tool reS巳耽ers

Compaoy・wide nBtw0永

CMM resu"S

Fig.2, OU"ine of standard systems for Adop"on

Se廿ing
Stations

E ur menlon loduC1叩n 11ne

Production line

^

Coord1Π丑le measu"ng
m急Chlne cMM

ー
ー
ー
ー
J
 
1
 
ー

冒
E
)
」
邸
Φ
至
各
モ
0
住
仁
一
吻
為
Σ

2
1
8
6
4
2
0

1
 
0
 
0
 
0
 
0



1,

Factor Analysis of Engine start V山rauon

Variations using Artificia11nteⅡigence

B

Abstract

Factor analysis of engine start vibration variations has been carried out by multivariate analysis or by analyzing
Phenomena based on vibration theory" Hovvever, with engine control unit(ECU) values related to excitation forces
expanding massively,these methods have reached their usefunimits. Therefore,this research focused on machine

Iearning, vvhich is capable of reproducing the complex relationship betvveen multiple variables, and applied a
decision tree that quantifies the contribution ratio of each factor. subsequently, the valid辻y of factor analysis
Using the developed model、Nas verified.

Keyvvords: engme staπⅥbra力'on, machme /eammg, random forest, varia力'on factorana/ysis

1,1ntroduction

Toyota Motor corporation has announced itS 血tention to help
Popularize elecu'ified vehicles by 2030 throUσh a ranoe of
initiatives to develop and adopt 血e ↑elevant techn010gies. By
that year、 Toyota is planning to increase its annual global sales of
electrified vel〕icles to at least 5.5 mi11ion units. xvith hybrid
(HVS) and ph唱・in hybrid Yehicles (PHYS) making up a
Significant portion of this figure, it wi11 be necessa↑y to further
advance the techn010gies that enable cooperative contr01
between motors and the engine. This article describes a

technique for analyzing the factors responsible for vibration
When the engine is started or stopped by this motor/engine
Cooperative contr01
To achieve a targe11evel for engine start/stoP Ⅵbration,
techn010gies have been developed to reduce in・cylinder presS山'e,
Which acts as an excitation force fm' this vibration, as we11 as to

reduce the vibl'ation sensitivity of the engine mounting system
HO、vevel, the level of engine start vibration may vary, even with
the same vehicle, and d〕e lnaxim山η Value of this variation ranσe

is a cause of su'ess for the vehicle occupants. one feasible
Countermeasure f飢' reducing these variations is to controltl〕e
initial crank angle at engine start to limit variations in engine
in・cylinder pressure. HO、刃ever, since variations sti11 0CC11r even
When the initial crank angle is kept at a constant value, it is
necessary to identify the otha' fadors

ConYentionaHy, this has been accomplished by multiYariate
analysis or by analyzing phenolnena based on vibration 血eory
However, this analysis can be extremely d廿'ficult if the number

Kento shimode*1

Keisuke lshizaki*1

MasashiKomada*1

Of factors cannot be narrowed down or multic011inearity exists
between the factors. Therefore, this research carried oul factor

analysis of engine start vibration using machine learning, which
is a form of artificialinle1Ⅱgence (AD capable of reproducing the
Complex relationships between multゆle variables. A mad〕ine
Iearning method010gy was applied that can quantify the
Contribution ratios of factors. DU↑ing analysis of transient
Vibration by lnachine lean〕ing, this research also reduced the
Computation load by conva'ting vibratjon waveforms into feat山'e

quantities before input.1n addition. this research confirmed the
effects of factors extracted using an analytical model, and
VeTjfied the validity of factor analysis usino AI

AdYanced vehjcle En窒ineel'ing DeYelopmenT DiY_ AdYanced R&D and
Engineel'ilw company
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2. Mechanism of Engine start vibration and
Conventional Techn010gies

Fig.1 Shows an oudine of an Hv system.山 When the engine
Starts, the engine speed increases due to the drive torque
generated by motor・generator l(MGD.1gnition then starts
When the target engine speed is achieved. Engine start vibration
OCC山's when the MGl drive begins. Engine torque auctuations
(which are generated by the MGl drive t伽'que, the Teaction
forces generated by the compression and expansion of air m the
Cylinder, as weⅡ as the fuel pressure 、vhen ignition occurs) act as
the excitation force for 山is vibration and are a transient

Phenomenon thatincrease and then decNase as the engine speed

rises (Fig.2),
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Fig.1 0uuine of Hv system

Vibration increases

In t al combustion

廟

As shown in Fig.3, engine sta11 Vibration is gena'ated by the
U'ansmission of excitation forces (i.e., engine torque auctuations
and motor drive torque) to the vehicle body via the engine
mounts as 、ve11 as via the transmission, driveshaft, and

Suspension.(2)

0.5

As mentioned above, one conventional countermeasure for

engine start vibration is to controlthe initial crank ansle.(3) of
the excitation forces shown in Fig.3, this countermeasure is

Capable of suppressing variations in the reaction forces generated
by the compression and expansion of air during motoring caused
by MGI. The reaction forces generated by the compression and
expansion of air have a correlation with the initial crank angle
When the engine starts. Thel'efore, variations in engine start
Vibration can be suppressed by stopping the crank angle within a
Cedain range 、vhen the engine stops.

Vibration decreases

Motorlng

Fig.2 Floor V山ration when Engine S始rts

π乍
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⑤

FI"ng
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3. Factors of Engine start V山ra"on variations

35

Factors of engine start vibration variati0那 indude variations
in the size of motor drive torque and engine in・cylinder pressure,
Variations in motor drive start and engine ignition timings, and
Variations in the backlash of gears and other components. AS
Shown in Fig.4, these factors can be categorized into B) contr01
OutputS 6.e., the size and timing of excitation forces, and the
State of hardware) and c) undetermined factors (i.e., the backlash

Of gears and other components, and variations in combustion).
Since the objective of this research is to calTy out factor analysis
Of these variations,北 is not possible to regard data measured
Under differe爪 Scenarios as the same. FU11hermore, since enoine

Start vibration is a transient phenomenon, the relationshゆ
between factors over time is also important,、N,hich means that
multiple items of data for possible factors must be measured
Simultaneously. unfortunately, the physical values defined by
Cateoories B and c include some for 、vhich measurement

techn010gy does not exist and otha's that require large amounts
Of time to insta11the measuring instNmentation. However, since
the contr010U中Uts of category B are determined by category A
(i.e., the command values from the engine control unit(ECU)),it
Should be possible to extract factors related to contr010utputs by
analyzing these Ecu command values. Therefore, this research
analyzed the values in the random access memory (RAM) ofthe
ECU, which include the Ecu command values, and extracted the

Variation factors. Here,the term " ECU RAM value" refers to the
State observauon values and control command values used for

Ecu contr01. Although variations in the backlash of oears and
Other components and combustion variations cannot be analyzed
based on these ECU RAM values, this approach covers the
factors related to variations in the size and timing of excitation
forces as we11 as hardware state variations.
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Fig.5 Sho、Ns the number of engine and motor RAM values for
an HV. The engine electronic control unit (EFI ECU) contains
approximately 30,ooo and the motor Ecu contains
approximately l,000. As the number of RAM values increases,
analysis based on principles such as vibration theory, which
involves formularizing the effect of each separate RAM value on
Vibration, has reached its usefU11imit. At the same time,

multivariate analysis (such as linear regression method010gies
and principal component analysis) als0 10ses the capability to
extract factors as the number of RAM values increases because

Cross・conelation becomes too complex

Flg.4 Factors of Engine S始rt V山ration varia"ons

RAM values

Factor Analysis of Engine start vibration variations using ArtificiaHnteⅢgence

Floor vibration

Signal.
Fig.6 1ists a number of supervised learning method010gies,
Organized along t、vo axes: the expressiveness of the method010gy
and how simply it can identify the inputs that contribute to the
model output. Highly expressive models are capable of more
Complex learning and class labeling (a tenη Used to describe the
decision making process). 1n supervised learning,
expressiveness increases as the number of intemal parameters of
the modelincreases. However, as the model grows more
Complex, it becomes more difficult to identify the inputs that
Contribute to the model output. The purpose of the model used
in this research was to analyze the RAM values contributing to
Variations in vibration. Therefore, the model must be capable of
determining the inputs that contribute to the class label oU印Ut
Therefore, of the method010gies capable of quantifyino the
Contribution ratios of input variables, this research selected a
highly expressive method010gy ca11ed "random forest."(5) The
random forest method010gy combines an algorithm that uses a
decision tree (the name is derived from the branch・1ike structure

Of the decision tree) with a majority decision algorithm. This
decision tree carries out class labeling by making repeated
judgments comparing the size of input variables and threshold
Values.

Excitation fo『ces T,

Engine

EFI ECU:30,ooo variables

Motors (MGI, MG2)

MG ECU:1,ooo variables

Fig.5 Number of control va"ables in Hyb"d system ECUS

Transmlssion sensl"vlty lj

4. Factor Analysis of Engine start vibration
Variations using Machine Learning

Englne
torque

4.1 Selection of machine !eaming method010gy

MG

10rque

Engine

Since the objective of this research was to analyze ECU RAM
Values, a machine leaming method010gy capable of reproducing
the interactions bet、Neen data with strono multic011inearity was
adopted. Machine learnino includes supervised and
Unsupervised learning.(4) 1n supervised learning, pairs of data
Consisting of a uS引' input and a desired output (ca11ed the
Supervisory signaD are used to create a function (i.e., a modeD
that generates the desired outputs from the inputs.1n contrast,in
Unsupervised learning, only the input data is applied, without any
OU印Ut data. This research adopted supervised learnino since an
index (engine start vibration) exists to be used as the supervisory

Transmission

Floor vibration

Simplicity of identifying input contributions

@D匡>
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The example shown in Fig.7 Creates a dass labelthat decides
Whether today's weather wi11 be cold or not cold based on size

judgments applied to two input variables: temperature and
humidity. The mode11earns and determines the most appropriate
input variables temperature and humidity and threshold values
(certain numbers of degrees or percentages of humidity) for each
Size judoment to create the class label. The majority decision
algorithm creates multゆle decision trees from different items of
Iearning da仏 and makes a majority decision about the dass

Iabels generated by 血ese decision trees.

Declslon
tree

Fig.6 Machine Leaming Method010gies

Random
10resl'

' An ensemble
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Example of decision tree:

Creation of'cold" or" Not cold" dasS 恰belfortoday's weather

t:temperature h:humidity

t = 18 degrees, h = 809'0

NO
t く 15 degrees?

Cold
NO

Not cold

t > 20 degrees?

Fig.8 Shows an oudine of the class・1abeling model used in
this research. This model oU印Uts a vibration index for a certain
measurementscenario when x types ofRAM values are inputted
fⅨ'that scenario. The model uses N decision trees (shown in

Fig.フ) and each decision tree consists of size judgments
involving a maximum number M of RAM values and threshold
Values. Each decision tree creates a dass label for the vibration

index based on size judgments using x types of RAM value
inputs. For example, decision tree l in Fig.8 Carries out
repeated size judgments in descending order and decides thatthe
Vibration index iS 7.5.1n the same way, decision treeS 2 to N
also output class label results for the vibration index. Fina11y, a
majority decision is applied to these class labels and the vibration
index is oU中Utted as a dass label forthe overa11 model.
The contribution ratio of each RAM value to the vibration

index class label (i.e., the contribution ratio of that value to the

Variations in vibration) is calculated based on the number of

times each RAM value appears in the size judgments of the
multゆle decision trees sh0込,n in Fig.8.
In an identical fashion to a scenario with a sinole decision tree,

the mode11earns and determines the most appropriate RAM
Values and threshold values for each size judgment in the N
decision trees to create the class label.1n contrast, the maximum

number M of size judgments in each decision tree and the
number of decision trees N used to make the majority decision
must be setin advance.

YES

Cold

Class label result: Not cold

Fig.70U"ine of Decision Tree

NO

h > 70ヲ'。?

YES

RAMIRAM RAM RAM

0.12 0.47 033 0.52

(::>: vibration index
Deaslon tree l

Not cold

YES

I RAM3,02?

NO

95

Inputs

RAM RAM

028 072

YES

2.R貞M5)03?

75 M RAM I0,05?

RAM

0.81

Malomy decision

Output V山rauon index:フ.5

Fig.80U"ine of C恰SS・Labeling Model used in Research

RAM

0.39

nAM I0120.9?

Decision tlee 2

8

8

7

RAMX

0.03

42 Maximum number of size judgments in each
decision tree and numb引 of decision trees used

for majo"ty decision

To make it easier to identify the inputs acting as factors for the
Class label and to preventthe modelfrom becoming too complex,
it is necessary to controltwo parameters: D the maximum
number M of size judgments in each decision tree and 2) the
number of decision trees N used to make the majority decision.
After comparing scenarios with the maximum number of size
jud3ments set t04,20, and loo, this research identified 20 as
realizing the highest performance. 1n contrast, although
Pedormance increases as the number of trees used to make the
majority decision also increases, it becomes more difficult to
identify the inputs that contribute to model output. After
Comparing pedormance with an increasing number of decision
trees, this research found that performance improvements
became saturated when the n山れber of decision trees 、刃as set to

30.

nAM57)0.1?

. nAM 1 202?

9.5

Declslon treB N

フ.5

^ ^

8

7 フ.5

80

431ncreasing calculation process e什iciency and
reducing number of RAM values

In machine learning, the number of data measurement
Scenanos (N) is extremely important for generating a model with
a high dass・1abeling capability.1n ordinary multivariate
analysis, N must be set to a value between three and ten times
higherthan the number ofRAM values.1t has been reported that
mach血e learning requires an N value even higherthan this. This
research aimed to analyze around 750 types of RAM values that
affect the excitation forces generated by the engine and motor.
However, it would take roughly seven weeks to perform 7,500
test iterations (ten times the number of RAM values) f0110、ving
the current engine start vibration measurement process.
However, the number of data items required to generate the
machine learning model can be obtained in one week by making
the measurement process more efficient, and by selecting the
Variables to be used by the machine learning method010gy to
reduce the number ofRAM values.



The efficiency of the measurement process was improved by
Simplifyin8 and automating time・consuming measurement steps
As a result, N was reduced t0 1,000 (Fig.9). The number of
Work hours required to obtain the data for each measurement
Scenario was reduced by (1) adopting integrated measurementto
10wer the number of measurement instruments,(2) grouping the
measurement sequences together t010wer the number of manual
tasks, and (3) improving the data post・processing programs. AS
a result, the time required to cany out N=1,ooo measurement
Processes of engine start vibration was reduced from 35 t0 15
hours.

Factor Analysis of Engine start vibration variations using Artificia11nte11igence

33

1. Lowerlhe number of measurementlnstrurnenls by
adopling lnlegraled rneasurer"ent
(two typeS → one lype)
2. Lowerthe numb引 of manualtasks by grouping the
measurement sequences l09ether
3. LOW引 numb引 of wolk hours lo obtaln dala

(each time → every five times)

Fig.9 Engine start vibration Measurement process

Improvement of
measurement process
efficiency

.

、

...

The number of RAM values actino as the decision tree inputs
Was reduced by adopting the f0110wing four methods:(1)
excluding RAM values with constant values,(2) excluding
feature quantities that do not chanoe in different measurement
Scenarios,(3) for combinations of feature quantities with a cross・
Correlation coefficient of o.99 0r higher, excludino aⅡ feature
quantities other than the one with the highest level of
Contr011ability, and (4) exdudin3 extremely oudying data based
On the peakedness and distodion of the data distribution.

The solid line in Fig.10 sho、vs the enσine start vibration
measurement results after N iterati0船 as a histogram, with vDV
On the horizontal axis and the frequency of appearance on the
Vertical axis. The broken line in Fig.10 shows the normal
distribution with the same mean value and standard deviation as

this vDv distribution.1n the normal distribution, the probability
that the values exceed +3・sigma from the mean (+3σ) is o.14%
However, accordin菖 to the measurement results of this test (the
Solid line),+3σ Was exceeded approximately lo out of l,000
times,、N,hich is a larger variation than the normal distribution.

....

..

.

2

.

. ..、

5. ResU吐S of va"ation Factor Analysis

5.1 MeasurementresU吐S of engine staけ Vibra"on

Subjective evaluations of engine start vibration are not affected
Simply by the size of the vibration. other factors include the
Speed at which the vibration is damped and the frequency of the
Vibration. Therefore, this research used the vibration dose value

(VDV) sho、vn in Equation l as the vibration index.1his is a
fourth power vibration dose method that considers the speed of
Vibration damping using a time integral and the effects of
frequency using a frequency filter.(6)

Number ofr evant RAM values

from lhose Ⅷth the top tvventy
highest contribulion ra

13

5

2

0.5 VDV

Mean

ノ

ノ

i

VDV

Fig.10 Measurement Results of Engine start V山rauon

52 Results offactor analysis using machine learning

Table l shows the results expressing 、vhich of the constituent
elements of the engine start vibration tra那mission paths have a
relationship with the twenty hiohest・contributing RAM values.
The results include RAM values such as the motortorque cunent
Control value, which were already recognized as having a

relationship with vibration variations, as 、ve11 as RAM values
that had yetto be studied.

Table l Types of RAM values Related to Engine start V山ration
Varia"ons
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Constituent eleme ts of engine
Start vibration tr. nsmission path

Motortorque
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Histogram
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Where,

(D

a,.、, a,、, aw : acceleration time series data multiplied by
the frequency filter(フ)

TOYOTA Technical Revievv v01.65 Dec.2019

、

53 Variation reduction method010gy using extracted
factors

Of the extracted RAM values,this research focused on RAM I

and RAM 2, which are contr011able but had yet to be studied.
The time series chanoes in RAM l were compared in scenarios
With hioh and low measured vDv index values.1t was found

that RAM l clearly decreased 、vhen the enoine started, and that
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the amount of this decrease varied bet、veen the scenarios with

high and low measured vDV (Fig.11).

^

0
Motoring start

02

VDV. mean

VDV: mean + 3σ

Initial combustion

0.4 0.6

Time (sec)

Fig 11 Relationshlp between RAM l and vDV

0

Fig.12 i11Ustrates the size of the vDv as shaded dots (the
darker dots sho、v higher vDV), with the initial RAM 2 Value of
each measurement scenario on the vertical axis, and the amount
Of decrease in RAM l in each measurement scenario on the

horizontal axis.1n these results, the measurement scenarios

Shown by the darker dots are those in 、刃hich vibration exceeded
+3σfrom the mean vDV. These dots are 8rouped toaetherin the
al'ea oudined in blue. consequendy, it should be possible to
reduce the number of times that vibration exceeds +3σ by
Contr011ing the amount that RAM l decreases so that it fa11S
Outside this area.1t should be noted that, although measurement
Scenarios in which vDv exceeded +3σ also exist outside this

area, these indicate scenarios strongly affected by factors other
than RAM l and 2.

29
2.6

18

0.8

17

16

RAM l starts to decrease14

025 0.50.3 0.4 0.450.35

Time (S)

Fig.13 Time series changes in Air・Fuel Rauo when Engine S始rts

RAM l decrease:2.6

15

RAM l decrease:2.9

16.5

16

15.5

15

14.5

14

13.5

Fig.14 Shows the relationship between air・fuel ratio and
in・cylinder pressure. The 加・cylinder pressure at engine start was
Calculated and compared for each measurement scenario based
On the air-fuelratios in the two measurement scenarios i11Ustrated

in Fig.13. W'hen RAM l decreased by 2.6, the in・cylinder
Pressure ran8ed between 073 and o.86 Mpa.1n contrast, when
RAM l decreased by 2.9, the in・cylinder pressure ranged
between o.78 and o.87 Mpa.1n this latter scenario, the

in・cylinder pressure is higher and probably causes vibration to

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

.

邑

...

25 2.6 2.7 2.8 2.9 3.0

Amount of decrease in RAM I (degrees)

Fig.12 VDV Distr山Ution organized by RAM l and RAM 2

The amount of decrease in RAM l affects vibration because

the level of in・cylinder pressure (which is a vibration excitation
force) changes in accordance with this RAM value. Fig.13
Compares the time series changes in the air・fuel ratio at engine
Start when RAM l decreased by 29 and 2.6, respectively.訊lhen
RAM l decreased by 2.6,the air・fuelratio increased from 14.8 to
18.0.1n contrast, when RAM l decreased by 2.9, the increase in

the air・fuel ratio was delayed and only increased from 14.6 to
16.4.

...,.^尾ltt!!

148 t018.0

.....

14.6 t016.4

Increase.

、

Size of vDV
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^^

0. CU 0.78 to o.87
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Lower

亡

RAM l decrease:29

11 12 13 14 15 16 17 18 19

Air/fuel ratio

Fig.14 Rela"onship between Air・Fuel Ratio and ln・cylinder
Pressure(8)

0.6

Higher

5.4 E什ect ver汁ication using analytical model

The e丘ects of the factor extracted by machine learning (i.e.,
the amount of decrease in RAM D on vibration variations were

Verified using an analyucal model. The engine torque
auctuations durin今 firing were calculated from the in・cylinder
Pressure waveform in two measurement scenarios (RAM I
decrease:29 and 2.6). This waveform was calculated using a
relational expression for in・cylinder pressure and engine torque
auctuations. These engine torque auctuations 、vere inputted
into the analytical model as vibration excitation force, the body
Vibration was calculated as a reaction to this force, and the level

Of the vDv index was compared with the two different RAM I
decrease amounts. The analytical model was a spring・mass
model consisting of a combined engine旧V system powerplant
and a vehicle body as rigid elements, connected by springs
Simulating the engine mounting system. Engine torque
auctuations (the vibration excitation force) were 血Putted as
torque in the powerplant r011 direction. The results found that
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enoine start vibration waS 36% 10wel'in terms of vDv in the

meaS山'ement scenario in which RAM l decreased by 2.6

Compared to the measU↑ement scenario in which RAM I
decreased by 2.9. This demonstrates the e仟ect that vibration
exceedinσ+36 h'om the vDv mean decreased below the mean

Value. Therefore, it is possible to restrict the number of times
that vibl'ation exceeds +30' fl'om the vDv mean by contl'011ino
the amountthat RAM l decl'eases. This result verified the effecl

Of the factors extracted in this factor analysis research on
Vibration variations

6. conclusion

Machine lea↑ning was used to analyze the contribution of
multゆle factors in factor analysis of engine start vjbration
Valiations in HVS. The random forest method010oy was selected

as an effective way of quantifying 血e Ⅵbl'ation level and the
Contribution ratio of each factor. The analysis target was limited
to engine and motor Ecu signals related to vibration excitation
force, and the methods of pl'ocessing the 1ω'ge an〕ount of sample

data required for machine learning wele improved to shorten the
analysis time. As a result, thjs method010gy extracted factors
that had yet to be studied in this type of analysis. Furtherlnore,
the effec{s of these factors on vibl'ation variations wa'e verified

Using an analytical model.1t was confirmed that the random
forest method010gy e仟ectively analyzed the many factors that
Cause u'ansient phenomena to vaTy

Factor Analysis of Engine start V山ration variations using Artlficia11nte11igence
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1 1

Development of solid Electrodeposition

Method as an Environmenta11y F"endly
Surface Treatment

豊
1 §

Abstract

Surfacetreatments such as plating and physicalvapor deposition (PVD) are capable of satisfying various functional
requirements at a reasonable cost, and are therefore indispensable parts of the vehicle manufacturing process.
HO、Never, these treatments are not suitable for partialfilm formation, and have the fundamentanssue of requiring
a cumbersome masking step. consequently, a stamping method capable of forming "1ms only on necessary
10cations using electrodeposition vvas proposed based on the application of polymer solid electrolyte membranes
Used in fuelce11S. To ensure rapid 伽mformation usingthis method, electrode reac"ons and ion transfer phenomena

Were analyzed using electrochemical measurement methods, and structural analysis vvas applied to the electrolyte
membrane. As a result,the oxidation reaction rate atthe anode vvas identi"ed as the rate・determining process. 1n
addition, by improving the anode material, the developed method achieved the same film formation speed as
electroplating.

Keyvvords: S0ガd e/ectrodeposiガ0n method environmen始ガy friendly', patter剛hg, P/a力hg, PVD, SUがace treatment, fue/ ceル,
e/ectrochemica/ measurement, ion transfer

1.1ntroduction

、vet surface n'eatments such as electroplating and electroless

Plating are applied to base materials to satisfy various functional
requirements such aS ↑US中roofing, corrosion resistance, sliding
Performance, wear resistance, bonding, and so on. For this

reason, surface treatment techn010gies play an important role in

Vehicle lnanufacturing and are applied to a wide lange of parts.U)
However, these treatments may have a high envh'onmental

impact due to the generation of large volumes of waste liquid
Containing harmful p011Utants such as heavy metalions, strong
acids or alkalis, cyanic acid, chromic acid, and the like.1n

addition, with electlification and information techn010oies

Continuing to grow in importance, parts in these systems rely on
Patterning 6.e., partial film fonηation) to form wh'ing and
elecu'odes. However, since plating requires the whole partto be
immersed in a treatment bath, the fundamentalissues of higl〕・
Cost and cumba'some masking processes must be resolved
These issueS 繊'e being addressed by the development of a solid
electl'odeposition method, an innovative fjlm f0↑mation pl'ocess
Capable of fm'ming fi]ms on only d〕e necessary locations. Fig.1
Shows the film folmation principles of electroplating and solid
electrodeposition.1n the case of electroplating, the substlate

Yukisato*1

Hirofumiljsaka*1

Junya Murai*1

(i.e., tl〕e matelial on which the film is to be forme山 is exposed to
the platino liquid and connected to one electrode of a direct
CUI'rent (DC) power source. when power is applied, dle metal
ions that act as the film material are formed onto the S山'face of

the subsu'ate by a reduction reaction a.e., an

electrocrystaⅡization process).1n contrast, the proposed solid
electrodeposition method uses a polyme↑ SOHd electrolyte
membrane to transfe↑ metalions onto the substrate surface

0血er examples of electrocrystaⅡization usino soHd electrolytes
include a process that uses the ion exchange 郡'operties of
Polyamjc acid as a precursm'to folm metal winng on the S山face
Of a polyimide film.(2) However, since the objective of this
developlnent was to form meta11ic films on a substrate rather
than on a solid electrolyte membl'ane, it was decided to use a
auoTinated solid electrolyte membmne, which has supelior
release P引'formance. This mateTialis mainly used for the
membrane electrode assembly (MEA) of polyma' electrolyte fuel
Ce11S, and it functions to transfer hydrogen ionS 6.e., chal'ge
Carriers) and to shut・out the hy山'ogen and oxygen gas mateTials
Used in the fuel ceⅡ.1n addition, it also restrjcts the tl'ansfel' of

Watel oenerated atthe cathode to the anode.(3) Focusin菖 on these
functions, this development considered whethet the t↑ansfer of
metalions and restriction of water aow might be utilized in a
electrocrystaⅡization process to minimize the amount of the
metalion solution plating material as weⅡ as the amoU川 of
Waste liquid generated in d]e subsu'ate washing processι.

Mate11al Enoineerino DiY. NO.2、 Advanced R&D and Engineerino company
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Fig.2 Sho、vs the provisiona11y calculated results for c02
emissions and the amount of waste liquid, assuming application
to a 、viring formation process on an electronic circuit board.1t
Was calculated that replacing conventional electroplating with
Solid electrodeposition might reduce c02 emissions to
approximately one・quarter and the amount of waste liq山d to
approximately one・thirtieth of the origina11evels.1n addition,
Since solid electrodeposition does not require plating baths or
Other large・scale equipment, it might be possible to reduce the
Process footprintto approximately one・tenth of its original size.

(a) 1PM insta11ed in third・generation Hv inverter

(b) Appearanceofcurrent (C) Appearanceofcoolerafter
Solid eleclrodepositionCooler

(pa巾a1 例m formalion)(whole、sudace 側m formation)

Fig.3 "1Ustra"on of potential Application of solid Electrodeposition

To verify the concept of solid electrodeposition and ide川ify
Potentialtechnicalissues, a copper (C山 film formation
experiment was carried out using a simple jig. Fig.4 Shows an
Ouuine of the experiment.1n the film formation experiment, a
Solid electrolyte membrane was placed in contact with a gold
(AU) substrate. A titanium (Ti) electrode, which indudes a

Porous anode and solution supply holes, was pressed down onto
the membrane by a 、ueioht, and the metalion film material was
Supplied by a syringe. The Dc power source cathode was
Connected to the Ti block and the anode to the ubstrate. PO、ver

Was then applied to deposit a metal film on the substrate.1n the
electrocrystaⅡization process, the amount of metal deposition
Was proportionalto the amount of current and time f0110wing
Faraday's la、vs of electrolysis),、vhich can be analyzed in tenηS
Of cU1丁ent density and film formation speed. Fig.5 hows the
extemal appe釘ance of the cu film formed by solid
electrodeposition. Film fonnation tests 、uere carried out under
Various current density conditions. The results found that normal
Cu deposition did not occur at cun'ent densities of 20 mA/cm20r
hiohel', and that the maxim山η film formation speed was o.4
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国

To ensure the reliability of the soldered joints, an electroless film
is formed on the SⅢface of the direct bonded aluminum (DBA)

Substrate mounted on the cooler. Although the plating film is
Only required at the device joints to ensure soldering reliability,
the plating film is actua11y formed over the 、vhole sudace of the
Cooler to avoid the application of a cumbersome and high・cost
masking process.1f the amount of this high・cost platinum・group
metal plating is reduced, the increases in cost due to the addition
Of masking more than offsets any cost savings h'om reducing the
Plating film area in most cases. HO、vever, adopting solid
electrodeposition for this process a110ws a film to be formed at
the necessary locations only, without an additional masking step

ー、
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国
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SolidElectroplating Solid Electroplating
electrodepositionelectrodeposition

(a) C02 emissions (b) waste liquid

Fig.2 Comparison of c02 Emissions and waste uquld (provisional
Calculations)

0

120

100

80

60

Another merit of a solid electrolyte membrane is its potential
to enable pattemino without masking.1n solid electrodeposition,
films are formed by pressing the solid electrolyte membrane onto
the substrate like a stamp. unlike conventional surface
treatments, if the solid electrolyte membrane that contacts the

Substrate has the same shape as the taroet film, there is no need
to apply a maskin旦 Process to the substrate. This is a substantial
advantage in terms of film formation cost and productivity. Fig.
3 Sho、vs a potential example of soHd electrodeposition
application to an actual part, in this case the cooler used by the
inte11igent power module dpM) of a thil'd・generation hybnd
Vehicle (HV) inverter. The lpM uses semiconduct01's ca11ed

Power devices for DC/Ac cunent convel'sion. These devices are
Soldered to the cooler to aⅡOw the transfer of cun'ent and heat.
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μrlvminute.
Since this is an order of magnitude slo、va' than conventional

electroplating (approximately 2 μm/minute), it 、vould be
necessary to increase the film formation speed before this
method can replace the conventional process. Therefore, basic
Studies were caltied outinto film formation speed

Dc power
Source

Ti electrode

.....

GlaS釘ig

Anode

Canied out to identify the rate・determining process for the film
formation speed in solid electrodeposition.

Fig.4 Experimentalou"ine

Meta110n solutlon

Substrate

Solid electrolyte
membrane

De osjted film

Fig.5 CU F"m Formed by solid Electrodeposi"on

Anode

2. Basic studies to lncrease F"m Forma"on

Speed

Solution

2.1 Reac"on and transfer mechanism modelfor solid

electrodeposition

^

Fig.6 Shows the model used to simulate the cathode and
anode reactions and metalion transfer mechanism in solid

electrodeposition. The deposition process consists of three
elements:(D a reduction reaction atthe cathode (substrate)(M"+

+ ne'→ MO),(2) metalion transfer, and (3) an oxidation reaction

atthe anode (water oxidation: H20 → 2H++ν202 +2e、, or
metal oxidation: M0 → Mn++ ne、). Norma11y, since the change
in free energy △G in reactions (D and (3) is positive, the
reactions do not start spontaneously, and the reduction and
deposition of metalions occur only after the external Dc power
Source is applied. However, if the voltage is increased to raise
the culTent density and boost the film formation speed, the rates
Of reactions (D and (3) or the rate of ion transfer in (2) cannot

match this increase, and the resulting current density does not
enable faster film formation. This is known as the maximum

C山'rent density. various verification experiments were then

@D 趣シ@D趣シ

Electrolyte
membrane

mm

〔{CF CF ),・(CF2CF)〕,

六一ー.一〔

CF3.CF

、.^ノ

せr

Substrate

(3)
O×1dat

Film

2.2 Analysis ofreduction reaction at cathode
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Fig.6 10n Trans,er and Electrode Reaction Model

M"、

The metalion reduction reactions in solid electrodeposition
Were analyzed in comparison with electroplating (no solid
electrolyte membrane). ElectrochemicaHmpedance was selected
as the analysis method.(4) various solid electrolyte membranes
Were used: commercia11y available Nafion N117 and N115 films,
as we11 as developed films A and B. Nafion is a typical
auorinated solid electrolyte membrane and consists of a main
Struct山'e with c・F bonds and sulfonate group perauoro side
Chains.6) Developed 丘lm A has a different side chain structure
to Nafion and developed film B has a higher sUげonate oroup
Content.

Fig.7 Shows the measur引n引〕t system. simulating the
Configuration of solid electrodeposition, the electrochemical ceⅡS

Were fi11ed with a metalion solution a m011, CUS04), and an
Oxygen・free cu plate was placed atthe working electrode (圦IE)
Side. The solid electrolyte membrane was placed in contact with
the cu plate. on top of this configuration, a platinum (pt) wire
Was connected as the counter electrode (CE) in addition to a

reference electrode (RE) connected through a salt bridge. A
Potentio・galvanostat and function generator were used to
Perform the electrochemical measurement.1n this analysis, the
impedance was calculated from the voltage/current ratio
measured when an alt引'nating signal was applied. The
impedance at each frequency was ob仏ined by sweeping the
Voltage and current over a designated frequency range, and
Plotted on a graph with the real part on the hodzontal axis and

the imaginary part on the vertical axis. The resulting graph is
Ca11ed a cole・cole plot (Fig.8) and is used to analyze
electrochemical reactions.1n this analysis, the Dc potential was
Set to o.05 V VS SSE, the potential amplitude was set t0 10 mv,

②
Transfer

0

M".

Reductlon



and a 5・pointlogarithmic S圦,eep per unit was canied out from lo
kHz t0 10 mHZ. The temperature 、vas sett025 C

Function generator
^●◆

000000

¥1リ^
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Potentio・galvanostat

Fig.7 Electrochemical Measurement system
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Each resistance component can be calculated by curve fitting
the cole・cole plot to an equivalent circuit as shown in Fig.9.
For analysis, this study focused on the charge transfer resistance
(Ra), which conesponds to the ease ofelectron exchange.
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N115

10H2

15 20 25

ZΩ

Fig.8 Cole・cole plot of cu Film Formation
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Fig.10 calculated charge Transfer Resistance of solid Electrolyte
Membranes
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2.3 Analysis of maximum metanon transferrate inside
Solid electrolyte membrane

In the solid electrodeposition process, metalions from the
Solution on the anode side pass through the solid electrolyte
membrane and reach the cathode. At the cathode, since the

metalions are consumed by reduction reactions that deposit the
ions on the substrate surface, diffusion in accordance with the

decrease in concentration creates supply from the anode side.
Xvhen the cunent density is increased to boost the reduction rate,
the transfer rate inside the solid electrolyte membrane cannot
match the increase in current density. This may be the rate・

determining process forthe film formation speed.
Therefore,the maximum metalion transfer rate inside the solid

electrolyte membrane 、vas analyzed. The experime爪al
Procedure was as f0110、VS.圦lhen a high・concentration solid
electrolyte membrane is immersed in a metalion solution, ion
exchanges occur between the hydrogen ions in the membrane
and the metalions in the solution. As a result, virtua11y a110f the
Positive ions in the solid electrolyte membrane are displaced by
metalions. Next,immersing the solid electrolyte membrane in a
high・concentration acid solution causes virtuaⅡy a11the metal
ions in the membrane to discharoe into the add solution. This

analysis immersed each solid electrolyte membrane in ion・
exchan名ed 、Nater for 24 hours, before subsequenuy immersino

the membranes in a cus04 aqueous solution (concentration:1
movL) for a set duration. After the excess solution on the

Surface was removed, the membranes were immersed in a 30
Sulfuric acid solution. The cu ion concentration in that solution

Was then analyzed using an inductivity coupled plasma optical
emission spectrometer (1CP・OES), and the amount of ions
induced from 血e aqueous solution to the solid electrolyte
membranes was measured.

Fig.11 Shows the relationship between the amount of ion
induction and immersion time under normaltemperature
Conditions usino the Nafion N117 Solid electrolyte membrane.

R : solution resistance R I: charge transferresistance

0

Cpe constam phase element Elements expressing capacltive
L :inductor Rし RF:resistors and inductivesemi・circles.

25

CPEI

R

30

Fig.10 shows the charge transfer resistance of each solid
electrolyte membrane in the cu system. The charoe transfer
resistance of developed fHms A and B is lower than the
Conditions without a film (eq山Valent to electroplatin旦),
indicating that these films enabled more active reduction
reactions than electroplating.

L

Fig.9 Equivalent circuit Diagram
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Fig.11 Amount of cu lons in Na"on N117 Membrane (25゜C)

5

Maximum metalion

transfer rate:12 μm mlnute

To calculate the maximum metalion transfer rate, the

relationshゆ between the amount of ion induction a(t) and
immersion time t as shown in Equation l is used for curve
fittino. Equation 2 is then derived from approximation by
Madaurin expansion.

kl
a(t)=A+ B . e

0

2.4 Analysis of oxidation reaction at anode

To verify the effect of the reaction at the anode on the film
formation speed, a film formation test was canied out using a

Conventional pvri anode (water oxidation reaction: H20 → 2H+
+ V202 + 2e、) and a cu electrode used during electroplating (CU
dissolution reaction: CU → CU2++ 2e、). The same test method as

described in section l was used. Fig.13 Sho、vs the relationship
between voltage and current density for each anode material.
The theoretical deposition start voltage of the pvTi anode is
approximately o.9 V, compared to o.o v for the cu anode.1n
addition, since the voltage required to reach a speed of lo
mA/cm2 is approximately 2.o v for the pvTi anode and
approximately o.2 V for the cu anode, the reactions with the cu
anode are more active than the pvTi anode.

a(t)=A+B -Bkt

圦ノhere,
A and B: constants

k: rate constant (S、1)

t: immersion time (S)

・Bk is the initialimmersion rate, and corresponds to the
maximum metalion transfer rate. This experiment calculated a
Value of o.258× 10 6 movcm2/S, which translates to

approximately l.2 μm/minute after conversion to a film
formation speed.
Fig.12 Shows the maximum metalion transfer rate with
developed fHm B, which has the lowest charge transferresistance
R。t. The maximum metalion transfer rate reached 3.9

μrrvminute after the membrane type was changed.

This study also examined the specific surface area (SSA) of
the anode material. since reactions occur over the whole surface

Of the anode materialin contact with the solution, the reaction

rate has a close correlation with surface area. Therefore, the

anode polarization was measured using anodes with different
SSA values. The electrochelnical ce11 described in section 2.2

Was used for the experime川al system. Fig.14 Shows the
relationship between potential and current density. since the
Surface area used here to calculate the cunent density assumes
thatthe external shape of the anode is rectangular, the calculated
Values show the apparent current density. The foamed cu and
Cu mesh sheets, which have the lar合est ssA, obtained higher
Current densities at the same potentialthan sheet anodes
(oxygen・free cu sheets and cu sheets c0川aining phosphorous
(P)). particularly, the cu mesh anode achieved the highest
reaction activity at current densities up t0 150 mA/cm2
(equivalentto a film formation speed of 3 μnvminute).
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Fig.13 Relationship between v0吐age and curreηt DenS吐y with
Di什erent Anode Mate"als
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3. Discussion and ve""ca村on Tests

The analysis results described above inferred that the rate・
determining processes are the ion transfer in the solid electrolyte
membrane for cu film formation and the oxidation reactions at

the anode. unlike electroplating, since solid electrodeposition
Cannot apply mass transfer (convection) by agitation to ion
transfer, it is important to increase the rate of diffusion in 血e
Solid electrolyte membrane. A specific method of achievino this
is to use a solid electrolyte membl'ane with more developed ion
Channels (e.g., developed films A and B used in this study).
Fig.15 Shows the results of structural analysis of the solid
electrolyte membrane by sma11 angle x・ray scattering (SAXS).
The periodic hydrophilic structure (dl) that appears when the
Scattering vector q is close to 02 A、1 Was verified.1t was
Confirmed that the hydrophilic portions of developed fHm B,
Which has a large maximum metalion u'ansfer rate, are more
developed than the same portions in Nafion. However, as
described above, since the maximum metalion transfer rate of

Nafion N117 is l.2 μm/minute, it is more likely that the
Oxidation reacuon at the anode is a more fundamental rate・

determining process.1n addition, it may be possible to achieve
Substantialincreases in the film formation speed by replacing the
Conventional pt灯'i anode with a more reactive cu mesh anode to

increase the reaction rate.

Cu f011

The countermeasures described above 、vere verified in film

formation tests that replaced the Nafion N117 Solid electrolyte
membrane with developed film B, and the pvTi anode material
With a cu mesh anode. Fig.16 Sho、us the relationship between
Voltage, current density, and film formation speed. The results
found thatthe cunent density and film formation speed increased
in acCω'dance with the voltage, and that normal cu film
formation was achieved even at approximately 2.0 μm/minute
As shown in Fig.17, this is virtua11y the same film formation
Speed as conventional electroplating. However, because the cu
mesh anode is consumed by the reaction, it reqUⅡ'es regnlar
replacement. Furthermore, adopting a solid electrolyte
membrane with more developed ion channels and the hiσher film
formation temperature conditions have an adV引'se e仟ect on the
durability of the solid electrolyte membrane. Therefore the
impact of these countermeasures on cost must be assessed before
application.
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Fig.15 Results of solid Electrolyte Membrane Analysis by sAXS
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X入lhen solid electrodeposition was origina11y proposed, the

application of a solid electrolyte memblane in which convection
does not occur was regarded as a disadvantage for film formation

Speed. However, this study has demonSⅡ'ated the high potential
Of the proposed method. Based on these results, it should be
Possible to realize a film formation method that is significantly
more productive than conventional electroplating by further
OptimiZ血g process conditions and developing a more suitable
SOHd electrolyte membrane

4. conclusion

This article has described a solid electrodeposition method,

Which was proposed as a new surface h'eatment process using a
Solid electrolyte membtane, and the details of concept
Verification. Afta'identifyino a low film formation speed as one

issue of the proposed method, the causes and possible
CountermeaS山'es were analyzed. The f0110wing results were
Obtained

1. Analysis results of the ion transfa' rate and elecu'ochemical
measurement suggested thatthe ion u'ansfer rate of the solid
electrolyte melnblane and the anode teaction late were the
main causes of the low film formation speed.

2. Applying a solid electrolyte memb松ne with more developed
ion channels and changing the anode material(from a pvTi
Sheet to cu mesh) increased the film formation speed from

approximately o.4 μm to approximately 2.0 μm/minute,
roughly the salne as conventional elect↑Oplating.
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IechnicalpaperS凡'echnical Artides

Research into power Devices with

Embedded cooling

Abstract

Vvide・bandgap (VVBG) power devices are being developed for application in fU加re generations of environmenta11y
friendly vehicles. However, since the heat density of vvBG power devices is approximately four "mes higherthan
Conventionalsilicon devices, a newcooling structure is required. This research has proposed acooling mechanism
embedded in the device ca11ed a chip・scale cooler. This cooler, which contains minute lateral"ow paths, was then
fabricated and evaluated. Addi"onaⅡy, to further enhance cooling pedormance, a jet impingement cooler was
designed through the application oftop010gy op"mization method010gy. simulations confirmed thatthis design
achieved the targeted heattransfer coe什icient of184 kvv/m2K.

Keywords: CO0/er, povverdevice, mveder, VⅥ'de・bandgap, semiconductorprocess,jet/)刀Pingement

1.1ntroduction

X入'ith global warming caused by c02 emissions becomin旦 an
increasingly pressing issue, the Toyota group is responding by
developing a wide range of environmenta11y frien田y vehicles,
including hybrid, fuel ce11, and electric vehicles. A110f these
environmenta11y friendly vehicles adopt electrified po、vertrains
that contain a power control unit(PCU, Fig.1).
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Generator

Engine
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The pcu functions to controlthe power aow between the
battery, motor, and generator, and contains a number of power
devices to control current and voHage (Fig.2). These power
devices generate large amounts of heat and account for
approximately 20% of the electrica110ss in an electrified vehicle
Therefore, PO、ver modules are designed to transfer heat

Fig.1 Con"guration of Hyb"d vehicle powertrain

Battery

Y

寺

efficiendy from both sides using a layered structure in 、vhich
Power cards (consisting ofpower devices packaged together by a
Plastic molding) are stacked together with water・cooled cooling
Units.(D

Although conventional power devices are genera11y fabricated
from silicon (si), the Toyota group is working on the
development of wide・bandgap (帆IBG) power devices using next・
generation semiconductor materials such as silicon carbide (sic).
Xvhen adopted in the pcu, sic power devices have the potential
to reduce conduction loss by approximately 60% compared to si
Semiconductor devices. For this reason, the adoption of sic
Power devices is regarded as a promising way to improve fuel
e丘iciency and reduce the size of the pcu.(2)

M010r

*1
EHV Electronics Desion Div.. powertraln company
Toyota ReseaTch lnstitute of North America. Toyota Motor North America.
1ΠC

1.,

PCU
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Fig.2 1ntemal structure of pcu

Power

Card

仂
Φ
一
U
E
く
一
邸
U
一
仁
'
0
Φ
ヒ
Φ
」
Φ
Q
m
△
一
価
U
一
こ
'
U
Φ
↑



Since sic power device chips can be made sma11er than si
Chips,it should be possible to develop compact power modules
With a high power density. However, reducing the size of the
Chips has the effect of increasing the power density of the power
devices. specifica11y, the power density of sic power devices is
approximately l k、V/cm2, four dmes higher than the power
density of current si power devices, which is only 250 XV/cm2
(Fig.3).(3) with conventional cooling struct山'es reaching the
feasible limits of performance, ne、v cooling structures must be
developed with substantia11y enhanced cooling P剖formance.

1,500

1,250

1,000

750

500

250

0

Power module volume:

approx.40o cm3

FutureConventional

(sic)(si)

Fig.3 Power Density of power Devices

2. Application of chip・scale coolerto power
Devices

This research proposed a chip・scale cooler as a new high・
Performance cooling structure. Fig.4 Sho、vs a conventional
Cooling structure and Fig.5 Shows the proposed structure.1n
the conventional structure, the power devices are fixed bet、veen
remote coolers. Heat discharged from the front and back
SⅢfaces ofthe power devices is diffused over a wide area using a
Copper block. The coolers are manufactured from aluminum,
and the heat diffused by the copper block is dissipated to the
Coolant. A ceramic insulating plate is provided between the
Cooler and the copper block. The cooling area of the coolers is
increased using fins consisting of thin corrugated aluminum
Plates. This configuration accelerates heat transfer to the
Coolant.

Approx
I kvv/crn2

250 vv cm

■

＼,

いミい

,

ー゛゛ ーー.゛ー.

い

Coolant

ー〆

Current

'ー.ーノ

'ー'ーノーノーノーノーノ

ーノー〆ーノ

Fig.4 1ntemal structure of conventional cooler

Power module volume

approx.40 cm3

ーノーノーノ

^
^

^

Chlp・scale cooler

Coolant

20 mm

Current

In contrast, the proposed chゆ・scale cooler structure consists of
Cooling paths positioned near 血e power devices with fewer
intermediate thermalinterface materials. Hi旦h cooling
Performance can be achieved by creatin8 these coolino paths on
a microscopic scale to substantia11y increase the cooling area
Provisional calculations indicated that this structure can achieve

a cooling area approximately five times as large as a
Conventional cooler. Fig.6 Shows the conelation (simulation
results) between the temperature of a power device with a power
density of l kxv/cm2 and the heattransfer coefficient a (an index
for cooling performance). From this graph, the necessary heat
transfer coefficient a to maintain a 圦IBG power device at or
below an operating temperature of 175゜c was estimated to be

Fig.5 1ntemal structure of chip・scale cooler
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Bo kw/m2K or hiohel'. This value was set as the coolino

Performance target. HO、vever, since the heattransfer coefficient
Of conventional coolins structures is only approximately 20
k、Nhη2K, substantialimprovements in cooling performance were
required

300

250

◆

200

◆

175 C

max

150

Fig.6 Relationship between Heat Transfer coe什icient of cooler and

Power Device Temperature

◆

100

α.130 kvv m2K min

0

◆

Research into chゆ・scale coolers has focused on future high・
frequency devices and 3D memory.(4)(5) previous research has
also examined adopting this approach in lateral devices in 、N,hich
10w currents aow horizonta11y on the device sudace. However,
Since po、ver deⅥCes that contr011arge current nows tend to be
Venical devices in which the cunent flows vertica11y, the culTent
Channels must be laid out within the coolino aow paths. As a
result, the current channels and coolino aow paths must be
electrica11y isolated.
The proposed structure consists of a separate cooling chip that
is inteorated with the devices by wafer bondino. Throuoh silicon
Vias are formed in this structure to secure the current channels.

Monocrysta11ine siis used as the coolino chゆ material. This
material has a hioh thermal conductivity and can ensure
electricalisolation bet、veen the current channels and cooling
負0、v paths using comparative resistance controltechn010gy
developed for si semiconductors. Microscopic cooling flow
Paths can then be formed usino microfabrication techniques.

50 150100

Heattransfer coe什icient a (kvv m K)

microscale channels are sealed by joinin8 the first and second
Iayers together by wafel' bonding. since the purpose of this
Prototype was only to evaluate the cooling capacity of the
Proposed st川Cture, the through silicon vias 、vere not fabricated

◆

Research into power Devices with Embedded cooling

Target

Lay引 1

Layer 2

200

Contact

Inlet

^

ⅢⅢⅢ
Cross・sectlon of cooling channe!S

Fig.8 Sho、vs the fabrication procedure. First, as sho、vn in
Fig.8(a), the microscale channels and manifold are formed on
the back surface of the first si wafer layer. The microscale
Channels 、vere formed using a plasma・based deep si etching
technique. The microscale channels have a width of 30 μm and a
depth of 320 μm. on the second layer, the inlet and oudet holes
for the coolant were formed using the same etchino technique.
After fabrication, the first and second si wafer layers were
bonded together. The wafer bonding method010gy is as f0Ⅱ0、VS.
The back surfaces of the si were hydrophobized and
Provisiona11y welded together under a vacuum. Annealino was
then applied in a nitrogen atmosphere at l,10o c to achieve the
bond by mutua11y diffusino si atoms between the two layers.
Fig.8(b) sho、vs an enlarged scanning electron microscopy
(SEM) image of the connection interface. As the intersection is
not visible on the sEM image, it was verified that 血e two si
Wafers are completely bonded together. After、vafer bonding,the
titaniulwnickevgold (Tin、1VAU) contact was formed by applying
VacU山n deposition to the cooling surface of the first layer.
Fina11y, the cooler as shown in Fig.8(C) was fabricated by a
Separation technique refened to as dicing

Outlet

3. prototyping of cooler with Lateral FIOW
Paths

Fig.7 Prototype of cooler with Late『ヨ1 Flow paths

First, a prototype chip・scale cooler with lateral straight aow
Paths was fabricated to verify the feasibility of the proposed
SU'ucture. Fig.7 Shows the structure of this prototype. The
Cooler consists of two layers of thin si chip wafers. The first
Iayer includes a microscale straight cooling channel structure and
manifold. The second includes the coolant inlet and outlet. The

Manifold

Coolant
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(a) 1St layer formation

^

、、ト NC annels

b 、人/afer bonding o" st and 2nd layers

Hlgh temperature
diffusion wafer bondlng

2nd layerformation

口区ニコロ

臼τヨ凹

320

Inlet outlel

Plasma

etchlng process

m

30

(C) contactformation

m

U
昆^

^

百言毛
Deposition of
TVNVAu contact

气
Bonding surface

Fig.8 Fab"cauon Method of chip・scale cooler

4. Evaluation of performance of cooler with
Lateral Flow paths

A heat・generating device simulating a po、ver device was used
to evaluate the cooling performance of the proposed structure.
This heat・generating device consisted of a platinulwgold (PVAU)
resistor formed on the front surface and soldered to the fabricated

Si chip・scale cooler. The waf引' bonded si chip・scale cooler with
Iateral aow paths was attached to the evaluation bench as shown
in Figs.9 and lo, and its coolins performance was evaluated.
The heat・generating device was connected to the printed circuit
board (PCB) by wire bonding, and voltage 、vas applied to
generate heat. The cooler was fixed between the pcB and plastic
block and coolant、vas introduced. The cooling pedonれance was
evaluated by measuring the surface temperature of the heat・
8enerating device using an infrared (1R) camera attached directly
above the device, and by measuring the 加let and outlet coolant
temperatures using thermocouples.
Heat transfer coefficient a is calculated by the f0110wing
equanon.

10 mm

Heat・generating device

^ ^

20 mm

^^^^

^

Coolant lnlet

^

Fig.9 ExtemalAppearance of Evalua"on Bench

、

.、、

Heat・generating
device

PCB

^^^

Coolant outlet

旧

Camera

Chlp・scale
Cooler

α= g イr0川、- ro/

訊/here,

,

Ω: PO、ver density

TDm。.、: maximum device temperature
Tch.: coolantinlettemperature

^

Fig.10 OU"ine of cross・section of Evaluation Bench

Fig.11 Shows the results of device surface temperature
measurementin the cooling performance evaluation. coolant for
Hvs was used and the coolant inlettemperature was adjusted to
65 C. The circulating aow l'ate was set so that the standard
Pressure loss was not exceeded. The size of the device waS 6
mm along each side, and power was applied to achieve a power
density of BO W/cm2. The results showed that the device
Surface temperature distribution increased in the direction of
Coolant aow. The maximum temperature waS 87.4 C on the
downstream side of the coolant, and the measured heattransfer

Coefficient waS 58 k圦1/m2K. This result was virtua11y consistent
With the results of a thermal auid simulation (54 kw/m2K)

Performed under the same conditions. However, the proposed
Cooler with lateral aow paths did not achieve the targeted heat
transfer coefficient of 130 kⅥ7/m2K required by sic powel'
devices
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88 C

Coolantflow direction

79 C

Device length:6 mm

Fig.11 Device surface Temperature Distr山Ution Measured by 旧
Camera

70 C

5. Design of Jeumpingement cooler

To achieve higher cooling performance, a jet impingement
Chip cooler was designed. Fig.12(a) i11Ustrates that, in the case
Of a cooler with lateral no、v paths, the coolant temperature
increases as the cooler receives heat from the device because the

Coolant passes through long and thin cooling channels. As a
result, the cooling performance worsens downstream of the
Coolant inlet.1t is difficult to suppress this temperature rise by
increasing the ao、N rate since this approach leads to an increase
in pressure loss. As a result, the temperature difference within
the device surface ゴフ WaS 15.4 C, a very large value. Although

this issue requires a design that creates uniform contact between
the device surface and coolant, ajetimpingementtype of cooling
Structure, which aows coolant vertica11y and impinges on the
heat・generation surface as sho、un in Fig.12(b), was considered
to be more effective than 負Owing coolant in the horizontal
direction of the chip wafer.
Fig.13 Sho、vs the cross・sectional structure of the jet
impinoement chip cooler. This structure differs from the lateral
aow path structure by having three wafer chゆ layers and wafer
bonding in t圦,0 10cations. The radialtype channels shown in
Fig.14 are formed on the back surface of the first layer. This
Was designed using a top010gy optimization method010gy.(6)
TOP010合y optimization is a technique that uses repeated
Simulations to automatica11y calculate the top010gy (i.e., the
Structural features) capable of maximizing performance.1n this
research,it was used to automatica11y calculate the optim山n aow
Path geometry for minimizin8 Coolant pressure loss and
maximizing the heat transfer coefficient while maintaining a
Uniform coolant surface temperature. The coolantimpin8ement
nozzles are formed on the second layer. After top010oy
Optimization, the design dimensions of each part were
determined usino thermal fluid simulations. As a result of these

Simulations, the nozzle diameter was sett0 160 μm and the size

Max.:87.4 C

然

Ofone ceⅡ

the target
achieved.
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Unit was sett0500 × 500 μm. with these dimensions,

heat transfer coefficient a and pressure loss were

(a) Lateralflow paths LOW

temperature

ーーーー^

(b) Jetimpingementflow paths

Heat

High
temperature

Inlet

Uniform temperature

Heat

^▲'

Fig.12 Compa"son of Lat引aland Je"mpingement Flow paths

Outlet

^

晴僑司。山
■ f"゜'Nozzle
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In addition, re即ons were provided in the microscale channel
Ce11S for through silicon Ⅵas as current channels. Although
increasing the number of through silicon vias has the effect of
10、vering the electrical resistance, this is also likely to reduce the
COOHng performance since coolin8 Channels cannot be located in
those regions. Therefore, after studying the layout capable of
achievinσ both the required heat transfer coefficient and
electricalresistance, an optimum design with one through silicon
Via ceⅡ a110cated pertwelve nozzle unit ce11S was determined.
Fig.15 Shows the effect of the jet impingement cooler and
Specia11y designed radial channels on achieving a more uniform
device surface temperature.1n comparison to the 15.4 C
temperature difference ゴr of the lateral flow paths, the
Simulation results showed that the temperature difference with
the jetimpinoement structure was only 33 C,indicating uniform
heat dissipation from the device.

20

6. summary and Future plans

Chip・scale coolers were developed as cooling mechanisms for
next・generation wBG power devices. A prototype chip・scale
Cooler with lateral aow paths was fabricated and evaluated. This
Structure achieved a measured heat transfer coefficient of 58

kw/m2K. This measured value was closely consistent with the

Value of 54 kw/m2K that was calculated in a simulation, thereby
Verifying the accuracy of the developed simulation. However,
this value did not achieve the taroet minimum performance of
Bokw/m2K

To achieve higher performance, a cooler with a jet
impingement channel structure was designed. TOP010gy
Optimization method010gy was adopted to design the channel
Structure. A simulation calculated that the developed structure
achieved a heat transfer coefficient of 184 kw/m2K while

Suppressing electrical resistance and coolant presS山'e loss

An actualjet impingement chゆ Cooler is currently being
fabricated, and it is planned to confirm the consistency between
measured results and the cooling performance calculated in the
Simulation.

Other issues for realizing chゆ・scale coolers include forei号n
matter blocking the microscale channels and reliability over
extended periods of use. once the target cooling performance
has been achieved, it is intended to c0船truct a test environment

that simulates actual usage conditions, and to improve the
developed cooler while evaluating its operational stability over
the long term.

15

15.4 C

10

5

JetimpingementLateral

Fig.15 ComP引ison of Device surface Temperature Di什erence

0

Fig.16 Shows the heat transfer coefficient of the lateral aow
Path structure (measured) and the jet impingement chゆ Cooler
(simulated). The heattransfer coefficient of the jetimpingement
Chip cooler waS 184 kw/m2K, higherthan the target performance
Of Bo kxv/m2K.

Jetimpingement
flow path structⅢe
(slmulated)

33 C

200

150

100

0 130 kvv m K mln
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IechnicalAward News

The 63rd okochiNlemorialproduction pdze

Development of Highly compact painting Line Wけh substanua11y Lower c02
Emissions

1.1ntroduction

The reduction of volatile organic compound (VOC) and carbon

dioxide (C02) emissions is regarded as an increasin今ly important
Part of efforts t0 10wer the amount of substances of concern
(SOCS) discharged from manufacturing plants during the vehicle
Production process.
The environmentalimpact of this process is lar今e due to the
high number of individual steps required to manufacture a
Completed vehicle, including stamping, body 、velding, paintin今,
and part assembly. since painting consumes more energy and
generates higher c02 emissions than any other step, reducing the
energy consumption of this process is regarded as a particularly
Urgent issue (Fig.1).

Koki Hayashi*】 Xvataru Murata*1

Co emisslon$ olvehlcle productlon steps

Palnting

Physica11ength of the process,10wering the equipment height,
and reducing the size of auxiliary eqUゆment (Fig.2). A wide
Variety of measures were implemented, induding reducing the
Space under the painting booth, creating a narro、ver booth air
Supply chamber, applying the concept ofjidoka (automation with
a human touch) to cleaning and interior painting processes,
improving robot processing capabilities, optimizing the transfer
Pitch, decreasing the cross・sectional surface of the drying oven,
making effective use of compact deodorization equipment,
adopting an innovative booth air conditioner configuration,
reducing insta11ation times by half, and further enhancing the
Safety of engineering work. Reducing the size of the air supply
Chamber and space under the painting booth made the greatest
Contribution to reducing the size of the line. These measures
resulted in a highly compact painting booth (Fig.3) and helped

t0 合reatly lower c02 emissions (Fig.4).

Palntlng hes the hlghest co emlsslons

Co emlsslons of body paintlng equjpment

Prime{/top coat
booth:529'0

Fig.1 C02 Emissions of Main production steps and Body pain"ng
Equipment

Tokio Endo*1

Primer/top coal drylng
Oven:89JO

In response, a highly innovative painting line was developed,
Which reduced the size of paint line equipment by 40%, C02
emissions from the line by 32%, insta11ation time by 50%, and
required investment by 30% by completely refining every part of
the primer/top coat painung process.

P『imer/top coat
10%Preheating oven

P"mer/top coat
Process accounts
for 70% of the total

Tatsuya lida*1

2. OU"ine of Development

The key point for achieving this objective was the
development of production techn010gy capable of shodening the

Previous:

Cumbersomeand

10ngp"mer/top clearc。at
Coat process

Pre・heating
Base coat

Pre・heating

Prime『

!:1 Ms plastics & surface Finishin8 Production Engineerina Div., Mid・size

Vehjcle company

98

APP『oach:

(1) shoder process
Iength

Concept:

Develop shoder and
Sma118r 卯mpacuine

Drying oven

,

(2) LOW引 equlpment
height

Pre・heatlng

P _h t'.^111"
Prlmer

Fig.2 Development concept

Drying o
Cleer coat

Previous

AI「$upply
Chamber

(3) smal!er auxiliaⅣ
equlpment

Space uodemeath booth
Space undemeath
booth

Fig.3 Development of compact painting Booth
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(1ndex)
100

Painting ^●
booth

(5) Narrower booth alr supply chamber
(6) Reduced space under palnting boolh
(1) 1mp『oved robot processln9
Capab11ities
(3) cleani"g processjk/oko
(4) 1nterior painting process '"/0ι',

Previous

Drying oven

(フ) sma11er drylng oven cross・sectlon
(2) OP11mlzed 11ansfer pitch

0

、^

3. conclusion

Fig.4 Reduction of c02 Emissions

The developed painting techn010gy was insta11ed on the prius
Production line at the Tsutsumi plant. After verifying the lack of
quality or equipment issues, this painting line is currendy being
r011ed out eloba11y in new plants and as part of projects to
Upgrade a8ing facilities.
The development of production en旦ineering techn0108y wi11
Continue to play a central role in achieving the Toyota
Environmental cha11enge 2050.

Auxi11ary
equlpment

(8) sma11er booth
alr condltloner

(9) compact
deodorlzatlon

Ul ment

New
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2017 Energy conseNation Grand prize (Nlinister prize ofEconomic, Trade and lndustry)
The plug・1n Hybrid system forthe New prius pHV

1.1ntroduction

This article outlines the plug・in hybrid system that was
developed to enhance the product appeal of the new prius pHV
through world・1eading environmental friendliness (PO、ver and
fuel consumption) and substantia11y improved dynamic
Performance in Ev mode. The developed plug・in hybrid system
Was awarded the Energy conservation Grand prize in
recognition of its impressive environmental performance.

2. Main characte"stics

Fig.1 Sh0圦,s the system configuration.

Shinjilchikawa* 1

Engine

Power control unit

PCU

＼

The on・board charger was redesigned to increase charging
efficiency from 89 t0 95%, thereby helping to increase power
Consumption efficiency. This improvement was achieved by
adopting low、10SS PO、ver devices to reduce conduction loss and a
new charging method to reduce switching loss. Direct current
(DC) charging can also be selected in accordance with the
Charging requirements of the user.
A dedicated compact storage battery was adopted for the solar

Charging system to reduce system loss and enable highly
efficient charging of the traction battery.、入lhile parked, solar
Power is generated and stored in the dedicated battery. This
Power is used to charge the traction battery once a certain storage
t11reshold is reached. ThiS 血Creases the efficiency of the solar
Charging system and a110ws enough energy to be accumulated
Per day to drive the vehicle for up t06.1 km in Ev mode.

Takashi Murata*2

Michinobu suzuki*4

Solar panel

Transaxle

The engine insta11ed in the prius pHv is the same 2ZR・FXE
model adopted in the fourth・oeneration prius and has a thermal
e行iciency of40%.
The traction battery system plays a key role in increasing the
Power and range of the vehicle in Ev mode. This was
accomplished by increasing the number of ce11S t095 (1.7 times
higher 血an the previous model pHV) and raising the battery
Capacity t08.8 kwh (approximately twice as high as the previous
modeD. A new battery warm・up system was also adopted that
helps to maintain an appropriate battery temperature under cold
Conditions,thereby ensuring Ev mode performance.
A new dual motor drive system was adopted in which the
transaxle uses the generator as a motor during Ev mode. This
approach substantiaⅡy increases power in Ev mode by
Supplementing the oU中Ut ofthe motor with the generator.

Traction ba廿e

Motor/ enerator

On・board char er

Fig.1 Plug・1n Hybrid system

Shigek Kinomura*3
Tatsuya Miyoshi*5

3. conclusion

Powertrain product planning Div., PO、vertrain company
,

EHV Battery Design Div., powertrain company
3 EHV Electricity converter Design Div., powertrain company

Drivetrain・EHV Design Div. NO.1, powertrain company
5 EleCⅡ'onics controlEngineerino Div., Advanced R&D nnd Engineehng compal】y

Table l shows the main specifications ofthe new prius pHV.

100

31.6

4

874

Ev mode range (JC舶 test cycle)(km)

Maximum speed in Ev mode (km/h)

Fuel efficiency (km/L)

Power consumption efficiency (km/kwh)

Table l Main specifications ofthe New p"US PHV

100

The developed pHv system increases the Ev mode range and
Power of the new pHv by approximately 23 and approximately
1.8 times, respectively. As a result, according to data obtained
from pHv field tests, the average Ev mode coverage (i.e., the
Proportion of the total driving distance that can be driven in EV
mode) of the new pHv is approximately 60%, twice as high as
the previous model
Since plug・in hybrid vehicles combine the fun・to・drive
Performance of electric vehicles with the fuel efficiency of
hybrid vehicles, users can experience exce11ent environmental

Performance without anxiety about battery range. promoting
Wider adoption of the new prius pHv with its enhanced
environmental performance should help to further loW引' the
environmentalimpact of vehicles.

New pHv model

682

135

372

Previous pHv model

10.54

26.4



The JSAE Thesis prize (68th JSAE Awards)

Research into Ride comfort by unsprung Negative skyhook Damper contr01
Using ln・vvheel Motors

1.1ntroduction

Vehides equipped with in・wheel motors (1WMS) are capable of
independently contr01】ing the ddving force at each 、vheel. For this
reason,1WMs are re8arded as a 11ighly pr0加Sing teclm010gy h'om the
Sta11dpoint of enhatlcing ve11ide dynarmcs. However, the increase in
Unsprung mass has an adverse effect on vibration in the 4 t08 HZ
rarloe, which is 0丘en regarded as uncor11fonable by ve11icle occuP即ts.
nerefore,this research eX飢nned a method of reducing tMs vibration
Using driving force conu'ol by lwMS. As a result,it was discovered
血at vibration in tNs ra11ge could be darnped e丘ectively by a con訂'01
Using unsprun今 Vertical vibration i11f0血ation.

2, OU"ine of Techn010gy

2.1 Unsprung negauve skyhook damper control method

Skyhook controlis a widely adopted conventional contr01
method. Despite being a highly effective method that uses simple
Contr011aws, its effectiveness is limited to the range around the
Sprung resonance frequency of lt02 HZ. Furthemlore,in the 4 t08
Hz range, skyhook controlis either ine丘ective, or has even a slioht
adverse e丘ect due to the contr011ag that occurs.
After analysis, the force component propodionalto the ve丘ical
Velocity of the unspNng mass was identified as the cause of this
adverse e仟ect. Therefore, to counter this e仟ect, a control method

Was proposed that reduces

Vibration in the 4 t08 Hz range Body
(sprung mass)

by applying a negative force
Proportional to the vertical
Velocity of the unsprung mass. -C、/
111e verrical acceleration of the

f^

Vehicle body in response to

Etsuo Katsuyama*1

45

40

35

(unsprung mass
roadsurfaceinputswas 、'
Calculated using the simple
Vehicle model shown in Fig.1.

30

Bode plot

As a result, it was confirmed
Flg.1 Simple vehicle Model

that the proposed controlis
eX廿emely effective in the targeted frequency range (Fig.2)
This contr01、vas named the negative skyhook damper contr01
Since it functions as an unsplung skyhook usin冬 a damper with a
negative damping factor.

25

、

Ayana omae*1

、
、

Vv thout cont『01

Conventlonalcontr01(skyhook)
Proposed contr01
(unsptung negative skyhook)

、

0

3. conclusion

-90

V山ratlon greatly reduced

-180

10

-270

Fig.2 Vertical Acceleration of vehicle Body Due to Road surface
Irregula""es

22 Application to vehicle equipped with lvvMS

^^

acting on the vehicle body to be freely contr011ed by driving
force distribution. The drivino force control values at each

Wheel (fvl, FVI., EU./, and FU.,.), which enable this control to be
applied to the r011, pitch, and vertical motions of the vehicle
Without disturbing the speed or trajectory of the vehicle, are
derived as shown in Equation (D.

This article proposed a control method that effectively damps
Ⅵbration in frequency ranges that are uncomfortable for vehicle
Occupants. This effect was achieved by driving force contr01
Usin01、入IMs without addino suspension control devices.

Effective utilization of the vertical suspension reaction force
Components generated froln the l、入IMs enables the vertical forces

10

(くの

ー^

Ad、arlced chnssis Development Div., Advanced R&D and Engineedno company
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: skyhook usln9
: demper wlth negetive :
: damplng laclor

Frequency (HZ)

F、.ψ

.V;

F,.,

、エ,.,

( 1)

'ー{VP+(1-e) vq + ev'}
2C幼一{一ν,+(1一の、+ ev.}
tahe, VP+(1-e) vq+ eν二
ー"十(1-e)ν+ ev.

In 血is equation, C.h is the damping fact01' of the contr01,θ,. is
the indination angle of the driving force at the rear wheels,ν
and v are the lateral and lonoitudinal difference in the unspNng
Ve武ical velocity,ν_is the average unspNng vertical velocity, and
e is the weiohtino function of the pitch and vertical controls.
These values were applied to a vehicle equipped with 1圦IMs at
each wheel, and it was confirmed that vibration was reduced in

the target frequency range in both simulations and in an actual
Vehicle.
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TheJSAE Techn010gicalDevelopment pdze (68th JSAE Awards)

New Laser・clad valve seat Techn010gy Enabling High・speed combusuon
and Global produc"on

1.1ntroduction

The development of vehicle en即nes with substantia11y hioher
fuel e仟iciency is an important part of measures for achieving a
Sustainable society. At the same time, engines also require a high
Ievel of dynamic performance to ensure an enjoyable driving
experience. To meet these difficult requirements, Toyota Motor
Corporation has developed a series of next・generation engines
based on the concept of high・speed combustion to achieve world・
Ieadino levels ofthermal e仟iciency and specific power

2. Development Aims

High・speed combustion helps to reduce cooling and pumping
10sses by expandin8 the exhaust gas recirculation (EGR) 1imit.
This concept can also boost power at high engine loads that
Cannot utilize EGR by enhancing knocking resistance. TO
achieve high・speed combustion, it is necessary to increase the
intensity of turbulence inside the combustion chambers. An
effective 、vay of accomplishing this in a gasoline engine is to
generate 加mble aows. However,the formation oftumble aows
tends to reduce the intake airflo、U, creating a trade・off
relationship that is difficult to overcome.
To enable the formation of intense tumble flows 、vhile

Simultaneously reducing intake resistance, this development took
On the cha11enge of designin合 an innovative intake port shape
featurin8 1aser・dad valve seats (LCVS) that 、刃ere origina11y
adopted in race car engines (Fig.1).1n addition, the f0Ⅱ0、N,ing
Objectives were also established as part of the decision to adopt
Lcvs in these 810ba11y strategic engines: a) the development of
highly durable Lcvs usable in environments around the world,
induding regions adopting bioethanol as a renewable resource,
and (2) the development of a globalized and large・scale
Production system

Hironori Aoyama*1
Yuki Kamo*3

3. VVO"d・Leading Highly E什icientlntake port
Design

Natsuki sugiyama*1
Tadashi oshima*4

The surface against which the cylinder head valve rests when
the valve is dosed is ca11ed the valve seat.1he function of the

Valve seat is to ensure the wear resistance of this surface.

Conventional valve seats are sintered steel rings that are molded
in advance and press・fitted. However,it is difficult to reduce the
Size of these pads since a certain thickness is required to hold the
Seats in place. This constraint forces the design of curved intake
Port shapes that inhibit the efficient intake of gas into the
Combustion chamber (Fig.2).

Kohei Yanaka*2

凶竺凶ε9生1
Angle to
Streamline

32 deg

78 m/Sサ

Fig.1 Cross・sec"on ofln始ke port Featuring LCVS

Production Enoineering Development Div., powertrain company

Raw Material Development Div. NO.2, powertrain company
Material Engineering Div. NO.1. Advanced R&D and Engineering company
Toyota central R&D Labs..1nc

102

.2

evelo ed LCVS

・ sma11e『(improved deslgn flexib11ity)
・ High lh引mal conductivity (improved cooling ped引mance)

3

Intake

The straight portincreases aldlow
Velocity (10wer pressure loss)

7 deg
85 ^^

＼

Fig.2 Compa"son o"ntake port structures and streamlines

H: throat

height
F!ow velocity

0 120

In response to these issues, a techn010gy was adopted that
direcdy clads 、vear・resistant copper a110y powder onto the
aluminum cylinder head using laser dadding. This techn010合y
enables the size of the valve seat to be reduced and a110ws the

design of straight intake ports that efficiendy draw the intake air
into the combustion chamber while maintaining a high aow
Velocity.1n addition, the airflow can be separated by an edge at
the t11roat p0丘ion located atthe bottom surface ofthe port,thereby
helping to suppress reverse tumble. This innovative intake pon
design helps to achieve world・1eading intake ef丘Ciency, induding
a tumble ratio of29 and a aow coe丘icient ofo.49 (Fig.3)

4. Development of LCVS Techn010gy

4.1 Valve seat mate"al compat山le with wide range offuels

H:-10 mm

The edge suppresses
reverse tumble

The aⅡoy used for Lcvs must be durable under the high
temperature and presS山'e environment created by high・speed
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Convention訓

0.55

049

045

Fig.3 Compa"son o"ntake port performance

Combustion. Atthe same time,it must also be durable under the

highly corrosive environment created by fuels with a high
ethanol content. This material must also adhere closely t0 山e
aluminum base material and have the necessary mach血ability f01
forming the part shape. To satisfy these diverse requirements, a
Composite microstructure was designed in which hard wear・
resistant grains are dispersed in a copper (CU) a110y. The
Phenomenon of Hquid immiscibility was utilized to create a
Uniform dispersion of the hard grains durin菖 laser cladding,
Which functions as a rapid melting and solidification process
Molybdenum (MO), which increases the active iron (Fe)
Content in the liquid phase, was added to the peritectic cu・Fe
a110y to create the immiscible two-1iquid phase region (LI+L2)
(Fig.4). TMs phenomenon enabled the development of a new
five・element cu・Fe・MO・Ni・si aⅡoy featurino hard wear・resistant
grains dispersed in a heat・resistant cu matrix. This a110y
Satisfies the characteristic requirements ofthe new LCVS

0.4

1.0 1.5

Tumbleratio(→....

2.0

103

25

The conventional Lcvs process maintained a constant
Cladding point by fixing the complex optical system that
generates the laser beam and the aⅡoy powd引'supply nozzle, and
by moving the parts being processed. This approach increases
the size of the equipment required to clad large parts. Therefore,
the new claddin3 method adopts a highly e仟icient diode laser
With a compact opticalsystem. A new angled fonning technique
Was also developed with a coaxial nozzle to integrate the
delivery of the laser beam, powder, and shielding gas. under
this approach, the dadding can be applied by rotating the laser
beam with respectto the cylinder head (Fig.5), thereby reducing
energy consumption to less than one・fifth and the machine
fo0中rintto less than one・third of 小e conventional process, while
also enabling large・scale production

29 35

2,000

1,800

1,600

1,400

1,200

1,000

800

Laser melting

" phase...,...:.......司,."....●,ー..^4、、..ー

Immiscjble.tVリ0・Ⅱqui
Phase、region、LI+L2

Smgle・11quld

LI+女

・.、"' fcc(CU1土)1Fe)+La、es
0 10 20 30 40 50 60 70 80 90

Fe (mass%)

ー.、 fcc(CU)「,(Fe)tl'.,
rcc cU 4・".,.'."'・'.'

LI+フ【Fe)
,1ヒC(CU)

CU・Fe・69'OMo phase
diagram calculation

Fig.4 LCVS Microstructure and AⅡoy Design

42 Techn010gy forlarge・scale production

Since Lcvs are formed by directly cladding a high・melting
Point cu aⅡoy onto a low・melting point aluminum base matenal,
the cladding layer is susceptible to dilution by the base matedal

Production issues such as the difficulty of contr0Ⅱing this

Phenomenon had restricted laser claddino t0 10W・volume
Production 血 a snWⅡ number of plants within Japan.

TOYOTA Technical Revievv v01.65 Dec.2019

Uquid phase
P I01673 K

Separated i"10 matrix
and hard grai"$ i"
Iiquid phase

Solid phase
Matrix: CU.Ni.si

(heat resist丑nce, strength,
and adhesiveness)

Hard 9reins: Fe・MO・si,
Nbc (wear reslsta"ce)

智且"

FC)

Powdel')1,ノ^
/ 01

Laser

Fig.50utline of New cladding process and Appearance after

Cladding

5. conclusion

The development of a highly reliable new a110y compatible
With renewable bioethanol resources and a highly efficient and
robust new manufacturino method has enabled the adoption of
Lcvs techn010gy in a wide range of regions around the world
Taking advantage of this techn010gy, intake port shapes have
been designed that dramatica11y speed up combustion, thereby
making a major contribution to the development of engines with
a world・1eading thermal efficiency in excess of 40% and a
Specific power of60 kWル.
Startino in 2017, this techn010oy has been insta11ed in Toyota'S
next・gena'ation series of engines and wi11 be adopted throughout
the world with the aim of helpino to realize a sustainable society.

Note: this article is based on the f0110wino published technical
Paper.

H. Aoyama et al." New LaseやClad valve seat Techn010gy
that Enabled Hioh・speed combustion and Global
Production."/0ιU71α1 ψ'socien, ql" Aιιtonloh've Eπ宮iπeers oj
ノαPαπ V01.72 NO.フ(2018) PP.10・H .
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The JSAE Techn010gicalDevelopment prize (68th JSAE Awards)
Mass production Development of vehicle she111nner parts Applying sheet

Molding compounds

1. Background and purpose

Reducing the weight of mass・production vehicles iS 仇'itica11y

impodant for curbing c02 emissions. carbon fiber reinforced
Plastic (CFRP) is a resinous material with a higher specific
Strength and specific stiffness than materials such as steel and
aluminum, and is regarded as having extensive potential
applications. This developme川 focused on low・cost and
Potentia11y highly productive carbon・sheet molding compounds
(C・SMC) with the aim of achieving the world's lightest rear
hatch and adopting itin a plug・in hybrid vehicle (PHV).

2. Mate"al Development

C・SMc consists of carbon fibers cut to a constant length and
randomly distributed in a resin paste. Heat press forming is then
applied to this paste to produce thermosetting cFRP. TO
increase productivity, the hardening time of the c・SMc was
restricted to t、vo minutes, significanuy shorter than for
Conventional materials (Fig.1). This development also reduced
the amount of polymerization・inhibitor, identified the
appropriate mold temperature range, and adjusted the hardener.
These measures enabled the developme爪 of a quick・hardening
material that satisfies the requirements for both hardening time
and performance.

Hiroshi urayama*1
Yoshihiro lwano*4

Panel uses modified polypropylene (PP, Fig.2). To ensure the
Same strength and stiffness as a conventional meta11ic rear hatch,
a cFRp closed section frame was adopted and combined with
resin reinforcing panels. H槍h door stiffness was achieved by
applyin今 a structural adhesive to bond the cFRp parts and
Creating a continuous join. An integrated inner frame was
formed, thereby reducing the number of parts from the five
Components used in the conventional frame. This approach
10wered both 、veioht and cost, and resulted in an extremely light
rear hatch.

Tatsuo Kitamura*2

Motoki Baba*5

Conventjonal Deν白10ped
techn010gy 柏Chn0109y

Flg.1 Productivlty comparison

2 10ule5

Coolmg
. Rem0νヨ1flom

rnold

Hardenln901
t●Srn

.closiΠ90f mold
M皐terla11ranS1引

4. production Engineering Development

Yoshiyuki Adachi*3

3. part structural Design

The conventional techn010gy requires a labor・intensive
Production process containing a high proportion of manual work.
Substanhalimprovements in productivity were achieved by
adopting automation t11roughout. Fig.3 Shows an outline of the
Production process. The materials are cutto the shape of the parts
Using an ultrasonic cutter (D.1n the heat press for111ing step (2),
robots are used to transfer the matedals to the mold and remove

the products after forming.1n the ddⅡing step (4), an end miⅡ is
Used to form severaltypes ofholes.1n part assembly (5), handling
eqU中me爪 is used to transfer the products for adhesive coatino, as
WeⅡ as to set and remove the products fromjigs.

The rear hatch is structured without steelreinforcing memba'S.
The inner frame is manufactured from c・SMc and the outer

＼ J

^

^

^

MateTial Engineerin旦 Div. NO.1. Advanced R&D and En旦ineering company

Ms plastics & surface Finishing production Engineering Div., Mid・size

Vehicle company
BR compact suv productization Dept., Mid・size vehicle company

Prototype production Div., Advanced R&D and EnEineerino company
Toyota Daihatsu Engineering & Manufacturing co., Ltd

^ .＼
..、,

Fig.2 Component parts of Rear
Hatch

Modlfjed pp

P自r15
C'SMC
^S伯01

^
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0) Mat印司α」伽n
(2) Heat P拍鵠
10rmin
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^

5. conclusion

(3) shapB 伽叩

Fig.3 Assembly process of cFRP Rear Hatch lnner

essu

reducNon

By adopting an innovative three・in・one approach factoring in
the materials, manufacturing process, and structure, the world'S
Iightest plastic rear hatch was developed with a monthly
Production capacity of 5,ooo units. The developed rear hatch is
approximately 40% 1ighter than an aluminum rear hatch with the
Same design. This development may be considered the first step
toward the adoption of c・SMc as a multi・purpose automotive
material, as demonstrated by its subsequent application to the
inner door panels and inner trunk lid panel of a luxury coupe.
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The JSAE Techn010gical Development prize (68th JSAE Awards)

Development of Highly Fuel E什icient and High power Engine Adopting New
Combustion concept

Mitsuto sakai*3Masashi Hakariya*1
Takahiro Kawashima叫

1.1ntroduction

Intemal combustion engines with substantia11y higher fuel
e仟iciency and cleaner emissions are an essential part of efforts to
help realize a sustainable society by addressing future eneroy・
related and environmentalissues. At the same time, these

engines must also have high power pelfonηance to ensure a 丘m-
to-drive experience that exceeds user expectations. Toyota
Motor corporation has developed a neW 2.5-1iter oasoline enoine
to satisfy both of these requirements.

2, Development Aims

This enoine was developed with the objective of further
advancing high・speed combustion techn010gies for conventional
engines. specific development aims included achieving a
maximum thermal efficiency of 40%, equivalent to the latest
engines used in hybrid vehicles (HVS), as we11 as top・class
Power performance of 60 kxvA_,(Fig.1).1n addition, as a base
engine developed to facilitate future development and ensure
Productivity, performance was further enhanced to maximize the
Potential of various techn010gies adopted in the engine (Fig.2).

・ Hi h ener l nltionc0115

Corlcave・pm打le 伽mshaft
W11h 45degree radius

・ compacl hydraulic lash
adjuster(HLA)

・ Motor・driven variable

Valve"mi" MDVVI')

・ Mountmgs insla11ed
On torque ro" axis
・ cente『 of engine
grevlw located over
Prlncipal elastic axis

・ High compression
『atlos (conventlonal
Vehide:13, HV:14)

・ Hlgh・stren th connecting rods

● Vadab1θ Cep
● LOW・fricuon

Tadashi Toda*2

Kunihiko sakata*5
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32

Toyota: Hv englnes
Toyota: conventlonal vehlde engl"es
Other compenies'"v en91nes
Oother compa"1es' conventlonal

Vehlcle engines
『、

・ cy1川derhead with ^● Toyola打rst
川・builtEGRcooler ★W。.,..

Com● ....

・ Long stroke ($troke/bote
ralio = around 12)
・ Expanded velve included
angle
・ Highly e作Clenlinlake
and exhaust por{S
・ Laser・cled valve seats

Fig.1 Trends and Targets for speci"c power and Thermal E什iciency 、^

34

Fulure trends

36 4038

Maxlmum th引mal e什iciency (00)

、

、

3. Details of Techn010gy

Thermal efficiency and power P引'formance are genera11y
regarded as havino a trade・0仟 relationship. To achieve the high
targets set for both of these items, it is necessary create
in・cylinder aows capable of generating stable colnbustion,、uhile
ensurin8 high knocking resistance and carrying out heavy
exhaust gas recirculation (EGR). A long stroke design was
adopted as the basic enoine stNcture to enable the realization of
hi名h・ao、V, high・tumble intake ports capable of satisfying the
Connicting requirements for turbulence and aow rate. The intake
and exhaust valve layout was optimized and laser・dad valve
Seats adopted on the intake side, a significant step for a mass・
Produced engine. These measures enabled a port desion that
greatly improves the performance trade・off line of conventional
Ports. specifications 、vere selected to achieve the performance
targets of this engine (Figs.3 and 4).

四

0

New co"venlional

Vehlcle englne

^New Hv englne

105

Electric powertrain sysrem Development Di、. NO.3. powel'{】'ain company
Engine Design & Engineering Div_ PO、vertl'ain company

Toyota Motor Engineering & Manufacturing (china) CO, Ltd

4 Power11'ain product plannino Div_ power訂'nin conlpa11y
CVZ. cv company
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・ H19her trensmi5Slon
Insta11etion stlffneS5

{high引 Powe『P1θnt
St市ness)

・ Heatr"8nagement
・ va『旧ble co011ng sy5tem
(motor・drlven wat引 Pump
and electronica11y contr011ed
thermostat)

Fig.2 Main Techn010gies
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Fig.3 Details o"ntake port
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Fig.4 1n始ke port performance
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In addition, the stratified cavity on the top of the piston 、vas
eliminated as sho、vn in Fig.5 to maintain the in・cylinder
turbulence intensity in the compression stroke even under the
higher compression ratio.

360

Hi9her
山巾Ulence4

1"1eηSlty

20 060 40

Crenk angle (deg BTDC) Wer

Fig.5 Compa"son of piston Top shape and Turbulence lntenS託y

To enable a thorough redesign of the cooling structure and
System, and to suppress deterioration in knocking resistance due
to the higher compression ratio, a motor・driven water pump was
adopted that can controlthe coolant aow rate regardless of the
engine speed.1n consideration of power consumption and to
reduce the size of the pump, the pressure loss of the cooling
Paths and overaⅡ System was reduced, and efficie川 Cooling
Performance improvements were adopted. specific measures
included creatino a cylinder head structure that concentrates the
flow of coolant between the exhaust valves, which are

Susceptible to temperature increase, and reducing the sectional
area of the waterjacket core by 20%. As a result, the coefficient
Of heattransfer was increased by 20% with around half the aow
rate of the previous engine (Fig.6). Knocking resistance 、vas
SubstanuaⅡy improved from low engine speeds, further
advancing the high・speed combustion concept.
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result, the new engine achieved a maximum power of 151 kxv
(specific power:60 kw/L)(Fig.フ). Fuel e丘iciency was
enhanced by improving thermal e丘iciency over a wide operation
ran合e. A maximum thermal efficiency of 40% was achieved in

the conventional vehicle engine and 41% in 血e Hv engine (Fig.
8).
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Water Jacket structure and coe什icient of Heat TransferFig.6
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4. Development ResU吐S

Compared to the previous engine, by advancing the high・speed
Combustion concept and adopting new techn010gies, substantial
improvements were achieved in engine performance across a11
engine operating regions, from low to high engine speeds. As a
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Fig.8 ComP討ison of Thermal E什iciency Maps
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Hv engine

Maxlmum th引mal e什iciency:41%

3Tき6

5. conclusion

This engine achieved world・1eading maximum thermal
e丘iciency and power performance by adopting a fU11range ofthe
Iatest techn010gies as described in this article, reaecting its status
as a key next-generation engine ofToyota.
Starting with this engine, Toyota plans to launch a series of
engines incorporating high・speed combustion techn010gies and
Other key concepts of the Toyota Ne、N, Global Architecture
(TNGA)to meetthe wide・ranging needs of different regions and
Users.
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Best poster paper presentation Award at 2017 Annual congress ofsociety ofAutomotive Engineers ofJapan,1nc.

Research into power Transfer Analysis Method010gy for Dynamic vvireless charging

1.1ntroduction

Three main issues must be addressed before electrified

Vehicles gain widespread market acceptance, namely battery
ran8e, the difficulty and length of time required for charging, and
high vehicle cost. Development is under way to resolve these
issues, primarily to increase battery capadty and enhance rapid
Charging capabilities. This article describes a different approach
to popularizing electrified vehicles through dynamic wireless
Charoing, which aims to reduce the amount of energy stored
On・board the vehicle by supplying power as the vehicle is driven.
The f0Ⅱ0、Nino sections introduce an analysis method010gy using
a concept ca11ed one・dimensional computer aided engineering (1D
CAE), in 、vhich the essential nature of the analysis target is
identified and rendered in a simple and easy・to・understand
manner. This method010gy was applied to wireless power supply
Using magnetic fields generated by cunent passing t11rough coils

2. ouuine of Developed Techn010gy

Masato Maemura*1

Tsuyoshi Nakamura*3

Fig.1 Shows an oudine of this system. The system was
examined based on the magnetic resonance coupling method
discussed in the sAE J2954 Standard, and featuring 85 kHZ PO、ver
Sources, capacitors for magnetic resonance coupling, wireless
PO、ver transfer coils, a rectifier (for Ac to Dc conversion) once
the power is received, and the electrica110ad of the vehicle.
The process for creating the analysis model and the results are
as f0ⅡOWS.

1. Modeling of the geometry of the power transfer (primary)
and receivin旦(secondary) coils
2. Acq山Sition of the movement distance by electromaonetic
analysis, and the relational expression of the coupling
Coefficient Fig.2)
3. Modeling ofthe electromagnetic circuit for power transfer
4. Modelino of the moving vehicle for calculatino energy
Consumpuon

5. Modeling of the dynamic wireless char旦ing system (Figs.3
and 4)

Steps l and 2 、vere carried out by three・dimensional
electromagnetic analysis using finite elements, and stepS 3 t0 5
Were carried out using lD CAE
It should be noted that, considering utilization in model・based
development(MBD),the model used in this study was expressed

Using a standardized language ca11ed very High speed lntegrated
Circuit Hardware Description Language ・ Analog Mixed signal
(VHDL・AMS). This language a110wed the creation of a versatile
model to facilitate future scalability.

Kimitoshi Tsuji叔
Yasunao Yoshizaki*4

Tomokiyo suzuki*1
Kensuke Kamichi*5
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Fig.1 0U"ine of Dynamic vvireless ch引ging system
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3. conclusion

ThiS 田licle has described an analysis method010gy capable of
Continuously calculating system behavior from the infrastruC山re
(i.e., the magnetic field source)to the energy c0船Umption of the
moving vehicle. By disti11ing the components of the system into
a lD model, the interactions bet、veen these components can be
discussed based on the properties of the electromaonetic circuit,
Which al'e the main design elements of a wireless po、ver transfer
Circuit. This model should be applicable to future research into
the effects of movement on equivalent inductance, contr01
method010gies for maximizing efficiency, and the like
Development ofthis system is cunenuy on合oing.
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Best poster paper presentation A圦lard at 2017 Annual congress of society of Automotive Engineers ofJapan,1nc.

New combus"on and powertrain control concepts for Achieving both
Fun・to・Drive Dynamic performance and Be杜er Fuel Economy

Takashi Yoshida*1 Taketo Nagasaki*1 Tsuyoshi Takahashi
Shigeru Rabashi*1 MasaakiYamaouchi*1 EijiMurase*3

3. Results of Engine Experiments

Fig.2 Shows the results of the combustion confirmation tests.
By achieving the targeted turbulence intensity, it was confirmed
that combustion speed increased substantia11y compared to the
Previous engine. Fast combustion also suppressed combustion
nuctuations, reduced knocking, and advanced 血e 50% heat
release rate timing (CA50). The resulting increase in
Performance offset the reduction in volumetric efficiency that
accompanies the higher tumble ratio.

全5
40En ιno 'P0■d 20o rpm U ■1き110 1

.県。。."。. Turnbt91■110 28

1.1ntroduction

Vehicle engines W北h better fuel economy that comply with
emissions regulations around the world are an imponant part of
measures to improve energy security and respond to global-scale
environmental changes. A neW 2.5-1iter engine was developed
f0110、ving the Toyota New Global Architecture (TNGA) design
Philosophy to achieve the difficult taroets set for new vehicle
models. This engine feat山'es a completely redesi8ned basic
Structure to comply with the suLEV30 and Eur06C emissions
regulations, and achieves a thermal efficiency of 40% and
Specific power of at least 60 kxV旺..,1eading fig山'es for a mass・
Produced engine.

2. combustion concept

The TNGA engine series shares the same fast combustion
Concept. The intensity of t山'bulence inside the combustion
Chamber has a strong correlation with combustion speed. A
turbulence intensity target was setto achieve a thermal efaciency
Of 40%. Turbulence intensity can be predicted accurately usin今
representative parameters from the engine specifications and
Physicalindices. Highly efficient combustion that achieves the
targets for high thermal efficiency and specific power, which
have a strong trade・off relationship, was realized by redesioning
the basic structure of the enoine using this design method010gy
and by adopting the refinements shown in Fig.1. Better catalyst
Warm・up performance and a lower particle number (PN) were
also achieved by changing the catalyst warm up strategy.

、ApproX 30 d町

Alr lrow
50P丑r丑11001 nrMI.do.

h010hl

,0
10

Newen ne

塁5,5 20

eor● dlam■胎「{rnm}nurbulonC● mt●n5」W ιm舶C}

0.,才

'...

Fig.2 Results of combustion confirma"on Tests at partia"oad

(Le什) and FU11 Load (Right)

4. conclusions

A maximum thermal efficiency of40% and a specific po、ver of
60 kW征., were achieved by redesigning the basic structure of
the engine based on the fast combustion concept.
- compliance with the suLEV30 and Eur06C regulations was
achieved by changing the catalyst warm up strategy and
redesi合ning the direct injection (DD and port fuelinjection
(PFD sprays.
FU1110ad acceleration performance and fun・to・drive dynamic
Performance were achieved by setting driving performance
targets even for everyday driving scenarios.
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Fig.1 TNGA Engine Refinements
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Best poster paper presentation Award at 2017 klnualcongress ofsociety ofAutomotive Engineers ofJapan,1nc.
Analysis of cvT Belt Noise Mechanism by Measuring V山ra"on source

Tadashi Morimoto、・'2Jiro Hayashi*1 Yasunori Takeda*3

1.1ntroduction

Reducing belt noise has been a lon合・term issue in the
development of quieter continuously variable transmissions
(CVTS). However, since the generation mechanism of this noise
Was not fU11y understood, countermeasures have mainly focused on
improving the transmission case t1Ⅱ70ugh trial and error rather than
addressing the source of the noise in the variator. with the aim of
improving cvT paformance and identifying ways of reducing
developmenttimes and cost by front・10ading the noise performance
development process, this research analyzed the cvT belt noise
mechanism, developed a variator sub・assembly evaluauon
technique capable of reprodudng the vibration mode contributing
to belt noise, and validated the accuracy ofcAE prediction

2, Details of Research

Previous research identified the f0110、uing cvT belt noise
generation mechanism.、入lhen the cvT belt enoages the sheave,
force is generated that causes the sheave to vibrate. This
Vibration is then transmitted to the shaft and case, causing noise
to radiate outward. However, the vibration modes of the sheave

and shaft, which make a high contribution to the noise, have not
been identified (Fig.1).1n response, this research developed
techn010gy to measure microscopic vibrations of the variator
during actual operation (Fig.2). For axial direction vibration, it
Was possible to isolate and detect sheave vibration by redudng
the stiffness of the sensor holder to damp hioh・frequency
Vibration transmitted from the case to the sensor. However, for

rotation direction vibration, it is difficult to detect the taroet

rotational auctuations using an equipment・based torque meter

、^

because these rotational auctuations are micl'oscopic and are
damped before l'eaching the torque meter. This research detected
these rotational fluctuations as torque 負Uctuati0船 by insta11ino a
torque meter on the shaft neal'est the sheave

^^^

Sheave

Sensor holder

Unknown items

^

Characte"S11CS

Of vlbratlon

excltation lorce

Hypothesls

Case

エン: Dlsplacement sensors

a Axialdirection

Vibration measurement

Yuichi Miwa':'2

Items lden1111ed ln thls rese.

゜L

Sheave

Vibratlon

Characte『ist忙S

Fig.2 Developed sheave vibration Measurement system

The developed measurement techn010gy 、vas used to analyze
血e vibration mode that makes a high contribution to cvT belt
noise. sheave axial direction vibration associated with the shaft

bending mode was identified for the first ume as the main fact01'
Of cvT belt noise (Fig.3)

Sheave

(ヨ) Axiel
direction

Fig.1 CVT Belt Noise Generation Mechanism Hypothesis
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Fig.3 Sheave vibration Mode Analysis Results

3. conclusion

Υ一

Sheave axial direction

Vibratlon mode

This research identified the cvT belt noise mechanism,

thereby enabling design studies to help reduce noise. Based on
the identified mechanism, this research also established an

evaluation technique for the variator sub・assembly capable of
reproducing the shaft bending mode, and confinned that the
Vibration mode predicted using cAE closely matches the actua11y
measured vibration mode. The developed techn010oies are being
applied to accelerate front・10ading of the development pl'ocess
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Best poster paper presentation Award at 2017 Annual congress of society ofAutomotive Eng血eers ofJapan,1nc.
Improved prediction Method010gy for Tooth Root strain in Transmission

TakanoriNukata*1Toshiaki Tsuda*1 Miho Horiuchi*1

TetsuyaYamaguchi*2 Mitsuharusekiyama*2Tomoyuki Hirota*2

1.1ntroduction

Simulation techn010今ies are used in transmission development
to ensure reliability and reduce weioht.圦lhen calculating the
fatigue strength of gears, it is important to accurately predict the
deformation (i.e., the misalignment) of the 合ear support system
as this has a large inauence on tooth contact.
This research enabled the accurate prediction of misali8nment
and tooth root strain (Fig.1) by improving the modeling of
bearings and other components within the gearsupportsystem.

TorQue input

Bearlngs

Ge引 meshi"g

B01廿astening

Torque nput

Gear meshlng force

Fig.1 Tooth Root strain Generation Mechanism

2. construction of Analytical Model

Experiments have found that bearings, bolts, and gears have a
major influence on misalignment. However, the inauence of
these components has conventiona11y been analyzed using simple
models due to the complexity of the modeling required to
examine this inauence with precision. This study aimed to
accurately simulate misalignment and predicttooth root strain by
Precisely reproducing the load transfer of these mechanical
elements. First, as sho、vn in Fig.2, models were constructed
that simulate the detailed shapes and contact states between
Parts.1ncorporating these models into an overa11transmission
modelincreased the scale of computation, either preventing
Calculation or increasing the calculation time above acceptable
Iimits. These issues 、vere resolved by adopting a sub・modeling
method010合y.

GearsuppodGea『face
Systemdeformatlon
deformatlon

Mlsa11gnment

Bolt model

Gear face force distribution

Geer model

Tooth root strain

3. confirmation of Analytical Model valid吐y

The validity of the ne、v method010gy 、vas confirmed by
measuring the displacement and tooth root strain of the gear
Support system in an actualtransmission, and then comparing
these values with the analytical results (Figs.3 and 4). The
Comparison results demonstrated greater prediction accuracy,
thereby confirming the validity ofthe new method010gy.

T〒lis modelfectors in the
detailed shapes and con始Ct

OV引a11transmission model between pads.

Fig.2 Detailed Model construction
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Bearing model
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Displacement meter (white light interference method)

◆: New method010gy
ーーー^

ロ: convenlionel
method010gy

^ーーー

^ーー

Displacement of gear suppod system

Fig.3 ComP引ison of Gear support system Displacement

^ーー・ーー

Strain gauge
Tooth root strajn (measured)

Tooth root straln

Fig.4 Compa"son of Tooth Root strain

Displacement(measured)

4. conclusion

This research enabled the highly precise prediction of tooth
root strain.1t is planned to use this ne、v method010gy to help
reduce transmission weight.

◆: New melhod010gy
ロ: conventional
method010gy
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Thank you for reading the Tのota TechπicalReview.1tis my pleasure to present volume 65,、vhich is the

235th edition of the Toyota TechπicalReview since its publication beoan.

The special feature of 血is edition covers the battery techn0108ies of the future, with a panicular emphasis

On fuel ce11S and storaoe batteries. As always,1 Would like to extend my sincere gratitude to the authors and

everyone that worked to assemble the articles for their cooperation during this incredibly busy time.

Staning a few years ago, people began to describe the automotive industry as having entered a once・in・

a・century period of profound transformation. some of the largest information techn010gy (1T) companies

in the 、vorld,1ed by Google, Amazon, Facebook, and Apple (GAFA), as weⅡ as a number of startups,i.e.,

Venture businesses equipped with ultra・cutting・edge techn010gies, have broken into and are working to tota11y

redraw the map of the global automotive business. competition bet、veen companies in fields related to

battery developmentis growing fiercer as countrieS 血troduce increasingly stringent vehicle regulations, such

as the zero Emission vehicle (ZEV) program initiated by califomia and the range of rules surrounding new

energy vehicles (NEVS)in china.

Toyota Motor corporation regards this situation as a life・or・death fight for survival, rather than just a

question of 、vinning or losing in the market. To this end, Toyota is worMn今 to reinvent itself as a mobility

Company.

This year,2019, also marked the end of the Heisei era in Japan a989 t02019), and the beginning of the

Rei、va era.110oked back atthe Tの,ota rechπicalRevie1νS that were published atthe end of the previous era,

Sho、Na U926 t01989).1found an article describing the EV・30, an electric vehicle that Toyota first exhibited

atthe Tokyo Motor show in 1987. The EV・30 had a top speed of43 klwh and a range of 165 km on a single

Charge.1nterestingly,it was equipped with zinc・bromine batteries. The EV30 was the first electric vehicle

in the 、vorld to adopt a po、ver control unit (PCU) featuring an integrated inverter, charger, and DC・DC

Converter. Atthe end of the Heisei era, Toyota announced thatit would make many patents related to vehicle

electrificauon available free of charge. The pcus in these

Patents have their origins in the one developed for the EV30.

As the publisher of the rの01α lechπical Revie、υ, my role

is to create a useful, informative, and interesting publication.

I hope that you wiH continue to read these articles with
Interest.
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Total Lunar EC1ゆSe at Tsuki Elementary scho01

A tota11Unar eC11Pse occurs 、Nhen the moon is completely hidden by the Earth's shadow

This photograph was taken on January 31.2018,from the grounds ofthe abandoned Tsuki

Elementary scho01(in the 丁Sukl dlstrict of Toei, Alchi prefecture)

Munehiro Hirano, rnember ofthe okumikavva stargazing and Appreciation society
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