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Cover design:
The cover expresses the continued passion expehenced in research and development of new techn010gy.

The Japanese character"魁"(sakigake), which means " vanguard," is used to vigorously convey
the spirit of engineers creatin9 a new future of motorization.
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Leading the vvay into a
Nevv Era

.

、、

Takeshiuchiyamada,
Executive vice president

す
ノ、ー〆

T工Ⅳelve years have passed since the launch of the first generation prius and sales of the latest third

generation model are on the increase.1Would like to take thistimely opponunity t010ok back on my role

in the birth ofthe first generation prius,the world's first mass・produced hybrid vehicle.

It started with the G21 Projectthat aimed to develop a vehicle for the 21St century and presentitto the

World.1ts development concept was to provide solutions for the issues of a mobile society in the 21St

Century, while maintaining and enhancing the comfort and convenience of a conventional vehicle. After

discussion,these issues were identified as energy and the environment.

Atthe time, Toyota was strenuously debating whether to introduce airbags and ABs as standard safety

equipment, and the possibility was raised that customerS111ight not wantto buy a vehicle focused on energy

and environmental concems. However, realizing thatthese issues would be cNcialin the future,the pdus

Project was given the go・ahead, and a hybdd system was developed and insta11ed as the vehicle's power

Plant. The cducalissues were identified and the necessary technical development for their resolution was

given pdodty.1n other words, we focused on developing the necessaw teC1111010gy to resolve the issues

rather tl)an on detenl)ining how to use existing techn010gy.
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NOW, of course, we are standing in the middle of a batde to develop environmentaⅡy friendly

techn010gy. The competition to develop techn010gy (including safety techn010gy) and products wi11be a11

inescapable theme for the mobile society of the future. SO, with an unavoidable,inevitable course ahead

Of us, we wantto lead the way and drive forward with techn010gy and products. However,it wi11 not be

enough simply to develop techn010gy that meets the environmental and safety needs of the c0111ing age.

Xve want to boost technical development even further so tl〕at we can double the fundamental pleasure

Of driving. W'e have to develop techn010gy that enhances aspects of perceived quality such as dynalmc

Performance, driveability, stability and contr011ability, noise and vibration, and ergon0111ics, as we11 as

aspects ofconvenience and comfortsuch as HVAc and lTS.

As we promote these elements oftechnical development,1 Want everyone, especia11y those in a position

to guide young people in the workplace,to take the f0ⅡOwing pointsto heart.

1. Young engineers should gettheir hands dirty.

Developmentitselfis the crucible for education.圦le should set appropriate themes and help our young

engineers develop by their own hands.

2. Nlanagers should frequendy engage in technicaldebate.

Xvhile keeping an eye on the progress of these themes, managers and experienced people at the

Workplace should debate technicalissues with the people in charge.圦1'e should set aside formaltitles

and debate equaⅡy as engineers.1f 圦le set an example like this,it wi11reinforce ourimage as engineers

and help pass on ourtechnicalhlowledge and thinMng to the younger generation.

Leading the vvay into a New Era

The techn010gical competitive strength of our products cannot exceed our own ability. To create and

maintain sustainable competitive power, continuing technical development is essential for the education

Of our future generations ofengineers.

TOYOTA Technical Revievv v01.57 NO,1 JUI.2010 3



Evolution ofthe Third Genera"on p"US

,

1.1ntroduction

Mak血g a model change of a successful productis said to
be difficult. A car's mode11ife is norma11y several years,
and sales volume is initia11y high in the period after model
release.1mprovements of accessories a11d design changes are
Used from time to time to boost sales, but volumes normaⅡy
decrease atthe end of a car's mode1 磁e. sales volumes of the

Second generation prius, however,血Creased steadily after its
debutin september 2003, a11d even at 山e end of its mode11ife,
immediately before release of the third generation prius, the
model maintained sn'ong sales. A globalincrease in the price of
fuel and increased consumer awareness for ec010gicalissues are
Considered to be factors for tMS, butthe second oeneration pdus

Was consistently in the top lo in the Japan market, excluding
Sales of mini vehicles. T11is resulted in an unusual debut for

the t11ird generation pdus. T11rough september 2009, the t11ree
generations ofthe pdus had acMeved globalsales of l.55 血1Ⅱon
Vehicles, and sales for 2008 in particular, surpassed 285,000.
Thus,仕le prius now competes witli regular gasoline vehicles in
terms of sales volume as weⅡ, and has become a representative
Toyota vehicle (Fig.1).

Power from a gasoline engine and an electdc motor. under the
Catch P11rase "in time for the 21St century"(Fig.2), sales of 廿le
World's first mass・produced hybdd veMde began in 1997 (Fig.
3). The first generation prius had fuel economy of 28.o hwL
(under Japa11'S I0・15 mode fuel economy regulations), or about
double that of a gasoline・powered veMde in the same class, and
Was accepted by the market as a remarkable veMcle.

Akihiko otsuka*

IakaS11iYamazaki*
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2. A car Named p"US

The word "phus" means "preceding" in Latin. The original
Prius used the unique and inventive Toyota Hybrid system
(THS), which combined a planetary gear structure with drive

ム#・

Fig.1 Prius sales Trend (Global)

* Toyota passenger vehicle Development ceⅡter 2

Fig.2 First Genera鮓on p"us catch phrase
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In order to improve aerodynamic performance, the second
generation pdus made a bold transformation from the sedan style
Of the first generation to a unique hatchback style (Fig.4). The
THs evolved 血to the THs n with changes such as advanced
regenerative brake contr01, improved V釘iable voltage controlto
increase the maximum motor control voltage t0 50O V, higher
motor output, and higher maximum rpm. Dynanlic performance
and fuel economy 晒,ere both improved further.
In tenns of features as weⅡ, advanced techn010oy was applied
Without a11y reservations. The smar[ Entry & start system key
Could unlock 血e doors and startthe system just by being carried
near the vehicle, the shift・by・wire Electro shift・matic system
enabled changes in shift position with light force,1nte11地ent
Park血g Assist helped steering wheel operation when parking,
EV Drive Mode enabled drivin8 With the enoine stopped and

Flg.3 First Genera"on p"US

,
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Only the motor running, and electricalinvener air conditioning
enabled operation of the air conditioning with the engine
Stopped. The second generation prius was loaded with 血ese
and other features that had such an impactthatthey changed the
Concept of ddving a car.

ノ"

In this way the prius, with its low fuel consumption and
advanced features, created a new environmenta11y-conscious
Value, at a time when size and luxury were thoughtto deten1血e
a vehicle's status. Numerous H0Ⅱywood stars were sighted
riding to the Academy Awards ceremonies not in luxurious
Iimousines, but rather 血血e prius. These sightings came to
Symbolize environmental consciousness and attracted lots of
attenuon.1n this way, the prius was a representative car that
established the "Toyota = hybrid ve11icles" ilnage.

.ー

Fig.4 Second Generation prius

^

3, Development of Third Generation p"US

For the development of the third generation prius,1atge
targets were set to increase the brand value that already existed
and reinforce the "Toyota = hybdd veMdes" image, while also
expanding the customerbase with an entry modelhybnd car.
In order to achieve 血ese targets, the f0110W血g four・pi11ar
approach wastaken.
Overwhe1111ing hybddpedonnance
・ progressive style with a functionalform
・ progressive features ahead oftheir time
・ Advancing the fundalnentalperformance ofthe odginalcar
These items are discussed below.

3.1 0verwhelming hybrid performance

The hybrid system was newly developed with engine
displacement increased t0 1.8 1iters.1he e丘ects of the synergy
Of the system combined with fuel consumption reduction items
in other areas of the vehide, aC11ieved reductions in total energy
Consumption for the vehicle.
The hybrid system was made more powerful,1ighter, more
Compact, and lower cost. As a result, pedormance in each of
the four hybrid qualities (Fig.5) was vastly improved. The
four hybrid qualities refer to the four criteria used to express
the strengths of Toyota hybrid cars, fuel economy, driving
Performance,the environment, and quietness.

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010
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・ Environment

Exhaust e加Ssions were reduced, and enlissions regulations in
Various countdes have been cleared. The pdusis compliant with
Califomia AT・PZEv in the us. and with Eur05 in Europe. hl
Japan it has acquired su・LEv status, WMch means that exhaust
e血Ssions are 75% reduced from 20051evels

Quietness

In low speed ranges, the THs can completely stop the engine
and ddve with only the motor, thereby providing overwhe1血ng
quietness. Moreover, due to greater engine displacement, engine
Speed is lower when driving in the high speed range, and the
10cations of noise insulation materials have been optimized,
result血g in a Mgh degree ofquietness (Fig.フ).

・ Fueleconomy
In Japan,血e catalog fuel economy in lo・15 mode testing was
improved 丘'om the previouS 35.5 knvL t038.o hwL. For actual
fuel economy, which simulates real driving conditions, a fuel
economy 血Crease ofaboutlo% was acNeved.

・ Ddving perfonnance
OU印Ut was increased for both the engine and hybdd battery,
resulting in system oU中Ut of loo kw. Acceleration feeling
Si血lar to that of a 2.4-1iter vehicle was achieved (Fig.6).

Fig.5 The Four Hybrid Qua1詮ies
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Fig.6 Advances in Acceleration Feeling and Fuel Economy
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Japanese gesoline car

Second generation prius

Third generation prius

Interior noise when

driving at 50 km/h

Second generation prius

Thiyd generation prius

10dB

Fig.7 Compa"son of Quietness performance

32 Progressive style with a functionalform

The extedor design was developed with an " eco management"
血eme, a11d achieves a beautifulf0血 WNle also giving pdodw to
aerodynalmc perfomlance. The unique tnangular silhouet[e view
from the side has been continued. Edges (ca11ed "aero comers"),
Which aim to improve aerodynamics, have been used for the
front and rear comers (Fig,8). As a result, a cd value of o.25,
One ofthe best valuesin the world, has been acMeved.

Interior noise when

driving at loo km/h

10dB

舮 Display zon
ノー

33 Progressive features ahead oftheirtime

As stated above, the pdus cannot simply be categonzed as a
hybdd car, and sophisticated featureS 血at are ahead of their time
have been applied without reservation. The third generation is
eqUゆPed with advanced features asshown below.

33.1 Solar ventila"on system & remote air
Conditioning system

The solar panel(Fig.10) provides clean energy recovered
from solar energy. The solar ventilation system uses energy
generated from the solar panelinsta11ed on the roof to drive
the air conditioning blower motor, which circulates air when

the vehicle is parked.1t is also equipped with a remote air
Conditi011ing system thattakes advantage of the ample polver of
the hybrid battery. xvith 壮lis system,壮le user presses a wireless
key to operate the aiT conditioning system before the vehicle
is entered. These features reduce the heat inside 山e cabin, for

example, when entedng the car on hotsun血er days.

Cornmand zone

^

Fig.9 Command and Display zones

The intedor design was created atound the keyword "human・
tech," and the instNment panel area consists of No zones (Fig.
9) to give maximum priority to ease of operation and ease of
View. Moreover, organic shapes and texture in the motif of leaf
Veins were added to the 血StNment panelsurface, WMch achieves
a space that gently engulfs vehicle occupants. The S11ift hlob
takes advantage of its electronic characteristics and is positioned
asifaoating on the center cluster. This achieves a unique design
While also improving operation.

Fig.8 Exterior with Aero corners
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3.32 Touch tracer display

In order to improve the operability of features such as the
audio and air conditioning, it has become common to use
Switches on 杜le steedng wheel. one drawback however, is that

Fig.10 solar pane11nsta11ed on Roof
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the driver's focal point must move drastica11y t010ok at these
Switches to operate them W11ile ddving. The touch tracer display
(Fig.11) was developed to overcome this problem by displaying
the locations of the hand switches on the center meter, to enable

Operation while looMng at tMs display. Two types of sensors,
Pressure-sensitive and contact, are built into the switches on the
Steering wheel. Lightly touching a pressure・sensitive sensor
displays a switch arrangementscreen on the meterto show W11ich
Switch is being touched. pushino a switch in further while it is
being displayed and touching the contact sensor wi11 Cause the
System to pedorm the desired operation. As a result, switches
Can be operated with less movement ofthe driver's focalpoi11t.

to have t11ree other ddve modes for different ddving conditions
(Fig.13).

、

(1) Ev ddve mode

In this mode,the car can be driven withjustthe motor, without
Starting the en合ine. The drive feel of an electric vehicle can be
experienced, and no exhaust gasses are elmtted while ddving 血
tMs mode.

33'3 LED headlamps

LEDs light up quickly, have a long life, and consume low
Ievels of energy. LEDs are used on the prius headlamp low
beams, a first for the Toyota bra11d (Fig.12). T11ree LEDs are
10cated on each side,two projectortype and one reaector wpe,to
acMeve both light volume and lig址 distdbution perfonnance. AS
a result, eneTgy consumption when ddving at11ightis reduced.

Evolution ofthe Third Generation prius

Fig.11 Touch Tracer Dlsplay

(2)Ecomode

In this mode, drive power in response to pressing the
accelerator pedal and operating the air conditioning are
moderated to achieve even lower fuel consumption. Thus the
Prius can help drivers reduce fuel consumption,血 accordance
Wit11t11eir envir01血entalconsciousness.

、

(3) PWR mode

In power mode, when the accelerator pedalis pressed, ddve
Powerresponse is much sharper. T11is enables sporty driving, for
example, UP MⅡS a11d on mountain roads.

'15 ゛'

33.4 Three D"ve Modes

Xvith the THs n, the powerful motor can assist the en即ne,
and 血e system can also Nn with justthe motor.1n addition to
nonnal driving mode, this unique charactedstic aⅡOws the prius

Fig.13 D"ve Mode change sW吐Ch
(From Right: EV DrNe Mode, ECO Mode, and pwR Mode)

Fig.12 LED Headlamp

TOYOTA Technical Revievv v01,57 NO.1 JUI.2010

33.5 Eco d"ve monitor

Fuel consumption is one aspect of veMcle performance, and
it changes considerably depending on ddving style. There are
Iarge differenceS 血 individual driving styles, and to actua11y
implement environmenta11y responsible driving, it is difficult
to maintain the correct depression of the accelerator and brake
Pedals.1he pdusis equipped wi血 a11Eco drive monitor, which
Suppons environmentaⅡy responsible ddving by enabling visual
Confirmation ofhow these pedals are pushed
The Eco drive monitor consists of t11ree screens: the hybrid
System indicator, energy m011itor, and fuel consumption history.
These are displayed to the side of the meter 血 the multi・display.
By operating the "DISP" button on the steering wheel, the
display can be toggled among these views.

(D Hybnd system indicator
ThiS 血dicator supports environmentaⅡy responsible driving
by demonstrating how the pedals are being pushed (Fig.14).
Depending on how far the accelerator pedal and btake pedal are
Pushed,the bar on the 血dicator movesleft and nght. The charge
area (CHG) indicates energy regeneration levels when the brake
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is pushed. Regeneration increases as the bar extends further to
血e left, and tMS 血dicates thatthe amount of energy recovered at
the hybdd battery is large.
The wide barin the center shows the " Eco area." operating
the accelerator pedal witMn tms area indicates thatthe ve11icle is
being driven in an efficient range, and the Eco drive 血dicator
Iamp also iⅡU111inates. when there is a bar in the power area on
the dght side (PWR), it indicates that the system is perfon11ing
Powerful driV血g outside of the Eco driving range. Displaying
the movements of these bars can give the driver an estimate
Of how much the accelerator pedal and brake pedal are being
Operated, hl orderto drive with low fuel consumption.

Fig.14 Hybrid system lndicator

(2) Energy m011itor
TMS 血dicator shows, at a 81ance, the THS 11 0peration state
(Fig.15). The operation states ofthe engi11e and motor and their
Power and energy aows are shown by the movement of anows.
As a result, it is possible to hlow if the current drivin冬 State is
Using motor or engine power, and if electric energy from the
battery is being used or if energy is being regenerated from the
motot.

A ◆'■

A

Fig.16 Fuelconsump"on History

'

Fig.15 Energy Mon託or

(3) Fuelconsumption histoty
Xvhile the previous two screens show the current state, the
three displays of the fuel consumption history show previous
results. Fuel consumption history (Fig.16) shows fuel
Consumption for the distance driven, five・血nute consumption
(Fig.17) shows fuel consumption in five・111inute intervals, and
One・111inute consumption a110ws fuel consumption to be checked
at even shorter intervals.

^

A

3.4 Advancing the fundamental performance ofthe
Original car

In 血e third generation prius, the plaぜonn has been updated,
Suspension geometry has been revised, and steering stability
and ride comfort-the fundamental qualities that make a car
appealing-have been improved (Fig.18).

気

Fig.17 Five・Minute consump"on

"

.

8

Steering response

Fig.18 Advances in steering stabiⅡty and Ride comf0け

In tenns of the package desion, the veNde size is si111ilar to
that of the second generation prius, but the interior space and
Iuggage capacity have been expanded (Fig.19).
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Vehicle size similarto second genera"on prius,
Wlth more lnte"or and luggage space

Comfortable driving posltion
・ 260 mm driver'S $eat slide range (+2の
・ TⅢ& telescopic steerln9 Wheel

1,900 (+1の

905

(+15)

Even more rear

Seat knee room

The hybrid battery is the same as in the second generation
Pnus, butimprovements such as a more compact cooling system
have incteased luggage volume t0446 Ⅱters (VDA measurement
meth0山, which enables the loading oft11ree golfbags.
AISO, the peak of the roof, when viewed from the side,
has been moved rearward.訊lhile the vehicle's silhouette is

more relaxed, headroom and ease of entry 血 the rear seats are
improved,飢d use of a tMn seatback forthe fr0址 Seats givesthe
rear seats more legroom (Fig.20).

Fig.19 Package Design of Third Generatlon prius

.
'

UTlit: mm

(): D1什erence from

Second generatjon prius

、玉、

2,700 (土の

,

910

(+1の

4,460 (+15)

Funhermore, a system forrecovedng a110f the hybnd batteries
has been established, and in order to make disassembly of
recyclable parts more efficient, m雛ks to make disassembly
easier have been added to large parts.

42 Life cycle assessment(LCA)

For 血e prius, an LCA was performed to evaluate the total
environmentalimpact of materials, parts, vehicle producuon,
driving, maintenance, and disposal(Fig.21). Emissions of c02
and 0血er atmospheric p011Utants have been reduced, notjust
during the usage pehod, but also for the entire life cycle from
Production to disposal.

855

仕の
1,745

(+20)
ーーーーーー^

Evolution ofthe Third Generation prius

/ _^ー^

Fig.20 comparison of second and Third Genera"on
P"us side silhoue廿es

4. Environmental performance

4.1 Saving resources and recycling more

Environmenta11y responsible plastic, which saves petroleum

resources and reduces c02 emissions, was developed as a
reusable plant-dedved resource, and is used in parts such as the
Cowlside tdm, finish plate, and scU丘Plate. Toyota super olefin
Polymer (TSOP), a highly recyclable thermoplastic resin, is
Used for i11terior and extedor parts such as the bumper and pi11ar
gamish
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5. conclusion

S血Ce its release, sales of the t11ird 8eneration pnus have been
boosted 血 many countries by tax reductions for environmenta11y
Sound vehicles and scrapping incentives, and the vehicle has
recorded strong sales weⅡ in excess of targets. clearly, from this
Point on, cars wi11be expected to have even better environmental
Performance.
In the future, it wi11 be important to make efforts to use
Various fuels and energy sources in order to adaptto altemative

fuels, contribute to c02 reduction, and protect the atmosphere
Against this back菖round, hybrid techn010gy has a wide range
Of appljcability, to which a11 Wpes of engine and powertrain
teclm010gy can be adapted. The prius wi11 Continue to seNe to
further adva11Ce the THs as a key techn010gy of血e future.

Authors

Fig.21 Prius LCA Evaluation (Example of c02)
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Hybrid Techn010gies in the
Third Generation p"US

,

Abstract

This article describes the hybrid system insta11ed in the third generation prius. The system structure is based
On the THS Ⅱ developed forthe previous generation, and each component has been newly designed to further
improve fuel economy. 1n addition to basic fuel economy, the development improved actualfuel economy in
Winter and at high speeds, and reduced the size and weight ofthe system to a110w application to a wide variety of
models. The sec"ons beloMldetailthe performance ofthe hyb"d system and the new techn010gies used in each
Component.

Keywords: hybridsystem, motor, transmission, mverter, engine

1.1ntroduction

XV北h environmental problems such as global warnling and air
P0ⅡUtion, and energy issues becoming more serious in recent
years, the populadty of ve11icles with low fuel consumption and
10w emissions such as hybrid vehicles is expected to increase.
The system ef負Ciency of the third・oeneration prius that was
Iaunched in May 2009 Was maximized to improve actual fuel
economy 血 Winter and at high speeds, as weⅡ as basic fuel
economy. Furthermore,to encourage as many customers as

Possible to choose hybrid vehicles, the size and weight of the
hybrid system was reduced to aⅡOw its application to a wide
Variety of models. This anicle describes the new hybrid system

techn010gies used in the third・generation prius

HideakiYa芸ⅡChi*
TakeshiMurakami**

KenAsakura***

Ietsuro Kuzuya****

10shiya Hashimoto*

2. Development Aims

2.1 1mproving fueleconomy

The fuel economy improvement of hybrid vehicles during
City driving is achieved by the f0110wing basic features: D idle
Stop,ii) regenerative braMng, and iii) Ev mode operation dudng
10W・10ad driving. However, it has been pointed out that the
fuel economy in winter and at high speeds is not as good as that
achieved dudng city driving. This is because items D and iiD,
Which are basic features of hybrid vehides, are not effective

at high speeds, and the opportunity to make use of item iD is
reduced. Furthermore,items D and iiD 雛e restdcted 血 W血ter

by the energy demand from the heater, which uses the engine

Coolant as its heat source.1n developing the latest system, the
Objective was to improve the fuel economy in winter and at high
Speeds,血 addition to funher improvinσ the basic fuel economy
dudng city driving.

2.2 1mproving system applicability

Replacing conventional vehicles with hybrid vehicles with
better environmental pedormance would help reduce e血Ssions
Of co and other exhaust gases in urban areas. Therefore, one
aim in developino the new system was to reduce the size and
Weight of each component to a110w its application to a wide
Variety ofmodels.

* Hybdd vehicle Manaoement system Development Div
** Engine Engineelino Div.2

Hybrid vehic】e power Train Development Div
Ddvetrain Engineering Div.3

***

****

10

23 Reducing exhaust emissions

Reducino the exhaust emissions of current automobiles is a

requirement for lowering air p0ⅡUtion in urban areas. The new
System was developed to satisfy the stdctest exhaust e加Ssions
Standards in the world. Another aim was to reduce emissions

(C02) on actual roads by keeping the air・fuel tatio in the engine
in the stoichiometric region at a11times.

3. system con"gurauon

Fig.1 and Table l show the system con負guration and system
Specifications, respectively. using the boost system adopted in
the previous model as the base, both the engine displacement and
System voltage were increased, and a motorreduction device was

adopted.
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Fig.1 THS Ⅱ System configura"on

Motor speed reduction device
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Table l Hv un吐 Speci"cations

^

Displacement

Maximum power

Motor

Mechanical

transmlsslon

[:コ: powertransmission

Maximum torque

4. Engine

Maximum power

Systern power

Battery

Maximum torque

Fig.2 Shows the fuel consumption rate. The 2ZR・FXE
engine insta11ed in the t11ird・oeneration prius acldeves lower fuel

Consumption over a wider operational range, owing phmarily to
the adoption ofthe f0110wing items.
・ AtMnson cycle
・ coordinated control between the cooled exhaust gas
recirculation (EGR) and variable valve um血g・inte11igent
(VVT・i)systems
・ Fnction reduction i11the electric water pump

Maxirnum rpm

Hybrid Techn010gies in the Third Generation prius

The engine displacement was increased from l.5 t0 1.8 1iters.
The efficiency of the engine itself increases as the s/v rauo
is reduced by a lar菖er displacement. GenenⅡy speaMng, fuel
economy worsens as the displacement is increased, but this is
because previously, the en部ne had to be used even during light・
10ad periods when e丘iciency was poor. hl contrast, the THS 11
Can stop the engine when the load is light, enabling Ev mode
Operation. Therefore, the engine is used only when its efficiency
is high,1eading to improved fueleconomy.
A reduction device was used for the motor to reduce the

System size and weight. Details are described in section 5.1
below.

The maximum system voltage waS 血Creased from 50o v to
650 V.1ncreasing the voltage makes it possible to reduce the
motor size while increaS血g power. Furrhermore, since this also
a110ws the motor ddve cunent to be decreased, heat dissipation
from 山e inver[er and device size are reduced, with the resultthat

the inveneritself can also be made more compact.
These steps were adopted to improve 山e efficiency of the
System and reduce its size and weight, while simultaneously
improving power from 82 kx¥ t0 10o k圦1. consequently, the
System can also be applied to ve11icles heavier than the pnus. AS
a result, the powe血ain performance of the pdus improved to a
Ievelequivalentto that of a 2.4・Ⅱter gasoline・powered veMde

Maximum voltage

Reduction gear ratio

Type

New

1.8 L

Maximum power

73kw

142 Nm

60 kvv

207 Nm

13,50o rpm

Old

15 L

650 V

57 kvv

卞15 Nm

2636

50 kvv

Nickel・metal hydride
10o kvv

40O Nm

6,40o rpm
50O V

150
2ZR・FXE

230 gkvvh

82kw

100

50

2ZR・FXE

Operating
Iine
0

230

0

4.1 1ncreasing displacement

4,0002,000

Engine speed (rpm)

Fig.2 Fuel consumption Rate Map

^ INZ・FEX
Operatmg
Iine

Because eng血e speed 血Creases dudng high・speed operation,
a l.5-1iter engine wi11 0perate outside the minimum fuel
Consumption region shown in Fig.2. Therefore, the engine
displacement was increased t0 1.8 1iters t0 10wer the rpm and
expand the vehicle speed range that operates in the minimum
fuel consumption region. This improved fuel economy at high
Speeds.

INZ、FXE

2309/kwh

ーーーーーー
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42 Atkinson cycle

In order to improve thermal efficiency, the same high
expansion ratio cycle was adopted aS 血 engines for previous
hybrid vehicles. setting the mechanical compression ratio to
13.o and delaying the tilmng for closing the intake valve l0晒,ered

the e什ective compression ratio, thereby avoiding hlocking and
improving the thennalefficiency.
Fig.3 Shows the e丘ects of the Atkinson cyde attypicalpoints
in city driving. An improvement of 8.5% in fuel economy was
aC11ieved overthe base 2ZR・FE.

Furthermore,the use ofthe newly adopted cooled EGR system

improved the fueleconomy by an additiona11.フ% overthe use of
the AtMnson cycle alone.
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20

AtkinsonBase 2ZR・FE Atkinson+

(ε=13.0)(E=10.0) Cooled EGR

(ε=13.0)

Fig.3 E什ects of Atkinson cycle and cooled EGR system

に工三コ厄工^

43 Coordinated controlbetween cooled EGR and

VVT・i systems

Fig.4 Shows an extemal view of the cooled EGR system.1t
Was possible to advance the spark ti111ing by significantly cooling
the gas in the EGR system, thereby further imptoving fuel
economy hlhybdd engines, which uulize the Mgh・10ad region,
the intake air temperature can be prevented from risin8 by
Cooling the gas in t11e EGR system. TMs expands the h)ocking
t11reshold,improves power, and lowers the e血austtemperature.
Furthermore,血 this en8ine the fuel economy improvement
effect was ma血11ized in accordance with driving conditions by
Coordinating vvT with the EGR system.

^

80 Nm atl,ooo rpm

二Jr

^

Inside the intake manifold

Pumping loss (kpa)

40

EGR gas in・flow route

20 3010010 20 300

EGR rate (%) EGR rate (%)

Fig.5 E什ect of EGR system and vvT

Fig.6 Shows the relationship of the fuel consumption rate and
Spark tinling with the EGR rate and vvT advance angle 加 the
high・10ad region. The combustion temperature was lowered by
introducing 壮le cooled EGR system, and the fuel economy was
improved by advancin8 血e sP紅k angle.

34

20

Pumping loss
reduction

0

30

Heatrecovery
Unit

40 Nm,120o rpm
Brake specific fuel
Consumption (g/kwh)

鴫^

'ーゞ

High・e什iciency regjon

290300

22

EGR valve

EGR cooler

Electric

Water

Pump

Fig.5 Shows the relationship ofthe fuel consumpuon rate and
Pumpin0 10ss with the EGR rate and 血e vvT adva11Ce angle in
the low・10ad re菖ion. Atlow・10ad, the e丘ect of pumping loss is
Significant. Therefore, greater fuel economy can be achieved
by maximizing the pumping loss reduction e丘ect by retarding
the vvT 田lgle t0 血troduce a large volume of exhaust gas rather
than increasing the actual compression ratio by advancing the
VVT angle.

・・^・・ Exhaust gas flow

・・・^ Coolan廿10W

Fig.4 Cooled EGR system

Engine

、

＼

、、

Spark tjmlng (゜CA)

40
0

2010 30 200 10 300

EGR rate (%)EGR rate (%)

Fig.6 E什ect of EGR system and vvr

This engine achieved the m血imum fuel consumption ovet
a wider operationalran8e by coordinatin菖 the pumping loss
reduction due to the EGR system in the low・10ad region with the
actual compression ratio improvement created by vvT in the
Mgh・10ad re即on.

4.4 Electric water pump

In order to improve fuel economy by increasing the e丘iciency
Of the cooling system, an electdc water pump and heatrecovery
U11it were adopted. Fig.7 Shows the cooling system.

20

No bypass

'^

^

20

0

Spark advance angle

30

Heater core

80 Nm,1,20o rpm
Brake speclfic fuel
Consumption (g/kwh)

12

ermostat

40

280 270 260

Radiator

High・e什iciency reglon

Fig.7 Cooling system

EGR cooler
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The electric water pump pr0Ⅵdes the f0ⅡOwing six primary
benefits:

・ Reduced fdction by eliminating the accessory drive belts.
・ Reduced water pump power requirement by opti血Zing the
dischar容e volume.

・1mproved heating performance by opti血Zing the heater aow
rate.

・1mproved fuel economy in the low/medium・10ad region and
Suppressed knocking in the high・10ad region.
Shorter warm・up period by reducing the volume of coolant
Circulated f0110wing a low・temperature star山P.
・ Eliminated maintenance by eli加nating the accessory drive
belts.

Steps such as the opti血Zation of tubing reduced the aow rate
by 60% compared to a conventionalwaterpump.

4.5 Friction reduction

Fig.8 Shows the breakdolvn of engine friction reduction
Compared to a conventional engine. The switch to the electric
Water pump a110wed 血e eli111ination of the accessory dnve belts,
WMch led to a significa11t fdction reduction.

Hybrid Techn010gies in the Third Generation prius

Motor reduction device

0.05

0.04

^■、 .脅§_ノ

0.03

0.02

Belts

Vvater pump

」^

0.01

Valve

mechanism

゛"ー^"

Power split device

"一「

OiゆUmp

Cranksha什

4.6 Engine summary

Fuel e仟iciency was improved over the conventiona1 1.5-1iter
gasoline engine while improving power performance and
reducin今 elmssions.

0

INZ・FXE 2ZR・FXE

Fig.8 F"ction Reduction Breakdown

Fig.9 Sectional Diagram of Transmission

5.1 Motorreduction device

The number of teeth on each gear of 血e motor reduction
device iS 22 for the sun gear,18 for the pinion gear, and 58 for
the nng gear, wi血 the reduction rate set t02.636. As a result,
the motor torque is amplified 2.636 times by the rino gear
(compound gear).
Ihe motor reduction device suppons Ngh rotation speed,10W・
torque specifications for the motor as shown in Fig,10. since
motor size is nearly proportionalto totaltorque, the motor
reduction device also enabled the motor size to be reduced.

Compound gear

エ^

26.89,'0

Piston hngs

Conneding
rods

く

.1

L;_

、ーー.、

5. Hyb"d Transmission

A new hybrid tranS血Ssion was developed for use in compact・
Class vehicles. The newly adopted motor reduction device
increases power and torque while shortening the overa111ength
Of the motor. AdditionaⅡy, placing the compound gear on the
Outside of the motor reduction device and power split device
enables a 3-axis stNcture and reduces size.

Fig.9 Shows a sectional diagram ofthe transmission.
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52 Compound gear

The compound gear consists of two ring gears, a counter
drive gear, and a parking gear, resulting in a compact size.
Furthermore, since the bearing that supports the compound
gear was placed on the outside of the planetary gear, there
Was no need to increase 血e tota11ength of the transmission to
acc011血odate the bearing.1n contrast, however, the bearing for
Supponing the counter drive gear increased in diameter. This
resulted 血 a higher circumferential speed and its durability had
to be improved.
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Because the compound gear has a large・diameter cylindrical
Shape, which in turn consists of four gears, difficulties in
machining and distortions from heat treatments were expected.
The necessary precision and strength were achieved by
improV血g the processing method and heattreatment method.

53 Motor size reduction

A new drive motor was developed by combining a stator
With a 3・phase, AC,8・pole,48・slot diS廿ibuted winding with an
embedded magnet・type rotor. The use of a M菖h・energy magnet
for the rotor reduced the motor body size and mass. For the
Stator, new compression molding techn010gies, including a new
Coil wire winding method and a pre・processing method, were
developed to shorten the length of the coil end by 20%. The
ddve motor wasreduced by 35% in weight,40% in volume, and
30% in tota11ength.
For the motor geneTator, a stator with a 3・phase, AC,8・pole,
12・slot concentrated winding was developed. The length of
the coil end was reduced by 30% through measures such as
modularization of the winding cassette coil, modularization
Of the ter血nalto reduce the size of the term血al processing
area, and the use of resin molding to strengthen 伽e cooling
Performance
As a result, the newly developed motor iS 20易 lighter and lo
11血 Shorter than the previous version.

5.4 Lowfuelconsump"on

Through improvements in the motor, the newly developed
tranS111ission simultaneously achieved compact size, hi8h power,
and low loss. The items adopted in order to reduce motor loss
are descdbed below.

Fig.11 Shows the distribution of motor operating points
during city driving.1t 血dicates that the motor operation
frequency iS 11igh in the low・10ad region.

addressing iron loss is impor[ant forimproving fuel economy.
Fig.12 Shows the rotor magnet positioning on the rotor.
In the newly developed product, the reluctance torque was

Significanuy improved by optimaⅡy positioning the pemlanent
magnets in a v shape, thus reducing iron loss dU血g low load.
Additiona11y, since iron loss increases roughly proportiona11y to
the square of the frequency, high・frequency components were
reduced by providing dips on the perimeter of the rotor core.
This also contributed significantly to reducing iron loss.
In terms ofstrength, providin容 dbsin the center ofthe magnets
飢d securin号 the magnets using molded resin made high・speed
rotation possible.
Xvith respect to matedals,0.3 11血 electromagnetic steel plates
Were used instead of the conventional 035 1ml electromagnetic
Steelplates, achieV血g a sig11ificantloss reduction.

200

150 、
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4・、
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Motorrotation speed (rpm)

Fig.11 Distribution of Motor operatlng points During city Driving
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However, in terms of the motor losS 血 the low・10ad region
With high operating frequency, iron loss, which is a form of
energy loss that occurs in the iron cote, is greater than copper
10SS, which is Joule heat produced in the coil. Therefore,

6. power control unit(PCU)

6.1 Main specifications ofthird・generation pcu

Fig.13 Shows the c011figuration of the third・generation pcu.
As the power of the 11V system increased,the maximum power
Of the pcu was also increased by approximately lo%. on the
Other hand, it was possible to reduce the rated current of the
invedeTforthe motor 丘om 230 Arlnst0170 Arms by adopting a
high・voltage, high・speed motor,thus reduC血g the size a11d losses
in the power se111iconductor devices.
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To reduce both the size and weight of the pcu, a direct

Cooling stNcture was used for the lpM, a thinner・film capadtor
Was adopted,the DCのC converter power density wasimproved,
and the space utilization efficiency was increased. As a result,
the third、generation pcu iS 37% sma11er in volume and 36%
Ⅱghterthan the second・8eneration version (Fig.14).

25
Second・generetion pcu
(forthe seC9Qd・generation prlus)

20

15

10

Mass

36% reduction

5

0

150

Power:10ヲ、o lncrease

^'ー

621nte"igent power module (1PM)

Fig.14 Reduc"ons in Mass and volume of pcu

160

◆ Mass

▲ Volume

For the third・generation lpM, a direct-cooling structure
Was developed in which an insulating board with mounted
devices is brazed directly onto a cooling unit. This structure
Simultaneously achieves a significant improvement in cooling
efficiency t11rough the eli血nation of heat dissipauon grease.1t
also established a new technique for preserving heat cycling
Performance without the use of copper a110y heat・dissipation
Plates. Fig.15 ShowS 壮le direct・cooling strecture.

Furthermore, the third-generation pcu also features an
integrated lpM for boost血g voltage that is equivalent in size to
血e lpM for the second・generation motor/generator. This helped
Nduce the pcu size. Additiona11y, by eliminating the copper・
a110y heat・dissipation plates, both wei菖ht and cost were reduced.
Fig.16 Shows the third・generation lpM.

、 Third・generation
I PCU (forthe third・
J eneratlonprius)
ノ
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Maximum power(KVA)

170 180 190

^

200

Aluminum cooling unit
、、、、

Punched metal plate

One problem with 山e direct cooling structure was the fact
that the thennal stresS 血 the cooling U11it (made of alU加num),
Which has a large coefficient of linear expansion, was applied
directly to the insulating board, deteriorating the heat cycling
Performance. Therefore, a structure was adopted in which the
insulating board was brazed to the cooling unit via a punched
metal(aluminum) plate to absorb thermal distortion. The
Punched metal plate is optima11y provided with multiple holes.
As a result, it was possible to significantly reduce thermal
distortion during heat cycling based on the distortion of these
holes while minimizing deterioration in thermal resistance.
Consequendy, a level of heat cycling perfonnance equivalent to
the conventionalstracture was maintained and cooling efficiency

Wasimproved by 30% compared to the second・generation lpM.

しす

Fig.15 Sectional Diagram of Third・Generation lpM

6.3 1nsulated gate bipolartransistor (1GBT)

丁o reduce the size of the third・generation pcu while
increasing power and efficiency, a trench・type gate and t11in・film
techn010gy was adopted in the lGBTS (Fig.17) for the motor
and the generator. Norma11y, the withstand voltage of a device
and its steady・stage loss have a tradeoff relationS11ip. However,
by utilizing a technique to reduce the si substrate region,
Which acts only as a resistance element, the device thickness
Was reduced by 60% compared to a conventional device. This
reduced the steady・state loss by 25% and impToved the withsta11d
Voltage by 50%. The improvementin the withstand voltage
increased the lGBT switC11ing speed, helP血g reduce switching
10sses.

Fig.16 Third・Genera"on 炉M
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Fig.17 Sectional Diagram o"GBT
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6.4 Reactor

For the reactor, a new high・density magnetic composite
(HDMC) core was developed. This core was formed from
Ⅱon powder with an 血Sulating layer and maintained the same
Performance level as the conventional electromagnetic steel
Plates it replaced. simplification of the manufactudng process
Combined with net shaping (which eliminates machining)
resulted in significant cost reduction. Fig.18 Shows the
manufacturing process.

風ヤ,,E■ル,^,ーー'1舮4'='■つIil^'面届而す"^'1^つ(1) stamping

Cleanirlg oftop and

゜^,,'岳証歪・ヘ,^昌

Iron stamping E^旦旦リ^旦

1 眠,',ー,,,,一都' 1'11戸,1^1・今^

6.5 Capacitor module

n
工

(3) Lamlnating (4) Adhesivesoak

The capacitor module consists of a smooth血g capacitor
for smoothing the voltage for contr011inσ the motor and a
filtering capacitor for smoothing the voltage of the high・
Voltage rechargeable battery. A newly developed thin film
Was adopted, W11ich was individua11y opti血Zed for each of the
Capacitors.1n addition, the number of capacitors was reduced
by 血Creasing their size, and space ef負Ciency was improved by
t11inning the copper busbar (to t=0.8). As a result, volume and
mass were reduced by approximately 33% and approximately
40易, respectively, compated to the second・generation capacitor
module (Fig.20).

(1) S怡mping
(compacting process)

^

Flg.18 Comparison of core Manufacture processes

Sjnce an HDMc core has larger magnetostriction than a
Conventional core, external magnetic field auctuations can
Cause large vibrations, making noise a problem.1n other words,
develoP血呂 a low・vibration stNcture becalne a major issue. For
the new reactor, a core with a aoating stNcture was used instead
Of one secured to the case, thereby preventing the translmssion
Of vibrations and acNeving quieter operation than the existing
model. Fig.19 Shows the aoating,10W・vibration propagation
Structure. To aⅡay concerns about reduced heat dissipation
Performance of the aoating structure, a high・heat・conducting
Silicon・based resin was used as the sealant. This improved the
heat dissipation performance and achieved exce11ent thermal
Pedormance.

(2) A打neeling
(strain relieving)

画New model

゜"ぐ・.、1
Lower case

・,y・・・・・・・・・・ー.・

6.6 DC/Dc converter

HDMc core floating in a silicon・based 例ler

Fig.19 Sec"onal Diagram of Third.Genera"on Reactor

Fig.20 Third・Generation capaC吐or Module

For the third・generation prius DCのC converter,血e circuit
method was changed from the conventionalfUⅡ・bddge method
to the boost halfbridge 田1冊) method. Thisreduced the number
Of power devices, simplified the converter control circuit, and
reduced power device loss. As a result, size reduction and
efficiency improvement were achieved 血 the nomlal operating
region. The volume was reduced by approximately 30% while
improV血g the maximum power by 20%.

Coil

16

S川Con・based 例ler

フ. vehicle performance

Table 2 Shows the fuel economy of 壮le t11ird・generation prius
in various modes. Fuel economy improvements of between 7%
and 14% were acMeved in Japan,the us., andEurope.

10・15 rnode (Japan)

U.S. combined

Ec mode (Europe)

Table 2 Fuel Economy

PriusThird・generation

38 km/L

50 mpg

89 g/km、

Second・generation prius

35.5 km/L

46 mpg

104 g/km

*C02 emissjons
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Additiona11y, Fig.21 Shows the fuel economy at hjgh speeds
and in winter. Fueleconomy improvements ofbetween 11% and
19易 Were achieved over the second・generation prius. The fuel
economy at high speeds is supedorto that ofconventionaldiesel・
Powered vehicles with a manualtransmission in terms of both

C02e血Ssions(g/hn) and 血leage (klwL).

120

1 、15

"0

105

100

95

90

120 winte『(inJapan)80 100

゛Based or! Toyota's jn・house evaluation criter旧

Vehicle speed (km/h)

Fig.21 Fuel Economy at High speeds and ln winter

■ Second・generation prius

■ Third・generation prius

To enhance applicability to other models, the drive power
margin as a hybrid system was increased. consequently,
dyna111ic pedormance was improved by between 14% and 20%
Compared to the second・generauon prius. As shown in Fig.22,
equivalent dynamic performance as a veMcle eqUゆPed with a
2.4-1iter engine was aC11ieved, contdbuting to an improvementin
Con血ercial appeal.
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In addition, f0110wing on from the previous generation, the
third generation pdus also satisfies e加Ssions regulations such as
AT・PZEv in the us., steP 5 血 Europe, and J・SULEV 血 Japan.
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Aerodynamic Techn010gies Adopted in
the Third Generation p"US

,

Abstract

Some ofthe most importantfactors supporting the fuel economy performance ofthe third genera"on p"us are
its techn010gies for reducing aerodynamic drag. The third genera"on p"us has a coe什icient of drag (CD) of o.25,
Which is among the best in the wo"d. Three concepts were applied to improve aerodynamic performance:(1)
Smooth convergence of aiけ10w behind the vehicle,(2) adoption of op"mized shapes at each part ofthe vehicle,
and (3) the achievement of total aerodynamics. various proposals to reduce cD continua11y and over a wide
range were made at each stage ofthe development process from p"mary vehicle packaging to exterior styling,
Parts designing, and manufacturing.

Keywords: aerodynamicperformance, environment,fue/economy, packagmg, exteriorsw/mg, C02

1.1ntroduction

The Kyoto protocolratified in 1997 Contained a proposalto

reduce the e血Ssions of gree血Ouse gases,including c02. since
the transportation sector accounts for approximately ν40f total

C02 e111issions, reducing e血Ssions from carsis an impoda11t al)d
Urgentlssue.

In developing the latest, third・oeneration pdus, the aim was to

reduce the cD compared to the second・generation prius to help
achieve a substantialimprovementin fuel economy. This article
details the techn010gies employed to improve the aerodynamic
Pedom1釘Ice ofthe t11ird・generauon pdus

FD: force 血 front・rear 飢le direcdon (N)

四: air densiw (kg/m3)
V: vehicle speed (nvs)
A: frontal area (m2)
t: time (sec)

AS C飢 be seen from these equations, since cD is proporⅡonal
t0 血e cube of the speed (while aerodyna11)ic drag is propodional
to the square of the speed), the greater 壮le speed, the greater the
impact ofthe aerodyna111ic dra容.

HiroyuM Yamasaki*
Yumiko Toki*

Tosh"ukiMura丁ama*

2.1mportance of Reducing coe什icient of Drag
and Aims of Development

Decreasing running resistance is vital for improving fuel
economy. Factors that add to running resistance include

resistance to acceleration, which is affected by the vehicle
Weight, the r011ing resistance of the tires, ddving resistance when
the en8ine's drive force is transmitted, slope resistance from
gradientS 加 the road, and aerodynalmc drag (Fig.1).

Vvind

Side force

* veMcle Evaluauon & Engineet血g Div.1

18

Lift force

The amount of work (1V。討。) performed against the
aerodyna血C drag can be expressed using Equation l.

W叱m =j,;FDω'νωdl (D

FDω=一四耳U2・ CD・冱 (2)

Where,

/ー

Fig.1 Six components of Aerodynamlc Force

Yawing moment

R0Ⅲng
rⅥoment

Drag

Pjtchi"g mornent



Fig.2 Shows the relationship between the ve11icle speed and
running resistance in the prius. At a constant speed of 120
klwh, the aerodyna血C drag accounts for approxilnately 80% of
the Nnning resistance, representing a significant impact on the
VeNcle's fueleconomy.

^ 、ノ

6020 40 80 100

Vehicle speed (km/h)

Fig.2 Vehicle speed and Running Resistance

0

Aerodynemlc
' dragcomponent

HistoricaⅡy, developments in aerodyna111ic techn010gies have
improved the cD of passenger cars year a丘er year as shown
in Fig.3. Technical developments spuned by the oilshocks
resulted 血 Cars that broke t11rough the c barder of o.30, a value
Considered the limit 血 the 1980s but now commonplace with
even large・size sedans.1n 2000, Toyota aC11ieved a c value of
025 in the Lexus LS. More recendy, however,the reduction rate
Seemsto have slowed or even l)it bottom.

、^

Aerodynamic Techn010gies Adopted in the Third Generation prius

Airflows on t

.、'、でシ'1DriⅥhgr、トご,
.、・ー'resiS恒hce

aerodynamic and environmentalperformance. Furthermore,
by adding an aerodynamic undercover to the aoor, Toyota
furthet aattened the noor, achievino the highest aerodynamic
Performance in its class.

Xvith the third・generation prius, Toyota set out to reduce
the aerodynamic drag by approximately 5%, with the goal of
acMeving a cD of025, one ofthe lowestin the world.
To achieve t11is goal,杜le prius developme址 incorporated the
teclm010gies described below into the vehicle.

Airflows on the top surface

叱づ

子.戸

^

、ー・畷mponent、

1

゛'ートトR011ing resiS仏nbe

'』^.、 J'

80%
J ◆_、 ,.

イ t鷲二、

● Vidualb

Convergence

Polnt

Fig.5 Convergence of Air Flows from Three surfaces

゛

1,

0.50

120

0.45

3. Aerodynamic Development conceptforthe
Third Generauon prius

More than 90% of the aerodynamic drag of a blunt・nosed
Object such as an automobile consists of pressure drag.
However, friC壮onal drag, which is the main issue 、vith sha中・
nosed a如lanes and bU11et trains, accounts for less than lo% of
the total drag of an automobile because of differences in size and

Speed. Thus, to reduce an automobile's aerodyna血C drag,itis
more e丘ective to focus on the areas with greater pressute dra8.
The key is improving the rear end, which causes most of the
Pressure drag in a blunt-nosed ve11icle, and restodng the pressure
as quickly as possible behind the veNcle.
One of the unique aerodynamic characteristics of an
automobile is the fact that its body moves close to the ground.
Unlike an airplane traveling t11rough a vast space,1ess air aows
Under the automobile, resulting in asy1111netdcal air aows at the
top and bottom beMnd the body (Fig.4). As a result, the side
air aows also converge downward, and therefore itis important
to align the air flows on the t11ree sudaces, W11ich have different

且Ow speeds, in order to promote pressure recovery beMnd the
Ve11ide (Fig,5).

140

0.40

035

0.30

1990 2000 20051995 2010

Year

Fig.3 CD Trends

The aerodyna111ic drag (CD) of the prius was improved from
0.30 for the first generation to 026 for the second generation.
The first・8eneration prius established Toyota's direction for
Compact car packaging, with the implementation of various
measures such as improved aerodynalnic characteristics of the
Vehicle plaぜorm, a aattened aoor, and spats insta11ed in front of
the tires.

In the second generation, Toyota adopted the so-ca11ed
"tdangle silhouette," which became one of the de負11ing features
Of the pnus, creating an extemal shape that conveyed exce11ent

025

0.20
1980 1985
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Airflows on
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On' CD=0.25
ene

くΣ三三ニニ

く三ごご二

Airflows around a wing

Airflows around an automobile

Fig.4 Air FIOWS Around objects
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The f0ⅡOwing t11ree aerodyna111ic development goals were set
forthe pdus.

(1) To consider a balanced air・aow division that wi11Promote the
best pressure recovery upon the convergence of the t11ree air
aows be11ind the veNcle.

(2) To aC11ieve the best possible pressure recovery and smootMn号
Ofthe three air aows on the t11ree sudaces ofthe vehicle.

(3) To acMeve total aerodyna111ics (both kinetic pedormance and
ddvin菖/dding con)fort).
Since the process of achieving these goals would be closely
related t0 血e overa11 VeNcle concept, styling, and performance,
it was crucialto achieve a balance between aerodynamic
Pedormance and other requjrements beginning at t11e packaging
development phase in the plann血g department. Furthermore,
Since air aows are nonlinear and can chanoe drastica11y once a
Cenain threshold is exceeded, the robustness of the air flows was

also an 血Portant area offocus dudng the development.
The developmentitems and the measures implemented are
SU如narized below (Fig.6).
(1) overa11:

Managhlg the convergence ofthe aows on the t11ree S唖faces
(2) smoothing the aow on the top surface and recovering the
Pressure:

Shape leading from the roof to the rear spoiler (opti111izing
the tdangle silhouette)
(3) smoothing the aow on the side surfaces:
Front bumper shape, wheelshape, front pi11ar shape,
Combination tai11ightshape, and rear bumper shape
(4) smo0仕ling the aow on the bottom sudace:
Ma11aging t11e dista11Ce ofparrs from 血e ground
Opti血Zing the shapes ofparts such as covers and spats
(5) opti血Zing the cooling aow inside the engine room
Details of the measures implemented for each development
item are descdbed below.

be seen thattapedng on the top surface is more e丘ective 壮lan on
t11e side surfaces. As described below in the opti血Zation of the
top-surface aow, recovedng the pressure on the top sudace and
redudng the aow velocity can suppress the generation of eddy
Cunents dudng the convergence with the aows on the 0壮lertwo

Surfaces. Note that the iso・CD curve differs depending on the
height and width of the vehicle; for example, a 血nivan and a
Sports car would vary greatly in this respect.

Contr011ing the airflow
through the front end

400

300

Smoothing the flows around Fla廿ening ofthe floor
the rearthe front bur"P引 and wheels

Fig.6 Aerodynamic Development 吐ems in the prius

Suppressing separated flows
from the front pi"ar

200

100 2000 300

Degree o!tapering on
the side surface (mm)

Fig.7 Relationship between cD and Degree of Tapering on
Top and side surfaces

3.1 0veraⅡ: management ofthree・surface "OW
Convergence

0

Because the under aoor of an automobile is close to the

ground, a wing shape thatis convex on the top is the idealshape,
and 血e slower bottom aow must be smoothly mer8ed with the
aows from the top and side surfaces beMnd the vehicle. Fig.フ

Shows the relationS11ip between cD and the degree oftapering on
the top and side surfaces on a vehicle the size of the pdus.1t can

Third generatjon pr山S

24

32 Top surface "ow smoothing and pressure
recovery (triangle silhoue廿e op"mization)

The triangle silhouette is one of the defining appearance
Characteristics of the prius.1t was selected to achieve both

air flows with Httle separation or disturbance (which can
be accomplished by a wing shape) and a cabin space that
Colnfortably seats five people. The gradualreduction in the
Ve11ide's height from the roof to the rear 工刃indow was desioned
to recover the pressure toward the rear of the vehicle,血 order
to increase the pressure on the back surface of the veMcle. At
the same time, to ensure sufficient headroom for the vehicle

Occupants, it was important to recover the pressure within an
extremely short distance.

Figs.9 and lo show the roof slopin菖 aneles and the aows
around the body using the bluffbody shown in Fig.8. when the
roof sloping angle iS 15 degrees, the aow from the roof f0110WS
along t11e downward・sloping sudace. hl contrast, when the roof
SIOP血g a11gle iS 22.5 degrees, the aow does not easily f0110w the
downward・sloping surface.

ISO・C。 CUNe
(0.ol interval)

Converge"ce 0什10WS
from the roof

CD re

0

duction

Rise toward

Wake

200

Ordinary two・box car

20

Smoothing
the flows on

the rear side
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12 1011
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Fig.8 BIU什 Body
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Fig.9 Stream Line (sloping Angle Fig.10 stream une (sloping

Angle of 22.5 Degrees)Of15 Degrees)

Fig.11 Shows the changes in the pressure on the rooftop at
Various sloping angles. when the sloping angle is between 5 and
20 degrees,the pressure on the downward・SIOP血g sudace ofthe
roof recovers, and the greater 血e angle, the greater the pressure
On the back surface. However, since the aow can n010n8er
f0110w the downward・sloping surface of the roof beginnin8 at
22.5 degrees, the pressure on the roof top sudace increases, with
no pressure recovery beyond that point.
Utilizing this observation in the actual development, the
development worked to opti111ize 山e roofshape wMle preserving
the cabin space and maxi血Zing pressure recovery

Aerodynamic Techn010gies Adopted in the Third Generation prius

0

-01

-02

-0.3
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Measurement points

Fig.11 BIU什 Body surface pressure

Furthennore,to ensure both suf負Cient cabin space and pressure
recovery, the development of the third generation pdus focused
On the position of the vertex of the triangle silhouette, during
血e developme址. Figs.12,13,14, a11d 15 ShoW 血e changes
in the vehicle back-surface pressure coefficient and the pressure
distdbution when theroofvenex was moved by 30011血 forward
Or backward from its position in the second・generation prius.
Xvhen the roof vertex is moved backward, it is presumed that
there is not sufficient distance to recover the pressure,血Creasing
the negative pressure on the back surface and the cD.

Measurement point

ーー^ 10゜

^22.5゜

A

Fig.14 Back・surfacepressure Fig.15 Back・surfacepressure

(Roof vertex Moved (Roof vertex Moved

BackW討d by30o mm)Forward by 30o mm)

This problem was resolved by focusino on 血e shape of the
re釘 Spoiler. Figs.16,17, and 18 Show changes in the rear
Spoiler angle and rear window surface pressure. The rear
Window pressure recovers by setting the rear spoiler angle in the
direction that receives the aow on the top surface. However,
Since increasing the rear spoiler angle can also increase the
back surface area, there is a li血tto how much the angle can be
increased. Therefore,the optimum spoiler angle was studied.

B

ー^ 15゜

ー^25゜

High

RO0,toP 8Urfa舶

6 7 8 9 10 11 12 13 14 15 16

Meesurement polnts

C

Oow「lW且π」.810plngTB印k「一F1伽r-ー
ISU血舶I surfacemdsurface

LOW

0゜^-20..^^.

^-40 -ー^-60

A

F

E

B

ーー.、ず f
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Fig.16 Rear spoiler Angle

Fig,12 Pressure Measurement
Positions

R Poiler arlgle
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Fig.13 Changes in Back・surface
Pressure

Fig.17 Pressure Measurement
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Fig.18 Rear spoiler Angle and Rear window surface pressure

Good

Ultimately, a roof vertex position and spoiler angle were
Selected that both recover back-surface pressure and increase
Cabin space. The roof venex was moved in the new packagino
by 30o mm from its position in the second・generation prius
(Figs.19,20,21, and 22).
Funhennore, decreasing the spoiler a11gle also reduces the rear
Iift coe丘icient (CLr), thus improving driving stability at high
Speeds. Therefore, the t11ird generauon prius can be seen as an
example in which the total aerodynamic performance has been
improved.
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A

Back・surface pressureFig.19
(NO Rear spoiler)
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Back・surface pressureFig.20
(Rear spoiler:-2 degrees)
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Fig.21 Changes in Back・surface pressure (Fina"

B

E

D

C

Second・generation
Prius

Good

.

ー,,'4÷1f'

^

ーーt^

"..__.一[

・・叩・・ゆ、Flowbefore ^、Flowafter

improvementsImprovernents

Fig.23 FIOWS Around Tire
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33 Side surface "ow smoothing

Genera11y, air aows from the gaps between the tires and the
fenders in the 丘ont wheel housing. As shown in Fig.23, the
air sunounding the tire is sucked into the wheel housing from
the rear side by the rotauon of the tire, a11d discharged from the
front side of the wheel housing. TNs out flow not only acts as
resistance in 血is location, but also adversely affects the aow
ConvergencebeMnd the veMcle.
To suppresstMs aow on the pdus, a sudace paraⅡelto the tire
Was provided on the side surface of the front bumper, thereby
reducing the disturbance caused by the tire housing. Turn

Signals and other styling features were incorporated into the
bumper, butrounded shapes a11d low steps were used 血 order to
Prevent aow separation (Fig.24). Additiona11y, a fender liner
Shape 山at reduces eddy flow was adopted, along with a aat
Surface for the wheel(Figs.25 and 26), thereby achieving a
Smoot11Side aow.

]^

Fender liner

ー.^,ー

^^

Fig.22 Roof vertex position

气、

、

'.^

W

^

蜜

亭

^

、^

俄野

Fig,24 Bumper shape
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Fig.25 Aluminum wheel(15・1nch)
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20 40 600 80

Wheelface Ⅷdth w (mm)

Fig.26 CD・Reduction E什ect of wheelshape

Aerodyna111ic consideration was also given to the front piⅡar
Step. Because the front piⅡar step causes a large separated aow
On the side glass surface, t11is step was made as sma11as possible,
壮lereby reducing the cD (Figs.27 and 28). This change also
gteady helped reduce the wind noise generated by the area
Sunounding the front pi11ar.
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Front pi11ar step H

＼

Vvindshield

Flg.27 Front pi11ar step

Front PⅢar

0

-0.001

-0.002

Prius

515 10

Front pi11ar step H (mm)

Fig.28 Reducing cD by Reducing step Height

-0.003
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In addition, rear fender a11d combination tai11ight shapes that

Preventthe flow from the fr0址 of the veMcle from tur11ing into
an eddy cunent behind the ve11icle were adopted. A large radius
Of curvature in this area would generate an eddy current on
the vehicle's back surface, reducing the back・surface pressure.
Therefore,the side surfaces of the comb血ation tai11ight and rear
bumper were extended toward 血e back of the vehicle, and 血e
radius ofcuNature was shonened (Fig.29).

Good

3.4.1 Managing part distance from ground using
Standard line of aerodynamics

The distance from the ground of the parts and stNctures under
the aoor was re・assessed from the viewpoint of aerodynamjc
Performance and a standard line was established (ca11ed the
"standard line of aerodyna11)ics"). specifica11y, by increasing the
height of the fueltank, raising the rear suspension higher than
the tank, and raising the spare tire housing surface even higher,
Iines were established that 丘Se toward the back of the vehicle

The dsing Hne between the wheelbase was setto approximately
0.5 degrees, while the rising line for the rear aoor was set to
approximately 7 degrees.1n this way, under・aoor pressure
recovery was maximized while accommodating packaging
requirements (Fig.30).
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Fig.29 Aerodynamic Measures surrounding Rear side

(section A・A)
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3,4 B0廿om surface "ow smoothing

The basic approach to smoothing the aow underthe aooristo
a110w the aow that enters to exit beMnd the vehicle without any

10ss of energy and to letit recover its pressure. However, a wide
Variety of stNctures and parts are used under the aoor of the
Vehicle, and the aow is disturbed when it stdkes these parts or
eddies up into the gaps between them. To resolve this problem,
the first step was to controlthe distances of the under・aoor
Stractures and par[s from the ground, a11d then to expand the aat
area on the bottom ofthe aoor with the use of covers.

Fig.30 Sねndard Line of Aerodynamics (section of vehicle cente"

Eddy current

ニーー.

゛゛

曇゛゛

3.421nstaⅡing aerodynamic covers

Aerodynamic covers were instaⅡed to expand the aat surface
areas (Fig.31). For example, the size of 山e engine undercover
and aoor covers was increased

Under・floor standard line
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Front

Spats

Front

Spoiler

Engine
Undercover

蚕

Suspension
member covers

Floor covers

Rear spats

Verticalfins

Tank side covers
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Of course, these measures for smoothing the under-aoor flow
ate also effective 血 Nducing the outflow from the engine room
and the out aow to the side surfaces, and therefore contdbuted

greatly to reduce the cD The size of the spats in front of the
tires was increased and opti血Zed to further smooth the aows
Sunounding the tires. A large cover was used for the rear aoor
and vertical fins were added t0 加Crease the aow・smoothing

e丘ect,thereby reducing the cD and improving ddving stability at
high speeds.

Fig.31 Aerodynamic covers
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3.5 0P"mizing cooling "ow inside engine room

The air entering the en部ne room t11rough the openings in the
front bumper acts as a aow-through resistance, and moreover
adversely impacts the airaow over the entire vehicle. xvith
血e third generation prius, the volume of the inc0血ng air was
reduced by decreasing the area of the openings, and insta11ing
aow・smooth血g plates inside the openings to ensure that the
祉r teaches only 由e cooling devices such as the radiator. This
reduced the aow・through resist如Ce (Figs.32 and 33).
Xvith regard to the air exiting the engine room, a cover was
血Sta11ed behind the front suspension member to ensure that
exiting air would converge smoothly and not cause the under・
aoor tlow to eddy up behind the vehicle.
These measures to optimize the cooling aow inside the engine
room Teduced the cD,improved the enaine cooling performance,
飢d also helped impTove ddving stability by reducing 壮le front
Iift coefficient(CLD.
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In the third generation prius, a11 related performance factors
Were considered as a whole in the development of optimum air
aows for the vehicle. As a result, it was possible to reduce 壮le
CD and improve other performance factors atthe same time,
thereby achieving total aerodyna111ic performance (Fig.35).
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4. Achieving Total Aerodynamic performance

The above sections have discussed the management of air
aows on the top sudace, side surfaces, bottom surfaces, and in
the engine room. Atthe same time,the development also tded to
achieve balance with dyn肌lic perfonnance, wind noise, engine
Cooling, brake cooHng, and performance in special operation
environments (Fig.34)

5. conclusion

The aim ofthird generation pdus was to improve aerodynamic
Performance. To achieve this goal, a wide range of measures
Were implemented based on 壮le designers' understanding of the
Vehicle concept, the vehicle packaging, and the ove殺11 air aows
in and around the vehicle. As a resultit was possible to achieve
a cD of025.
In the future, it is hoped to expand the scope of the
development based on new perspectives and to continue to make
technicalimprovements and advances toward the next・genetation
Of vehicles.
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Development ofthe Third Generation

P"US Focusing on Fuel Economy

,

Abstract

Launched in 1997 and insta11ed with the Toyota Hyb"d system (THS), the prius was the wo"d's first mass
Production hybrid vehicle. True t0 壮S name, the prius ("to go before" in La"n) has achieved impressive and
Ieading environmental performance. since 託S launch,issues such as global warming and soa"ng oil p"ces
have increased expectations forfuel・e什icient hyb"d vehicles and particula"y the prius. 1n add赴ion to mode fuel
economy,the third generation p"us has been developed W吐h cU廿ing edge techn010gy to improve fuel economy
in practical conditions (actualfuel economy) and to assistfuel・e什icient d"ving.

Keywords: hybrid prius, Fue/economy,70yota, Environment

1.1ntroduction

In 1997, the first・generation pdus, equipped with the Toyota
Hybdd system (THS), was launched as the world's first mass・
Production hybrid vehicle. The second・generation prius,
equipped with the THS 11 and 血troduced in 2003, featured
enhanced powertrain performance along with a further
improvementin fueleconomy, and was received positively in the
market(Fig.1). However, as oil pdces have soared worldwide
and people's awareness about the environment has increased,

the marketis demanding even greater improvements in fuel
econolny

Responding to this need, Toyota has employed cutting・
edge techn010即es in the third・oeneration prius and achieved a
Sig11ificant 血Provementin fueleconomy by thoroughly reducing
10ss and e丘ectively U廿lizin8 energy.

Issaku Yamada*
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KU11ihiko Jinno*

TetSⅡya Takechi**
Masakatsu Tsubouchi***

Takato lshihata***
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2. Mode Fuel Economy

The first・generation prius was launched with astonishingly
high fuel economy compared to conventional vehicles
approximately l.8 times that of the 1997 Cor0Ⅱa with a l.5 L
gasoline engine and automatic tranS11]ission (Fig.2). The THS,
WMch was insta11ed in the pdus for the firsttime, adopted many
new techn010gies including idle stop, Ev drive, regenerative
braM11g, and an AtMnson cyde engine.
The second・generation prius was enhanced with further
improvements in fuel economy and powertrain performance,
Solidly establisMng the pdus as the leading environment・friendly
VeMcle.

Xvith the third・generation prius, Toyota took steps to
thoroughly reduce loss in a11 Components and control functions
that could impact fuel economy (Fig.3), successfU11y acMeving
a furtherimprovementin fueleconomy (Table l).
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3. Actual Fuel Economy

3.1 Purpose o"mproving actualfuel economy

Table l Fueleconomy performance

US. combined

Ec mode (Europe)

The hybrid system has adopted a cooled EGR system and a
motorized water pump in the engine, reduced both electrical
and mechanica110ss in the transaxle, imptoved vadous contr01
Systems including the hybrid control system, improved the
regenerative efficiency,紅ld reduced the power used by auxiⅡaw
equlpment.

In addition, Toyota has thoroughly pursued the issue of
running resistance to reduce loss in a11 factors affecting fuel
economy, including reducing the aerodyna血C drag (to a cd of
0.25), reducing the r011ing resistance of the tires, and reducing
the braking loss (Fig.4).

It has been pointed out that the fuel economy of a vehicle
eqUゆPed with the THS 血 an actual usage environment (actual
fuel economy), especia11y at high speeds,血 Winter, and in
Summer, does not represent as much of an improvement over
Conventional veMcles as mode fuel economy. This is because
at high speeds, Ev driving, one of the basic features of a
hybrid vehicle, is not e丘ective, in addition to the fact that the
Opportunity to make use of regenerative brak血g is reduced.
Meanwhile, Ev drivino in winter is limited by the energy
demand from the heater, and by the energy required for the air
Conditionerin sunmler.

The third・generation prius has been developed with a focus
On improving fuel economy at high speeds, in winter and in
Summer, in addition to mode fuel economy. Furthermore, the
eco drive mode and hybrid system indicator were developed.
These support fuel efficient ddving, reduce U血ecessary engine
Starts and rpm auctuations, and reduce the energy demand for
Climate contr01(heating a11d cooling),to acMeve even more fuel・
efficient dtiving (Fig.5).
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169'

Hybrid contr01, etc

New 『neasures implemented ln
the third・generation prius

Irnprovementin mode fue1 θConomy
「見」ι '゛"

32 Fueleconomy at high speeds

Reduction in the power consumed
by auxiliary equipment

In addition to maMng improvements to the THS 11 developed
for the second・generation prius, fuel economy at high speeds
Was improved by increasing the engine displacement from l.5
t0 1.8 1iters so that the engine could be operated in a lower・印m
region with high efficiency. Furthermore,血e 血ird・generation
Prius acNeved a fuel economy improvement of approximately
10% over the second-generation prius t11rough such measures
as aerodyna111ic drag reduction (to a cd of 025) to reduce the
tunning resistance (Figs.6 and 7).
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Aerodynamic
drag

Fig.7 Breakdown of Measuresto lmprove FuelEconomyat High speeds

3.3 Actualfuel economy in winter

The actual fuel economy in winter is significanuy affected
by the heating requirements for the cab血 and enoine warm・UP
i11血ediately after start・UP. WNle reducing powenrain loss and
rU1Ⅱli11g resista11Ce ca11improve mode fuel economy, doing so also
reduces the engine heatloss.1Ms me如S thatthe engine W帥11-
Up is delayed in winter, delay血g the tin血g at wMch Ev drive is
enabled. consequendy,the actU址且lel economy improvementis
not as good as hlmode fueleconomy. Therefore,the development
Worked to secure a sU丘icient amount ofthennalenergy.
For 血e second-generation pdus,杜le actual W血ter 員lel economy
target Toyota established interna11y was l.6 times that of a
Conventional vehicle.1n contrast, the third・generauon prius
achieved an actual winter fuel economy of l.8 times that of a
Convendonalve11icle t11rough vatious measures mduding improving
the engine warm-up performance using an EHR system, better
ConⅡ'010f 血e engme d1Ⅱing the W独n・up process, and completely
reassesS血g t11e batrery recharg血g contr01(Figs.8 a11d 9).
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Fig.9 Breakdown of Measuresto lmproveActualFuelEconomy in winter

3.4 Actualfuel economy in summer

Engine
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W1Π{e

Irnproved contr010f

To improve the actual fuel economy in summer, it was
necessary to reduce the energy requirement from the air
Conditioner.1n the first・generation prius, the engine could not be
Stopped when the air conditioner compressor was activated, and
the actualsun血er fuel economy target established intema11y was
Only l.4 times that of a conventionalve11icle
The second-generation pdus achieved an actualsun血er fael
economy of l.8 times that of a conventional vehicle throU8h
Various measures including the adoption of a motorized
Compressor,1R・cut glass, and body insulation matedals'

In conⅡ'ast,the t11ird-generadon pdus aC11ieved an actualsulmner
fuel economy of 2.o thnes that of a conventional vehicle t11rough
measures thatinduded ilnproV血g air・conditioning e伍Ciency using
an ejector cycle system (ECS) evaporatorin a passenger car forthe
firsttilne 加 the world,i111Proving the compressor, and reducing the
heatlossin 血e tubing (Figs.10 飢d 11).
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4. Majorltems forlmproving Fuel Economy

4.1 EHR system

The exhaust heat recirculation system for recirculatin合 thermal
energy was developed as a measure to improve the actual fuel
economy in winter. Thennal energy tends to be 血 Short supply
in the winter, and t11is system recirculates it from the e血aust gas
to the engine coola11t.

In hybrid vehicles, this EHR system helps promote engine
Warm-UP, a110wing engine stop to occur earlier or more
丘equendy, W11ich leadsto improved fueleconomy in winter.
In the EHR system adopted in the third・generation prius,
an exhaust heat c011ector is positioned immediately after the
Catalytic conver[er to a110w heat to be recoveNd directly 丘om
the high・temperature gas that has been reacted in the catalytic
Converter (Fig.12)

Fig.14 Compares the engine coolant temperature
Characteristics, both with and without the use of the exhaust

heat c0Ⅱector, dudng city ddving 血 the f0ⅡOwing cases: when
the ambient air temperature is -5゜C, during a cold start, and
When the cabin heater is on. R was confinned that 血Sta11hlg the
exhaust heat c011ector enabled 血e engine to stop early, and also
that the engine continued to stop intermittendy thereafter.1t
became clear that c011ecting and e丘ectively utilizing 血e exhaust
heat prevented unnecessary fuel consumption ωld increased the
Ev driving frequency 血 Winter.

Fig.13 Shows a system dia8ram of the EHR system and the
Structure of the exhaust heat c0Ⅱector. The valve opens and

Closes according to the coolant temperature or the difference in
the pressure before and after the valve. The figure shows the
heat・exchange state in which the valve is dosed. The c0Ⅱector
Was designed to have a double・1ayered stNcture, with a longer
血tema11ayer. The exhaust gasisreciproca11y passed t11rough the
Space between the two layers to ensure efficient contact.
To ensure early engine stop after startup, reducing the heat
mass is also important, and therefore the size ofthe c011ector and
壮le wa11tMchless ofthe ilmermosttube were reduced.
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Fig.12 EHR system
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These results show that the actual fuel economy in winter
improved by approximately 9%. Futthermore, as can be
Seen from the temperature transition shown in Fig.14, fuel
economy C如 be improved even more by assessing the thermal
environment during the first 30o seconds f0110W血g start・
Up and making further improvements to the heat・exchan即ng
Pedonnance ofthe exhaust heat c0Ⅱector.
Further improvements in thermal efficiency wi111ikely
eliminate heat loss from the engine coolant in the form of
Waste heat, and therefore 血e EHR system is essential for both
improving the actual fuel economy and ensuring high cabin
heating perfonnance.

To improve the actual fuel economy in summer, it was
necessary to significantly Nduce the energy requirements of the
air conditioner. various improvementideas were exa111ined,
血Cluding those related to the refrigeration cycle and contr01.1n
the process, however, the limits of conventionaltechn010部es
Were identified and it was decided to adoptthe ejector cycle.
In a conventional refrigeration cycle, an expansion valve
reduces the pressure of the refri8erant to coolthe air in an
evaporator, with expansion loss due to the vortex that occurs.
Therefore, it was decided to recover the expansion energy that
increases the refdgerant pNssure in the ejector cycle and utilize
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Fig.13 EHR system D治gram and Exhaust Heat c011ector
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it as power. The refrigerantis ejected from the ejector nozzle, to
be reduced in pressure a11d increased in aow speed, and a suction
aow utilizing the high・speed aow acts as a pump and assists
the compressor, which accounts for the majority of the energy
requirement of an air conditioner, in compressing the refrigerant
(Fig.15).
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Fig.18 ECO Mode switch
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Fig.16 Shows examples of utilizing the ejector e丘ect to
reduce the power requirements for tl)e compressor, assU血ng the
Same air conditi011ing capacity.

Incorporating the ejector
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Although the ejector cycle had been commercialized for
Chi11ers in refdgerated trucks, it required a massive structure that
Could not be easily adapted to car air conditioners.
Therefore, the world's first Ecs evaporator that condenses
the change points of the ejectot cyde into a heat exchanger
Was developed. The ejector was successfUⅡy embedded into
the li111ited space 加Side the evaporator ta11k, thereby acNevino
the ejector cycle within the same amount of space required
Previously (Fig.17).

This Ecs evaporator made it possible to adapt the ejector
Cycle to a car air conditioner, and can therefore be considered

an imponantteclm010gy for improving ef負Ciency funher in the
future.

43 Supportforfuel・e什iclent driving

4.3.1 Aim

For the third・generation pdus, techn010gies were developed to
Suppon fuel・efficient ddving,血 addition to the aforementioned
fuel economy improvementtechn010gies. specifica11y, the ECO
mode switch was developed (Fig.18), W11ich aⅡOws the driver
to select fuel・efficient drive control and climate contr01, as we11

as the hybrid system indicator, which graphica11y advises the
driver on how to drive more efficiendy

250C 35゜C

Amblent airtemperature

Fig.16 Ejector E什ect Examples

Condensing the change points of
the ejector cycle into the evaporator

」_.'JJ

Fig.17 ECS Evaporator

Ejector

Duel・evaporator configuration

24%

40OC
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4,32 Eco mode switch

Xvhen the Eco mode switch is selected, the drive contr01

and cHmate control change to the more fuel・efficient economy
drive mode.1n drive contr01, the accelerator characteristics

become nonlinear, widening the accelerator opening ran合e in
Which only the electdc motor is used (effect A). Additiona11y,
When the accelerator pedalis depressed, the en即ne speed is kept
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10wet than 血 normal mode (e丘ect B). These e丘ects together

make 仕le engine more likely to operate 血血e region with 11igher
Combustion efficiency,1eading to more fuel・efficient driving
(Figs.19 a11d 20).

Actual accelerator opening (ツ0)

Fig.19 Nonlinear Accelerator Map and power contr01
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Fig.20 comparison of Engine operation points
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4.3.3 Hybrid system indicator

In 杜〕e hybdd system 血dicator ofthe third・generation prius,the
SO・ca11ed normal power metets are divided and displayed in the
f0110wing four areas:(D regenerative btaMng area,(2) Ev drive・
enabled area,(3) area 血 WMch both the motor ωld the engine are

Used, and (4) area in wMch 山e en旦ine is used because of Mgh
10ad (Fig.21).1n area (4), if the ddver is ddving 血e丘iciendy,
the Eco lamp, WMch 血dicates fuel・efficient ddving, iS 加med
0丘 to encourage the driver to practice more fuel・efficient drivhlg
teC1血ques.

Furthermore, displaying the Ev drive・enabled area in (2) is
血tended to help the ddver expedence the key feature of a hybdd
Vehicle and also to suppress unnecessary engine starts, thereby
Supporting fuel・efficient driving. using Ev drive too often,
however, wi11 draw down the battery and cause the engine to
remain on in order to charge the battery, resulting in decreased
fuel economy rather than increased. For tNs reason, an icon 杜lat
Shows the remai11ing battery charge was induded inside the same
These stepsled to the development of 壮le hybdd systemScreen

indicator, which supports fuel・efficient driving in the third・
generation pdus.

^
「一^

0

5. conclusion

Since its launch in 1997 as the world's first mass・production

hybnd vehicle, the pdus has undergone t工刃o redesigns. T11rough
the work required for developing 血ese pdus models, Toyota has
Succeeded 血 achieving successively h地her fuel efficiency and
Power performance
Toyota believes that one of the most e任ective means of

reducing c02 emissions from automobiles is the hybtid
VeMcle. using the teclm010gies developed for reducing Nnning
resistance, the THS, EHR system, Ecs evaporator, and fuel・
efficient drive support as a basis, Toyota wi11 Stdve to continue
Providing even more ef負Cient and attractive hybdd ve11icles.
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Chassis Developmentfor
the Third Genera"on prius

,

Abstract

This article summa"zes the development of chassis components used in the third generation prius, which was
Iaunched in May 2009. The prius uses a new pla廿orm developed forthe Auris and features be廿er stabiⅡty and
Contr011abiⅡty than the previous genera"on. E什orts have also been made to improve ride comfort. Furthermore,
the weight of the chassis has been substantia11y reduced to help achieve the wo"d's best environmental
Performance,

Keywords: pn'US, nevvp/aがorm, stabiガtyandcontro//abi/ity, ride comf0ル mass reduCガ0n

1.1ntroduction

The third generation pdus went on sale in Japan in May 2009
ahead of the rest of the world. To a background of increasing
global environmental consciousness, the development of the
third generation prius aimed to achieve high stability and
Contr011ability performance in addition to environmental
friendliness. This article descdbes an outline of the development
Of chassis components designed for the third generation prius
(Fig.1 ).
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2) To achieve an appropdate levelofdde c0111fort forthe pdus
3) To reduce mass to help acMeve world・1eading enviromnental
Performance
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2. Development ou"ine

2.1 Aims of development

The f0ⅡOwino t11ree aims were set for 血e development of the
t11ird generation prius (Fig.2)
D To improve items pointed out by users in the second
generation pdus

'L

Fig.1 Developed chassis components

^^、『^_ J/_ーー、、、、、ノ

* chassis Engineering Div.2
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Auris

Third gene

To achieve these goals, the suspension system of the second
generation prius (front: Macpherson strut, rear: torsion beam)

Was kept, but the new platform developed for the Auris was
further improved and lightened to achieve high stability and
Contr011ability pedonnance and aatride comfon.

22 Basic speci"cations

Adopting the new platform a110wed the alignment of the
Vehicle to be modified (Fig.3). Nthough the wheelbase was
kept unchanged from the second generation prius, the tread was
Widened to help improve stability and contr0Ⅱability. The caster
angle was almost doubled from thatin the second generation,
and this improved straight line stability and steering feedback
(Table l).

Ride comf0け

Fig.2 1mage of performance Development
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Carnb引 angle

/ー'ト＼

Tire 、1

_-1-ー'

U

Cast引 angle

い

Rear view

T0巳・in = b・a

a

Side view

Vvheelbase (rnm)

Tread

2,3.1 Separate input construction type upper support

Some 8rades of the prius have a new separate input
Construction type upper supportto improve ride comfort.1n
Comparison, a conventional structure uses a combined input
Const川Ction type, in which input from the shock absorber and
input from the coilspdng are assi血lated and passed to the body
壮ⅡOugh the Nbber portion ofthe upper suppor[(Fig.5).

Top view

Fig.3 Alignment

Alignment

b

Alignment comparisonTable l

Front (rnrn)

Front

Reer(mm)

Rear

Toe・in (mm)

Camber angle

Third generation

Caster angle

23 Front suspension

The geometry of the front suspension (Fig.4) was opti血Zed
by adopting the new pla廿orm. T11is gives the t11ird generation
Prius better steedng feedback while maintaining con廿0Ⅱability
and straight line stability. A highly efficient stabilizer
anangement also enabled 11igh r011Stiffness.

Toe・in (mm)

Camber angle

2,700

1,524

1,520

Inputfrom
Coil spring

Second generation

2

-0゜ 15'

5゜ 55'

2,700

Inputfrom
Spring bumper

Inputfrom
Shock absorber

2

-1゜ 30'

1,505

、

1,480

ー^

0

-0゜ 35'

3゜ 10'

Shock abs0巾er

Fig.5 Combined lnput construction Type upper support

3

-1゜ 30'

Strut mounting bearing

Upper support

This structure is simple, but the softness of the upper suppor[
rubber has li111itations, which restdcts the adjustment range for
dde comfon, vibration, stability, and con廿011abiliw.

、、、、、

Spring bumper

CO" spring

＼~~＼。喰。。Ⅷ

The shape of the stabilizer bush was modified to improve
dde conlfort. As shown in Fig.フ, the contact sudace with the
Stabilizer was given a dimpled shape to reduce sliding resistance
and aC11ieve smooth ride comfon.

Insulator

CO" sprlng

32

Inputfrom
Coil spring

Shock absorber

Steering knuckle

Inputfrom
Spring bumper

Lowerarm

Stabi吃er link

Fig.4 Front suspension

【宝一

Inputfrom
Shock absorber

"^

亀、、・・,
'ξH'1i

伊一

StabiliZ引

Shock absorber

Fig.6 Separate lnput construction Type upper support

In comparison, the separate input construction type (Fig.6)
Separates the input from the shock absorber and coilspdng. This
血CreaseS 血e design freedom of the upper support rubber and
a110ws exceⅡent dde c0111fon and quietnessto be achieved.

2.32 StabiⅡZer bush
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Front

StebⅢZ引'.、jy手
1'k 、X一ε

J/..,L

_"゛ーフ

Sectional view of front stabiliZ引 bush

、ーー^

FTont stabilizer bush

Front stabiliZ引 bar

耳こ遂ド'1、K一二J

Dirnpled shape

Fig.7 Stabilizer Bush

2.4 Rear suspension

As with the front suspension, the rear suspension (Fig.8)
adopts the format of the new platform, in this case, a torsion
bealn.

In addition to a stabilizing 員lnction, a pipe formed beam was
adopted to reduce mass and increase stiffness. This gives the
Suspension high r011, steer, and camber stiffness.

〒L、

セ＼.'、

、、

195/65R15

.■..ー=.
,コ

215/45R17

、、

『.、
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2.5 Steering system

The column・assist wpe Eps steedng system developed forthe
Auds was also adopted on 血e third 目eneration phus (Fig.9).

Chassis Developmentforthe Third Generation prius

Trailing arm bush

Torsion beam

Steering column

Coil spring

少

Shock absorber

〆

r＼
、

In addition, the trailino arm bush was arranged at an angle.
This a110ws h地h stability and contr0Ⅱability with a conventional
bush shape by a110wing correct steer to the toe・in side 丘om
the longitud血al and lateral force generated on the bush when
Cornerltlg.

In addition, the separate arrangement c011figuration of 血e coil
Spring 釦ld shock absorber also increase the space of the luggage
Compartment. FU11hermore,the trailing arln bush charactedstics
Were revised to improve dde c0111fod.

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010
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As is the case with the second genetation pdus, some gades
Use a high・power b皿Shless motor system in place of the usual
motor with brush. This system a110ws quick handling at a
Iarge gear ratio (Table 2) as we11 as a natural steedng feel by
improving the smootlmess of contr01.

Hub bearing

Steering intermediate shaft

Fig.8 Rear suspension

Leverfortilt and

telescope adjustment of
the steering wheel

33

Fig.9 Stee"ng column

Vvith brush

A11 Vehicle grades have the telescopic adjustment function,
W11ich a110ws the driverto selectthe optimum ddving position.
The steerin88ear is attached direcdy t0 小e front suspension
member without passhlg t11rough a11elastic body. TMs maintains
Steering stiffness and a110ws linear steedng charactedstics.

2.6 Tires

The tires used by the third generation prius have a reduced
r011ing resistance coe伍Cient with a larger μ.

Brushless

Table 20veraⅡ Gear Ratio

OV引a11 gearratio

17.8

14.6

S and G grades (touring package)

S and G grades

L grade

Table 3 Tire sizes

Tire size
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Φ
」
ヨ
m
Φ
止
荷
で
Φ
0
の

、
一
無

、
、
゛
七
、

匹
『

.
、

之
.
、

冒
.
'

(
・
、
、
、
＼



3. Mass Reduction

Mass reducdon was a vital part of achieving the world's best
environmental performa11Ce. hlthe third generation pdus, many
Of the parts in the base Auris suspension were re・designed to
reduce mass by 8%(Fig,10).

TiTes and

Wheels

Third generation priusAuris
195/65R15195/65R15

Fig.10 Mass Reduc"on

Some of the main mass reduction measures are as f0110IVS:

the steel steering hluckle and stabilizer links were changed to
aluminum castin今S (Fig.11); the thickness of the lower arm
Was reduced and its secdon made sma11er;仕le pcD of the hub

bearing was reduced (Fig.12); the size of the lower ba11joint
Was reduced;the stabilizers were made tM如er; and the matedal

Ofthe trailing arm bush bulge was ch飢ged to plastic.

8% reduction

4. conclusion

This article has outlined the chassis techn010gy adopted
in the third generation prius.1t has described the details of
the development of each component and their contribution to
Stability, contr011ability, and ride c0111fort.1t also detailed the
main developmentitemS 壮lat enabled substantial mass reduction.
In the future, Toyota wi11 Continue listen血g to the voices of our
Customers and using their suggestions to further improve the
Prius.
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Fig.12 PCD change of Rear Hub Bea"ng
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Solar ventila"on and Remote

Air conditioning systems

,

Abstract

The importance of air conditioning for improving interior comfort has grown steadily in recent years and
Customer needs have become more diverse. As a resU壮,in addition to basic cooling and hea"ng performance,
air cleaning and other techn010gies have been developed to create a more re"ned interior space. However,
discomfort caused by the transiuon period untilthe e什ect of the air cond託ioning can be fe吐 is one area of
improvementthat has yetto be addressed satisfactorily Focusing on the discomfortfe吐 by users after entering
a vehicle that has been parked under a hot sun, this article desc"bes the solar ventilation and remote air
Conditioning systems that were developed to help resoNe this issue.

Keywords: comf0ル remote aircondiガ0ning system, SO/ar, venガ/aガ0n system, pre・aircond加onmg

1.1ntroduc"on

Automatic air conditioning techn010gy has been improved
and techn010gies such as p0Ⅱen removal have been developed
in response to diverse customer needs, resulting in a refined
and comfortable interior space. Furthermore, air purification
techn010gy to remove matter that is difficult to sense, such
as bacteria and mold, has been developed in response to an
increase in health consciousness.1n this way, maintainin容

air condition血呂 Comfort has become an important element of
VeMcle marketability.
However, even though air conditioning techn010gy has
advanced and become more diverse, the techn010gy is sU11 not
adequate to resolve, in particular, the unpleasant feeling of
extreme heat or cold dudng the pedod i如nediately after entedng
the vehicle before the air conditioning has an e丘ect. Teclm010gy
Such as reducing therma110ad by changing interior materials
is being developed, but the current state is not suf負Cient and
further improvements are sti11 needed. xvith conventional air
Conditioning systems, there is no way to address these issues,
because the air condition血g cannot be used without the eng加e
川nning, making it difficultto maintain power while parked.
This article describes the solar ventilation and remote air

Conditioning systems that were developed to resolve these issues
With a focus on summer heat. These systems are insta11ed on

the third generation pnus, which is the most suitable vehicle for
advanced techn010gy oftMs nature.

Kojilkeda*

Takashi0巷awa*
TakaakiGoto*

2. solar ven"1ation and Remote Air

Condi"oning systems

The intedor temperature of a vehicle that has been parked in
the hot sU11血er sun for a long time varies depending on sunlight
Ievels and ambient temperatures, but can rise to nearly 80゜C.
The instrument pa11el and seattemperatures increase atthe same
time, and the unpleasant feeling of enterin今 a hot vehicle is
Some血ing everyone has experienced.
The solar ventilation system uses power generated from the
Solar panelinsta11ed on the roof, as shown in Fig.1. The air
Conditioning blower motor is operated to ventilate the interior
air of the vehicle parked 血 direct sunlight. outside air is drawn
in and hot air is blown out, which has a contr011ino effect on

the increase in interior temperature and also contributes to
Contr011ing the surface temperature of the instNment panel and
Seats. However, the system relies on extemal air, and therefore
壮le occupa11t compartmenttemperature ca11not be reduced below
the extemaltemperature.

*
Interior Design Div
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Air conditioning blowerfan

Solar panel

＼

Fig.1 Diagram of solar ven"恰tion system
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In addition, the remote air conditioning system is enabled by

the electric compressor air conditioning system used on this
hybrid vehicle.1t is capable of cooling the vehicle interior
Without star[ing the engine. As shown in Fig.2, using electricity
Stored in the hybrid battery, the electric compressor is driven by
remote operation to enable air conditioning before the vehicle
is entered, and this has a large effect of reducing 血e occupant
Compartment temperature and the temperature from the outlet
Vents. However, since its operation period is shorter than the
Solar ventilation system, the temperature of parts such as the
instNment panel and seats wiⅡ not drop as much.

Hybrid ba廿ery

Electric

Compressor

.

3. solar ventilation system

3.1 System configuration

Power supply

The configuration of the solar ventilation system is shown
in Fig.4. The solar panel, the partthat symbolizes the entire
System, generates power from solar radiation with the aim of
Supplying electricity to the system. This electricity source is
血dependent from 血e existin8 electdcalsystem.
A dedicated so】ar ventilation electr011ic control U11it (ECU) is

insta11ed for this system and perfoTms overaⅡ Control based on
required idormation such as the solar radiation level a11d outside
temperature. on 血e other hand,血e existing air conditioning
Ecu has a supp0丘 role, such as for changing the outlet vents,
and is not 血Volved when ventilation controlis pedormed. The
air conditioning blower fan, which serves to draw in outside
air and blow it into the vehicle, is shared with the normal air

Conditioning system 田ld automatica11y changes between nomlal
air conditioning and the ventilation system in accordance with
Vehicle conditions.

Fina11y, the ventilator switch that tr珸gers operation of this
System requires explanadon. The system gives maximum
Pdodty to the user'S 血tention, and the system ca11be tumed oN
Or oFF marlua11y. For example, if the air quality outside of the
Car is poor a11d the user does not want air to vendlate, the system
Can be switched to oFF so that it wi11 not run even if there is

enoU8h solar radiation.

Accordingly, these two systems can be combined to reduce
the occupant compartment temperature, oudet vent temperature,
and intenot surface temperature, with the aim of reducing heat
and discomfott when entering a vehicle parked in the sun.
Moreover, in addition to the comfort felt immediately after
entering the vehicle, the user can expect the length of time
before the vehicle is sufficiently coolto be shorrer.1n tNs way,
Contributions to air conditioning pedonnance can be made with a
different perspective than the conventionalaims ofimproving the
Perf0血ance ofindividual air conditi011ing parts. Fig.3 Shows a
dia8raln ofthe effect of 由e combined systems on vehicle 血tenor
temperature.

^

●厶や

Fig.2 Diagram of Remote A" cond出oning system
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Fig 4 Solar ventilation Diagram

Solar

Panel

Ddvln

Ven訓ator
゜1。1 SⅧtch
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32 Start contr01

An oudine of operauon is shown in Fig.5. First, in order to
Secure a path for ventilation, the air conditioning blower fan is
Switched to outside air mode, and the oudet vents are chanσed to

face mode. This change is detected atthe air conditioning ECU
While the ventilator switch is oN. Each servo motor change is
Pedormed about one m血Ute after the vehicle power is switched
OFF.

Driving S1帥on御

Ventilator SⅧtch oN

Vehicle power oFF

Approx.1 minute after
Vehicle power oFF

・ change to outside air
・ change to face outlet vent

Approx.10 minutes after
Vehicle power oFF

Ventilation slart

Approx
10 minutes

Approx
I mlnute

Parked

neb1酬引fanoNTa1θSlnaα抑村田鵬
Wilh the power ge舶m飢on
卯MMorlofthθ 3018r 山舶1

Solar ven側ation and Remote Air conditioning systerns

Next, the solar ventilation Ecu determines if air ventilation is

necessary. For thisjudgment, the Ecu must determine the type
Of environmentin which the vehicle is parked, and a solar panel
V・1 Curve like the one is Fig.6 is used. The characteristics of
the solar panel are such that electricity is generated on the curve,
and the energy that can be generated is the product ofthe voltage
at the operation point and the cunent. The open circuit voltage
is the voltaσe that can be obtained when the solar panel output
terminalis open, and 血e short circuit cunent is the cunent that
Can be obtained when the load resistance is zero ohms. AS

Shown in Fig.7 and Fig.8, the amount of electricity oenerated
by the solar panel varies with the solar radiation level and
temperature. The short circuit cunent and solar radiation level
have a proportional relationship, and the open circuit voltage
decrease as temperature rises. The ambient temperature and
Solar radiation levelin the area where the vehicle is parked can
be estimated using these characteristics by detecting voltage and
Cune爪. Fina11y, operation control starts when air ventilation is
determined to be necessary.
In addition, air ventilation does not begin immediately after
Parking. A timer delay of about lo minutes is set so that cool air
remaining from the air conditioning during driving wi11 not be
blown out ofthe vehicle immediately

Fig.5 Solar venulation operation Diagram

Shod circult currenl

Vehicle power oN or
VenⅢator switch oFF

Stop
Venlilation

Time

Operatlon point

Voltege (V)

Fig.6 V・1 Curve

Open clrcuit voltage

Open circuit voltege

Fig.7 Solar Radiation Level x open circU託 V0吐age and
Short circU託 Current

Solar radiation (W/mり

Short circult current

Open circuit voltage
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Fig.8 Temperature x open circuit voltage and short circuit cunent

3.30pera"on contr01

As stated in the section above, the solar panel generates
electricity on the v-1 Curve, and therefore a controltaroet point
is determined so that the system wiⅡ Operate in the high oU印Ut
(power) area to start air ventilation. Depending on weather
Conditions and the park血o environment, because the input solar
ndiation level chanoes by the second, the operating speed of
the air conditioning blower fan is constantly adjusted 、N,hile the
System iS 血 Continuous operation. Additiona11y, air ventilation
Sometimes stops due to sudden changes in solar radiation level
from, for example, the shadow of a building or douds. After a
Certain period of time, the system is restarted in accordance with
the solar radiation levels at that time.1f the ventilator switch is

turned oFF or the vehicle power is turned oN during this time,
air ventilation stops.

Temperature (゜C)

Short circuit current
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3.4 Solar panel

The solar panel consists of 36 155 mm X 75 1111n solar ce11S
Connected 血 Series, as shown 血 Fig,9. Average oU印UtiS 56 XV
When solar radiation is at l,000 訊7/m2 and ce11tempera加re is at
25゜C. T11is oU中Ut perfonnance is deter11血ed in accordance with
the target air ventilation volume.1f the air ventilation volume
is extremely low,then warm air wiⅡ be simply 血Xed up within
the veMcle, and there is no temperature reducuon effect in the
intedor and on 血e seat surfaces.1he air ventilation volume is

established for this reason.

Solar anelconfl uration

36 Solar ce11S (155 mm X 75 mm)
Connected in S引ies

The main body Ecu pedorms functions such as overaⅡ
Contr010f system staning 卸d stopping, confmnation of vehicle
State, and requesting power oN to the power management
ECU. vehicle conditions such as hybrid system operation
and the hybdd battery charge level are confirmed atthe power
managementECU.
Based on commands from the main body ECU, the air
Conditioning Ecu makes decisions to drive the cooler and

Controlthe air conditioning.1n this way, the various Ecus are

Coordinated through communication, and detailed controlis

necessary.

As much as possible, the component parts are common with

Parts in vehicles without this system, and changes have been
Ⅱ111ited to the lninimum. Furthermore,血 order t0 血ni加Ze the

need for user input and also to perform optimum contr01, the
temperature setting is set by the user. Then, based on that value,
air condiuon血g settings such as the oudet vent temperature, the
Outlet vent to be used, the intake source,田ld the air volume are

址I contr0Ⅱed automatica11y.

Solar ce11

Busbar

Inter・con11ector

3,5 High durability blower motor

Terrninal box

The solar ventilation system wi11 0perate constantly if the
Conditions for operation, such as solar radiation level, are
Satisfied, while the vehicle is parked. As a result, compared to
the air condition血g blower fan in a conventional system, the

frequency of use is much higher for this blower fan. while
it varies with the weather conditions in different regions, the
blower fan durability requirement is about ten times higher.
TherefoTe, a blower fan with gready improved durability is
Used. For exalnple, the bearing has been changed from an oil-
impregnated sintered beanng to one with baⅡ bearings.

Glass

Fig.9 Solar panel con"guration

Wire Back sheet Resin

Base panel

4. Remote Air conditioning system

4.1 System configuration

High voltage system

石一ーーーー「
Comr"unioation

The configuration of the remote air conditioning system is
Shown 血 Fig,10.1n response to operation by the user, the
Wireless switch emits a remote air conditioning start or stop
Signal, a11d outputS 血fonnation to the main body Ecu tl〕rough
the smart key computer assembly.

Air conditloning
ECU

住⑱
Alr condltioning
blowerfan

Power maηagement
ECU

38
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Fig.10 Remote Air cond吐ioning system Diagram

謡向

As shown in Fig.11, this system is started when the user
Operates the remote controlswitch. Because most starts are
remote starts, a veMcle status check is always pedonned before
the system starts. check items include, for example, whether
Ve11icle power is oFF and the doors a11d hood are dosed, and the
Shift status. Af[er checMng, door lock operation is performed to
Con丘rm that the doors are locked.1f any of the conditions are

not satisfied, the system wi11 not begin operation contr01. AISO,
a special power mode exclusive to the remote air conditioning

System is used forthe power source condition, which is different
from the power oN condition during normal driving.1n 血is
Power mode, items such as the wireless door lock and smart
key, which are not directly related to the air conditioning, are
Contr011ed to operate as when the vehicle is parked norma11y.
Additiona11y, the main body Ecu performs overa11 Contr01
Of this system because it has most of the vehicle information

requjred for these controlfunctions.

Electric

Cornpressor

Mein body
ECU

Vehlcle mformation

(Doors, hood opeΠノClosed,
POW引 Sta加S etc.)

Sma寸 key
Compuler a$sembly

Remote

Contr01

SW詮Ch

四口

Vehlole lnformation

(shlft sta加S, brake $tatus, etc.)



Cond1110n "ot

estab"shed

Remote control SⅧtch

Stad opera110n

Check vehicle status

(POW引 Stalus, doors/
hood closed, etc.)

CondⅧ0"

e5tab115hed

Unlocked

DO0『10ck outpul

Doorlock state

End

Locked

PoweroN

Check vehicle status

(hybrid ba廿eⅣ
Charge etc.)

山e hybdd battery.1f battery pedormance is improved or other
Changes are made to the vehicle system to expand the range
Of possible use of the remote air conditionjng system, then the
maximum operation period is likely to be extended
The system also stops when the user performs a remote stop
Opetatlon、

Solar ventilatlon and Remote Air conditioning systems

Fig.11 Remote Air conditioning start contr01

4.30peration contr01

After the completion of start contr01, the system begins
Operatjon contr01. For this, the main body Ecu starts the air
Conditioning system by issuing a powet oN requestt0 血e power
management ECU. Atthis time, the air conditioning ECU,in
response to the set air conditioning temperature, determines
Whether or not cooled air is necessary and stops the system if it
is not. The decision to cooliS 山e Sω1)e as with conventional ajr

Conditioning, a11d is perfomled in response t0 血Puts from various
Sensors with information such as outside air temperature, solar
radiation level, and vehicle intedor temperature.
Moreover, with this system, because the hybrid battery is
the power source, measures such as establishing usage limits
in accordance with the battery charge are taken to ensure
CompatjbiHty with the hybrid system

4.4 Stop contr01

Fig,12 is a aow chart for the stop contr01.1n addition to
Stopping when the vehicle conditions that are confirmed duhng
Start and operation control are not satisfied, the system also stops
after a maximum operation time of three minutes. stop contr01
Was deter111ined after visualizing the use scenarios of customers
With the system and considering the f0110wing overa11 factors:
(1) usage immediately before entedng the vehicle,(2) detection
range for the wireless remote contr01, and (3) range of use of

Hybrld systern oN

Condltio"

estab11Shed

Condltion not

eslablished

Cooler ope『atlon
declsion

Cooler

Coole『 operatlon

Cooler

Unnecessary

nece$sary

Rernote alr conditioning
System oP引atlng

End

Operation tirne of
three minutes

Not elapsed

Remote contr01

Switch stop operation

NO

Operation
Stalus check

Condltlon

established

Elapsed

5. conclusion

This article has introduced the s01釘 Ventilation and remote

air conditionjng systems, which successfUⅡy reduce heat and
discomfortimmediately after entering a vehicle. This problem
had been difficultto addNss wi杜I convenuonal methods, and itis

hoped thatthe system wi11Positive evaluationsin the market
FinaⅡy, this artide has introduced a system that uses energy
from a solar panelto venulate air while 血e vehicle is parked, but
the applications of this system are sti111imited.1t has various
Possibilities other than air ventilation, such as char即ng the
battery. Developme址 of solar paneltechn010gy is sti11in its
early phases, and 血 the future when battedes with even higher
OU中Ut, thinner profiles, and lighter wei旦ht are developed, there
WiⅡ be no limitto the range ofpossible applications. Toyota 、vi11
S廿ive to continue improving comfort and maMng efficient use of
naturalenergy.

Authors

Fig.12 Remote Air conditioning stop contr01

Power oFF → System stopped

YES

Condition not

established
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Design ofthe prius as an ECO・1Con

,

Abstract

As one ofthe first vehicles to address global environmental and energy issues, the original prius was launched
in 1997 With the aim of helping to achleve a low carbon society Through innovative packaging evocative of a
new era,the prius appealed to customers W社h futu"stic styling that set 託 apart as a hyb"d vehicle di什erentfrom
Conven"onal smaⅡ Sedans. As such,it was promoted using the catchphrase,"1n "me forthe 21St century". The
Second genera"on p"us was launched in 2003 W詫h improved dynamic performance and inte"or space. 1n line
W壮h these advances, an aerodynamiC 5・door hatchback design (ca11ed a triangular silhoue廿e) was introduced to
help improve fuel e什iciency. since then, the prius has bui吐 Up a leading position among Hvs and has become
Synonymous with hyb"d techn010gy. This article describes the styling of the new third genera"on prius,
featuring elements that have con"nued on and evolved from the second generation.

Keywords:j・factor,Ⅵbmnt c/arπy airmanagement, eco・icon, trjangu/arsi仂Ouette, g/azed ceramic

1.1ntroduction

Before discussing the design of the third generation phus,1
Would like to discuss the Toyota design philosophy.圦le caⅡ
the DNA of Toyota design the 'J・factor"(Fig.1). T11is quality
C田l be seen in the value perceptions and beauty esthetics that
are intnnsic to Japan. For example, as shown in Fig.2, given
One value A 加 the orange box on the left and another completely
different value B in 血e wMte circle on the right, there is neither
Conflict nor compr0111ise. on the contrary, they are harmonized
Without losing either of their respective values. This harmony
is simplified to create a completely new value.1t11ink that the
Contrast of these opposing values resultS 血 Synergy, giving dse
to intdnsic Japa11ese dynanlism and elegance.

HideoMiwa*

TOYOTADESIGN

foctor

SYN圧RGY & SIMPLICI]Y

調和と純化

*
Toyota Design Div

妥協

COMPROMIS〔

Flg.2 The j・factor concept

There has been a preference for t11is method in Japa11 from the
Past to the present. For exalnple, considet the assi血lation of
East and w'est 血 mentai(fish roe) spaghetti, or the le杜ers of the
Japanese kana sy11abary, which are simplified chinese characters
that have losttheir meanings (Fig.3). W'e define t11is method as
the j・factor, and it has been established as the c011血on DNA in
Toyota and Lexus design.

Fig.1 j・factorlToyota Design DNA

、
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Fig.3 The creatlon of New values
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Additiona11y, we implemented vibrant clarity as the desion
Philosophy for the Toyota brand. The connicting design
elements of an excitin合"vibrancy" are harmonized with a
refresMng " clarity" that a11yone can appreciate. TMs stimulates
a Mgh degree of emotion and rationality,1eading to the birth of
new values (Fig.4). This philosophy consists of the f0110wing
t11ree design elements.
(1) perfectimbalance

(2) 1ntegrated compone川 architecture
(3) Freeform geometncs
These elements (Fig.5) are also based 血 the j・factor, and are
Combinations ofcontradictory words.

.

2." ECO-1Con" as a Development Theme

曲うTOYOTA

ⅥB

2.1 Succession and evolution o"dea that

hybrid = P"US

舌き活き明快

Looking at the cunent state of new car sales, while partia11y
due to the effect of tax incentive measures, the top rankings
are dominated by environmenta11y responsible cars. This was
forecasted when the t11ird prius started development. However,
the prius has not become lost in a sea of such "eco" cars, and

has maintained and evolved the hybrid = prius image that it
established by beino the first hybdd car. W'e thoughtthat there
Was a need to respond to the expectations of a neW 合eneration
Of people. These are customers wjth increased environmental
aW雛eness and overlapping priorities such as health concerns,
Social assertiveness (the statement value in Fig.6), and self・
assurance (the personalvalue).
For this reason, we believed that the mission of the third

generation pdus was to establish a benchmark to which aⅡ future
eco cars wi11 be compared. Therefore, we established the "ECO・
icon" design developmenttheme (Fig.6).圦IMle people and the
environment were atthe center of the concept, it started with the
Prop0πions (tdangular silhouette) canied over 丘om the previous
generation.1n order to improve aerodyna111ic performance and
achieve beautiful styling, desi合n expressions were woven into
aⅡ aspects ofthe pdus with a focus on ait management based on
aerodyna血C theory.

Design ofthe prius as an ECO-1Con

Fig.4 V山rant clarity

ヒATION二、LI N

ぐ,うTOYOTA

ⅥB

C

This philosophy had already been adopted when the second
generation prius was developed, and now this DNA is the
design foundation for a11 Toyota veMdes. The vibrant clarity
Concept also applies to the third 8eneration prius, which aims
to physica11y embody a beauty of design that is only possible
With a hybdd car.1t comb加es the fun of ddvino with advanced
aerodyna加C performance 血atfunherimproves fueleconomy.
The next section describes the exterior style in terms of the
three design elements that make up the Toyota's vibrant clarity
design philosophy.

舌き活き朋快

Fig.5 Three Elements of V山rant cla"ty

「 1
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22 Transition of proportions
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The first generation prius that was released in 1997 had
a three・box style developed with consideration given to the
SO・ca11ed 5・number size classification in the Japan market.
However, the proportions were the result of a new package
researched with steady focus on the 21St century, and were
different from the proponions of a conventionalt11ree・box sedan.
In addition to expanding 血e vehicle height and wheelbase,
Changes such as setting the hゆ Point of occupants as much as
10o mm higher and bringing the cowl forward created a new
riding posture and large interior space. Moreover, although the
Ienoth was reduced for a minimalist intent, the proportions had

' 1 一耳よ'二酉一1二ふ1工
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Fig.6 ECO・1Con

甲

1

41

Φ
」
ヨ
邸
Φ
止
一
邸
5
Φ
旦
の



Strong characteristics of a big cabin and a mono・form feeling
(Fig.フ), even at 壮le concept stage. These characteristics gave
the pdus innovative qualities firmly focused on the 21St century,
and the resulting sedan style drew lots of attention.

Prius package

Prius

.

The second generation prius, which was released in 2003,
targeted power performance improvement for the North
American market and further improvement of fuel economy.
Improvements in aerodyna血C performance were also expected
forthe extedor design.
T11is resulted in the biHh of the five・door hatchback tdangular
Silhouet[e (Fig.8).

Fig.7 1mage of First Geηeration prius package

The triangular silhouette of the second generation prius
Consists of a solid formed by connecting the front and Nar
Wheels and the center of the cabin interior space, and it further
improved intedor comfort. Moreover, a simple and clean image
負札in容 for 飢 eco car was given to the surfaces.
The refresMng and fU加dstic proportions stined a11d moved the

hearts of people who saw the ve11icle. The clear and re丘eS11ing
desi合n had styling appropdate for vibrant clarity, and it caU容ht
On t11roughoutthe world as the pdus style image.
Then, the third generation prius has maintained and further
advanced the evolution ofthe triangular silhouet[e.

1997 Fir5t gen.1nnovative 5edaΠ 5Wle

C北folward古

2003 Second ge". 1nn0νヨtiν● hatchback5Wle

i^ー

画

eElb

ノーー

Trjan U1引 1小 Uette aelod namlC剖0IU"on

Fig.8 Transition of proportions in Earlier Generations
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The proportions are si血lar to those of the coda Tronca (Fig.
9) style, which is said to have odginated in ltaly in 血e 1960S.
This is a styling method used when aerodyna加Cs are pdoritized,
Such aS 血 Sports cars. shaP血g the vehicle with an abrupt,
Venical cU壮o the rear end creates la血nar air flows and reduces

Weight by making the body shoder.

Center mEter

Sh1什 IEver 0Π

In5tru『nE爪 Panel
Cka e

3. Achieving Both Aerodynamic performance
and unique Beauty

3.1 EVOIU"on ofthe triangular silhoue廿e

The proponions ofthe second generation pdus were continued
aS 血e triangular silhouette and 血ey evolved further to rea11y
embody the expression of perfectimbalance.圦lhile the second
generation prius expressed its futuristic environmenta11y
responsible image t11rough clean and S血Ple styling, development
Of the third generation prius caⅡed for improved dynamic
Vehicle perfomlance. Then,in order to appealto more customers
Worldwide, it also required a clean, advanced feel with energetic
and emotionalswling
Specifica11y,in orderto apply dynalmsm with an advanced feel
to the entire body, the base of the cabin front pi11ar was moved
forward 2511血 to emphasize the line thatstarts atthe edge ofthe
head lamp and connects to the front piⅡar (Fig.10).

ー、ー^

5h1良 by wlTe

Fig.9 Alfa Romeo Giulia "coda Tronca"

CodaTronca: Alfa Rom印 Giuli己TZ(1963)
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In addition,10cating the peak of 廿le cabin (more specifica11y,
the peak ofthe tdangU1癒 Side window graphic)towards the rear
gave the veMcle the impression of sharp movement. As a result,
headroom clearance for rear seat passengers is approximately
1211血 gre飢er than in the second generation, WMch also has the
e丘ect ofimproving 血tedor comfort(Fig.11)

Fig.10 Front piⅡar Moved Forward
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However, the proportions of this new triangular silhouette,
in terms of aerodynamic performance, created a silhouette
With a contradictory aerodyna血C function. Norma11y, with an
aerodyn組lica11y e丘ective silhouette si111ilar to coda Tronca or
an arti11ery she11, the position ofthe cab血 Peak is moved forward
to create a long roof line extending rearward from the peak, and
the wind f0110ws the roof. This results in la血nar air aow and

improvesthe aerodyna血C CD value.
For the third generation prius, it was boldly decided that an
advanced silhouette and comfortable interior would be given

Priority. This required innovations such as moving the cab血
Peak rearward, making the rear spoiler longer as a means of
extending the length of the shortened rear roof and opti血Zing
height and angle.
T11rough the use of air management, WMch is discussed in the
next section, the cha11enge of solving conaicting requirements
Was performed in a11 areas of the ve11icle. This next explanation
is where we can see pedectimbalance.

32 Harmonythrough air management

It goes without saying that the reason the prius exists is to

improve fuel economy and reduce c02 e加Ssions. Therefore,
it is laroely assumed that the vehicle must have improved
aerodynamic performance. The second generation prius
aC11ieved a cD value of 026, the best for passenger veMcles of
this size. For the t11ird generation prius, the target cD value was
Set even lower. Thus, the primary desian condition for exterior
Styling wasimproved aerodyna加CS.
To this end, close cooperation was performed with the
aerodynamic testin合 division from the sketch phase, and air
management was taken into consideration while shaping the
forms. This was carried out while givin旦 Consideration to
the maintenance of an original, innovative design true to the
Philosophies of vibrant clarity and integrated component
architecture. The design stimulated the harmonization of
aerodyna加C requirements with beautifulstyling.
LOOMno back at cars that have been made with pdodty given
to aerodyna加CS, as a result of pdoritizing wind flow, most have
an aerodynamic test veNcle style that sacrifices interior space.
The style of a test ve11icle is not sufficient in order to ga血血e

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010
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Fig.11 Cabln peak Moved Rearward
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approval of a large number of customers wh0111ight hde in the
VeMde. Hence, a desion thatis both beautiful and practicalis an
absolute necessity
The elements of air management design are introduced 血
detail here. First, the volumetric composition (architecture) is
introduced

The initiaHdea sketches (Fig.12) express this clearly, butthe
Iarge discus shape that makes up the cabin appears to be blended
With a trapezoid shaped to minilmze wind aow. Thus we started
With a remarkably sinlple and dyna111ic theme. The idea sketches
Show the in負Uence of 血e image ofthe discus cuttino t11rough the
W血d and the trapezoid creating la血nar air aow.
The ima合e of the cross・section of a discus was maintained in
the wedged, sharp side character of the third generation prius.
TMS, when combined with the trianoular silhouette side view,

become the ic011ic characterthat makeS 由e third generation pdus
U1Ⅱque.

Design ofthe prius as an ECO-1Con

N/ VI,

石亘>'玉g4'^

Fig.12 1nⅢa11dea sketches

One other unique architecture of the third generation prius
is the use of aero corners. These were implemented to create
Ia血nar aow from the wind that comes from the front comers,

Passes over the door sides, and exits pastthe rear end (Fig.13).
Securing a aat surface with a minimum area on each of the tire
front and rear overhano sections smoothes out the aow of wind

thatis disrupted by the wheel arches.
However, simply expressing the dimensions required for
aerodyna加Cs givesthe comers a heavy weight and poor balance
Of style. At this point, an idea was necessary to achieve both
aerodynamics and a beautiful, stylish appearance.
The idea was to boldly add a sharp edge to the bumper comer.
The aat sudace, considered a necessity, on the contrary, stands
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Out conspicuously as a result of the sharp edge a11d creates a 11ice
Contrast of form. The arch北ecture that was bom as a result went

beyond the stereotypical assumption that bumper corners are
round.
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AERO CORNER

AIR MANAGEMENT
Lower body
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33 Front shape W吐h pronounced under griⅡe

The point where the flow of air is separated into air aowing
Over and under the body is ca11ed the stagnation point. Genera11y
Speaki11g, smootNng the aow of air around the stagnation point
improves aerodyna111ic performance (Fig.14).
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Fig.13 Aero comers

A sharp edge on 壮〕e aero comers was needed, as far back as
Possible, to prevent wi11d from being pU11ed into the rear surface
from the side. There is an edge line that runs diagona11y across
the extenor panelsudace of 血e rear comer, and an additional

Sha印 edoe was added even hlr[her behind the edge line, on the
Iens surface of the rear combination lamp. The sharp edge is
actuaⅡy further rearward 血atit appears to be, and this measure
enabled aC11ievement of both desion qualities and the necessaw
functionality.

上

AIR MANAGEMENT
bod

The opening of the upper griⅡe was made sma11, and the
Opening of 血e under gri11e was made latge. These openings
reduce wind resistance and also can be expected to efficiendy
Coolthe radiator (Fig.15).
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Fig.14 Stagnation point
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AIR MANAGEMENT
CO011ng

High e缶Ci印Cy cooling

1 {

Fig.15 Reduced wind Reslstance and E什iclent cooling

Additiona11y, the recession on the lower edge of the bumper,
also has a protective e丘ect in a c011ision involving a pedestrian
(Fig.16). These improvements to aerodynamics, coolin容,
and the protection of pedestrians were the basis of the under
8riⅡe, and the unique front shape that was created by the
Pronlinent under gri11e was ca11ed " under priority"(Fig.17).
Xvhen combined with the previously explained aero corn引'S,
this expresses a unique front mask. under priority is being
Considered as a c01111non front shape for the Toyota brand (Fig.
18).
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Fig.16 Pedestrian protection
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Wheels were given a new design to improve aerodyna血CS. Air
management changes such as these were made throughout the
Vehicle to achieve a cD value of o.25, better than that of 山e
Second generation prius and at the top level of aerodynamic
Pedormance (Fig.19).
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3.4 E什ect of air management

As stated above, we proceeded with shaping of the vehicle
While striving for harmony between the aerodynamic
requirements and 山e design ideals necessary for beautiful style.
Additiona11y, the rocker cross・section was brought outward, the
height of the rear bumper lower edge and the angle of its lower
Sudace were adjusted, the cuNed taper of the planar side panel
Surfaces was opti血Zed, the under aoor was made aat, and the

i
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Fig.18 Toyota Brand common Front shape
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4. clean and people・Friendly surfaces

4.1 Advance qualities and glazed ceramic

The second oeneration prius was designed with a simple
and clean shape, and the style maintained its eco image. This
image made itthe style leader for aⅡ hybdd cars, and customers
appreciate that the prius is friendly to both people and the
environment.圦le thouohtthatthe t11ird generation pdus should
maintain the clean image that was carved out for hybnds by its
Predecessors.

Surface development proceeded under the philosophy of
freeform oeometdcs under vibrant clarity, and while the pdus
Was given a dean 卸d atNetic outline,it also has cheer員11 Charm
and surfaces with smooth transitions that contrast with sharp
edges. Thus, we were able to create sudaces suitable forthe next
generation hybdd.
The basis for these surfaces was the diagonal surface
expression used for the iQ. Diagonal surface refers to
mathematical models for expressing shape, first created by
mathematicians at the end of the 19th century and used to
express curved surfaces with formulas. The volumetric shapes
Were photographed and expressed with light and shadow,
and had minimalist, simple, and emotionaltastes (Fig,20).
Development of the iQ focused on diagonal surfaces, and the
model was visualized with computer graphics. CAD and NC
machining were used to create a physical modelto improve the
image, and these motifS 研,ere expressed t11roughout the surfaces
Of the iQ. surfaces based on these diagonal sudaces are used
t11roughoutthe third generation pdus as weⅡ.
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Fig.19 CD O.25: Air Management
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However, forⅡle t11ird generadon pdus, as statedpreviously,it was
凪So necessary to include a11" eco"加age 血atis hien田y to people
and 血e envir01血ent. Hence, we focused on a warln血 Si加lar to

that ofcera111ics a11d a cheerh11bd11ia11t feel.1Ms was temled glazed
Cera11iC 飢d 武 Wastargetedbased on dia80nalsurfaces.
As a specific example, in the case of pottery such as blue
Porcelain, the porcelain comes out of 壮le Mln hardened and has
a deep, bri11iant finish that is the result of glaze. The result is
Warm to the touch and has a smooth demeanor. By 今ivino this

quality to surfaces with relief and shalp edges t11roughout the
Car, such as to the aero comers, bumper surfaces, a11d door cross
Sections, the ideas of cleanliness and the warmth of a person'S
hand were both achieved. Thus, a unique hybrid feel was
expressed (Fig.21). we t1血k 壮latt11is warmth is actua11y more
necessary on an advanced car such asthe pdus.

^

Fig.20 Diagonal surface (clebsh)
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Exterior c010r
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Aqua blue meta11ic in particular, was used from the initial
Stages ofextedor development, when a phot08raph ofa si血larly
C010red ceramic piece was posted on the panel next to the
Sketches, and it became 小e image c010r ofthe vehicle.

Fig.22 Expression of Glazed ceramic through c010r

.、^^

Fig.21 Expression of Glazed ceramic

4.2 Glazed ceramic through c010r

Two new c010rs were added exclusively for the Japan market;
aqua blue me仏11ic and iceberg silver mica metaⅡic. under
the "human・tech" theme, both of these aim to give a feel of
inteⅡigence and human warmth. Due to the loultiply血g e丘ect of
the exterior glazed cera血C, they express a hardness and feeling
Of elega11Ce.
More specificaⅡy, aqua blue meta11ic expresses transparency,
a feeling of depth, and a refreS11in8 hybdd quality.1Ceberg siNer
血Ca meta11ic has a cheedul, briⅡiant expression with a powedul
impact(Fig.22).

5. pursU詫 of Functional Beauty and
Strengthening lden"ty

The designs of the headlanlps and rear combination lamps are
Very imponantitems in terms of expressing an adva11Ced quality.
There is an LED headlamp option forthe 山ird generation pdus,
and the shape of these advanced headlamps not only fuHi11S a
role in advanced functionality, but also forms the edge of the
triangular silhouette style theme. The headlamps also help
express the U11ique grapMc shape that be部ns with the headlamps
飢d moves rearward. Furthermore,the rear combination lalnps
are shaped to receive that movement and fulfi11 an impoda11trole
in the design (Fig.23 肌d Fig.24).
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Flg.23 LED Headlamps (option)
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Other functionalitems include a solar ventilation system, a
Toyota・first that generates electricity at a solar panelto circulate
air t11rough the vehicle (Fig.25). The solar battery can be seen
t11rough the roof glass and is an appealing point of the styling;it
is a11 expression of the advanced qualities of a hybdd car.
Fudhermore,in orderto distinguish the vehicle as a hybdd car,

the front and rear Toyota symbol marks use a c010r ca11ed hybnd

Synergy blue. The salne thought wentinto lamps and otheritems
t11roughoutthe veMcle to contribute to and strengthen the hybnd

identity of the pnus (Fig.26).
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Overlap. These are combined with the bridoe・shaped center
Cluster to result in a composition that is asymmetrica11eflto
ri8ht. This combi11ation expresses the unique beauty of a shape
With a unique imbalance. The overaⅡ Width of the 血Strument
PaneliS 60 mm greater than that of 血e second generation prius,
and increasin8 the size of the triangular windows creates a
feeling of openness. At the same time, the cluster designed for
ease of use provides an appropriate feeling of enclosure (Fig.
27).
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Fig.25 Solar ven"1ation system
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6.1nterior Built Around people

"Human・tech" was also the developmenttheme of the 血terior
desi8n as we11 as for the c010r design.圦7e strove for an interior
design that combined advanced qualities with warmth, as is
Possible with a hybrid car, so that it would be built around
People.
At the same time, we needed an interior design that would

reaectthe emotional ddving made possible by improvements to
Power performance in the third 合eneration phus. The 血tedor
is introduced with the salne vibrant clarity 山eme used for the
extenor.

First, perfect imbalance is achieved with the lower instrument
Panel's feeling of stability due to a lateral motif and the
instNment panel upper, which joinS 血e lower with an organic

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010
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Fig.27 1nterior Bui吐 Around people

The concepts of i11tegrated component architecture are clearly
Separated into a c011血and zone with controls centered on the
touch panel at the hands, and a display zone where 血formation
is shown. This separation makes it easier for the dnver to see
and operate the controls (Fig.28). As a result of this layout,
human perception is the reference point,飢d overa11 harmony is
achieved with both emotional qualities and functionality.

Fig.26 Hybrid synergy Blue
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Fig.28 Display and command zones

Shift・by・wire techn010gy made it possible t0 10cate the
Symbolic bridge shaped cluster with the shift lever in a position
Where it is easiest for the driver to operate. There is no sense
Of confinement in leg space, which results in a clean design,
and some of the lower space has been used to create storage
Compartments.

Moreover, the shift lever representS 血e center of ripples of
Concentric circles that spread out across the layout, and the
Positioning of the touch panel and switches makes operation of
the controls natural for the driver (Fig.29).
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The displays are concentrated in the forward center meter.
Because the focal pointis farther from the driver, sh廿ts in focus
have been reduced. Additiona11y, the driver does not have to
Change focus to his or her hands to operate the switches. T11is is
because the locations of the steerin8 Wheelswitches touched by
the ddver's hands are displayed on the center meter. Hence, the
Prius is eqUゆPed with the world's firsttouch tracer display (Fig,
30).

Fig.29 Rlpples spreading Across the switch Layout

、

For 仕le 血tedor as weⅡ, an aqua c010r with an advanced feel
Was used with the aim of achievin合 an image ofboth inte1Ⅱgence
and cnspness. T11is c010r emphasizes the re負ned qualities of the
Covedng materials and a calm, smo0壮lfeel(Fig.33).
The use of a thin seat back made possible by a new seat 丘ame
increases hlee room in the rear seat by 2011血 Compared with
the second generation pdus. As a result, the seat aC11ieves both
design and function (Fig.34).
Revisions to trim cross・secuons and the positioning of the
battery cooling system increased luggage space from 415 1iters
血 the second generation pdus t0461iters, so thatthe pdus ca11
now catry t11ree goH bags (Fig.35). Thus,血tedor c0111fort and
function were both improved.

倫

.

.

Furthermore, the hybrid system indicator helps facilitate
driving with minimal environmentalimpact, the energy
monitor darifies at a glance, if drive power is c0加no from the
motor or engine, and there is also a screen that introduces fuel
Consumption history.1n t11is way, the prius is equipped with
functionS 血at facilitate envirot血enta11y responsible driving but
that are also fun (Fig.31).
As an expression of freefonn geometdcs,1ine segments with
agile movement are used across the entire instrument panel
and t11roughout the finer details of the steering wheel and trim
Omaments. This dch texture expression aC11ieves ec010gical and
Warm emotion combined with techn010gicalinnovation.
AdditionaⅡy, on 血e top of the 血Strument panel upper, a leaf
Vein grain that blends natura11eaves with a geometdc panem is
Used to create a soft, refined feel(Fig.32).

.

Flg.30 Touch TraC引 Display

Fig.31 Va"ous lnformation Makes Environmenta11y Responsible
D"ving Fun
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Fig.32 1nstrument panel Grain in the lmage of Leaf veins
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Fig.34 New Frame Enables Thin seat Back
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フ" conclusion

This artide has introduced the design of the t11ird generauon
Prius.1n the future, we anticipate continued development
Of a plug・in hybrid vehicle but many other environmenta11y
responsible vehicles such as electric and fuel ce11 Cars. T11is

development wiⅡ take place at a fast pace and with an eye on
techn010gicalinnovation. Moreover, infrastNcture is expected
to advance 血 Step with these teclm010gical advances. Against
this background, the hybrid car needs to continue to combine

"eco" with "fun" in order to appealto a wide range of customer
needs. The styling of the third generation prius is based on

the ECO・icon motif and symbolizeS 血e a11 environmenta11y
responsible ve11icles.1 am cenain thatthis styling wi11tow many
future cars beMnd it.

Author

Fig.35 Expanded Luggage space

Design ofthe prius as an ECO-1Con
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Passive safety performance

,

Abstract

The third generation prius has achieved the same exce11ent environmental and passive safety performance as
the previous genera"ons. This article describes the various passive safety techn010gies adopted in the third
generation p"us to realize the level of c0Ⅱision safety required by a mobile society.

Keyword: passive safety

1.1ntroduc"on

The development of the third generation prius focused on
achievin菖 both exce11ent environmental and safety pedormance、
In the same way as the second generation, the body of the t11ird
generation pdus was developed with advanced safety techn010gy
to acMeve performance that meets the world's toughest passive
Safety targets of Toyota'S Global outstanding Assessment
(GOA). Atthe same time, the body incorporated a wide range
Of mass reduction measures to help reduce environmenta110ad
and achieve the ec010gical pedormance demanded of a hybdd
Vehicle.

2. passive safety

2.1 Frontalc011ision performance

Tsukasa Hayashizaki*
Yasunarisakai*

Tomohiro Khnura*

YujiNakane**

GOA requires a high level of both cabin and occupant
Protection performance.1t simulates real・world accidents a11d
includes 0丘Setimpacts that cause heaw damage to the occuP即t
Compartment and fU11-1ap impacts that apply strong forces to the
Occupants.

The front body of the t11ird generation pdus has a dua11evel
Structure consisting of front side members and under members
that use hi合h strength steelsheets. This structure increases
impact・absorbance in a frontalc011ision.
In addition,intNsion into the occupant compartmentis keptto
a 血11imum by actively dispersing input loads from the front to
the strongly reinforced stNctural members of the cabin (i.e., the
rockers, pi11ars, and doorreinforcementS 加 Fig.1).

PⅢar

* Toy0仏 Auto Body co., Ltd
** veMcle Evaluauon & Eng血eering Div.2

Under member

50

Occupant protection devices in the event of a frontal c011ision
include driver and passenger side sRs airbags (Fig,2) and
Seatbelts equipped with pretensioners and force limiters as
Sta11dard equipment. These help to a11eviate impacts to the head
and chest of occupants i11 Combination with an impact-absorb血g
Stee血lg colunm.

Fig.1 Transmission of Load in Frontal c0Ⅱision

Front side member

Rocker

Doorreinforcement

]^

Additiona11y, impact・absorbing foam was ananged atthe feet
Of 血e occupants to help absorb impacts.from the aoor surface
in the event of a c011ision (Fig.3). The structure of the foot

Fig.2 D"ver and passenger side sRS Airbags
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and parMng brake includes a mechanism to preventthese pedals
丘om being forced back into the comparrment,thereby helping to
a11eviate lower limb injury

22 Side impact c01ⅡSion performance

Development of the third generation prius focused on
improving side impact performance and reducing mass. side
impact input load is mainly absorbed by the B pi11ar and door
beam al)d dispersed e丘iciently to the cross members and rocker.
This structure, which uses high strength steel sheets, helps
reduce deformation ofthe occupant compar[ment(Fig.4).

Fig.3 Floor surface lmpact Absorbing Foam

Impact absorbing
foam

airbags to protect the heads of occupants as standard eqUゆment
(Fig.6). These help to a11eviate input force to the occupantS 血
Comb血ation with impact・absorbing pads provided in the doors.

Passive safety performance

轟 f-

B pi11ar

Fig.4 Transmission of Load in side lmpact c0Ⅱision

Fig.6 SRs side Airbags and sRs cudain shield Airbags

23 Rear end c0Ⅱision performance

The rear side members were straightened and the
rei11forcement members were opti血Zed to help prevent damage
to the occupant compartment and fuel system in the event of a
rear end c011ision (Fig.フ).
The front seats are also equipped with active head Nstraints
that help a11eviate impact to the necks of the occupants when a
rear end c011ision occurs.

In addition, the third generation pdus also has a structure that
Uses the seat frames to ef丘Ciently absorb lateralinput 血 the
event of a side impact c011ision (Fig.5)'

Door beam

、^ー、、

Cross member

Rocker

、、

ー、

Fig.5 Transmission of Load to seat Frame

Occupant protection devices in the event of a side impact
C011ision include sRs side airbags and sRs curtain shield

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010
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Fig.7 Vehicle Rear structure

2.4 AⅡ・direc"on compa"bility

The concept of compatibility in GOA aims to protect the
Vehicle in a crash with other vehicles of different types and
heights. The t11ird generation pdus was developed to satisfy these
requirements. The development assumed frontal, side, and rear
end impacts with heavier passenger vehicles and ta11er suvs
(Fig.8)to acNeve the 11ighestlevelofpassive safety 血 t11e world.
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2.5 Passive safety of hybrid vehicles

Protecting the high voltage system as we11 as the conventional
fuelsystem is a cnticalissue for securing adequate passive safety
Perfonn田Ice for hybrid vehicles like the pdus.
In light of regulations that have been introduced to protect
Occupants from the high voltage system, development of the
Pdus envisioned a11d factored in various c01ⅡSion formats.

Components generating a high voltage (the high voltage
battery pack, cables, and the like) are arra11ged in posiuons less
Susceptible to c011ision damage (Flg.9)
In the event of a c011ision, the airbag operation signa1 住喰gers
Operation of the system main relay (SMR) automatic shut・off
mecha11ism on the battery pack side.1his shuts off the supply of
Mgh voltage to the electric convener.
Furthermore, care has been taken so that occupants and
emergency rescue personnel do not come into direct contact with
high voltage parts after an accident occurs.

＼_
＼

0、

Steel hood

Aluminum hood

3. pedestrian protection performance

The third generation prius is equipped with the latest
Pedestrian protection techn010gy and a wide range of mass
reduction measures have been adopted, assU血ng a c011ision with
a person.

3.1 Head protection

Aluminum was adopted for the hood to reduce its mass,
but with a different structure to a conventional steel hood.1t

Was discoveted 血 tests with a head impactor that the material
Characteristics of alU111inum caused an adverse a丘ect on i11itial

energy absorbance compared to a steelhood (Fig.10).

0ーーJ^ー
Fig.9 High・V0吐age system ouuine

V

'一」^"

Reduction in initial

energy absorbance

Impactor stroke (mm)

Fig.10 Energy Absorbing characteristlcs

Since a deterioration 血 initial energy absorbance worsens head

injury cdteda, an optimalbalance was found with massreduction
by opti111izing the stNcture.
A longi加dinal wave f0血 bead type hood i血er was adopted
and the stiffness balance wit11the hood look rei11forcement was

Opti血Zed. This improved 廿le energy absorbance charactedstics
and helped reduce 血jury cdteria (Figs.11 and 12).

0

0
Ba廿ery pack
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Longitudinal wave form bead

Hood reinforcement

Fig.11 Hood structure

^Third generation prius

Initial development value

Increase in inⅢal

energy absorbance

Impactor stroke (mm)

Fig.12 1mprovement of Hood Energy Abs0巾ance
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A space was also provided between the body frame and the
fender panel as a measure to help a11eviate impacts between
Pedestrians and the fender. This was achieved by insta11ing a
fender attachment bracket with an impact・absorbing structure.
Since the fender must be stiff in normal use conditions and

Provide pedestrian protection performance,山e development
assumed various cases of impactload and direction. As a result,
the bracket was given a structure that is strong in the lateral
direction and easily・C011apsible 血 the vertical direction (Figs.
13 and 14).

Fender a廿achment bracket

A

Fig.13 Provision of Fender Aせachment Bracket
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Passive safety performance

After
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Fig.14 Sectional Deformation Diagram of Fender A廿achment Bracket
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Leg impactor

Fig.15 Layout Diagram of Leg lmpact・Absorbing structure

License plate holder

^
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32 Leg protec"on

An impact・absorbing structure was set in front of the 丘ont
bumper reinforcement and at the lower portion of the radiator
Support. These help a11eviate injury by prevent血g the leg of a
Pedestdan sliding under the vehicle in a c011ision
Developme址 of the third generation prius opthnized the input
10ad t0 血e front bumper reinforcement and atthe lower podion
Ofthe radiator suppon. The license plate holder was also given a
C011apsible structure (Fig.15).

53

Front bumperreinforcement

4. conclusion

The t1血d generation prius is a vehicle dnven by the needs of
Society and various new techn010gies were inc0印orated in its
development. some complex issues were encountered, butthe
developers overcame them to provide the safest possible car for
Our customers.

The experience gained and 壮le teclm010gies developed in t11is
Process wi11fonn the inspiration for future veMcle development

Authors

.十一

C

Impact・absorbing structure

十く
Ψ

Fender a廿achment bracket

Section A・A
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Introduction of vvo"d'S First Rear seat

Occupant Restraint system for
Rear・End c0Ⅱisions

,

Abstract

For vehicles where the heads of occupants sitting in the rear seats are positioned very close to the rear window
Or rear door, Toy0怡 has developed and mass・produced the w0門d's first sRs rear window curtain shield airbag
(RWCSA)to help to protectthe heads of rear seat occupants in the event of a rear・end c0Ⅱision. The RVVCSA
deploys after a c0Ⅱision is detected by the airbag sateⅡite accelerometers and the accelerometer in the ECU,
The system consists of an airbag and an inflator. Norma11y, the RVVCSA is stored in a folded state behind the
head Ⅱning at the rear ofthe vehicle, and it deploys downward along the glass surface ofthe rear window from
between the rear end of the head lining and the vehicle body. The deployed airbag covers the rear end of the
Vehicle body beyond the head lining and the glass surface ofthe rear window around the head restraints.吐 Was
Confirmed that a deployed RVVCSA helps to reduce injury c"teria.

Keywords: passive saf引必 rear・end co//ision, rearseats, occupantrestramt system

1.1ntroduction

Exhaustive e丘orts are being made to reduce the number of
People M11ed and injured in traffic accidents and a11eviate the
Seriousness of injuries by enhancing the safety equipment 血
Ve11icles and developing new devices.1n recent years,壮le focus
has begun to shift toward developing safety devices for rear・
end c0Ⅱisions that are capable of further reducing the number
Of casualtieS 血 Various types of traf負C accidents. As shown 血

Fig.1, rear・end c011isions account for the largest proportion of
injury・causjng accidents by direction, and the head is the most
frequently injured part ofthe body (Fig.2).
The heads of occupants in the rear seats of some three・row
and compact hatchback wpe vehicles are very close to the rear
Window or rear door. For this reason, Toyota has developed and
mass・produced the world's first sRs rear window cunain shield
airbag (RWCSA) with the aim of protecting the heads of rear
Se飢 Occupants in the event of a rear-end c0Ⅱision.

Frontal c011isions

MotonoriKitayama*
Yoshio Mizuno**

MichinoriKakumu***

Side lmpact c011isions

areas of body injured in accidentsStatistics

Head injuries are frequent
for occupants in rear seats (709、0)

TI.09'

* Toyoda Gosei co., Ltd
** Daihatsu Motor co., Ltd

Seat Design Dept.,1nterior Design Div

0%

Breakdown ofinjUⅣ 10catl0胎 Wlth an AIS 30r higher(%)

1009、。40% 80%609/。20り0

***

49.69'

Fig.1 Types o"川Ury・causing Accidents

25.99/
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Rear・erld c0ⅢSions

13.29、

Side impact c011isions

2. Aims of Development

The heads of rear seat occupants are protected by head
restraints that reduce rearward movement of the head and

a11eviate whiplash injury to the neck. However, as a result
Of the impact force or aoor deformation, the head may strike
the vehicle body at the rear glass or head linin号, or even the
impacti11g veMcle.

This newly developed R圦ICSA is a restraint device for
rear・end c011isions that aims to protect the heads of rear seat
Occupants from the two standpoints desctibed below. The
Protection area ofthe R圦ICSA has main two sections shown by
(D 組d (2)in Fig.3.
Standpoint a): AⅡeviation of secondary impacts between head
and veMcle 血tedor (head li1血g, header him, a11d glass)
Standpoint(2): Nleviation of secondary ilnpacts between head
and impact血g vehicle or objects

Source: NASS、CDS

1995 t02004

AIS 30r hlgher

Fig.2 Locatlons o"njury

■ Head

口 Face

口 Neck

■Chest

口Abdornen

■ Spine
■ Upperlegs
口 Lowerlegs
■ Unclear
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3. outline of system

The RWCSA is deployed when judged necessary by the
airbag Ecu after a c011ision is detected by the airbag sate11ite
accelerometers and the accelerometerin the ECU (Fig.4).

" 1

Portion

Introduction of、Norld'S First Rear seat occupant Restraint system for Rear・End c011isions

■^'^●

^ー^^

'毛"ー

Fig.3 Areas protected by Alrbag

1

^^^

"、型4 ■智".

Ai巾ag
NormaⅡy, the R圦7CSA is stored in a folded state behind the
head lining at the rear of the veMcle. Figs.6 and 7 Show the
R圦ICSA in its stored state. The head lining is fixed in two
10cations by plastic clips to prevent sagging caused by the mass
Of the airbag. These clips have been designed with a new split
StNcture that separates from the head li11ing without scattering
When the airbag deploys (Fig.8).
Additiona11y, since 山e head lining has been designed with a
notched portion, the airbag folds downward atthe same position
each time,increasing the stability of its deployment behavior.

PSRS RVVCSA

Pcenter airbag sensor
(cornpute"

Taken from explanation of sRs rear alrbag ln on11ne TMc menual
for electronlc cornponents in rlew models

Flg.4 Airbag system

シRear ai巾ag sensors

4. structure of RVVCSA and surrounding Area

As shown 血 Fig.5,the R訊TCSA consists of(D an airbag and
(2) an inaator (a gas generation device) for deploying the airbag.

0

、f弓__

(2) 1nflator (1) Ai巾ag

1 1

イ＼、ー__y 、＼＼_ノヘ

RWCSA assembly

Fig.6 RWCSA lnsta11ation state l
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Taken from explanation of sRs re引 alrbeg in online TMc rnanual
foT electronic compo"ents ln new rnodels

Fig.5 Airbag structure

Deployed RVVCSA

Fig.7 RWCSA lnsta11a"on state 2

^^

西亘可匝玉回

上..

Vvhen RWCSA de lo s

、i「'、'1・ト、_、、
、ミ.吐、/ 1 -'

、~・ーー、1 '_

C、、、、J'L'

"'ー・ー・ーニ塗=,、g

Fig.8 Surrounding Area of RWCSA
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5. P"nciple of Deployment

The airbag deploys downward along the glass surface of the
rear window from between the rear end of the head lining and
血e vehicle body. The deployed airbag covers the rear end of
the vehicle body beyond 血e head li血ng in addition to the glass
Sudace ofthe rear window around the head restraints (Fig.9).

Inflator Alrbag

、

J

§i-1}罰t

→一
^1

Fig.10 shows the gas aoW 血Side the ajrbag. The shape of
the airbag is divided into portions that cover the rear end of
the vehicle body beyond the head lining (horizontal ce11S) and
Ponions that connect to the hodzontal ce11S and cover the areas

to the outside and between the head restraints (vertical ce11S).
GaS 丘om the in丑ator enters from the center of the horizontal

Ce11S, before being split into three directions (1eft, right, and
Center) by the inner tube and causing each venical ce11to deploy
downward atthe same time.

X

、

(A)

_41-、

Fig.9 RWCSA Deployment
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(B)

' J,'X;、'゛、'、=ーー●'.ι"●、^.
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Effect of RVVCSA
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Gas flow
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フ. conclusion

The R圦7CSA was insta11ed for the first time in the world in

Toyota's iQ city car.1t representS 仕le next phase in the ongoing
efforts to enhance and develop vehicle safety equipment to
fur[her reduce t11e number of people MⅡed and injured 血 rear、
end c01ⅡSions.

The authors would Hke to express their gratitude to Toyoda
Gosei co., Ltd. and everyone inside and outside Toyota for their
Cooperation in develoP血g and mass・producing 血e RWCSA.
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6. E什ect

Fig.11 Compares the effect on head injury indices with and
Withoutthe R圦7CSA. xvith R訊7CSA deployment 血 a rear、end
C011ision, head injury is reduced by approximately half as defined
by the head injury critetion (HIC), and by approximately two・
t1血ds as defined by 3 nvs head acceleration.

Fig.11 E什ect of RWCSA on Head lnjury lndices

Inner tube

HIC

^、^

M. KAKUMU

t司!1'、
婿一

Criteria

Fig.10 Gas Flow lnside RWCSA

Head 3 m/s acceleration
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Development of Front・side pre・crash

Safety system forlntersection c0Ⅱisions

,

Abstract

This research has developed a front・side pre・crash safety system that broadens the scope of contr010f such
Systems to include c0Ⅱisions at intersectlons with good visibⅡity and c0Ⅱisions with oncoming vehicles intruding
into the path ofthe drive倉 Vehicle. To detect objects in this expanded range, short・range miⅡimeter wave radars
W託h enhanced distance resolution capabilities and a high level of sensi"vity were used. The crash prediction
algo"thm was also setto a higher speed than conventional algorithms in accordance with the circumstances of
the target accidents. AISO, based on an algorithm that estimates which part ofthe drive冒 Vehicle wiⅡ receive the
impact, a function was added that prepares the approp"ate side airbags for activation upon impact 廿 there is a
high possibiⅡty of a side・impact c0Ⅱision' combined with conventional systems, this new system enhances the
damage・mitigation e什ect when an accident occurs.

Keywords: pre・C殻Sh safay mdar,interseC力'on comsion, side impact co//ision, airbag

1.1ntroduction

In recent years, advanced active safety techn010gies that fi11
the gap between passive and active safety systems have gathered
attention as ways of achieving the ultimate aim of reducing
traffic accidents, injuries, and fatalities to zeto.1n February
2003, Toyota Motor corporation commercialized the world'S
負rst pre・crash safety system. This useS 加11imeter wave radar to
detect and judge the potential for c011ision with objects directly
in front of the ddver's ve11icle in the direction of travel and then

Operates c0Ⅱision damage lmtigating devices before a c011ision
Occurs.(1) subsequendy, the development of new techn010gies
has progressed rapidly, and the f0110工刃ing enhancements were
achieved. Firstly, in addition to objects already detected by
the mi11imeter wave radar such as vehicles or guardrails, the
incorporation of a stereo camera to create a sensor fusion system
made it possible to address accidentS 血Volving pedestrians.①
Secondly, a rear pre・crash safety system was developed to help
aⅡeviate damage caused by rear-end c0Ⅱisions by expa11ding the
range ofthe system to cover the rear of the veMcle.(1)
However, categonzed results of traffic accidents in Japan in
2007 Show that intersection c011isions between vehicles going
Straight on (ca11ed intersection c011isions below) account for the

Iargest percentage of fatalities and sedous injunes, at 28%(see
Fig.1). conventional systems are unable to detect this type
Of accident. The same analysis shows that head・on c011isions
are responsible for a high proportion of fatal accidents, but
Conventional systems are only capable of detecting half of such
accidents.

10moya Kawasaki*
Jun Tsunekawa**

TomoakiHarada**

KojisuzuM*

Accidents resulting in
fataⅢy or serious injUⅣ

Intersection lntersection

Fatal accldents

C011isions:179'O C0Ⅱisions:28%

Head・on

C0Ⅱisions:119,'0

* Electronics Development Div.2

** ve11icle control system Development Djv

A11tra什icaccidents c011isions:6冷
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Head・on c0ⅢSions 2,59、。

Fig.1 Proportions of categorized 2007 Accidents in Japan
Source:2007S始tus of TraがicAccidents in Ja anese .

To further reduce traf負C accident fatalities and injuries, it is
therefore cdticalto expand the scope of system controls to cover
the f0110wing types of acddents: D 血tersection c01ⅡSions and iD
frontal c0Ⅱisions with approaC11ino objects located diagona11y in
front of the ddver's vehicle (ca11ed " oblique c011isions" below),
Such as onc0血ng veMclesint川ding into the path ofthe ddver'S
Ve11icle. FortMs reason, a new front-side pre・crash safety system
has been developed that uses shod・range 11]iⅡimeter wave radars
to monitor objects diagona11y 血 front of the driver's vehicle
and judge 杜le possibility of c01ⅡSions at 血tersections with good
Visibility and oblique c011isions. This article describes the
C011figuration and functions of tNs new system and its key pre・
Crash sensor techn010gy. Note that 伽S system was inst田led and
released in the crown Majesta 血 March 2009.

Tra什ic Bureau ofthe National police Agency

Intersection c011isions:27%
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2. system configuration

Fig.2 Shows the configuration of the front・side pre・crash
Safety system. The system consists of a pre・crash sensor that
Predicts crashes and c01ⅡSion damage lnitigating devices. The
Pre・crash sensor is comprised of miⅡimeter wave radars and
Other types of sensors, and a pre-crash safety electr011ic contr01
Unit (ECU). The new system has been achieved based on the
format of the conventionalsystems. specifica11y, short・range
mi11imeter wave radars (SRR) have been added to the pre・
Crash sensor, and a side-impact airbag control function has been
added to the c011ision damage 11〕itigating devices. The pre・crash
Sensor detects vehicles approacMng the dhver's vehicle.1tthen
Calculates their respective positions and speeds, estimates the
Iikely 廿ajectory of each vehicle, and judges the probability of a
C0Ⅱision occun血g. Based on prescnbed levels of probability, it
then sends instructionsto operate the c0Ⅱision damage lmtioating
devices. summaries of the functions of these devices are

descdbed below (see Fig.3).
1. C011isionwarning

111forms the driver of the possibility of a c011ision by means
Of a buzzer and meter indicator, and encourages avoidance
maneuvers by operation ofthe steedng wheelandbrakes.
11. pre-crash brake assist system and suspension controls
Supplements hydraulic pressure according to brake pedal
effort to improve response and reduce vehicle speed, WMle
adjusting the shock absorber damping force to controlthe
brake dive resulting from emergency braMng.

1Ⅱ. pre・crash seat belt system

Retracts the seat belts with motorsto speed up reS壮aint ofthe
VeMcle occupants and e血ance occupant safety perfomla11Ce
in the event of a c01ⅡSion.

IV. side・airbag contr01
Xへlhen a side・impact c011ision is jud菖ed to be unavoidable,
this control ptepares operation of the side・airbags, curtain
Shield airbags, and the like.

▲

Danger of c011islon

Time to c011ision

△

Hlgh danger of c011ision

C0ⅢSlon warning

Fig.3 Front・side pre・crash safety system Functions

3. pre・crash sensor

Pre・crash brake assist

Pre・crash sensor

・ pre・crash safety ECU

・ short・range mi11imeter
Wave radars (SRR)

3.1 SRR

Suspension contr01

Ihe sRR ate required to monitor the areas diagona11y 血
front of the driver's vehicle and detect vehicles approaching
at right angles to the direction of travel. However, two major
issues had to be resolved to accomplish this. First,血 the case
Of an i11tersection colHsion, although the sRR pick up reaective
Waves h'om the comer of approaching vehicles, these waves are
approximately lo dB weaker than those from an object directly
ahead (see Fig.4). second, these weaker reaective waves
Were being cance11ed out by the greater reaective strength of
guardrails, redudng the detection rate of approachi11g vehicles

▲
C0111Sion unavoidable

C011'sion

Pre・crash $eatbe什

Pre・crash brake

assist

Side ai巾ag contr01

SRR

(right side)

C011ision warning
(buzzer and lndicator
On meter)

＼

SRR

(1e什 Side)

Fig.2 Configuration of Front・side pre・crash safety system

0

Side ai巾ag
Contr01

Intersectlon c0ⅢSions

ノーノ

58

Pre・crash

Seatbelt

[コ Parts and controls
added to conventional

Pre・crash safety systems

Suspension contr01

20

To counter these issues, teception sensitivity was increased
to a110w the detection of weak reflective waves. Next,

the distance resolution capabilities of the system were
improved by increasing the radar modulation bandwidth
This countermeasure improved the ability of the system to
discriminate between approaC11ing veMdes and guardrails, and
reduced the potential for reaective waveS 丘om these objects to
Overlap.1n addition, the phase monopulse method was adopted
for directional calculation due to its relatively low processing
10ad. This speeded up the rec0部ition cycle of 杜le system and
reduced the continuous overlapping frequency of reaections
from approaching vehicles and guardrails. Table l and Fig.5
ShoW 山e specifications and an extemal view of the developed
SRR, respectively.

Head・on c011isio"S

Fig.4 Vehlcle Re"ectlon characteristics

Rear・end c0111Sio"$



Radar system

Centerfrequency
Detection

Performance

耽em

Table l sRR specifications

Size

Range

Relative speed
Field of view

Calculation cycle

FM・CW

Phase monopulse・ 3・channel

59

76.5 GHZ

2 t050 m (@10 dBsm)

Specification

O t0180 m

Development of Front・side pre・crash safety system for lntersection c011isions

52 deg
29 ms

VV:108 rnm, H:90 mm, D:76 mm

As described above, the sRR must detect weak reaective

Waves. For this reason, factors that might a杜enuate the radio
Waves had to be 111ini111ized. As a result, the sRR were insta11ed

be1血ld the brake ducts ofthe front bumper, WNch are unpainted
and have good radio wave permeability. This insta11ation
Position a110wed both good styling and performance to be
acNeved (Fig.6).

建
Fig.5 Extemal view of sRR

ii) calculation of c011ision probabiHties
If the estimated vehicle trajectorieS 血tersect, the system
assumes that the vehicles wi11 Crash. The time remaining

before the driver's vehicle reaches the point of c011ision is
then calculated, and which parts of the ve11icle 血ght receive
the impact are predicted from the estimated positions of the
Vehicles. C011ision probabilities are calculated for each time
distributed impact position.
iiD Device operationjudgment
Conditions such as a high probability of c0Ⅱision and a short
time to c011ision (TIC) are comprehensively integrated to
judge the possibility of a c0Ⅱision. Based on tMs judgme川,
appropriate operation 血Structions are sent to the c011ision
damage 血tigating devices.

32 Crash predic"on algorithm

Conventional systems predict c011isions with objects
direcuy in front of the driver's vehicle in the direction of
travel.(2) However, this new system must also predict c011isions
With objects in other areas, which meanS 血at the required
Performance of the two types of systems differs greatly. TO
meet the requirements of the new system, its crash prediction
algorithm was completely re・developed. This algorithm is
Summarized as f0110WS (see Fig.フ).
D prediction of trajectodes of approaching vehicle and driver'S
Vehicle

The distance, direction, and relative speed of an approaching
Vehicle detected by the sRR are determined to ptedict its
Subsequenttrajectory.1nformation from the wheelspeed
Sensors, yaw rate sensor, and steering sensor is used to
Predictthe subsequenttr勾ectory ofthe dnver's vehicle

i) prediction of vehlcle trajectories

Fig,6 1nsta11ation posi"on of sRR

(2) predicted trajectory of
drlV引's vehicle

(3) calculated point of c011ision

(1) predlcted trejectory
and calculated speed
Of approaching vehicle

ii) calculation of c011ision
Probabilities

iの Device operetlon judgment
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,

Calculates the c011ision

Position from the time
to trajectory lntersectlon

『T
Side

Calculation

Probability =
Time distribution

Of c0111Sion positlons

[1^

A major issue in this development was shortening the
Calculation time for crash prediction.1n intersection and
Oblique c011isions, the inevitability of a c011ision is strongly
dependent on tinling, and crash prediction cannot be performed
Untilimmediately before the c011ision. Additiona11y, many
intersecuon c011isions in Japan occur at 血tersections with
impaired visibility, which means that the approaching
Vehicle cannot be seen untililmnediately before the c011ision.
Consequently, to obtain a damage mitigating e丘ect in an
intersection or oblique c011ision, the crash prediction must be
Performed within a shorter tilne than in a conventional system,
and sufficienttime must be secuted for operation of the c011ision
damage mitigating devices. For this reason, the time required
by the new algodthm to make ctash prediction has been reduced
t0 ν3 0f the time of the conventional algodt1血. A trade・off of

C0111Sion probab11ity

Front

Fig.70U"ine of c0Ⅱision prediction Algo"thm

C011ision position

Speed requirements

TTC

etc
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reducing the crash prediction time is an increase in the frequency
Of unnecessary operation of the c0Ⅱision damage mitigating
devices. The f0110wing countermeasure was developed to
resolve this issue. The developed crash prediction algorithm
Calculates the part of 血e driver's vehicle that wi11 receive the
impact. The system uses this time distribution information to
discriminate between situations that wi11 and wi11 not result in

C011ision.1n other words, when the time distributed impact
Position has a wide variation, the system judges that a c011ision
Wi11 not occur.1n contrast, when the time distributed impact
Position is concentrated at a set poi址, the system judges that a
C0Ⅱision is likely.1n addition, to shorten the crash prediction
time, the sRR recognitjon algorithm was also modified.1n
Particular, the algorithm was calibrated to enhance response wi血
respect to the lateral movement of approaching vehicles while
eliminating the e丘ect of roadside objects such as guardrails.
This algorithm was opumized using data obtained from over loo
Crash tests carried out under various conditions and from over

50,ooo km of real world driving, achieving a highly efficient
Pedormance 血judging colHsions.

4. side Airbag contr01

Conventional systems only determine whether a c011ision
is unavoidable, but as described above, the new system also
judges where 血e c011ision is most likely to occur. To take
advantage of this feature, a new function utilizing pre・crash
Safety techn010gy was added to the convenuonal airbag system.
This funcuon operates as f0ⅡOWS. As a means of securing high
reliability and safety, airbag systems use two accelerometers (a
main sensor and a safing sensor) to detect an impact caused by
a c011ision. The side airbag contr01 0f the front・side pre・crash
Safety system releases the safing sensor to the oN position when
a side・impact c0Ⅱision with the driver's vehicle is judged to be
Unavoidable. The aim of this controlis to speed up the general
deployment response ofthe airbag after the side・impact c011ision.
The reliability of the airbag system after this modification was
Secured by adding a function 山at enables the system to be
monitored mutua11y by both the airbao Ecu and the pre・crash
Safety ECU.

directions and expanding the c011ision damage mitigation e丘ect

Of the system.1tis hoped thatthis wi11 Contdbute to achieving a
Safe and comfodable mobile society.
Fina11y,血e authors would like to extend their gratitude to
everyone at Fujitsu Ten Ltd. for their 血dispensable cooperation
in the development of this front・side pre-crash safety system
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5. conclusion

ConventionaⅡy, the development of pre・crash safety systems
has focused on addressing frontal c011isions and pedestrian
accidents, which account for high fatality rates, and rear・end
C011isions, which account for over half of accidentS 血Volving
injury 血 Japan. However, to further increase the effect of these
SystemS 血 reducing fatalities and injuries caused by traffic
accidents, a front・side pre・crash safety system was developed
that is capable of detecting c0Ⅱision types such as intersection
and oblique c011isions. Techn010gical development wi11 be
Continued wjth the aims of expandin8 the detection area 加 aⅡ
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E什iciency lmprovement study of

High・povver Electric power steering

System

言

Abstract

This article describes an energy consumption simulation for an electric power steering (EPS) system comprising
an Eps model portion and a tire frictional force estimation portion.吐 also details the results of studies for
Optimizing the insta11ation locations of electrical parts and for evaluating system robustness. Although tire
frictionalforce at low speeds (up t030 km/h) cannot be estimated from lateral acceleration, this simulation
estimates it simply from the rack axial force ratio map for each steering wheel angle using the stationary tire
frictionalforce as a reference. The e什ectiveness ofthis new method was verified through actual vehicle tests in

Parking and mountain road driving conditions. An insta11ation study ofthe electrical parts ofthe Eps enabled
Optimization ofthe location ofthe Ecu and the separate type DC/Dc converter. This resulted in a robust system
Capable of withstanding drops in power supply v0壮age and increases in wiring resistance. 1n combination with
greater mechanical e什iciency of 託S component parts,the e什iciency 0什he Eps system was increased by 259'0.

Keywords: steering system, EPS, h喧h e所Ciency, simu/aガ0n, energyconsumPガ0n

1.1ntroduc"on

Eps was first used 血 a 血ni vehicle in 1988 With the aim of

improving fueleconomy since thattjme, dle number of ve11ide
models, primarily sma11 and medium vehicles, eqUゆPed with
Eps has expanded rapidly.山

As global c02 emissions regulatjons have become more
Stringent, there is increasing demand for high・power EPS
Systems that can be used in large vehicles.(2×3) However, EPS
Consumes more ener8y as power outputis increased, and in
Order to reduce the amount of energy consumed, it is critical
to optimize component part locations to minimize energy loss
from eleC廿onic parts.1n this article, Eps energy consumption
Specifica11y refers to the consumptjon of battery power for motor
assist force, which is generated in response to tire fdctionalforce
that occurs when the ddvertumsthe steedng wheel

The f0110wing two critical evaluation indices are adopted in
effjciency improvement studies related to energy consumption'
(D Maximum energy consumption, as a means of improving
Steering responsiveness when stationary and when performing
Sudden maneuvering required for emergency avoidance.
Maximum energy consumption affects decjsions related to

TakeshiGoto*

Masaharu Yamash託a*

Takatoshisaito**

YoichiFujinori*
Hisashisomada*

alternator and battery size'(iD Average energy consumption
for normal driving in a11 Vehicle speed ranges (extremely low
Speeds to medium and high speeds). This affects the vehicle'S
actual fuel economy, and sensitivity is several %/100 圦I when
Compared with vehicle fueleconomy
During the planning stages, these indices are absolute
requirements for a highly accurate study of ener8y consumpuon.
Previously, there have been examples of calculations of vehicle
fuel economy using calculation models for power systems,(4) a11d
examples that studied Eps energy consumption using maximum
energy consumption. However, there are almost no examples of
Studies in which tire fdctional force dudng driving is estimated
and Eps average energy consumption is calculated for obtaining
the optima110cation of electronic palts
This article describes the unique characteristics of a newly
Proposed Eps energy consumption simulation.1n addition, as an
example of highly efficient design for a vehicle system to which
血is simulauon was applied, it also descdbes invesdgations into
the optima110cations of electronic parrS 血 the vehicle and system
robustness

* chassis Development DIV

Chassis system En邑ineering Div**
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2. EPS Energy consumption simulation

Fig.1 Shows a configuration diagram of a steedng system

TH ωH
▲一ーーーー^

<裂多>

Tire I Torque
Sen$or

Eps system

F pinion l'ー:、 F

L-ーーーーーーーーーーーーーー1/ Rack

、、ι. Motoraxi$

Rack

TH

Ba廿ery

ECU

加

PB /8

DC/DC

Converter

Ba11 Screw

decelerator

The Eps system uses a boost pressure method to reduce
energy loss, and consists of a motor driven at 42 V,(5×6) an ECU
6nverter), a DCのC convener (pressure boosvreduction circuit)
to conver[t042 V, and a torque sensor. Eps system power is
Supplied by the vehicle ba杜ery. The system is structured such
血at, when the driver operates the steering wheel, the motor
generates assist force in response to the torque on the steering
Wheelin order to turn the tires.

In previous studies of maximum energy consumption, it
Was sufficient to use vehicle lateral acceleration to estimate

Ure frictional force only when stationary and when driving
at medium to hioh speeds.1n contrast, to estimate average
energy consumption, tire fdctional force estimates are required
at a11ranges of vehicle speeds. However,血 extremely low to
moderately low speed ranges, vehicle lateral acceleration also
becomes very low, thereby maMng precise estimates impossible.
Moreover, tire frictional force val!ies greatly depend血g on the
ddving situation and suspension type. Therefore, studies must
be completed by inputting test measurements from an actual
Vehicle, which is a problem in terms of development efficiency.
For this reason, a method was needed that would a110w precise
and efficient estimation of average energy consumption at the
injtial stages of development without driving on normal roads.
This method should also aⅡOw these estimates to be reaected 血

Opd加Zed design of electronic parts. This section describes the

derivation of energy consumption P召, which is necessary for a
high efficiency study of an Eps system.

Motor

Fig.1 Stee"ng system configuration Diagram
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Fig.2 Block Diagram of Ba牡ery Energy consumption Estimation
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2.1.1 Eps system section⑦
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The energy consumption level at the battery is calculated as
descdbedbelow

Motor血Put powerpuis described as f0ⅡOWS.

Eん,: Ecu lo r"010「

B:battory l
H:st0岳11n9Wheel :

Vん,

+

+ P'1

2.1 Eps system modeling

PU= VMX 1材=(R材1商+ KωH&ゾι)×1U

Fig.2 Shows a block diagram of the energy consumption
Simulation.1tem (2) is an estimation block for tire frictional

force, the result of which iS 血Putinto the Eps system (D. This
Process creates a stNcture for calculating energy consumption

Tire fdctional force F is the sum of assist force and steering
effort, and is expressed as f0110WS

Battely
Current

/8

Ba11eⅣ ene四y
Con$um酢on

2πリBsrU 2πリR,TH
F=^十^
ι Sr

Motor cunent lu is:

(F-2πリ貯1'H/sr)Xι

PB

IM=
2πリおJ!

In contrast,the consumed energy P召 is:

62

P6= VBX1β=P三+R召E1Ξ2

IB is calculated as f0110WS.

V、-Vイ弓^iiii
ム

2R8E

ECU 血PutpowerP三is:

(D

(6)

Accordingly, apply血g 血Put values for F,ωH, TH, and V召 to
EquationS 4 田ld 5 enables the calculadon ofp and l .

The symbols in the above equations have the f0110wing
meaning,り: efficiency,κ: constant,ι: ba11Screw lead length,
and sr: rack stroke ratio. The subscdptle杜ers are BE: battery to
ECU, BS: baⅡ Screw decelerator, and RP: rack and pinion gear.

P'=P材+(R則+R')1材'

(2)

(3)

(4)

(5)
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2,12 Tire fric"onalforce estimation block

This block estimates tire fdctional force, which is load on the

motot. Motor load has a direct e仟ect on energy consumption,
and therefore must be accurately predicted.

Fig.3 Shows actual measurement values of maximum tire
frictional force plotted at different vehicle speeds (thin line)
after driving approxilnately l,50o hn on notmal roads.1t also
indudes maximum values from estimation results (tMck line)

taken from the vehicle lateral acceleration method (LA), in

Which tire frictional force is calculated using the conventional
method ofvehicle lateralacceleration (LA).

E什iciency lmprovement study of High・power Electric power steering system

1) Estimate work load of
tire surface contacting ground
F=Σf・△Xノ△St
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Study oftire frictionalforce at low speed
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Fig.3 Compa"son of conven"onal Estimation Results and
Actual Measurements of Tire Frictional Force
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These results show that at veNde speeds of 30 kwh orlower,
the actual values are very different from the estimation values.
The reason for this is t110ught to be that in the low speed range
Ve11icle lateral acceleration (LA) is low, a11d tire frictional force

Ca血ot be accurately estimated. Moreover,tMs ddving data was
Orga11ized by 丘equency at each vehicle speed. The results show
that ddving at speeds of 30 hwh or lower takes up about 45%
Of the total energy consumption. Therefore, it is necessary to
improve the estimation accuracy for tire fhctional force in this
Speed range. The estimation method at 30 hwh is discussed
below.

3,000

.

1

1

2,000

2) Estimated from lateral
(LA) data

1,000

0

Steering wheel angle (deg)

Fig.4 Tire Frictional Force at Di什erent stee"ng veloci"es

(LOW・speed Driving)
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2) Estimation oftire frictionalforce when ddving atlow speeds
The drag force 血tegration method was newly proposed as an
accurate method of estimating stationary tire fdctional force.1n
t11is method,the tjre surface in contact with the ground is divided

into a grid, and the drag force of each lmnute division 厶S of the
grid iS 血tegrated.
However, tire frictional force at low speeds could not be
estimated with this method without modification because the

Contact surface conditions and drag conditions underwent
dyna血C and drastic chan8es. Therefore, by combining static,
Stationary data with actual driving data, a method of estimating
dyna111ic changes to tire frictionalforce was investigated
Frictional force F during ddving, when simply defined as the
Sum of forces from each minute division 厶S when the tire is

aexed,is expressed as f0110WS.

F =Σk.■χ/ムS = k.Σ厶χ/ムS (フ)

AISO, stationary tire frictional force F。 is calculated from the
drag integration method by the f0ⅡOwing equation

F。=ΣμIV.ムχ。ノムS =μIV.Σ厶χ。/ムS (8)

Where, k: tire elasticity coefficient,μ: fdction coefficient, and
IV: pushing load
Under quasi・static driving conditions where lateral
acceleration is smaⅡ and there is no r011, the distance traveled

ムχ and the total surface area 血 Contact with the ground s are
assumed to be the same as when stauonary. The quasi・static tire

fdctionalforce F STcan be calculated in geometricalterms based
On the suspension specifications as f0110WS,

FΩ町伏F。'(k/μW) (9)

Next, existing vehicle A (which was used for actual
measurements) and target vehicle B (for wMch data is require山
Were assumed to be driven on the same course. Because the

10ngiれldinal and lateral accelerations are the same, the degree of
10ad change on 由e tire κイt) can be assumed to be the same, and
dyna111ic tire frictional force FDyN has the relationship shown in
Equation lo.

F。則=K(かFΩ詩武κ(t)' F。'(k/μ助 aの

1) structural factors of tire fdctionalforce

The structural factors of force generation for estimating tire
fdctional force were studied. The results are shown in Fig.4.

Ihis gaph shows tire 丘ictionalforce, organized by each steering
Velocity, for driving at a constant vehicle speed of 5 km/h.
Among the tire fdctional forces are tire friction caused by the
Steenng operation component K・X,thejack up torque component
F , the componentidentified by lateral acceleration FLA, and the

Xvhen these elements are analyzeddrive force component 1'

in detail, k・X, which is oenerated in proponion to the steerin8
Velocity, is the largest and most d0血nant factor in tire frictional
force. TMs force is si血lar to the tire fdctionalforce.

^

k・X

Fm+E
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From the relationsMp between tire fdctionalforce from vehicle

A (existing vehicle) FADyN=kYtj・FA。・(bμW) and tire frictional
force B (target vehicle) F召DyN=κΥt)・FB。・(bμW), the value of
F召DyNis asshown below.

F'D別=(F'。則/F'。)'F"。=(F'。/F'。)'F'D則 (1D

Accordingly, comparing and mapping tire frictional force
When stationary against each steedng wheel angle registered 血
the exist血g veNcle database, results in a proportional coe丘icient

Ca11ed the "rack axialforce ratio map (FB。/FA。)"(Fig.5), which
enables the calculation of tire frictional force during drivino.
Fig.6 Shows an exalnple of the actualtire frictional force from
the registered veMde database, multゆlied by the rack axialforce
ratio map.
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■^■

'f^

Vehicle

Speclfications

匝一一回

丁ar9et vehlcle

Steorlng
Wheel angle
(deg)

Calculati0η of Ⅲe frictionalforce ratio when stationary

止一

B/A

.0

蒼巡

、

・ト・・・・●・・・・・十・・・・●・・・・・

^ Vvhen ln quadrants l and 3
ーー゛1hen ln quadrantS 2 and 4

Speeds

da恒 dき恰

Com開m comP置「■

芦商

Ste引lng wheel ang1θ

SP舶ds

XI0'

15

05

-05
.1

New

2

0

Database oltile frlctlonalforce m舶Suremenls

πlre frlctr0Π日lforce

measuled values databaso

Correctlon coe打Iclent (E g )

一佑。

Isteering wheel anglel (%)

4

Fig.7 Summary of Tire F"ctional Force ES"ma"on Method

By comparing the [steedng wheel angle when stationary ・ tire
frictional force] data from the database a合ainst the calculated
data for the target vehicle when stauonary, the rack axial
force ratio for each steering wheel angle can be derived. By
multiplying the rack axial force ratios to the tire fnctional force
Values (measured values) from 血e database of ddⅥng on normal
roads, itis possible to est血ate tire fdctional force that simulates
ddving the target vehicle on normalroads.

22 Ve"fication results

Measurementresults from actual dtiving on normalroads (t11in
Ⅱne) and results calculated using this estimation method (thick
Iine) are compared 血 Fig.8. By using 血e drag force 血tegration
method when the ve11icle is stauonary,the method uS血g the rack
axial force ratio map for each steeting wheel angle at speeds
from o t030 hwh, and the lateral acceleration method (LA) for

Speeds of 30 hwh and hioher,tire fdctionalforce was accurately
estimated from stadonary to Ngh speed ranges.
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Fig.6 Calcula"on Example of Tire F"C"onal Force using Rack
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Fig.7 Shows a sU11血ary of the overa11 development method.
Input consists of the results of calculations for stationary tire
fdctionalforce data for the ve11icle being investigated, a11d oU中Ut
is the tire fdctional force estimate, when assU11dng the vehicle is
ddven on normalroads. The database forthis block was formed
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Fig.9 Compares the measured and simulation values of
average energy consumption when driving atlow speed (o to

Estimation by conventional LA data
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15 klwh) while maMng a rightturn in a multi・story parking
SⅡ'ucture.
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Fig.9 Compa"son of Measured and calculated Average Energy
Consump"on values (when D"ving at o t015 knvh in

Parking structure)
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Xvith the conventiona11ateral acceleration (LA) method

(dashed line), there is almost no energy consumption shown.
By comparison, estimating 血e rack axial force ratio map for
each steedng wheel angle (thick line) has made it possible to
estimate within a margin of error of 3% with respect to actual
measurements ofaverage energy consumption (壮lin line).
In the same way, it was confirmed that accurate estimates
are possible for other speed ranges. As a result, from the
Planning stages of ve11icle development, predicting Eps energy
Consumption has become possible, without driving on normal
roads.
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Close as possible to the motor. on the other ha11d,血 temls of

m駆hnum energy consumption,血 order to reduce cunentloss
between the battery a11d ECU,itis bestto position these as close
as possible.

Here, optimal vehicle insta11ation locations for the power
Source, the DC/Dc converter, the ECU, and the motor are

investigated, assU血ng the use of a pressure boost circuit with
Separate conS如Ction and a large degree of flexibility for ECU
10cation. However, the insta11ation locations of the motor

and battery are basica11y detemlined by vehicle requirements.
Therefore, as assumed conditions for the optimization
investigation, the distance between the 12 V battety and motot
WaS 4,ooo n血, and that between the 280 v battery and motor
WaS 8,ooo mm. Given 血ese assumptions, the positioning of
the DCのC convener and Ecu were investigated. An example
With the studied paranleters is shown hl Table l. hlt11is table,
a length of 0 血n in colU1血(2) indicates thatthe pressure boost
Circuitis housed intemaⅡy, and a length of 2,ooo n血 indicates
thatitisseparate from 血e ECU.

3. study of system optimization for High
Power

In order to opthnize the Eps system,itis necessaw to optimize
insta11ation locations on the vehicle and to efficiently design
Units such as the motor a11d ba11Screw decelerator. TMs section

describes instaⅡation location, which is an important vehicle
requirement. US血g 壮le desi即 ofarack c0飢ialtype Eps system
Wi壮10U中Ut of 15,00O N as a11 example,(8) a110ptilmzed design
me血od that uses the energy consumption simulation developed
here, is discussed.

3.1 Study to reduce energy loss due to insta11ation
10cation in vehicle

VeNcle fuel economy can be expressed 血 Values using, for
example,10-15 Mode or JC08 Mode fuel economy testing,
but these modes do not express the fuel economy impact of
Eps activation caused by operation of the steering wheel.
By calculating average energy consumption, it is possible to
Understa11d tMs ilnpact.
Energy consumption is calculated as a weighted average that
emphasizes certain driV血g patterns such as city and Mghway
ddV血g. Actualddving features a Mgh ratio ofciw and 11ighway
drivin菖 that involves keeping the steering wheelin a turned
Position, which leads to worse average ener合y consumption.
This is because the current bet、veen the Ecu and motor

increases. The most con血on solution is to position the Ecu as

Table l Energy consumption lnvestiga"on parameters

(Baせeryvoltage and wire Length specifications)

Syslem NO

Ba杜ery

System l

①

System 2

System 3

Ba廿ery
Voltage (V)

System 4

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010

Syslem 5

Dcmc

Converter

②

Xvhen using the Eps simulation descdbed in section 2, and

assunling oU即Ut to be consta11t, the calculation results of ba杜ely
energy consumption are as shown i11 Fig.10. The solid lines
are limit lines when the pressure boost circuit and Ecu are
Separated,如d 壮le dashed lines are lhnitlines when the pressure
Circuitis housed inside 壮le ECU. The separated type was shown
to have a maximum of a 14% improvement over the i11tema11y
housed (black circles)type.
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Next, the optimization of location in the vehicle for a
Separate・type DCΦC conveder was studied, while considedn菖
Constrainin8 Conditions for insta11ation. The Ecu has
instaⅡation constraints, for example, for water i1血lersion and
engine e血aust heat, and therefore it is necessary to consider
the location relationsMps between the DC/Dc converter and
fuse box. These results are shown in Fig.11. ultimately,
after taMng wire diameter 血to consideration, the energy loss
as a result of insta11ation on the vehicle was reduced lo%

Or more. Moreover, when combined with a 15% efficiency

improvement for component parts such as the motor and baⅡ
Screw decelerator (1の the efficiency of 山e overa11 Eps system
Was hnproved by 25%.

11.4

11.2

11.0

10.8

10.6

10.4

102

10.0

Insta11ation constraints

for DC/Dc converter

11ツ0 decrease

1,200 1,250 1,300 1,350 1,400 1,450 1,500

Maximum energy consumption (VV)

Fig.11 Relauonship Between wire Length and Energy consumption
(calculation Results)

Interna11y housed pressure boost circult

Hybrid vehicle

y

9.6

/

3,500

ノ

10ツ0 decrease

32 Study ofsystem robustness and maximum energy
Consump"on

There is a li血tt0 山e enetgy t11at can be used in a 12 V power
Source, a11d it is ilnporta11t to accurately eS廿lnate the maximum
energy from the planning stages. Furthermore, in order to
Withstand the inauence of auctuations in battery power and
System resistance, it is also necessary to consider 壮le robustness
Ofthese items.

32.1 1n"uencewhen ba廿ery poweris reduced

In accordance with the increase in the number of electronic

Systems used in a ve11icle,it has become necessary to t1血k about
the degree of inauence of changeS 血 battery voltage. Fig.12
Shows calculation results comparing changeS 血 battery voltage
against maximum ener8y consumption at different 加Sta11ation
10cauons.

3,000

Gasoline vehicle

2,500

12れ8 9 10

Ba廿ery voltage (V)

Fig.12 Calculation ResU吐S compa"ng Maximum Energy
Consumption at Di什erentlnsta11a"on Locations Against
Changes in Battery v0吐age

Here,systemS 4 and 5, W11ich are 280 v systems, are compared
Side・by・side with 12 V systems, with 血e hodzontal axis scaled at
aratio of 12 V/280 V.

As a result,it ca11be seen that system l has infedor robustness
against reducdonS 血 Voltage.1t is thought that, as the voltage
decreases, a large amount of current aows in order to supply
the same power, and energy loss (叱Current2) increases.
Accordingly, the low voltage distance between t11e battery and
DCのC convenermustbe designed to be asshon as possible

3221n"uence when wire resistance increases

Because a large alnount of cunent aows through h地h power
Systems, energy loss due to wire resista11Ce is Mgh. AdditionaⅡy,
depending on change over time, the resistance value might
increase, increasin8 壮le inauence of resist飢Ce even more. Fig.
13 Shows how changes in maxhnum energy consumption vary
With changeS 血 Wiring resistance. The widng resistance ratio
is l when new, and this investigation was performed up to a
resista11Ce ratio of 4.
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Ecu constraints

(water imrnersion,
exhaust heat)

、

1,500
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Fig.13 Calcula"on Results of Maximurn Energy consump"on W託h
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As a result, it is clear 血at, even in this investigation, the

robustness of system lis extremely poor. The cause is the same
as when ba杜ery power is low. There is large energy loss in the
12 V Hne between the battery and DCのC converter.1n this case
as we11, the same design considerations as stated above must be
nlade

4. summary

The f0ⅡOwing conclusions can be drawn from tMs efficiency
Study

(D A simulation that can accurately calculate the energy
Consumption ofan Eps system from a stauonary state to high
Speeds was developed.

(2) The investigation of the Eps insta11ation location in a vehicle
With a 12 V battery concluded thatthe DC/Dc converter
Should be positioned as close as possible to the battery,釘ld
the Ecu should be as close as possible t0 血e motor
(3) R was possible to reduce Eps energy consumption by lo% or
more (compared t02003 1evels) by opti血Zing the locations
Of 山e Ecu and DC/Dc converter and by reducing eneroy
10ss in wires.

In the fU加re, overa11 Vehicle systems wi11 be studied for
further efficiency improvements,飢d these studies wiⅡ indude
efficiency investigations ofvariable gear ratio steedng systems
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Logical Mediation structures

for Toyota'S Driver support systems

,

Abstract

The d"ver support system (DSS) Ecu is the computer responsible for contr0Ⅱing multiple systems such as
adaptive cruise contr01(ACC), pre・crash safety (PCS), and lane・keeping assist (LKA). The DSS Ecu makes
requests to va"ous activators based on informa"on from peripheral sensors such as radars and cameras. TO
enable such systems to share parts and operate simultaneously,it is important to make sure that the systems
do not interfere with each other. This article describes the logical mediation structures applied in the design of

diagnos"CS, controls, and human・machine interfaces (HMI)to prevent such interference.

Keywords: driversupp0ル active saf引y radar, camera, H/レ1/,interference

1.1ntroduction

Ddver support systems (DSS) such as ACC, PCS, a11d LKA
that aim to reduce ddver workload and 111itigate crash damage

have evolved in accordance with improvements in radar and
Calnera recog11ition techn010gy.
Such systems use parts in common and are also activated
Simulta11eously.1n addition,壮le con廿olstates ofeach system are
displayed on 血e combinauon meter in fr0址 of 杜le dtiver. As a
result, the design a11d developme址 of 血ese systems must make
血orough considerauon of various types ofintederence 血at may
Occur between systems.

T11is article descdbeS 壮le logical mediauon strnctures applied
in 壮le design of diagnosucs, conu'0IS, a11d 1孤,11 to prevent such
intederence.

KazushiKuroda*

2. Driver support systems

Acc systems use forward radar and controlthe vehicle・to・
Vehicle distance. systems that con廿olthe veMcle at11igh speeds
(approximately 40 klvh or more) are refened to as AC- below
and systems that also use a forward stereo camera a11d con柱'0IS
the vehicle 丘om high speed cruising to starvstop driving in
Congestion isrefened to as AC+.①
Pcs systems ca11 be categodzed into forward, rear, a11d 丘ont-
Side types. Forward pcs uses information obtained from a
forward radar and camera (stereo or monocular), as weⅡ as a

Camera that monitors the driver. These systems controlthe

Seatbelts, engine, brakes, adaptive variable suspension (AVS),
buzzer, and vadable gear ratio steedng (VGRS) depending on
the degree of c011ision risk.(2)・(6) Rear pcs uses information

from reat radar to aash the hazard lights to warn the driver
Of a vehicle approaching 丘om beMnd if the dsk of a rear・end
C011ision is judged to be high.1t also automatica11y moves
the head restraints to a position behind the head to mitigate
Whゆlash.(刀 Front・side pcs uses front・side radar to perform
brake assist, to controlthe seatbelts, AVS, a11d buzzer, and to

increase the response ofthe side airbags.
LKA systems consist of lane departure waming (LDW) and
Iane keeping (LK) functions that utilize information from a
forward camera. The former detects the possibility of lane
departure and prompts the driver to return to the lane using
buzzer alertS 釘ld shon-term con廿010fthe elecuic powersteedng
(EPS). The latter is activated dudng Acc operation a11d uses
Eps conu'olto helP 壮le driver maintain 廿le veMcle in Ⅱle center
Of 血e lane.(8)

As described above, Dss have evolved through the use of
radars and calneras. These systems are con杜'011ed by the DSS
ECU. Fig.1 Shows the aow of Dss inf0血ation and Fig.2
ShowS Ⅱle main component partsin the systems.

* EleCⅡ'onics Development Div.2
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Fig.2 C0η"guration of Dss parts

3. concept of coordination Design

3.1 Rela"onship between DSS

The relationshゆ between Dss is determined based on
three types of coordination (diagnostics, contr01, and HMD in
Consideration ofthe overlapping re8ions a)to (4) shown in Fig.3.
In 血e f0110wing discussion "ACC" refers to cruise contr01

Systems, WMch genera11y include functions such as a steady speed
driving mode. However, this section describes only Acc to
Simplify the explanation

ー^

Logical Mediation structures for Toyota'S Driver support systems

Seatbelt

DSS ECU

Engine ECU

33 Controlcoordination

In addition to the priority order of contr01 0f each DSS,
behavior if another control such as vehicle stability contr01
(VSC) is in operation must be detennined in advance based on
the priority order of overa11 Ve11icle behavior. The pdodty order
for brake system conu'olis shown below.1n tMs case, the brake
Contr01、vithin pcs, which comprises the pre・crash brake (PB)
and pre・crash alert brake (PAB),is adapted.
VSC>PCS>ACC>LKA

3.4 HMlcoordina"on

HMl coordination refers to the combination meter, head up
display (HUD), and buzzer. This article descdbes the display on
the combination meter as a typicalexample ofcoordination.
The combination meter of a vehicle insta11ed with DSS

generaⅡy contains a multi・information area. This area sh0研,S
messages to the driver in accordance with a pre・determined
Order of pdority. The main types of messages are those related
to diagnostics a11d those that provide generalinformation. The
former has a higher priority than the latter and ate displayed
immediately after a system error occurs.1f the problem
Continues, these messa8es are displayed cyclica11y in an
altemating fashion with other messages. However, PB warnings
have a h地h priodty and are 加Cluded hltl)is type as a11 exception.
Generalinformation messages are displayed immediately after
the vehicle state chanoes, but some are not displayed again
Unless a further change occurs. Displays related to the outside
temperature, fuel efficiency, and the control state of Dss are
included in this type.1t is particularly important to carefU11y
Consider the display of control states since messages for multゆle
Dss may have to be displayed atthe salne timeACC

②

32 Diagnostic coordination

Dss use sensors and actuators in c011血on.1f, for example, a
Shared par[ suddenly becomes inoperable, each system switches
to fail-safe processing and the driver is i11formed of each contr01
State on the combination meter.1n tNs event, coordination
desion must consider the di丘erences in diaonostics and contr01

displays between each system.

PCS

69

Fig.3 Relationship between DSS

④

LIくA
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4. coordination Design

4.1 Diagnosticdesign

In the eventthat a part shared between Dss becomes inoperative,
behavior differs depending on the system. For example, in the
Case of a buzzer failure, a diagnostic display is pedonned for aⅡ
Systems and controlis stopped.1n contrast, the Acc and pcs
Systems also stop if the forward radar becomes inoperative, but
a diagnostic message for the LKA system is not shown and only
LK is automatica11y cance11ed. T11is is because the radar is only
Used by the LKA system as an auxiⅡary sensor and does not have
a alnd勧lental e丘ect on LKA contr01. Table l shows the result

When only diagnostic messages are required as in the first case
above (A) and when 血Xed diagnostic and controlstate messages
are required as in the second case (B). Fig.4 Shows typical meter
displays for cases (A) and (B).
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Diagnostic coordination Matrix (Excerpt)Table l

AC+

(1 )

,AC ・ー

Yaw rate

(A)

Communication error l

Buzzer failure

F0則ard camera
Communication error

F0剛ard camera failure

④

AC+

" AC-

AC+/AC-

Stop SⅧtch fa11Ure
Brake communication error

Note:(1) and (4) in the table are equivalentt0 ① and (4) in Fig.3

(B)

F0則ard radar
Communlcatlon error

F0則ard radarfailure
L

^・^・^・^

F0剛ard camera overheat

Display during
ACCんDvv contr01

LIくA dia9rlostic Pcs dia9nostlcAcc dlagnostic
displaydisplaydisplay

(A) Transition when only diagnostic message display is required
(buzzer failur田

AC+/AC-

Dmy forward radar

VVゆer operation

^・^・^
Display durmg
ACC/LDvv contr01

Acc diagnostlcLDvv cancel

display

(B) Transition when mixed display of diagnostic and
Control state Tnessages is required (during wiper operation)

Fig.4 Diagnostic coordination Meter Display Transitions

The display 皿i0丘ty in case (A)is ACC > LI<A > PCS. since
Pcs does not activate under normal driving conditions, it has
the lowest priority. The time used to determ血e whether these
Systems are inoperative 血 the event of an identical failure is set
to a common fixed time. Therefore,the DSS Ecu mediates

the priority order and transmits the diagnostic information in
Sequence to the combination meter to enable display as shown 血
Fig,4 (A). Tho diagnostic dosign for Fig,4 (B) factors in the
Control canceltime 即d diagnostic judgment time to preventthe
display from aashing

Fig.6 Control state Displays of DSS

DSS ECU

PCS

ACC

ーーー 1

LKA I

VSC

Fig.5 Flow of control cancel signals

NO

①

Table 2 Control coordination Matrix (Excerpt)

42 Controldesign

Brake EC

④

CO0『dination item

Fusion pB

Other

PB/PAB

SⅧtch A OP引ation

Fig.5 Shows the now of control cancel signals based on
the priority order of controlinside and outside the DSS. This
is achieved by a configuration that includes the brake Ecu in
addition to the DSS ECU. Table 2 Shows the results of contr01

mediation.圦lhen vsc iS 血 Operation, contr010f aⅡ Dss stops
in accordance with 血e pdority order.

1)(1) and (4) in the table are eq山Valent to (1) and (4) in Fig.3

2) Fusion pB: pre・crash braking perforrned by fusion ofradar and camera information

3) r: function removed,0: normal operation,ー: not applicable

4) switch A: Brake switch, wiper high mode switch

5) switch B: main cruise control switch, cruise control cancel switch

SⅧtch B operation

VSC

AC十

r

43 HMldesign

r

AC-

r

DSS・related displays on the combination meter include states
Of the control during operation, alerts, and non・control states
Fig.6 Shows examples of血ese displays.
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r
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In principle, alerts are displayed by blinking the display at a
丘equency of l HZ. when LDw controlissuperimposed over an
Acc alert, a portion of the white lines is shown in black
Table 3 ShowS 血e controlstate mediation procedure for these
Systems. Table 4 Shows speci負C examples ofmediation

Table 3 Method of control state Mediation

Procedure

2

3

Prlority order output (wilhin DSS)

4

Simultaneous display (within meter)

Priority order display (Ⅷthin meter)

Mediation method

Blinking synchronization (Ⅷthin meter)

Mediation podion

SpeC廿ic Examples of control Display MediationTable 4

A

B・1

Logical Mediation structures for Toyota'S Driver support systems

ACC/pcs alerts generated simultaneously
.才 OU如Ut of pcs alert setto oFF

B・2

Acc non・control display + LDvv control display
つ Simultaneous display (no display interference)

Medation portion

B・3

Fig.7 Shows a specific example of the bHnking
SynC11ronization descdbed in B3、 synC11ronization is performed
to prevent driver annoyance and is achieved by delaying
Simulta11eous display

5. conclusion

Acc non・control display + pcs alert display
.コ Pcs ale代 display only

This article has described the logical mediation structures
for Toyota'S DSS. The f0ⅡOwing points are considered for
mediation

a) The opumum location for mediation should be detenmned in
advance

(2) The conect amount ofinformation should be conveyed to the

driver without creating a sense ofincongNity.
It is predicted that in the future,血e driver wi11 be exposed to
growing amounts of informauon,血Cluding from systems other
than DSS (for exa111Ple, visual assistance systems). Therefore,
an order of priority must be applied to a11information to be
Conveyed to the driver as an overaⅡ System. The mediation
method described in this article should be considered for

adoption in these future systems.

A

Examples

ACC/LK alerts generated simultaneously
=ン Blinking rnediated

B・1

B・2

B・3

Acc ale此

Meter display ーーーーーー^゛ーーー^゛.^゛一開^゛ーーー^゛ーーー^゛ーーー^4^

LK aleけ

^雁豐闘瑞^

A

A

ー"'・゛:旦旦担yl!^

Table 5 Shows the results of Dss system display mediation
based on this procedure. A11 display combinations are
determined by the mediation portion in advance.
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②
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④
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0
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0
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Development of Fuel consumption

Estimation Techn010gy using vHDL・AMS

,

Abstract

C02 reduc"on is becoming one ofthe p"mary responsibilities for manufacturers. For vehicle manufacturers
in particular, there is an urgent requirement to meet the con"icting demands of fuel economy and dynamic
Performance in product development. To meetthis demand, energy analysis ofthe whole vehide is becoming
indispensable, 1n the research described in this article, mU壮i・domain simula"on using 正EE standardized
Simulation modeling was applied to a whole vehicle model and validated. The resU壯S showed that es"mating fuel
economy atthe planning stage enables quantitative discussions aboutthe con"icting aspects of performance, as
WeⅡ as discussions abouttransientfuel economy such as during the warming up process. 1EEEI076.1 is being
Promoted by the AK30 working group ofthe vDA and by an sAE comm轍ee,1n Japan a similar actN赴y has also
been launched by the lnst詫Ute of Electrical Engineers of Japan (1EEJ). Greater use ofthis standard is expected
to provide be廿er coordination and development e什iciency between oEMs and suppliers.

Keywords: mu/ガ・dom釦h simu/aガ0n,/EEEI076.1, VHPι_・A/レ1S S/ιS

1.1ntroduc"on

C02 reduction is becom血g one of the most vita1 血itiatives
and responsibilities of corporations, in particular automobile
manufacturers, as they strive to curb global war111ing. product
developmentthat meets the conaicting demands for Mgh levels
Of performance, comfort, and fuel economy has become an
Urgentrequirement.
As is we11 known, the production of co is the result of
Various types of energy being consumed.1n order to reduce
the consumption of energy in an automobile, it is necessary
to optimize the overaⅡ flow of energy and create an efficient
System. This can be accomplished t11rough such measures as
reducing the amount of electricity that is consumed, reducino
the ve11icle mass, drag, and 皿nning resistance so that it requires
Iess energy to move, and through heat management related
to the performance of the air・conditioner and more efficient

transmission of drive power from the engine, especia11y the
reduction of engine fdction at low temperatures.1t is also vital
to comprehensively examine the mutualinteractions between
these diffetenttypes of energy.
As this suggests, it is necessary to simultaneously analyze
multiple technical areas (i.e., a multi・domain) such as electdcity,
movement, and heat. The most effective method of doing this
iS 血Oughtto be simulation. However, the analysis conducted
Up until now has been focused on detailed, so ca11ed partia11y
Optinlized simulauons for the purpose of developing systems and
U11its. consequendy, a new teclm010gy that can broadly analyze

KimitoS11i lS11ji*
YasunariKido**

JunichilcMhara***

the whole ve11ide has become necessary.
In response, the 正EEI076.1 (VHDL-AMS) standard treats
Vadous physical quantities aS 迂 they conespond to the concepts
Of "through quantity" and " across quantity" used in KirC血0丘'S
Cune址 Law, as shown in Fig.1, WMch results from the law of
the conseNation ofenergy. As shown 血 Table l,正EEI076.1
(VHDL・AMS)(1)'(6) is thought to be the most e丘ective method
Of analyzing the synergistic effects between the multi-domain
Of thennal, electdcal, and Mnetic energy of the whole veMcle.
Therefore, research into whole-vehicle modeling has been
Promoted based on tMs standard.

This alticle 血troduces a comprehensive vehicle simulation
techn010gy for thermal, electrical, and Mnetic energy that was
developed by applying the worldwide st紅ldard 正EE modeling
techn010gy to a pioneering whole・vehicle simulation model.

* Advanced veMcle contro] system Development Div

** veMcle controlsystem Development Div
*** DaiicM system Eng血eedng co., Ltd
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2. vehicle Model

2.1 Vehicle modelconcepts

D The vehicle model should have a c011figuration that a110WS
for common analysis of b0血 traditional vehicles (vehicles
that are not l{V, EV, or Fc ve11icles, hereinafter refened to as

Conventional vehicles) and also hybdd vehicles (HV). The
model con負guration should also aⅡOw for the simult田leous
analysis ofpower perfonnance.
2) 1t should be possible to generate plans with integrated contr01
due to the corlfiguration of the controlsoftware, WNch a110WS
itto be insta11ed.

3) The model configutation should be able to simultaneously
analyze the relationships between thermal, electrical, and
Mnetic energy that are closely linked to fuel efficiency and
Power perfonna11Ce.
4)A driver model should be adopted and the model
C011f地Urauon should a110w vedfication of differences in 員lel
economy thatresultfrom di丘erencesin how the acceleratoris
Operated.
5) The expression level(detailed model, silnplified modeli11g of
the charactedstic gaph, etc.) of each modelshould be able to
be changed as necessary.
6) The modelshould be able to make use ofeleC住icalcomponent
modelS 飢d other models that are widely used in Europe and
Otherregions(フ)in accorda11Ce with 正EE standards.
フ) The interior of the model should have a black box

(nondisclosure) f{1nction in order to make it easy to insert and
remove the model and also to make it possible for affiliated
Compa11iesto conduct cooperative work.

22 Basic modeland database
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As shown in the same figure, the model has also been
Configured so that the actual veMde parts conespond with their
images in the model. Along each of the respective connecting
Iines for the physical quantities that are used 血 the model, the
mechanical rate, quantiw of electdcity, and quantity of heat are
Calculated with the same physical quantities as the actual vehicle.
Consequendy,it has become easier for the engineers to grasp the
Charactedsucs ofthe ve11ide.

Furthermore, the model also gives consideration to the
temperature characteristics of items in the main components,
induding areas such as the engine, transmission, and battery.
Ihis is because these charactedstics are thought to have a large
influence on fuel economy performance depending on the
temperature. As a result, it became possible to analyze fuel
economy charactedstics dudng the warlmng up process a11d t11e
Pedorma11Ce of parts that receive themlal restdction under 11igh
10ad.

In order to broadly gasp the whole ve11icle, detailed physical
models have been avoided as much as possible a11d simple model
formulas a11d characteristics (characteristic diagrams) are used

as the basis. By intervening in these characteristic diagrams,
detailed simulations and test results, such as for the engine a11d
ddve system, can also be coordinated.
In addition, as a trial run conducted simultaneously in

Connection with suppliers, models for parts such as the lead
battery, alternator, starter, air・conditioning unit, and wiring
harness were jointly developed with suppliers. As a result
models identified with product・equivalent values were
introduced

恒画亟亟垂画
制^

2.3 Conven"onal vehicle model

A conventional vehicle modelis shown 血 Fig.2. values for
the generalveMcle specifications, such as drag, vehicle mass,tire
radius, and 皿nning resistance are shown in 壮le upper left of the
Same figure. The model has been configured s0 壮lat parameters
Can be studied easily by entering valueS 血to the specification
Sheet.
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2.4 Hv vehicle model
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An Hv vehicle modelisshown in Fig.3. Fundamenta11y,this
modelis configured with the same concepts as a conventional
VeMcle model. However, the power train on an Hv veMcle is
different from that on a conventional vehicle.1t consists of a

U11it with an integrated electric motor 田ld a high・voltage battery
that ddves that motor, a boost converter, and a DC-Dc converter

that provides electric powerto accessodes.

Fig.2 Conven"onalvehicle Model
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Fig.3 Hv vehicle Model

2,5 Main un託 models

An exalnple ofan engine unit modelis shown in Fig.4 and an
example ofan AT modelisshown in Fig.5 as examples ofmain
Unit models.

The torque charactedstics, fdction characteristics, a11d thermal
model are integrated into the engine model.1n addition, the

^
二糎'

゛.
..、//
、、.ー フ、

Tlme (sec)

Fig.6 Ver什ica"on Results on conventional vehicle

engine model uses the relationsMp provided by the temperature
Change of the friction to define the relationship between the
friction loss at low temperature and the temperature of the
Coolantin the en目ine.

The ATmodelis composed ofthetorque converterperfonnance
Curve and temperature characteristics for the torque convetter
transfer efficiency, thermal capacity, thermal conductivity, oil
Pump performance curve, ATF warmer thermal conductivity,
Variable speed gear ratio, gear rati010ss characte亘Stics, gear speed
Ime,10ck・up line, aex lock・up li11e, a11d so on.
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3. veri"cation Results from simulation

The f0110wing are provided as verification examples: a
Conventional vehicle driven through LA#4 (a u.S. certified
ddving pattem) and an Hv veMcle driven 壮lrough a Japanese test
ddving pattem that approximates practicalddving conditions.

3.1 Fuel economy of conven"onal vehicle model
Under cold condi"ons

A fuel economy evaluation vehicle was used and driven
t11rough the LA#4 Pattem to conduct a fueleconomy verification
Under cold conditions (25゜c at time of engine stan). Example
results are shown in Figs.6a t06C. The results showed an
actual vehicle fuel economy of l03 knvL and a simulation・
estimated fuel economy of lo.19 hlvL, for an enor of l.1%.

(a) vehicle speed pattem

1,20o rpm cold l"dlon rnap
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32 Cold startfuel economy of Hv vehicle model

Figs.7a t07h show the main results from driving an HV
Vehicle (prius) a丘er a cold start. From these same results it

became clear that it was possible to simultaneously analyze the
thermal, eleCⅡical, and kinetic energies.

(a) Engine speed

Actual vehlcle

- N I'川川1
1,1_上_.・JJ I
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The margin ofenorfotfueleconomy in the above test pattems
WaS 3.1%. si血larly, the results from the LA#4 (25゜c at engine
Stan) mode were 21.7 hwL for the actual ve11icle and 22.o hwL

for the simulation, an enor of l.4%.
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Fig.7 Ve"fication Results on Hv vehicle
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4. summary

The world's first practical vehicle fuel economy simulation
techn010gy was developed through the use of vHDL・AMS
multi・domain simulation.

The fuel economy results demonstrated that vHDL・AMs is
Suitable for multi・domain simulation because it was precise and
the simulated results were kept to an error of approximately
3% or less compared to the actual vehicle results.1t also
became clear that many other related results (for example,
electrical power to drive the MG, recovered exhaust heat
energy, interior temperature, and acceleration performance)
Corresponded precisely to those found on the actual vehicle.
Analytic results for thermal, electrical, and Mnetic energy are
Vitalto the development of practical vehicle fuel economy.
Funhennore, these results showed 血at estimatino f11el economy
at the planning stage enables quantitative discussions about the
Conaicting aspects of perfonnance, as we11 as discussions about
transientfueleconomy,such as dudng the war血ng up process.
This lEEEI076.1 Standard is being promoted strongly for
automobile electrical components in Europe by the AK30
Working group (Audi, BM圦1, Daimler, Ford, porsche, VW, conti
Te血C, Delphi, HeⅡa, siemenSⅣDO, YazaM, and the like) ofthe
German Automobile Manufacturers Association (VDA).1t has

also been taken up for discussion by the society of Automotive
Engineers (SAE) in the u.S. and by the automobile・related
Committee (Toyota, Nissan, Honda,1SUZU, Denso, Hitachi,
Panasonic storage Battery, FU皿kawa Electdc, SU111itomo xviring
Systems, and Yazaki corporation, etc.) within the lnstitute
Of Electrical Engineers of Japan (1EEJ). As explained above,

0
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IEEEI076.1 takes into account the law of the conservation of

energy, it is easy to understand since the models can express
Physical phenomena in the same form, it is easy to insert and
remove the models, and because it possesses a nondisclosure
function that protects the interior of the model, cooperative
Work between different corporauons is also possible. The AK30
WorMng oroup mentioned above is using these functions and has
Star[ed to deterlmne modelinterface specifications for vehicle・
mounted parts in order to promote better coordination between
OEMs and suppliers.(フ)
As explained above, because the models conform to
血ternational standards, they can be used with a variety of
different software and should make it easy for c0印orations to
Coordinate work between themselves. Therefore,itis sincerely
hoped that this modeling wi11 Continue to spread and become
Widely used 血 the future
The authors would also like to take this opportU11ity to express
their sincere thanks to a11those people at af負liated companies
(Denso, panasonic stotage Battery, YazaM cotporation, and the
Iike) who kindly cooperated with uS 血 thejoint development and
tdals, as weⅡ as to a11those who generously participated in the
data c011ection 田ldjoint evaluations
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IechnicalpaperSルechnical Artides

Development of Hydraulic pressure
Servo control Method for New

Electronica11y contr011ed Brake system
-Adop"on of variable Di什erential pressure Regulating valve control Method to
Rapidly varying contr011ed object-

Abstract

The regeneration of energy du"ng decelera"on is an important way of improving the fuel e什iciency of hyb"d
Vehicles. To accomplish this, an electronica11y contr011ed brake (ECB) system is used to maximize the amount
Of power generated by the motor, thereby enabⅡng a high deceleration energy recovery rate. A mechanical
automatic pressure adjustmentfuncuon (ca11ed the variable di什erenual pressure regulating valve control meth0の
that acts e什ectively with respectto rapid variations in the contr011ed object has been developed for the hydraulic
Pressure contr010fthe ECB. Adop"ng this control method has a110wed the development of a compact,10W
Weight, and highly versaule new ECB system with the op"mum configuration forrealizing the required functions.
This article desc"bes this new controltechn010gy.

Keywords: hydrau/ic pressure servo, hydrau/ic pressure contro/, diがerenガa/ pressure regu/ating va/ve,/inear va/ve, ABS,
ECB, regeneraガVe・friCガ0n brake coormhaガ0n, brake asS府t

1.1ntroduc"on

1.1 Details of ECB development

In recent years, techn010gies such as ABS, VSC, and
regenerative・fdction brake coordination on hybdd vehicles have
advanced electrorlic hydraulic pressure control and increased the
functionality of brakes.1n 2001, Toyota adopted the 圦,orld'S
first electronica11y contr011ed brake system (hereinafter refened
to as ECB) in 血e Estima Hybrid and since then has steadily
increased the number of vehicle models equipped with ECB each
year. However,in order to further popularize hybrid vehicles, it
has become necessary to develop a more versatile ECB.

HiroshiNakaoka*

Tsukasa Fukasa、va**

Yoshito Tanaka*

MitSⅡO FⅡkuda***

12 Basic con"gura"on of ECB

The ECB system electronica11y controls the hydraulic pressure
in the brakes (Fig.1).
The amount that the brake pedalis depressed by the ddver is
Sent to the Ecu via an electric sional. Based on this value, the

Brakepedel Accumulator

Mast引Cy11nd引、/J<

isdetected boosling11near

Soulceolhigh Linear 之 reducinglinear

Wheelcylind以o owheelcylmd引

Ecu then controls the current of the high hydrauHc pressure
Source (power supply), which comprises components such as
the accumulator, and of the linear valves (the pressure boosting
Iinear valve (SLA) and pressure reducing linear valve (SLR))
that are positioned downstream from the po、ver supply. The
Purpose of this controlis to adjust the hydraulic pressure of
the wheel cylinders. The right side of Fig.1 Shows the basic
hydraulic pressure circuit ofthe ECB.

Fig.1 Basic configuration and Basic Hydraulic pressure circuit of ECB

* production Enginee6ng Development Div
** chassis Developme爪 Div

*** Toyota Motor Engineering & Manufacturing North America,1nc

13 Hydraulic pressure servo

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010

The hydraulic pressure servo is the function in the ECB
that manages the hydraulic pressure contr01. Fig.2 Shows
the control block diagram and control model. The hydraulic
Pressure servo software possesses a function that outputs the
Cunent (D of the linear valve so thatthe contr011ed pressure (P丘)
trackS 血e tar三et pressure. The target pressure is created based
On the brake pedalinput. The current is determined at thattime
by adding together each of the f0110wing relationships as models
the relationship between the cunent of the linear valve and the
aow rate (Q)(the l・Q characteristic), the integral relationship

Target
Pressure

HydraU11C pres$ule
Servo software

Fig.2 Hydraulic pressure servo Block Diagram and control Model
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between the aow rate and the consumed volume (V)(the Q・V

Characteristic), and the relationship between the consumed

Volume going to the wheel cylinder 鉦ld the hydraulic pressure
(ph)(the v・p ch釘acteristic).(2) The result of the adjusted
Contr011ed pressure is expressed as veMcle behavior. Therefore,
the hydraulic pressure seNo has a11 extremely ilnportant function
that is related to contr011ing the dynamic characteristics of the
Ve11icle

2. New ECB

2.1 Configuration of new ECB and its controlfunctions

ne new ECB is shown in Fig.3. h1 仕)e new ECB, a pair of
Iinear valves (SLA and sLR) and a single pressure sensor are
Used to carry out functions such as regenerative・friction brake
Coordination a11d brake assist.1n addition, ON・OFF valves are

Positioned at each wheel(ABs holding valve a11d ABs pressure
reducing valve, hereinafter refened to as the "ABs valves") to
Carry out funcdons such as vsc, ABS,釦d 廿acdon contr01. TMS
new c011figuration hasreduced the size a11d weight of血e new ECB.

POW引 Supply

Furthermore, during normal acuvation of the ABS, the
Iinear valves do not operate and the ABs is activated by the
introduction of re8Ulator pressure antroduction of pressure from
the sRc valve shown in Fig.3) and the 血dividual operation of
the ABs valves. T11is process can be ha11dled by cunent contr01
teclm010gy.

However, when the ABs operates during brake assist, or
the vsc or traction control functions are activated,1inear

Valve controlis performed based on the pressure sensor.
Simultaneously and independently, ABs valve control at each
Wheelis perfonned based on the wheelspeed sensors. This is
Shown 血 Fig.5.

P、0ιケ'尼ぶ4ルロ,右カイノ

'■一ーーーーーーーーーーーーーーー

0

Fig.3 Simplified Diagram of New ECB Hydraulic pressure circuit

In the configuration shown hl Fig.3, when a11 four wheels are
Contr011ed with the same pressure, such as dudng regenerative・
力jction brake coordination, then the ABs valves do not operate
and the contr011ed pressure is adjusted by the lhlear valves based

On the value from the pressure sensor (P丘) as shown in Fig.4.

SLA

I ABs hold1Πg valve

! reducln旦 Valve

/フ、0功'庄珍"右ルψ

SLR

SRC

/70ιケ'カフaS形/砂勿ι台グ
SMC

Contr011ed

Pressure (ph)
SCC

^
Accumulator

Pressure (P.。。)

Pressu『e boosting
Iinear valve (SLA)

Pressure reducing
Iinear valve (SLR)

0

＼＼ ,ノ

Wheelspeed sensoTS

Fig.5 Controlwhen ABs is Activated during Brake Assist

At that time, the wheel cylinder pressure of each wheel
is independenuy increased or decreased by the operation of
each ABs valve. T11is is shown in the lower gaph of Fig.6.
Consequendy,血e contr011ed pressure that is located upstream
丘om the ABs valves iS Ⅱ寸Iuenced by tMs auctuation as shown
by the upper graph in Fig.6.

0

0

Pressure

boo$tlng linear
Valve (SLA)

Pressure

reducing linear
Valve (SLR)

Contr011ed

the Tessuresensor

0

0

,、) Accumulator

Pressure (P印。)

、

0

ノノ

ABs valves

0 一緜緒器1御郎

Fig.4 Control du"ng Regenerative・Friction Brake coordination
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Fig.6 Contr011ed pressure (upper Graph) and Fluctuation of Hydraulic pressure
at Each wheel(Lower Graph) during ABS Activation

^^:^^

Time (seb)

The contr0Ⅱed pressure must uack the target pressure witMn a
fixed range between 杜le upper li血t and lower li111it, parricularly
When the ABs is activated dunng brake assist. This is importa11t
from the standpoint of maintaining the pressure-increase
Performance at each wheel and reflecting the brake pedal
Operation of the driver.1n order to sa廿Sfy this demand a new
hydraulic pressure controlteclm010gy was necessary
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Development of Hydraulic pressure servo control Method for New Electronica11y con廿011ed Brake system -AdoP力0"0!V.".blo D,ff引0抽.1P氾部ⅢO Rog山h"g v01兜CO"1mlMolhodto R即,dlyV引y,"g co"1m110d objoot-

3. va"able Di什erential pressure Regulating
Valve control Method

3.1 Di什iculty of contr01

There are two issues related to the hydraulic pressure servo
When ABs is activated dudng brake assist.

3,1.1 1nadequate electricalfeedback tracking
Capability

The hydraulic pressure auctuation ba11d fABS (HZ) when ABS
is activated (see Fig.6) with respect to the electrical feedback
Cut0丘 frequency fs。FT (HZ), which is generated by the hydraulic

Pressure servo software shown in Fig.2,a) is fs。FT くく fABS.
This shows that the electrical feedback trackin菖 Capability is
inadequate when ABs is activated.

3.12 Di什iculty of determining Ⅱnear valve current

Xへlhen the ABs valves are not operating, such as during
regenerative・friction brake coordination, the wheel cylinder

Characteristics are such that the contr011ed pressure (P P
Corresponds to a cerrain value with respect to the total supplied
Consumed volume (V). This can be expressed as shown in
Equation l

Previously, the current of the linear valves was calculated
Using Equation l. However, when the ABs is activated the

Wheel cylinder characteristicS 負Uctuate as shown in Equation
2. Therefore a method of detennining the cunent for the linear
Valves that takes this auctuation 血to consideration is important
for the hydraulic pressure servo.

Pn =φ(V)

However, when ABs is activated, due to the sudden increase

and decrease of pressure in each of the wheel cylinders, factors
Such as the time component (t) and state of each wheel cylinder
(X) contnbute to the contr011ed pressure, WMch auctuates as the
Complicated system shown 血 Equation 2.

3.2 D市erenual pressure regula"ng valve
Characteristics o"inear valves

Consequently, developmentfocused on the linear valve function

as a differential pressure regulating valve. The left side of Fig.8
Shows the forces in balance, where the differential pressure is ap,
the spdng constantis k, and the current applied to the valve is l .

Ⅱ杜le force from differential pressure is Fap, the electromagnetic
attractive force is FI, and t11e spring restoring force is b, then
Equation 3 is realized when the forces are 血 balance.

P,=φ(v t,X)

The difference in these

Fig.フ.

E 十F■=b

Xん7hen the di丘erential pressure changes from the balanced state
Of ゴP t0 ゴP'(くap) due to the operation of the ABS, then the
Valves open mecha11ica11y and auid aowsin, asshown on the dght
Side of Fig.8. The equauon cha11ges to thatshown in Equation 4

(D

Pressure

FI +F。,> b

Consumed volurne (V)

During regenerative・friction
brake coordination

Characteristics is shown in

Fig.7 Di什erence in pressure characteristics W託h Respectto
Consumed volume

P,φ=rv/

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010

(2)

X

X

↑ Spring force (kx)
↓ Electromagnetic force (FI)+ d1什erentlaゆ『essure force (F△P)

Fig.8 Movement of Linear valves when Balanced (Left) and

du"ng change in Di什erential pressure (Right)

Di什erent1且1

Pressure

Change

X

X

X

Consumed volume (V)

Vvhen ABs is activated

during brake assist

ーー^

(3)

P,=φrv, t, X/

Return to

belanced

State

Subsequently, the entry of fluid causes the differential

Pressure to cha11ge to a direction that wi11 Cancel out 血e ch飢ge
in differential pressure, and the valves wi11 dose, as shown 血
山e balanced state on the left side of Fig.8. Therefore, the
development focused on Ⅱle di貸erential pressure regulating value
Charactedstics a11d pressure regulating function ofthe linearvalves.

Fluid flows in

(4)

33 Reasons forfocus

There were two reasons for focusing on the linear valve
function as a differential pressure regulating valve: mechanical
response characteristics and the characteristic that the open
Valve differential pressure of each linear valve is deten11ined as a
Unique value by the current
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3.3.1 Mechanicalresponse characte"stic o"inear valves

The mechanical response characteristic of the linear valves
When functioning as di丘erendal pressure regulat血g valves was
examined as f0110WS. The frequency response of the system
model(mass-spring-attenuation) waS 血Vestigated with the
mass of the linear valve shaft defined as M a11d the attenuation

Coefficient defined as c.

M

k

10

C

Fig.9 LinearvaNe system Model(Mass-A廿enua"on-spring)
and Gain Diagram

According to the gain diagram 血 Fig.9, fABS く fL陬, S0 杜le
mechanicalresponse characteristic of the linear valves has a
response band with respect to the auctuation in pressure that
Occurs when ABs is activated.

-10

3.4 Controlflow

Fig,10 shows a block diagram of a hydraulic presS11re seNO
Controlsystem 壮latincolporates the charactedstic cha11ges in the
Contr010bject due to ABs activadon a11d 壮le mecha11icalpressure
adjustment function (variable differential pressure regulating
Valve controlme壮10d).

Frequency(HZ) fABs fL岫

fL"R: cut0什 frequency

Open valve di什erential pressure characteris"C3.3.2

due to current

The pressure boosting linear valve has a function 宮 that
Uniquely deter111ines the open valve differential pressure (PSIA)
from the pressure in the accumulator (P。此 in Fig.5) 10cated
Upstream from the linear valve, and the cunent qSιR).1n the
Same way, the pressure reducing linear valve has a function h
血at deten11ines the open valve differential pressure (PS五4)丘om

the cunent qSιR).

(5)P陣=g(P卿,ムm)

P力=ιrgrlS酸, PⅢ'j, hrlS駅リ

Target
Pressure

PS駅=hq獣)

US血g EquationS 5 and 6, it is possible to adjust the contr0Ⅱed

Pressure (pn) by contr0Ⅱing each of the open valve differential
Pressures that are generated due to the cunent aowing to each
Iinear valve. T11isis expressed in Equation 7 Usi11g the function ι.

Hydra此Pr嚇U陪
舶NO$ONヨ陀

Fig.10 OU"ine Diagram of Flow ofva"able D市erential pressure
Regulating vaNe control Method

Li"ear valve

QM
0

訊lithout add血g a11y new mecha11icalcomponents,the variable
differential pressure regulating valve control method that uses
Equation 7 realizes a controlsystem in which a mechanical
Pressure adjustment function operates in response to sudden
Changes in the contr0Ⅱed pressure due to the operation of the
ABs valves, wi壮10ut requir註lg input from the hydraulic pressure
SeNo software.

ιL

P,=ι(8(P卿,1ゞm), h(1松))

Change ln conlm11ed
Pressure d (pfr)

QS

Equation 7 is not dependent on the change in wheel cylinder
Characteristics due to ABs that is expressed in Equation 2.1t
Shows that it is possible to adjust the contr011ed pressure by
deter血11ing the cunent ofthe linear valves.

V
」Wheel cylinder

1 § 0

ABS

Yolume (Ⅵ

3,5 Pressure adjustment mechanism

Ph

The pressure adjustment function of the variable di丘erential
Pressure regulating valve control method is shown in Fig.11
With the pressure boost血g side divided into steps a)to (5).

80

(5) va1νes closed,
balenced state

(6)

Accumulatorpressure (pa此)~

11Πear valve (SLA)

朧1二',ー'ー

(フ)

0上旦劃旦匹^

訂罰駈
Fig.11 Pressure Adjustment Mechanism of variable Di什erentlal pressure

Regulating valve control Method (pressure Boost)
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ーーー11.'、、、ー、-1 Pressure

Lower 11mit

4. vehicle Evaluation

The left side of Fig.12 Shows vehicle data for the new
ECB in a case where the same controlis executed as during
regenerative・friction brake coordination (normal controD
When the ABs is activated during brake assist. The right
Side of the figure shows vehicle data for a case where the
Variable differential pressure regulatin8 Valve control method
is executed as explained 血 this article. Furthermore, for each
Set of data, the lower graph shows the current of the linear
Valves, the middle graph shows the wheel cylinder pressure
Of each wheel, and the upper 今raph shows the contr011ed
Pressure, target pressure, and upper and l0研/er limit pressures.
The changeS 血 the contr011ed pressure 血 the upper graph
Show that compared to normal contr01, the variable differential
Pressure regulating valve control method suppresses vibrations
and improves the target pressure tracking performance of the
Contr011ed pressure.1n addition, the contr011ed pressure is
adjusted within the upper and lowet limits, and both pressure
boost performance and driver pedal operation reflection
requirements are satisfied.

Time 丁ime

Fig.12 Vehicle Data when ABS Acuvated du"ng Brake Assist

(Le什: Normal contr01, Right: variable D市erential pressure RegU胎"ng valve control Meth0の

Liηe引 Valve current(SLNSLR)

1 、ハ

he会山Ⅵ山d旦【区盤釦鵄
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5. conclusion

Through the application of the control method described in
this article, the required functions were realized and a compact,
10Ⅵ, weight, and hioNy versatile new ECB system has been
developed. A special ch紅acteristic of this control method is the
Combination of a mechanical pressure adjustment function for
electrical feedback control with useful controltechn010gy that
ha11dles systems in W11ich the contr010bject auctuates in a very
Shon alnount oftime.
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Analysis of sophisticated DPNR catalyst
-Focus on pM particle Number

Emissions-

,

Abstract

The diesel padiculate and Nox reduction system (DPNR)is an e什ective diesel engine a什er・treatmenttechn010gy
Capable of simultaneously reducing pM and NO×. However, whereas conventional developmentfortreating pM
has concentrated on reducing exhaust weight,in the future it wiⅡ be necessary to focus on pM particle number
emissions. This study clari"ed the rela"onship between the pore structure ofthe DPNR catalyst and pM particle
trapping by evaluating a cordierite diesel particulate "吐er (DPF) W託h high porosity and an average pore size of
2011m or more. As a resU壮, a pore structure capable of e什iciently trapping pM particles was identified, which can
be contr011ed using the coating amount.壮 may be possible thatthis sophisticated DPNR catalyst can play a role
in meeting future regulation values for pM particle number emissions.

Keywords: DP/V月 Cataly,st, DPF, emissions, P/vlpartic/e number, pore structure

1. Background

Dieselengines with good fuel economy are an e丘ective means

Of reducing c02 e血Ssions and are recog11ized as an important
techn010gy for helping to control global warnling. on the other
hand, emissions regulations for vehicles are becomino more
Stringent year after year and regions a11 around the world are
demanding further decreases in particulate matter (PM) and
nitrogen oxides (NO×).1n reaction to these trends, Toyota
Motor c0印oration developed the diesel particulate and NOX
reduction system (DPNR) that is capable of reducing pM and
Nox simultaneously through a combination of a Nox storage
reduction (NSR) catalyst a11d en即ne con住olteclm010gy (Fig,1).①
Fig.2 Shows an outline of elmssions treatment by 山e DPNR
Catalyst.1t consists of a NSR catalyst coated onto a diesel
Particulate filter (DPF). The DPF uses a cordierite substrate
thatis dosed off at altemating ends in order to trap e血tted pM
in pores provided on the internal waⅡS of the DPF. since the
Cordierite DPF used here is coated with the NSR catalyst, the
average diameter of the pores on the waⅡS has to be 血Creased
to at least 20 μm, which is larger than a conventional sic
DPF.山 The action ofthe NSR catalyst coated on the DPF waⅡ
Sudaces and the surfaces of the pores on the wa11S oxidizes pM.
AdditionaⅡy, fuelis added to create a nch atmosphere, which
enables Nox stored in the NSR catalystto be reduced to N .
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Shigehiro Matsuno**
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Fig.1 Diagram of DPNR system
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The DPNR catalyst has been optilmzed over time to reduce
the amount of e血Ssions, but with the emissions regulations in
Europe becoming more stringent, itis now important to also
focus on the number of exhaust panicles. As shown hl Fig.3,

Fig.20U"ine of DPNR catalyst

n



PM with a diameter in the order of several nanometers is capable
Of passing t11rough the DPNR catalyst. Therefore,10werino the
PM particle number emissions using the DPNR catalyst with a
Pore diameter 血血e order of severa1111icrometers is a di丘icult
tech血Calissue.

PM

10 20 30 10100 20 30

Pore diameter(μm)PM diameter(nm)

Fig.3 PM partiC1θ Size and DPNR catalyst pore size Distribu"ons

Analysis of sophisticated DPNR catalyst -Focus on pM particle Number Emissions-

In this study, the relationshゆ between the catalyst pore
Structure and the trapping of pM was identified using a DPNR
Catalyst comprised of a cordierite DPF with a conventional
Porosity of 65% and an avera8e pore diameter of 20 μm or
gteater. This ar[icle discusses the effect on lowedng pM particle
nulnbet e111issions.

0.15

DPNR catalyst

30 μm

0.1

0.05

3. Experimental ResU吐S and Remarks

3.1 Analysis of catalyst pore structure

Fig.4 Shows the measurementresults for pM particle number
e111issions in the NEDc mode using DPNR catalysts with DPFS
With an average pore diameter of 20,25, and 30 μm, and NSR
Catalyst coating amounts of reference value A土10%(g/L).
The diagram indicates that the pM particle number emissions
decreased when a sma11er DPF average pore size and less coating
Was used.1his result is the opposite of previous results where
t11e pM par[icle number e血Ssions were lowered by making the
Pores sma11er and increasing the coating amount. These results
Confinn that catalyst pores affect l/1,000-11血 order pM particles,
and it was presumed that an optimal catalyst pore structure
Should be able t010wer the pM pardcle number enlissions.

2. Expe"ment

2.1 Test samples

Various cordierite substrates capable of being manufactuted
by existing processes (average pore diameter:20,25,30 μm,
2-1iter) were adopted for the DPF. A NSR catalyst was used as
the coating material(coating amounts:士10 and 33% ofreference
Value A).

22 Expe"mentalmethod

22.1 Measurement of pM particle number emissions
in NEDc mode

The pM particle number emissions in the new European
driving cycle (NEDC) mode of a passenger vehicle equipped
With a 22-1iter diesel engine were measured by uN-aU血onzed
instrumentation (PMp proposal method) after treatment under
the prescdbed preconditions.(2)

22.2 Analysis of catalyst structure

The pore distdbution of the DPNR catalyst was measured by
a mercury porosimeter a11d consists of an avera8e of six points
from the DPNR catalyst. The two・ and three・ dimensional
Structures ofthe pores on the wa11S were measured by a scanning
electron 111icroscope (SEM) and x・ray cT, respectively

0

100

Fixed coating
amount (A・109'0)

20 25 A A+10%30 35 A・109'。

Lower
Average pore diameter(μm) Coating amount(g/L)

Fig.4 1nfluence of DPNR catalyst on pM particle Number(PN)
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◆

◆

Therefore, to investigate the effective pore diameter for
10wering the pM particle number emissions, a mercury
Porosimeter was used to measure the pore disuibution of DPNR
Catalysts with the specifications descdbed above (Fig.5) and the
Pore volume of each section (<10 μln,10 t020 μln,雛ld the like)
Was calculated. Table l sU11血arizes the relauonship between
the pore volume of each section and pM particle number
e111issions for each sample. As a result, it was found that the
Conelation coefficients (R2) of lo t020 μln and >30 師I pores
for pM particle number e血Ssions were much 11igher than other
Pores.

Fixed average
Pore diameter
(20 μm)
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0.15

A・10% g/L

0.1

0.05

1,0001卯10 2030

Pore diameter(μm)

Fig.5 1n"uence of DPNR catalyst on pore Distribu"on

20μm

0

25 μm

仂
Φ
で
モ
く
一
側
0
-
E
U
Φ
ヒ
功
」
Φ
Q
邸
止
一
則
U
E
二
0
Φ
↑

(
E
X
＼
」
Φ
O
E
コ
仁
)
Z
区

(
E
ぎ
Φ
二
E
コ
三
 
Z
住

(
口
＼
U
0
)
Φ
E
コ
一
0
>
Φ
」
0
止

゛
、
.
'
、
ゞ
゛

(
Φ
で
O
E
O
0
山
Z
三
」
Φ
O
E
コ
ε

」
Φ
O
E
二
仁
Σ
区

(
9
0
0
)
Φ
E
三
0
>
Φ
」
0
ル



Sarnple

Table 1 1n"uence of pore v0山me (DPNR catalyst)

PN

(number/km)

2

3

'゛゛

R2

゛'゛

゛゛゛

Fig,6 Shows the relationS11ip between pore volumes of lo to
20 卜Ⅱn and >30 μ111, which were found to have an effect 血 Table
1, and pM pardcle number e血Ssions. No effect was found with
Pores below l0 μln and between 20 and 30 叩(see Table l),
butthe pM par[icle number e111issions became lower as the pore
Volume with a diameter of 30 μm or greater became smaⅡer
(Fig,6a). The pM particle number emissions als0 10wered
as the volume of pores with a diameter between lo and 20 卜Ⅱn
beC血e larger (Fig.6b).

<10 μm
0.15

0.09

0.08

10-20

029

0.18

Pore volume (cdg)

026

0.11

20-30

0.18

08

028

026

30-40

0.05

0.08

021

0.01

40.50

0.02

0.03

^鼎尋翻可印"茎邁磁ι'」

0.フフ

0,14

50<

0.05

0.07

0.84

0.11

Calculated results show that nano-order particles have a moving
dista11Ce of lt020 卜Ⅱn due to Brownian motion.
Equation l shows Einstein's relational expression for par[icle
Browldan motion.

く又(t)y= 2Dt , D ^

073

Lower

a:>30 μm

0 0.402

Pore volume of >30 リm (CC/g)

訊lhere,

R2=0.80

Lower

<又(t)>2: expectation value for moV血g distance
D: coe丘icient ofdiffusion,t: moving time
R: gas constant, T: absolute temperature
NA: Avogadro's number,
η: coefficient of viscosity, a: particle radius

The next step was to identiB the reason why na110-order pM
Particles were inauenced by a DPNR catalyst with a micro・
Order pore stNcture.1tis already hlown that, in generaltenns,
Particles with a diameter of less than loo nm are diffused by
Brownian motion.(3) Therefore, the pM trap mechanism was
analyzed focusing on the relationship between the moving
distance of the particles due to BroW11ian motion and the pore
diameter of the DPNR catalyst. Equation l shows Einstein'S
relational expression for the BroW11ian motion of padicles,(3)血
W11ich the parameters are temperature, moving time (velocity),
and particle diameter.1he moving distance of the pM particles
in NEDc mode was calculated by the f0ⅡOwing procedure.
Firstly, the temperature of the engine exhaust gases (TE) a11d 血e
amount of air intake (Ga, g/sec) were extracted from the engine

data in representative steady state conditions in NEDc mode.
T was used as T in Equation l. Next, Ga was used to calculate
the time to pass t11rough the waⅡ of the DPF as t hl Equation l.
Fina11y, a particle diameter of 30 nm was assumed as a in
Equation l. Fig.7 Shows the relationsMp between ve11icle speed
血 NEDc mode and the moving distance ofpM particles. These

b:10 t020 μm

Fig.6 1n"uence of pore size on Lowering pN
(a: pore Diameter >30 μm, b:10 t020 μm)

0.2 0.30 0.40.1

Pore volume o"o t020 μm (CC/g)

RT

NA

司一ーーーー^司一ーー^
>30 μm<20 um

Fig.8 PM Trap Mechanism by Brownian MO"on

0.6

R2=0.61

6πηa

25

20

オ5

Moving distarlce of pM paけicle

オ0

5

(1)

Fig.7 Rela"onship Between vehicle speed and Moving Distance of
PM Dueto Brownian MO"on in NEDC Mode

0

Fig.6 Shows t11atthe larger the volume of lo t020 μln pores,
the lower the pM particle number emissions became. This
Was probably due to an increase in the trap efficiency when
PM particles diffused by Brownian motion c0Ⅱided with the
Pore wa11S of the DPNR catalyst. However, PM particles did
not c011ide with the waⅡS of larger diameter pores (>30 μm)
because the size of these pores exceeded 血e moV血g distance
Of BroW11ian motion. This increased the amount of pM passing
t11rough the filter, thereby worse11ing the trap efficiency (Fig.8).
Based on the pM moving distance, PM trap efficiency should
improve as the pore diameter decreases, but the experimental
resultS 血 Table l indicate that the conelation coef負Cients of

Pores less than l0 μln was low. This is due to pores bec0血ng
too smaⅡ and the gas aow being maldistributed to larger pores
Or being i血ibited altogether,杜lereby worse11ing the e血aust gas
且Ow pedomla11Ce.

0

Engine range
In NEDc mode

50

Speed (km/h)
ーフーーー^'
HigherTE, Ga
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32 E什ect of coating amount

The effect of the coa廿ng amount on the catalyst pore stNcture
Was examined. DPNR catalysts were prepared using a DPF
With an average pore diameter of 25 μm, and coating amounts
Of 土10% and 土33% of reference value A (g/L). These DPNR
Catalysts were also used to measure the pM particle number
emissions in NEDc mode. Fig.9 Shows the relationshゆ
between the coating amount and the pM particle number
emissions. At A+33% to A・10%,the pM parucle number
emissions became lower in accordance with the decrease in

Coatin菖 amount.1n addition, the pore distribution was then
measured. As shown in Fig.10, t11is was due to the increase i11
the volume of high trap efficiency pores with a diameter of lo to
20 μ111 as the coating amount decreased. However, up to A-33%,
the pM particle number emissionS 加Creased as the coatin菖
amount decreased. Focusing on the pore dialneter of40 t050 μln
Shown in Fig.10, the A・33% sample had a larger pore volume
than the A・10% sample. Therefore, if the coating amountis
too little, it is thought that capi11ary action causeS 壮le coatino
materialto first selectively cover the pores with a diameter o
Iess than l0 μm, thus i血ibiting the coating of larger diameter
Pores and making it easier for pM particles to pass t11rough.

/

^^^

Analysis of sophisticated DPNR catalyst -Focus on pM particle Number Emissions-

To confirm thjs presumption, pore wa11 Sections from the
A・10% and A33% samples were observed by sEM (Fig.11).
The sEM imaoes show thatthe coatino amount on the A33%

Sample was to010w to cover the larger pores. The existence
Of the portions where pM particles can pass through could be
Confmned by two・dimensional observations. Therefore,it was
Conduded thatthe presumption was conect.

A・10% g/L A・339'o g/L

A・10% A A+10%

Coating amount (g/L)

Fig.9 1n"uence of coating amount on pN

A・33り。

0.2

0.15

Non・coat

Gray: DPF
Vvhite: NSR coat

0.1

'

,,0、
、

A、1b%

0.05

'

' 1
.

Fig.12 3D lmages of DPNR catalysts

'

A+33%

'

ダ

Fig.11 SEM lmages of DPNR catalyst(cross secti0川

The catalyst pore structure was analyzed in 仕lree dimensions
by x・ray cT to investigate 仕le 血fluence of the coating amount
On the proportion ofcontinualpores thatthe pM parricle can pass
t11rough. Fig.12 ShowS 3D images of different coating amounts
(壮le gray porrions indicate the continualpores). After calculating
the proportion of continual pores by image processing, it was
Confmned 壮latthe A・33% sample had 16% more continualpores
than the A・10% sample

A・10% g/L

100

'
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Fig.10 pore Distribution W託h D市erent coating amounts
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Fig.13 Shows a summary of these study results. Although
the absolute value for the coating amount on b0血 the A・33%
and A+33% samples was different, it was verified that the pore
Volume of 30 卜Ⅱn or greater was larger than the pore volume of
10 t0 20 μm. As a result, the gas aow was maldistributed to
Iarger pores with low pM trap efficiency and the pM particle
number e血Ssions increased. Therefore, this clarifies how it is

Possible t010werthe pM particle number elmssions by optimaⅡy
Contr0Ⅱing the coating amount.

A、339'o g/L
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Fig.13 1n"uence of coating amount on pN and pore structure
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To show the 血auence of the coaung a1110unt and the average

Pore diameter on the pM particle emissions concurrendy,
the initial pressure drop of each catalyst is explained from
the viewpoint of resistance against gas pass・through. The
initial pressure drop of a11the DPNR catalysts studied (i.e.,
those with different coating amounts and average pore sizes
described above) was measured and the relationship between
the initial pressure drop and pM particle number e111issions was
analyzed. Fig.14 Shows the results. The analysis showed
thatthe pM particle numbet elmssions are a quadratic funcdon
Of the initial pressure drop. when the initial pressure drop
Was below o.62 kpa or above o.7 kpa, the pM particle number
emissions increased substantia11y ln the former range, it
Shows that pM particles passed through the large pores (two-
dimensional continual pores)that were created by an insufficient
Coating amount or by using a DPF with over・sized average pore
diameters.1n the latter range, a surplus coat血g amount resulted
in 壮le selecuve blockage of smaⅡ Pores due to capiⅡary action.
Thereby, gas aow was maldistributed to larger pores and pM
Par[icles passed t11rough the pores ofthe DPNR catalyst.

ノ
ノ
J
ノ
ノ
ノ
ノ
J

4. conclusion

Ihis study identified 山e relationshゆ between the pore
Structure of 血e DPNR catalyst and the trapping of pM particles,
and showed clearly that it is possible t010wer the pM particle
number e血Ssions by optima11y contr01Ⅱng the coating amount of
the conventional cordiente DPF. As a result, this sophisticated
DPNR catalyst should be able to play a partin meeting future
regulation values for pM particle number e111issions.
In addition,t0 員lrther lower the pM particle number e血Ssions,
it wi11 be necessary to improve the conventional DPF. This
Study indicates the direction for future development. New DPF
development based on these technicalstudies (i.e.,血Creasing the
Volume of lo t020 μln pores while lowedng that over 30 山n)is
maMng pr08ress.
This research was performed in cooperation with Denso
Corporation, and the authors would like to offer their sincere
gratitude to everyone involved
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Development of Double・Layered

Three・vvay catalysts

,

Abstract

As emissions regulations around the world become ever more stringent, there is an urgent need to develop
high performance automotive catalysts for reducing exhaust emissions. 1n a conventional single・1ayered three・
Way catalyst containing pt and Rh catalytic material on the same coating layer, a110ylng of pt and Rh by high
temperature exhaust gas causes catalyuc performance to deteriorate, However, this study found that a double・
Iayered three-way catalyst loaded vvith pt and Rh on separate catalyst layers suppresses the a110ying of noble
metals,thereby improving catalytic performance. 1n add仕ion, although the adoP訂on of a double・1ayered structure
tends to adversely a什ect osc performance, this vvas overcome by the development of a new Rh support and
analysis ofthe optimum puoading amount. As a result, a high performance three・way catalyst was developed
that requires approximately 409,'o less noble metals than conventional catalysts.

Keywords: three・vvay cata加St, doub/e・/ayered cata/yst, ce02・zr02, OSC, XAFS, pt sintering

1.1ntroduction

Exhaust emissions regulations of various regions around the
World wi11 become stricter in the near future, for example due
to the introduction of Eur05 in E山'ope and pzEv in the united
States.1n order to cope with stricter regulations, there is an
Urgent need to develop techn010gies t010wer exhaust emissions,
beg血ning with exhausttreatment catalysts. As issues for more
effective exhaust treatment catalysts include the sC釘City of
resources and soaring cost of materials,杜lere is a demand for the
development of a three・way catalyst that can enhance catalyst

Performance while dramaticaⅡy lowering the amount of noble
metals used.

YukiAoki*

TakeruYoshida**

10shitaka Tanabe***

Masanorishimizu****

2. currenussues and Development Aims

Fig.1 Shows a pattem diagram of a tmee・way catalyst. The
Catalystis composed of the noble metals pt and Rh, and pt and
Rh support materials. The Rh support uses zr02 Compound
Oxides and the ptsupport uses a ce02・zr02type. The ptsupport
has an oxygen storage capacity (OSC) performance derived 丘om

Ce02. Loading the differe址 noble metals on different support
materials optilmzes catalytic activity by loading each noble metal
On the best support.a)

* PO、ver Train Matedal Enoineering Div

** Toyota Motor Engineering & Manufacturing North America
*** Toyota central R & D Labs.,1nc

***x cataler corporation

Catalyst coating lay引

Monolithlc substrate
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To clarify the current problems of catalysts, the previously
mentioned catalyst was sub血tted to a l,000゜c aoor temperature
durability test using 血e exhaust of an actual engine, and the
noble metal grains were observed under a transmission electron
microscope (TEM). Fig.2 Shows the results. After the
durability test, pt and Rh orains loaded on 血e supports were
detected in 血e fonn ofpt・Rh aⅡoy grains. This indicatesthatthe
noble metals are diffused on mutualsupport materials during the
durability test. Fig.3 Shows the results of a study of the effect
Of a110ying on catalytic activity by a model gas evaluation. The
Nox conversion performance di血nished as a110yino progresses
in rich conditions. Because the Nox conversion perfotmance of
Rh is orioina11y superior in rich conditions, Rh ch雛acteristics are
most probably degraded by aⅡoying. This is probably due to the
fact that noble metal grains di丘Use easily as oxides because pt
and Rh are stable as oxides under M8h temperatures and because
Vapor pressure is higher for oxides than for metals. Because
the catalysts are exposed to strong oxidizing conditions under
exhaust from actual engines due to factors such as fuel cuts,
a110ying is thought to originate from the a8gregation of noble
metalgrains in the high oxidation state of vapor pressure.(2)

Fig,1 Three・vvay catalyst pa廿em Diagram
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Fig.2 TEM lmage after Durability Test

100

99

98

14.6 15.1

NF

Fig.3 NO×・NF properties

Under conventional use environments of catalysts, a110ying
has been contr011ed by supporting pt and Rh on various
Supports.(1) From the standpoint of lowedng exhaust e血Ssions
and enhancin8 the use efficiency of noble metals, however,
a way to fundamenta11y control a110ying is indispensable.
Additiona11y, it has also been pointed out that Rh in the vicinity
Of ce02 is susceptible to being retained in an oxidative state,
thereby creating a dsk of Hc pois011ing.③ T11is article therefore
describes a double・1ayered catalyst that separates the pt and Rh
Iayers to maintain the odginaltreatment pedonnance of pt and
Rh even after a durability test. Rh suppon and pt grain groW山
Controlwere also studied 血 order to improve osc.

97

rises using an equal amount of model gas. pore distribution
measurement by the N2 adsorption method was used for support
Powder charactedzation. F血e structure analysis of catalyst was
Conducted by x・ray diffracuon and TEM observation.

Pt grain growth behavior and osc performance were
evaluated by pt L ・edge xANEs spectrum measurement of
in・situ xAFS. For the evaluation,3% H /He and 4% 0 /He

gases were introduced alternately in 60 second cycles, and
measured for 9,ooo seconds heated t0800゜C.

96
ー^PVRh=0

.^-PVRh=167

..^-PVRh=333

95

Rich

14.1

Lean

4. Results and Discussion

4.1 Study of double catalyst layer

Ai111ing to control a110ying of pt and Rh in Mgh temperature
Oxidization conditions, in11ibit Hc poisoning of Rh, and e血ance
the use efficiency of Rh, a double・1ayered catalyst with the
Rh catalyst on the top and the pt catalyst on the bottom was
fabricated to study the effect on the durability of catalytic
Performance. Fig.4 Shows a sEM image of the fabricated
Catalyst. Fig.5 Shows the calculation results of the pvRh
a110ying rate of the double・1ayered catalyst from 血e diffraction
angle ofpt and Rh using x・ray diffraction with the exhaust of an
actual engine after the durability test

3. Test Method

The conditions of the durability test using the exhaust
Of an actual engine were as f0110WS:3UZ・FE engine; aoor
temperature:1,000゜CX50 h (stoichiometric feedback:50

Seconds; fuel cut:5 Seconds; rich:5 Seconds/cycle). The
Conditions of the performance evaluation were as f0110WS:
2AZ・FE engine; air/fuel(air・fuel ratio) evaluation:400゜c inlet

gas; osc performance evaluation:700゜c inlet gas.
The Rh support was evaluated using model gas after the
durability test under model gas circulation simulating a dcMean
2-11)inute cyde after pe11etization, with the noble metals loaded

Onto each support. The osc performance was gauged from
壮le 02 discharge volume when switC11ing between the rich and
Iean gas. The low temperature activity evaluation employed
an index sett0 50% of the conversion rate when temperature

88

PtC瓔会lyst
Iayer

Fig.4 SEM lmage of Double・

Layered catalyst

The a110ying rate drops markedly due t0 血e adoption of a
double・1ayer, which sU冬呂ests that a110ying can be contr011ed
by increasing the distance between pt and Rh. Figs,6a and b
Show the measurement results of osc petformance and the air/
fuelcharactedstics ofthe fabdcated catalyst.
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Fig.5 Catalyst A110ying Rates
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Fig.6 (a) NF properties and

(b) osc performance of Double・Layered catalyst
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Nox conversion performance in rich conditions, which is
adversely affected in a conventional sin81e layered catalyst, is
e血anced by using a double・1ayer.1n contrast, osc performance
decreased 血 the double・1ayered catalyst due to degeneration of
Ⅱle flow ofe血austto the bottom layer osc matenalwhen using
a double・1ayer. This decrease in osc performance is thought
to be the result of a reduction in the osc matedal usage rate as
a consequence of the longer gas diffusion distance to the osc
materialin the lower layer.
Therefore, using a double・1ayered catalyst creates a trade・off
relationship between the durability of catalytic performance a11d
Osc performance, and the development of a catalyst that can
aC11ieve both targets is an important issue.1n order to enhance
the osc performance of a double・1ayered catalyst, a study was
Conducted as described in the f0110wing section, focusino on the
f0110wing t11ree points.
D Enhancement of use efficiency of the bottom layer osc
materialby improving gas diffusion

2) providing osc performance by adding ce02 to the top layer
Rh suppor[

3) Enhancement of osc performance by contr011ing the grain
growth ofthe bottom layer pt

42 Study of Rh support

As parr of the development ofthe top layer Rh suppon, studies
Were performed focusing on points D and 2) above to improve
gas diffusion by pore distribution control and to find a ceo /
Zr02ratio that enables both favorable osc pedonna11Ce and Rh
acuvlty.

In orderto improve the use efficiency ofthe bottom layer osc
material, it is necessary to improve gas diffusion from the top
Iayerto the bottom layer.1tis also necessary to increase the pore
diameter and volume of the material powder to provide better
gas diffusion. Here, powder was produced by a new method that
Controls pore structure and then compared with powder produced
by the exist血g method. Fig.7a shows the pore characteHstics
Of the powderfabricated by the new method. compared with the
existin菖 Powder, the new method creates larger mesopores of 20

t050 mn and broader pore charactedstics. subsequently,the gas
diffusion of the coating layer was evaluated as diffusion velocity
J using Equation l.

ノ=-DAxdc/dx (D

Xvhere,

D'A: e丘ective diffusion coefficient

dx: gas di丘Usion distance

dc: gas concentration

Developrnent of Double・Layered Three・vvay catalysts

00

The results in Fig.7b were obtained using this equation. Due
to the difference in pore charactedstics, the D of the developed
Product is larger and the diffusion velocity increases, thereby
improving gas diffusion.

How to provide the Rh support with better osc performance
Was then studied. The osc reaction is based in oxygen
adsorption and discharge 血Volved with the reversible reaction

between trivalent and tetravalent ce in ceo ・zro compound
Oxides. Therefore, osc pedorma11Ce relies strongly on the ratio
Of ce02 to zr02. Figs.8a and b show the evaluation results
for the ce02/zr02 ratio of the Rh suppon, and the relationS11ip
between ce02 Use efficiency and low temperature activity
Using the mode18as. The use efficiency of ceo is hi合h at
Ce02/zr02=0.25 0r less, and further addition of ce0 10wers
the efficiency. T11is is because the strain produced atthe tilne of
Phase transformation is a11eviated by the introduction of smaⅡ
ion radius zr4+ int0 仕le lattice, thereby e血a11Cin菖 Use efficiency
When oxygen is discharged.(4×5) Because low temperature
activity tends to deteriorate at ceoyzr02=035 0r higher, there
is concem thatthe addition of ceo to the zro suppon of Rh
Could negatively a丘ect catalytic activity. Fig.9 Shows the
results of TEM observation of Rh after a durability test of NV
Zr02 a11d Rwce02 Catalysts wi血 the model gas. R is possible to
ObseNe the grains of Rh on zro clearly. R11, however, appears
as moire stripes on the ce02. The surface interval of the two
is dose and af負nity is Mgh.1n other words, it is thought that
Rh on ce02 tends to dissolve on the support to create a state
different from the meta11ic state that exhibits the original activity.
TherefoN there is a concern that adding excess ceo might
Cause a drop in catalytic activity

(a)

(a)
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Fig.フ(a) pore properties and
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Fig.9 TEM lmages of(a) Rh尼r02 and (b) Rh/ce02 Catalysts

Therefore, an Rh support a110ws both Rh activity and high
efficiency osc performance.1n addition, a new zr02・ce02
Sedes suppod with a ce02/zr02 ratio that satisfies the required
Conversion perfomlance forthe whole catalyst was adopted.

4.3 Study of pt grain growth contr01

Because osc performance is proportionalto the number of
active sites of the supported noble metal, contr01 0f pt grain
groW血 and optimal pt support amount design as part of this
Control have attracted attention as a means of enhancing osc

Performance of the bottom layer pt support. The strong mutual
e丘ect resulting from pt・0-ce bonding a丘ects the support and
noble metals in the case of pt on ce02. Therefore, itis known
that grain growth under high temperatures can be contr0Ⅱed

Using ce02・zr02 Compound oxides as the pt support. Equation
2 has been proposed to determine the pt support amountto
maxi血Ze the mutualeffect ofthe pt and the support.(6×フ)

(δ/10の X S XUル

.
no drop in pt dispersibility is observed.1n other wotds, it is
thought that pt grain groW血 is contr0Ⅱed because much of the
Pt on the support is immobilized by the anchor effect and the
Support, which backs up the validity of Equation 2. Fig.11
Shows the results of an evaluation of the detedoration behavior

Of osc performance from H2 Consumption on measurement.
The behavior related to the time of osc performance differs

according to the pt support amount. Almost no change in osc
Performance is observed at pt=1.owt%, butit tends t0 由'op at
Pt=2.owt%, and tends to improve at pt=0.5Wt%.

X

工入lhere,

X: anchored pt amount(g/support:10o g)
δ: pt retention site appearance probability (%)
δ=(nvl0の'×100

"1: concentration of ce in suppon (m01%)
U凡: at0血C weight ofpt a95.09)
S: positive ion site unit surface area (人2/each)
N: Avogadro number(units)
S: speci負C surface area (SSA) ofsuppod (m2/幻

As a result of substitutin0 血e conditions of the pt support in

the developed catalyst into Equation 2, the optimal pt support
amount as been calculated to be pt=0,53Wt%. Fig.10 shows
the measurement results for pt L ・edge xANEs spectrum
Using 血・situ xAFS, and for pt grain growth behavior from the
Oxjdized and reduced states of the catalyst and the peak height
difference (PHD).1n the case of load血g a 111inimum of l.owt%

Of pt, the dispersibility of pt decreases with time at a maintained
temperature of 800゜C. However, in the case of pt=0.5Wt%,

S X <1
6,000

X I00
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This behavior is similar to the pt grain gtowth behavior, and it
Shows thatthe durability of osc performance can be enhanced
by contr011ing pt grain growth.
Therefore, optimal pt suppon amount design that obtains a pt
grain growth controle丘ect was adopted as a means ofenhancing
Osc performance of the bottom layer of a double・1ayered
Catalyst.
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4.4 Confirmation o"mproved catalyst e什ect

A double・1ayered catalyst was produced using the new Rh
Suppor[ and optimalptsuppod amount obtained 丘om the studies
described above. The catalyst was evaluated 血 a durability
test using the exhaust of an actual en即ne. Fig.12 Sh0晒,s the
results of evaluation of osc performance and LA#4 mode
Nox emissions. compared to the conventional catalyst, the
developed double・1ayered catalyst used approximately 40% 1ess
noble metals, enabled dramatica11y lower Nox emissions in
excess of the targeted value, a11d also maintained the same osc
Perfonnance.

02

0.12

0.08

口 Bag 3
,、,.、,,、.,,,、■ Bag 2 、、'、

■ Bag l

0.04

Conventlonal Developed DevelopedConventional
CetalystCatalyst CatalystCatalyst

(409/。 1ess noble (40% 1ess noble
metals) metals)

Fig.12 (a) Emissions and (b) osc performance of Developed catalyst
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Investigation of Novel Metal plating process

Using ozone Treatment

,

Abstract

The use of an ozone solution to modify plastic surfaces is being studied as a pretreatment method for metal
Plating on plastics. Although this method has the merits of reducing substances of environmental concem
and a110wing metal pla"ng on smooth plas"c surfaces,it has yet to enter practical use because 吐 Provides
10wer adhesion strength than conven"onal methods. vvhen the adhesion strength of metal plating using this
method was measured, fractures were located within the plas"c layer. consequently, the mechanism of plas"C
reforma"on using ozone solution was identi"ed, and 吐 Was confirmed that this treatment reduces the strength
Ofthe plastic.吐 Was speculated thatthis phenomenon is caused by hydroxylradicals W吐hin the ozone solu"on
advancing the oxidauon of the plastic, resulting in fractures of the polymer network. Tests confirmed that the
Use of ozone gas without hydroxylradicals improved the adhesion strength of metal plating on plastic.

Keywords: P/aガng, ozone, P/aSガC, adhesion streng仂, reformmg

1.1ntroduction

Metal plating on plastics is an inexpensive surface treatment
techn010gy in which a metal coating can be evenly applied to a
Plastic surface with a complicated shape by reduch)g metalions
that are held 血 an aqueous solution. Therefore, this process
is used on a wide variety of automotive parts, such as trim,
electronic components, as we11 as slid血g a11d wear・resistant parts.
Fig.1 Shows an example of nickel(ND metal plating
deposited on acrylonitrile bU仏diene styrene (ABS) plastic.1n
Order to ensure adhesion between the plastic and the metal
Plating, a roughening treatment has to be applied to the surface
Of the plastic.a) The metal plating is deposited along the
intricate plastic shapes that result from the treatment to obtain
Physical adhesion strength (the anchor e丘ect).
However, in order to e丘ectively roughen the surface of
the plastic it is necessary to use substances of environmental

Concern, such as hexavalent chromium acid or permanganic
acid.1n recent years, trends in environmentalregulation have
made the elimination of such hazardous substances from the

manufacturing process an urgent task.1n addition, increasin旦
the roughness of the plastic surface has an adverse effect on a
Variety of part characteristics. For example,血 order to reduce
the size of circuit boards itis essentialto miniaturize the wir血g
However,increasing the roughness of the plastic surface reduces
the reliability of the insulatjon between the wires. To solve
血is issue it is necessary to develop metal plating that possesses
exce11ent adhesiveness and does not require roughening of the
Plastic surface.

HiroshiYana晉imoto*
TakeshiBessho*

(a)

'、゛
L 、、

0

Fig.1 (a) cross section of Metal plating and (b) pattem Diagram
Obtained by conven"onal Method
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Therefore, research into a plastic surface treatment method
that uses an ozone solution is being promoted as a new metal
Plating pretreatment techn010gy.(2) 1n t11is method, the plastic is
ilmnersed in an aqueous solution,血to which higNy・concentrated
Ozone has been dissolved,血 order to perform an oxidation
treatment. After this, the metal coating can be applied to the
Plastic by existing metalplaung treatment processes. T11is anicle
describes the details of the mechanism of plastic reformation,
Which was an issue for this method. As a result, it is now

Possible to improve the adhesion strength ofmetalplating.

ー^

●サ

92

(b)

2. ozone solution Treatment Method

Ozone has strong oxidizing power and is able to reform a
Variety of d辻ferent plastics. ozone or hydroxyl radicals in an
aqueous solution oxidize the plastic sudace and generate polar
groups as shown in Fig.2. A cross section of Ni metal plating
deposited on ABs plastic is shown jn Fig.3 as an example.
The metal plating solution infiltrates into the plastic surface
and achieves adhesion strength because the metal coating is
deposited with血血e plastic. Therefore, itis not necessary to
apply a conventionalroughening treatmentto the plastic SⅢface.



In addition, since ozone is easy to decompose, substances of
environmentalconcem ate not discharged

@巨動鴻母訓如m如

Fig.2 0utⅡne of ozone solu"on Treatment
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(a)

Fig.3 (a) cross section of Metal plating and (b) pattern D治gram
Obtained by ozone s0山"on Treatment Method

Plastlc

^

Investigation of Novel Metal plating process using ozone Treatment

The main issue with this method is the lack of adhesion

Strength of the metal plating. As shown in Fig.4, by adding
a heat treatment process after the ozone solution treatment,
the adhesion strength iS 血Creased, but further improvement is
necessary. Therefore, the mechanisms of plastic reformation
Using ozone solution and heat treatment were identified and
methods of increasing the adhesion strength were exa血ned.1t
Should be noted that acrylonitdle styrene (AS) plastic, which is
Used for trmlparts, was used as the plastic for the evaluation.

Metal plating infiltratlon layer

(b)

、ノ、

气 、入

Fig.5 Cross section at Time of Adhesion strength Measurement

The thickness of the plastic layer that was reformed by the
Ozone solution was verified. From the FT・1R analysis shown
in Fig.6, a peak was detected for the carbonyl group, which
indicates plastic reformation. A simulation of the thichless of
the plastic reformation layer was conducted usin8 the stNngth
Of the carbonyl peak that was detected when the lR angle of
incidence was chanoed. As a result, it was found that the

thickness of the plastic reformation layer was approximately
20o nm, as shown in Fig.フ. This value is almost equalto
the depth of the fractures found when the adhesion strength
Of the metal plating was measured. Therefore, itis believed
that 山ere is a conelation between the plastic reformation layer
and the decrease in the adhesion strength of the metal plating.
Consequently, an evaluation of 血e plastic strength before and
af[errefomlation was conducted.
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3. Mechanism of plastic Reforma"on using
Ozone solution

3.1 Evalua"on of As plastic properties

Fig.4 Adhesion strength of Metal plating

0

Vvith ozone

Solutlon

treatr"enl

As shown in Fig.5, fractures were found within the plastic
When the adhesion strength was measured. The fractures were
10cated at a depth of approximately loo t020o nm from 血e
Surface of the plastic.

Calbonyl

Conventlonal

method

1600 1200

Wave nurnber(cm、,)

Fig.6 Fr・1R spectrum Before and After
Ozone solution Treatment

^ Unlreated

^Wlth ozono
Solutlon tr9almont

2000
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3.1.1 Experimental method

The surface and interfacial cutting analysis system (SAICAS)
Was used as the evaluation method.(3) An outline of sAICAS

is shown in Fig,8. The verticalresistance and horizontal
resistance are detected when the cutting blade is inserted into
the plastic at a l゜ angle of 血Cidence. The vertical resistance
Sig血fies the modulus of elasticity 釘ld the horiz0址al resistance
Signifies the fracture strength.1tis known that the angle e
formed between these two resistances is able to track chanoes

in the plastic properties. This means that when e becomes
Iarge, deformation in the venical direction becomes difficult or
fractures in the hodzontal direction are produced more easily
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In other words, an increase in the angle e signifies a reduction
in the strength of the plastic. Therefore this angle e can be used
to qualitatively evaluate changes in plastic strength.

3.12 ResU吐S and observa"ons

Fig.9 Shows the sAICAs evaluation results for the salnples
from before and after the ozone solution treatment.1t was

Confirmed that e increased in the vici11ity of loo nm 血 the plastic
Surface layer due to the use of the ozone solution treatment
This thickness is analooous to the ftacture area found when

the adhesion strength of the metal plating was measured, as
Confi血ed in Fig.5. Therefore,山e cause of the Nduction in
adhesion stren菖th is considered to be the reduction in plastic
Strength that resultS 丘om the plastic reformation by the ozone.
An attempt was made to analyze the plastic stNcture 血 order to
Clearly identify the mechanism ofplasuc strength reduction.

100

、

Fig.9 Plastic strength Measurement using sAICAS

50

32 As plas"c structure analysis

32.1 Expe"ment method

The plastic sheet used for the evaluation had a thickness
Of 3 mm and the thickness of the plastic that was reformed
by the ozone solution was loo t020o nm. consequently, the
Condition of the plastic sheet limited the portion to be analyzed
to a nlinute amount and a detailed analysis was not possible.
Therefore, buffing was used to shave off severa1 μm of the AS
Plastic surface layer and the obtained plastic powder was used to
Conductthe evaluation.

The f0110W血g methods were used for the analysis: nuclear
magnetic resonance (NMR), gel permeation chromatography
(GPC), and electron spin resonance (ESR).

322 ResU吐S and observations

NMR analysis was conducted on the plastic before and after
the ozone treatment in order to identify the change in the AS
U11it strⅡCture. The structural fonnula of the As unitis shown in

Fig.10. Furthe血ore,血e numbers in that figure representthe
binding siteS 山at were returned 丘om the NMR analysis shown
血 Fig.11. However, no difference in the NMR profiles from
before and after the ozone solution treatment was recognized.

No change in the U11itstNcture was also found.

%含
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●' wlth ozorle solulton lreatment

0

AorylonltΠ1巳

⑦⑧
C- C-

(6) CN

01 05

Plastlc lhlckne$$(μm)

Fig.10 structure of Acrylon詮rile styrene plastic
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Fig.11 C伯.NMR pr0打les Before and After ozone solu"on Treatment

②,③

川1
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(3)

Next, an evaluation was conducted using Gpc analysis to
determine any change 加 the molecular weight. As shown in
Fig.12, a11increase and decrease in molecular weight due to the
Ozone solution treatment was conf血ned. The avera8e molecular

Weight shown in Table l demonstrates that the majority of
Changes were increases in the molecular weight. Furthermore,
When the samples were dissolved 血 tetrahydrofutan (THF)
Solution in preparation for the Gpc analysis, only the samples
that had received the ozone solution treatment were found to have

insoluble matter. The cause of this matrer not being dissolved in
a good solvent despite 由e lack of change in the AS U11it stNcture
isinfened to be the production ofcross・1血ked matter.
The oxidatively active species in the ozone solution are the
Ozone or the hydroxylradicalS 血at are generated by the reaction
between ozone and water.(4) These oxidatively active species
attack and sever a variety of molecular bonds. when tMs occurs,
an active electron (radicaD is produced in the place where the
bond is severed. Therefore,the alnount ofradicals was measured

①

Untreated

Wlth ozone
Solutlon treetm巳Πt

(5)

Average molecular we四ht

Poor (insoluble matte"

⑥ (4)

⑦,⑧

10

94

1.0

102 10

Molecular weight

Fig.12 Gpc profile Before and After ozone solution Treatment
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Using ESR analysis and an attempt was made to identify the
Cause of the change in the molecular weight. Table 2 Shows
that carrying out the ozone solution treatment increased both
the carbon radicals and oxygen radicals within the plastic.1n

Particular, since carbon radicals increased by approximately four
times,it became clear that carbon bonds were being severed. The
main chain of As is composed of chemica11y stable saturated
bonds. Therefore, it is thought that the active species that is
Capable of sevedng these types of bonds is the hydroxylradicals
Since they possess strong oxidizing power.(4)
The change in the structure of the As plastic caused by the
Ozone solution treatmentis sU11血釘ized in Fig.13 based on the
results described above. The hydroxyl ndicals sever the main
Chain of As and a recombination reaction (cross・1inMng reaction)

also occurs. Furthermore, it was concluded thatthe ozone was

Causing the oxidation ofpolymerter血nals or side chains.

Change in Amount of Radicals Before andTable 2

After ozone solution Treatment

Investigation of Novel Metal plating process using ozone Treatment

Untreated

Vvith ozone solutior11Teatment

42 Results and observations

The FT・1R difference spectrum is shown in Fig.14. A peak
returned from the RCOOR bonds was confirmed, although

it was quite sma11. This is a bond formed by a dehydrating
Condensation reaction between the oxidation pole groups.1n
Other words, this means that 血e hea{ treatment caused bonds to

form between polymers.
The change 血 the peak strength of 山e RCOOR bonds with
respect to the length of the heattreatment time is shown in Fig.
15.1t was confirmed that as the time grows longer, strength
increase and the dehydrating condensation reaction progress
Continuously.1t is thought that one cause of the 血Creased
adhesion strength of 血e metal plating due to the heat treatment
is that the plastic strength increases as new bonding points are
formed. TNs reasonino'is supported by data that shows when
Samples that received heattreatment were dissolved in THF, the
amount of insoluble matter increased in comparison to samples
that had not received the heat treatment. From this it was

determined thatthe newly formed bonds were functioning as
Cross・1inking points.

Carbon radicals

Fig.13 Changes in polymer Network due to ozone solution Treatment

83E+14

-CH2

3.4E+15

L

4. Heat Treatment Mechanism

.^

As is shown in Fig.4, it was confirmed that the adhesion
Strength of the metal plating waS 血Creased by adding a heat
treatment process after the ozone solution treatment. Therefore,
an idea for funher increasing the adhesion strenoth was obtained
by identifying the mechanism ofthe heattreatment.

● CroS5・11Πklng
PO】nts

Oxygen radicals

-CH2-0

:、＼
'

.

17E+15

4.1E+15

● O×1detlon loca力ons

4.1 Experiment method

An Ff・1R analysis was conducted to exa加ne the change in the
Plastic structure before and after the heat treatment. Moreover,
in order to make a detailed analysis of the change, the spectrum
Ofthe sample 丘ombefore the heattreatment wassubtracted from
山e spectNm ofthe sample afterthe heattreatment and any peaks
that exhibited change were identified (difference spectrum).
In addition to tMS,the components ofthe gas generated dunno
the heat treatment were identified and their quantity deter加ned
by gas chromatograph mass spectrometry. The pyrolytic
Components produced 丘om the untreated plastic and plastic that
had received ozone solution treatment were also compared.

Fig.14 FT・1R Di什erence spectrum Before and After Heat Treatment

RCOOR
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Treatmo"t 11rne (mlnutes)

Fig.15 Change in RCOOR strength with
Respectto change in Heat Treatment Time

Next,the composition of and amount of componentS 血 the gas
generated dudng the heattreatment are shown in Table 3. The
applicauon of the ozone solution treatment increased the amount
Of gas produced and for加C acid, nitrogen・containing components,
and components with a comparatively large molecular weight
Were also detected from the oas.1tis therefore infened thatthese

Components were discharged from the plastic due to the heat
decomposition of the low・molecular components confirmed in
Fig.12. The coils of low・molecular chains are weak and this
Ieads to a reduction in the plastic strength. consequendy, it is
thoughtthatthe eli血nation of low・molecular components via 血e
heattreatmentis what causes the increase in the plastic strength
Based on the explanations above, the mechanism for increased
adhesion strength of the metal plating due to the heat treatment
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is shown in Fig.16. The dehydraung condensation reaction
Produced between the active 菖roups by the ozone solution
treatment is advanced and cross・1inking between polymers is
Promoted. hl addition to t11is, it was concluded thatthe polymer
density is incteased by heat decomposition of low・molecular
Components and the plastic strength is als0 血Creased.

Gas components Generated DU"ng Heat TreatmentTable 3

and Amount of components

Swrene

Formic acid

Unknown component l (contains nitrogen)

Unknown component 2 (1arge rnoleoular weight)

Total

Untreated

11.1

BeforB heattreatment

6. summary

In order to identify the cause of reduced metal plating adhesion
Strength, which was an issue for the ozone solution treatment
method, the properties of the plastic were evaluated, and detailed

examinations were conducted into the mechanisms of plastic
reformation using ozone and heat treatment. As a result the
f0110wing findings were made
(1) The reduction 血 adhesion strength was caused by a reducuon
in plastic strength due to the ozone solution treatment.
(2) Hydroxyl radicals in the ozone solution simultaneously
adva11Ced both the fracturing and recombinauon of polymer
main chains. Because of壮lis,仕le plastic strength was reduced.
(3) conducting the heat treatment after the ozone solution

treatment increased the bonding points between polymers
and simultaneously advanced the heat decomposition of
10W・molecular components. As a result, the plastic strength
recovered to a cedain extent and the adhesion strength of the
metalplating increased.
(4) 1t was confirmed that conducting plastic reformation using
Ozone gas that does not contain hydroxylradicals achieved
the target perfonnance.1n other words,itresulted hlexce11ent
adhesion streng血 for the metal plating and obtained values
that were equalto the cunent method.
The authors would like to express their gratitude to the
f0110W血g for their assistance with t11is research: Toyota central
R&D Labs, hlc., fot their cooperation with the sAICAs analysis,
Kanto Kasei Ltd., for their cooperation with the metal plating
住eatment, and Kudta Kogyo lnc., for their cooperation with the
Ozone gas treatment

● Cro$$ー【川k川9Poln15 ● O×1da110n1伽a110n5

0

Vvith 020ne

Solution treatr"ent

0.8

L

'^

3.1

42.1

Fig.16 Change in polymer Network due to Heat Treatment

After heattreatment

5.1

5. Measures to lmprove Adhesion strength

27.1
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23.0

From the results of the mechanism analysis conducted up to
tMs pointitiS 壮10ughtthatthe cause of the reduction 加 adhesion
Strength of the metalplating is the reduction in the plastic strength
Caused by hydroxylradicals in the ozone solution. Therefore, in
an attempt to increase the adhesion strengdl of the metal plating,
Plastic surface refonnation was applied using ozone gas that does
not contain hydroxylradicals. As is shown 血 Fig.17, a major
increase in the adhesion strength of the metal plating through
the adoption of ozone gas was confirmed. The values that were
Obtained are approximately equalto those of the conventional
me仕10d at 13 kg/cm and it was learned that these values satisly
山e levelnecessary to make practicaluse possible.
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Fig.17 Peel strength of Metal plating obtained by
Each Treatment Method
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Development of povver Diode for

Hybrid vehicles

,

Abstract

Hybrid vehicles (HVS) are seen as an increasingly important measure against recent environmentalissues
Such as global warming, To further enhance the exce11ent dynamic performance and fuel e什iciency of HVS,it is
necessary to boostthe v0吐age ofthe motor d"ve system. However,the diodes (semiconductor devices)that act
as the core parts for d"ving the motor sU什erfrom a temporary reduc"on in W詮hstand v0吐age during operation
(ca11ed the avalanche phenomen0川. This adversely a什ects the current interrup"on func"on and prevents
Voltage from being increased. This development used atomlc level analysis to ident汁y crystaⅡine defects caused
by carbon in the diodes as the root cause ofthe reduc"on in withstand voltage. overcoming this issue has
Contributed to the improvement of Hv performance. This article describes the details ofthis development.

Keywords: hybrid diode, dynamic ava/anche, carbon, clysta//me defect

1.1ntroduction

Hybrid and other environmenta11y friendly vehicles are
attracting increasing attention 血 the face ofrecent envir01血ental
issues such as the depletion of oilresources and global war加ng
Caused by c02. Hybnd vehicles are provided with an 血Vener,
Which converts Dc from the battery to Ac to ddve the motor.
As shown in Table l, system voltage has been graduaⅡy
increased to increase motor power and reduce losses.
As a result of this trend, the power diodes insta11ed in the
IGBT module inside the inverter (Fig.1) must be provided
With even greater withstand voltage characteristics. However,
the desired voltage increase may be pNvented by the dyna加C
avalanche phenomenon, which results in a temporary decrease in
Withstand voltage dudng s、vitcMng
The performance of Toyota'S Hvs is positively affected by
reductionS 血 diode size and losses.1t is therefore imperadve to
resolve this issue in order to improve the colmnercial appeal of
the vehicle. Additiona11y, to explain this phenomenon, it was
necessary to develop complex teclm010gy capable of analyzing
elements contained in the diode with a concenuation of less than

I in loo mi11ion compared with the concentration of the base
Silicon material

This development used atomic level analysis to identify
Crysta11ine defects caused by C雛bon in the diodes as the root
Cause of the reduction in withstand voltage. Additiona11y,
Contr011ing the carbon concentration a110wed the production
Of diodes that suppress the dynamic avalanche phenomenon,
thereby maMng a major contdbution to the improvement of HV
Pedormance

AtsushiTanida*

Tetsuya Kanata*
Katsuhiko Nishiwaki*

IakaNde sU容iyama**

Table l HV Motor power and system voltage

Motor power(kw)

System voltage (V)

* Electronics Development Div.3
10yota centralR & D Labs.,1nc

'0I Estime

**

^
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'03 Prius

^、

13

216

'05 Harrier

^
50

500

Inverter

2. Developmentlssues

'06 GS

^
123

650

A diode is a rectifying device that functions to conduct cunent
With low losses when forward・biased, and to interNpt cunent up
to its withstand voltage when reverse biased. AdditionaⅡy, the
diodes in Toyota'S Hvs use He inadiation to foml a crysta11ine
defectlayer. This reduces losses dudng switching and enables
high performance operation.
However, if system voltage is increased with conventional
diodes, the dynamic avalanche phenomenon occurs.1n this
Phenomenon, the withstand voltage temporarily decreases when
the diode switches from foNard to reverse bias (Fig.2). T11is
increases switC11ing losses a11d causes secondary osci11ations in
Voltage and current(i.e., noise)

Fig.1 Hv lnverter Diode
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The aim of this development was to suppresS 山e dynamic
avalanche phenomenon that occurs when system voltage is
increased.

0

F0則ardblasl^ Reversebias

SⅧtch1Πg

Normalwaveform

Fig.2 V0吐age and current waveforms During sW吐Ching opera"ons

Withstand voltage decrease

3. Mechanism of Dynamic Avalanche
Phenomenon

Tlrne

Fig.3 Shows the principle behind the determination of
Withstand voltage when the diode switches to reverse bias. AS
a result of the reverse bias voltage, an electrical field forms
in the region (depletion layer) where no carriers are present.
Subsequently, this eleC住ical field becomes stronger as the
Voltage 血Creases.

0

Forwardblas l^邑 Reversebias

SⅧtching

Dynamic avalanche waveform

As shown 血 Fig.4,壮le dyna111ic avala11Che occurs as f0110WS.
During slvitcMng, holes are trapped by crysta11ine defects, WMch
resultS 血 a temporaty dse in posiⅡVe fixed charge a11d causes the
electdcalfield in increase.①

Tirne

皿

④@④①④④④田

P+

N-

ジ

Xん7hen the electncal field reaches the cdtical value, the volta琴e

Cannot be held, and the diode losses its cunent 血terrupt function

(the avalanche phenomenon). The withstand voltage at this
Point is the 血tegral of the cdtical electnca1 負eld value, and is
represented by 血e area of the shaded portion in the figuN. The
gradient of the electrical field can be obtained by 血e f0ⅡOwing
equauon.

N-

++++
+十十十
++++

Fig.3 P"nciple for Determining W吐hstand v0吐age

^

/ン

Fig.4 Electrlcal Field Distribution when Dynamic Avalanche occurs

/
ノ

N+

In other words, dudng switC11ing, the gradient of the electncal
field increases by the amount of the trapped holes over the
gradient during nonnalreverse bias operation. TMs is expressed
'n Equation 2. Therefore, the withstand voltage decreases
because the area of the shaded portion in the figure becomes
SmaⅡer.

Critical electrical

field value

Hole trap

dE/dx = qND/ε。εS

工入lhere,

Vvhen normal

Depth

Vvhen dynamic
avalanche occurs

dE/dx = q(N。+N圃。ソε。ε.

Where,

E electricalfield

X: depth

q: elementary electric charge

ND: donor concentration in N layer

ε。: dielectric constantin a vacuum

εS: dielectdc consta11t of silicon

Nh。1。: hole concentration in N layer

Incidenta11y, because diodes perform lifetime contr01,
Crysta11ine defects are introduced by Mgh・energy par[icle (He)
radiation 血to the silicon crystals. As shown in Fig.5,1ifetime
Control refers to the creation of an energy level close to the
Center of the conduction band containing electrons (EC) and
the valence band containing holes (EV). This level(ca11ed the
recombination center) is formed by crysta11ine defects and it
acts to elim血ate caniers by re・combining electrons and holes.
However, the analysis described above identi負ed that 肌 energy
Ievel(ca11ed the hole trap leveD 山attraps holes and temporarily
generates positive fixed charge is also formed at the same
time. To resolve tMs issue,山is development clarified the hole
trap level formation mechanism and attempted to suppress its
fonnation.

Depth

98

(1)

(2)

Conduction

Valence

band

Fig.5 Residual Holes in Hole Trap Level
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4.1dentification of Root cause of Dynamic
Avalanche phenomenon

4.1 Clarifica"on oftrap level

It was thought 血at a test sample in which the dynamic
avalanche phenomenon is likely to occur should have many
Crysta11ine defects that contribute to hole trapping. As a result,
Samples A and B were prepared such thatthe dyna加C avalanche
Phenomenon occuned in sample B, but notin sample A.
The crystaⅡine defects were analyzed by deep leveltransient
Spectroscopy (DLTS), which is capable of confirnling the trap
Ievels in almost a11 regions of silicon.
Fig.6 Shows the hole trap measurement results. A
Comparison of sample A and B showed specific spectrum
Changes at EV+0.35ev. The spectrum strength was higher
in sample B 血 Which the dynamic avalanche phenomenon
Occurred.1n addition, Fig.7 Shows the electron trap
measurement results. No major d廿ferences were found between
the samples with respectto electron traps.

had a nonnalswitcMno mechanism, whereas the wavefonn for

Simulated sample B with a high trap levelreproduced the double
Peak of the dynamic avalanche phenomenon. This confirmed
thatthe dyna加C avalanche phenomenon was caused by a Ngh
EV+035ev leveldensity.

Development of power Diode for Hybrid vehicles

Sample A

EV十020ev

3500 50 250 300200100 150

Ternperature (K)

Fig.6 DLTS Results for samples A and B (Holes)

EV+0.35ev

He jrredlatlon, etc

Sample B
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(sirnulated sarnple A) 矧mulated sample B)

Fig.8 Waveform compa"son at va"OUS EV+035ev Level DenS吐ies
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43 Clarificauon of level・generating defects

The defects that generate the E +035ev hole trap level were
identified as shown 血 Fig.9, focusing on elements that 血ght
intNde into the diode as impudties dudng the diode fabdcation
Process from silicon crystalproduction.

C rrent

G・1ine

(CSCI)

0 100 150 200 250 300 35050

Temperature (K)

Fig.7 DLTS Results for samples A and B (Electrons)

1,4001,200

Wavelength (nm)

Fig.10 CL spectra of samples A and B

These resultS 血dicated that EV+035ev is a hole trap levelthat
affectsthe dyna血C avalanche phenomenon.

42 Ve"fication by simulation

The e丘ect of the E +035ev level on the dyna血C avalanche
Phenomenon was verified by se111iconductor device simulation.
Fig.8 Shows the switching waveform calculation results
When the EV+035ev trap level density was varied to simulate
Samples A and B. simulated sample A with a low trap level

TOYOTA Technical Revievv v01.57 NO.1 JUI.2010
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Fig.9 1mpurity Elements in Each Diode Fabrication step

Cathode luminescence (CL) was selected as the evaluation

method as it is capable of detailed 血Vestigation of trap levels
detectedby DLTS.1n the S田11e way aS 仕le DILs analysis, salnples
A (dyn肌lic ava1飢Che not occU血ng) and B (dyna11ic avalanche
Occunhlg) were prepared. h1 壮le evaluation results shown in Fig.
10, a c・1ine (cioD and G・1ine (CSCD were identified in the cL
Spectra.(2×5) of the two peaks, since the c・1ine is equivalent to
血e EV+035ev energy,it was deten11ined 杜latthe root cause of仕le
dyna111ic ava1雛Iche phenomenon was c・1ine cioidefects.

Susceptor

Vvaferfebrication

Diode

[コ

Formation of p and N

regions end electrodes,

Toyota

一
仁
Φ
」
」
コ
U
一
Φ
動
価
一
一
0
>

の
Φ
一
0
=
」
く
一
邸
0
-
E
U
Φ
ヒ
仂
」
Φ
n
伺
止
一
則
0
-
E
0
Φ
↑

E
Φ
」
」
コ
0
、
Φ
励
四
一
0
>

命
一
で
コ
壽
是
E
巴

ε
口
仁
Φ
」
一
仂
 
E
ヨ
一
0
Φ
ユ
仂
の
↑
"
0

.
'

,
.

'
ー

(
の
一
三
コ
壽
是
e
巴

ε
励
仁
Φ
」
一
仂
 
E
三
一
0
Φ
0
仂
]
0

(
切
一
モ
コ
込
m
是
e
巴

二
一
口
C
Φ
」
一
の
E
三
一
U
Φ
0
仂
の
↑
]
0

ー
ー

ー
ー
阜
'
゛

'
邑
'
.

,
'
,

.
'
ー
ー
ー

、
写



5. countermeasures and veri"cation of E什ect

The concentration of carbon (1E15 Cm、3) in the silicon is

Significantly lower than that of oxygen aE18 Cm、3). since
Cioiis a composite defect of carbon and oxygen, its fonnation
amountis determined by the carbon concentration.1herefore,
Samples with different C雛bon concentrations were fabticated
to study the suppression effect on the dynamic avalanche
Phenomenon.
Fig.11 Shows the switching waveforms for conventional
Sample B and an improved sample with a lower carbon
Concentration
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Fig.11 Compa"son of Actualwaveforms of conventionaland
Improved samples
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(4) R. siemieniec, Lutz, Herzer." Analysis of Dynamic lmpatt
Osci11ations caused by Radiation lnduced Deep centers."
Proceediπgs qf'1SPSD '03 (2003) PP.283-286.

(5) V. Komarnitskyy, Hazdra."1denti負Cation of Radiation
Defect profiles for Accurate simulation of power Devices

Inadiated with proton, Alphas and LOW・Energy Electrons."

P,oceediπgs ojlspsD '04 (2004) PP.17フ-182.

The dyna血C avalanche phenomenon occuned in conventional
Sample B, and the presence of secondary osci11ation was
Confirmed.1n contrast, it was verified that the dynamic
ava1肌Che phenomenon was suppressed 血 the improved sample
With a lower carbon concentration.
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6. conclusion

This development identified crysta11ine defects caused by
Carbon as the root cause of the dyna血C avala11Che phenomenon

that occurs duhng switcMng.
The fabrication of high・pedormance diodes that suppress tNS
Phenomenon has helped increase the con血ercial appeal of HVS
and should contribute in the future to further increasing their
Popularity.
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Development of Electrode structure for

High performance Fuel ce11 Using cAE

,

Abstract

Freeze starting and high temperature opera"on are current issues in the development of high performance fuel
CeⅡ electrodes. A吐hough excess water must be removed to improve these aspects of electrode performance,it
is also importantto adopt a structure that prevents the electrodes from drying up. 1n the face ofthis con"icting
relationship,it is therefore di什icultto design an electrode structure W吐h the required properties. Forthis reason,
Using techn010gy join"y developed Wけh Kyoto university and Toyota R&D Labs.,1nc., the rela"onship between
Structuralfactors and performance was identified by applying a two・phase "ow simula"on to the complex
microstructure of the gas di什Usion layer (GDL) to op"mize the electrode structure, As a resU吐, an electrode
Structure was designed that improves high temperature operation while maintaining freeze starting performance.
The simulation resU吐S were then validated by expe"ments.

Keywords: fue/ ce//, gas diffusion /ayerイGDιノ,/atガCe BO/tzmann method 4Bんけ,レνatermanagement, diffusiVルy
Structura/ OPガmizaガ0n

1,1ntroduction

The fuel ce11is attracting attention as an environmenta11y
friendly portable energy source capable of addressing recent
energy and environmentalissues. consequently,血e fuel ce11
Vehicle (FCV) is recognized as having significant potential
for the future due to its exceptiona11y good environmental
Performance

Jojilomiyasu*
TakashiHarada*

Makoto Fujiuchi*

Takajilnamuro**

ShiaMHyod0艇*
ToshihisaMunekata***

2. Background and Target of Research

2.1 Basic structure and power generation p"nciple of
fuel ceⅡ

Fig.1 Shows the basic structure of a fuel ce11. A gas
diffusion layer (GDL) and bゆolar plate are placed on each
Side of a catalyst・coated membrane. power is generated by an
electrochenlicalreaction by supplying hydrogen to the anode and
Oxygen t0 血e cathode, result血g in water as a by・product.
A fuel ce11 Stack that produceS 90 k圦l for use in a vehicle
Consists of several hundred ce111ayers connected in series. The
electrode area (cutrent) and number of ce111ayers (volta菖e) are
deten11ined in accordance with the required power.

* FuelceⅡ Production Engineer血g Div

** Graduate scho010fEngineedng, Kyoto universjty
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Fig.1 Basic Fuel ce11Structure

221Ssues offuel ce11S

゛H

High temperature operation is critical for improving fuel ce11
Perfomlance. Achieving operation at Mgh temperatures enables
Cost and size reduction by boosting system efficiency and
Simplifying the cooling system.
However, as shown in Fig.2, ce11 Voltage drops rapidly
When the ce11temperature increases. The reason for this rapid
Voltage drop is because the polymer electrolyte membrane
dries up, which reduces proton (H+) conductivity (Fig.3).
Two approaches are being researched to resolve this issue:
the development of a structure that prevents the electrolyte
membrane from drying up, and the development of electrolyte
membrane materials with lower resistance under dry conditions.
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This article focuses on the former structural approach. The
Concept of 血e research is to prevent the electrolyte membrane
dW血g up by suppressing diffusion of water vapor generated by
the reacdon in the GDL. However, a natrow focus on simply
Suppressing 山e diffusion of water vapor may produce a dense
S如Cture less capable of removing liq山d water. TMs may lead
to problems in the cold start process. on start・UP, if the amount
Of generated heatis low, water remain血g in the ce11S wi11 freeze
in sub-zero temperatures, hampering the supply of fue1 菖as,
and stopping power generation. Therefore, the GDL structure
must also encourage the removal of Hquid water to reduce the
amount ofremaining water. As a result, one issue in developing
a diffusion 8as layer is to create a stNcture that both prevents
dwing of 血e electrolyte membrane and promotes the removal of
Iiquid water.

3. Basic structure of GDL

Ce11temperature (゜の

Fig.2 Performance Deterioration in High Temperature opera"on

The functions ofthe GDL are as f0ⅡOWS:the removalofliquid
Water, electron conductivity, and stNctural strength expressed
as elasticity. To achieve these functions, the GDL consists of
a substrate layer with a carbon fiber frame to provide elasticity,
and a micro porous layer (MPL) comprising a mixture of
Conductive carbon and water・repe11ent materialto prevent the
generated water coat血g the electrodes (Fig.4).1n addition,
each layer has a porous carbon material structure to conduct
electrons a11d dif員Ise gas.
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Fig.3 Relative Humidity and H゛ conduction
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2.3 Target of research
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MPL

The target ofthis research is to develop a robust GDL structure
thatimproves high temperature operation while maintaining
Cold start performance. CAE techn010gy was chosen to aC11ieve
Opti血Zed solutions within a short period of time and lower
investment costs. This article describes new fluid dynamic
numerical analysis techn010gy estabHshed in this research,
Structural generator techn0108y utilized to simulate GDL
geometry, and statistical quality contr01 (SQC) techn010gy
applied to optimize GDL design.

4, Development of cAE Techn010gy

4.1 Development of numerlcal analysis techn010gy for
"ow inside GDL

Fig.4 GDL structure

To design a robust GDL that enables both high temperature
Operation and cold start perfonnance, it is necessaw to evaluate
Water vapor diffusivity and liquid water removal. This requires
two・phase aow numerical analysis of both gas and liquid.1n
addition, since the GDL has a complex porous struC加re,itis not
Possible to create a mesh structure.
For these reasons, this research focused on the lattice

Boltzmann method (LBM),(1) the development of which
has progressed in recent years. The LBM has the f0ⅡOwing
Characteristics, which are suitable for the numerical analysis
requlrements.

(D surface tension and contact an今le (wettability) can be
Considered by tracMng the gas・1iquid interface as a11 energy
ternl.

(2) A mesh structure is not required to modelthe geometry,
W11ich enables the modeling ofcomplex structures.
In tMs research,joint development between Kyoto university
and Toyota central R & D Labs.,1nc. achieved the f0110wing
two points to adapt the LBM to GDL analysis.(i) The contact
angle was made more easily adjustable by incorporating
a new wa11 boundary condition using surface free energy.
(iD Numerical analysis of the concentrated gas diffusion
Phenomenon was enabled by discretizing and integrating the
diffusion equations into the LBM.
These developments a110wed the analysis of wettability and
diffusion even witMn a complex porous structure. Further details
Ofthe LBM can befound 血 reference (D.
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42 Technical development of GDL structural
generator

As described above, the GDL has a complex porous
Structure that is impossible to show in drawings. Therefore,
for GDL modeling, a structural generator was developed that
automaticaⅡy creates structures using random numbers. using
actua1血formation on the pores, such as the pore size distnbution
and porosity as inputs, an algorithm was constructed that
evenly distributes pores using random numbers. As shown
in Fig.4, this has enabled the creation of a virtual structure,

maMng it possible to embody the GDL both quandtatively ωld
qualitatively.

5. Development of Robust GDL structure

5.1 Flow of structure development

Fig.5 Shows the flow of structure development 血 this
research. Diffusivity and liquid water removal were evaluated
in separate cycles featuring design of experiment, numerical
analysis, and the application of a response sudace method. The
howledge obtained 丘om these cydes was then used to design
a robust GDL. The response surface method is a means of
Opti加Zation by applying functional approximation to properties
Using certain factors.

Development of Electrode structure for High performance Fuel ce11 Using cAE

53 Step l: study of GDL structure to op"mize high
temperature opera"on

X入7ater vapor diffusion must be suppressed to improve high
temperature operation. Diffusion is descdbed by the f0ⅡOwing
diffusion equation.

Step l

Analysjs of GDL to enable high tempera加恰 Operatlon
SQC

Design of
experlrnent

ーー・ot一丁一)

SteP 2:

Where,φ is the density and D is the diffusive coefficient. since
the suppression of diffusion increases as the di丘Usive coefficient
decreases, D can be used as an evaluation index for the di丘Usion

Of water vapor. Therefore, the target ofthis study was to reduce
D.

Fig.6 Shows quantified results for water vapor diffusion.
Diffusion increases at the interface between the substrate and

the MPL. TNs is considered to be the result of sudden diffusion

Of water vapor as it penetrates from the dense MPL into the

Iarge・pore substrate layer. Numerical analysis was performed
Using the design of experime址 method to calculate the diffusive
Coe丘icient. The contnbution ratio of the four structural factors

Was analyzed from the obtained calculation results. As shown

in Fig.フ, the contnbution of MPL porosity (εMPL) is large.1n
addition, it was also found that d廿fusion is suppressed when

Analysis of GDL to enable cold S捻d performance

Simulatlon

SQC

Design of
expehment

D市Usion

SQC

Response surface
method

Simulation

L四旦型_Ⅶ鉱登
removal

5.2 GDL structuralfactors and conditions

S血Ce water management was the top pdority in this research,
the stNcture of the GDL was optimized atthe cathode, at W11ich
Wateris generated by electroche血Calreaction
Four structural factors were chosen to opti血Ze t11e GDL from
the standpoints of obtained hlowledge, empirical fonnulas, and

manufactudng: substrate layer porosity (ε脚b脚。t.), MPL porosity
(εMPL), MPL thickness (ιMP上), and MPL pore size (φMPL).
T11ree conditions were set for each factor.

Fig.5 Flow of GDL Deve{opment

SQC

Response surface
method

SteP 3:
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Fig.6 Evaluation of Di什UsjV詮y inside GDL
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the values for aⅡ factors other than MPL thickness (ιMPL)
are sma11er (i.e., the values apart from ιMPL have a positive
Correlation). subsequently, the response surface method was
adopted to optimize the GDL structure for high temperature
Operation (i.e., to suppress water vapor diffusion).1t was
f0如d that this could be aC11ieved by decreasing the porosity of

each layer by lo%, increasing the MPL thichless by 20%, and
reducing the pore size

5.4 SteP 2: study of GDL structure to optimize cold
Start performance

The removal of liquid water must be promoted to improve
Cold star[ pedorm田Ice. The movement of water wit11in a porous
StNcture is descdbed by Darcy's equation asshown below.

κ■P
(2)U

μι

Where,ιι is the velocity,μ iS 血e viscosity coe丘icient,ι is the
thickness, k is the permeability, which describes the motion
resistance t11rough the porous structure, and 厶P is the d避erence
Of capi11ary pressure, which is the driV血g force of water 血 a
Porous medium. Therefore,since Kap is used as an血dex forthe
removal of liquid water, the target of tms study was to promote
theremovalofⅡquid water(increase め by maMng Kap larger.

Fig.8 Shows the shnulated results for the aow field a11d water
distribution when gas and wateraoW 血t0 血e GDL.

士0ツ

+35ツ0

Fig.9 Shows the analysis results for the contribution ratio.
The contribution of MPL porosity (εMPL) and substrate layer
Porosiw (ε脚bS註at。) is si菖nificant. This shows that the removal
Of liquid water can be ilnproved by increasing a11the stNctural
factor valueS 6.e., these factors have a positive correlation).
Subsequendy, the response surface method was adopted to
Optimize the GDL structure cold start performance (i.e., to
Promote the removal ofliquid water).1t was found 壮lat 証S could
be achieved by increasing the isolation of each layer by 15%,
血Creasing the MPL t11ichless by 20%, and enlarg加g 壮le pore size

5,5 SteP 3: structural design ofrobust GDL

A robust GDL structure was developed that enables both
high temperature operation and cold start performance. Fig.
10 shows a summary of the results of the response surface
method described in sectionS 53 and 5.4. The MPL porosjty

(εMPL) and MPL 伽Chless (ιMPL) are shown on each axis. The
Upward direction on the graph 血dicates improvements in both
Performance aspects, but improving one has a contradictory
e丘ect on the other.1n addition, actual production is only
Possible wit11in a cedain range and tMs acts as a manufactudng
restriction. Design was perfonned with血仕lis range, and each
StNctural factor was selected for the f0110wing reasons. First,

Since it has a positive effect on both perfonnance aspects, MPL

tMchless (ιMPL) was hlcreased by 35%. Next, focuS血g on Mgh
temperature operation, the substrate layer porosity (ε脚b.h祉。)
and MPL porosity (εMPL) were made 5% denser. MPL pore
Size (φMPL) was not changed because of production restrictions.
Based on these modifications, the robust GDL has denser layers
and athickerMPL than 血e conventionalGDL.
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6. validation

6,1 GDL manufacture and predicted performance

GDL prototypes were manufactured based on the structural
Specifications to optimize robustness, high temperature
Operauon, and cold start performance. porosiw was adjusted
by the ratio of mixed hydrophobic material. Thickness was
adjusted by 血e coating amount. when the porosiw al)d coating
amount of the substrate and MPL were measured, it was found

that the actual GDL prototypes were slightly denser than the
Conventional GDL. subsequendy, stNctures were created based
On the structural properties of the prototypes, and each value
(D and K'ap) was calculated by another numedcal analysis. AS
Shown in Fig.11, itis possible to evaluate relative perf0血ance
by mapping d辻fusion (to be suppressed) and liquid water
removal on each axis. compared with the conventional GDL,
each property of the robust GDL is improved, and it can be
Predicted thatt11is GDL wi11 have better performance both under
high temperature conditions and in the cold start process.

Development of Electrode structure for High performance Fuel ce11 Using cAE
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Fig.11 Performance prediction by Nume"cal Analysis

62 Performance evalua"on

d start j

-60%
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The pedormance ofthe GDL was evaluated as f0ⅡOWS. High
temperature operation was evaluated based on the upper li血t
temperature at which the ceⅡ Voltage exceeded o.5 V. cold stan
Pedormance was evaluated based on the amount ofliquid water
removed from the ceⅡ measured when star[ed up at -20゜C.1n
血is case, the larger the amount of liquid water removed, the
10nger continuous power generation is possible without the ce11
freezing.1he evaluation results for a laboratory・scale ceⅡ ate
Shown 血 Fig.12 (apart from the GDL, the same conditions
Were applied in each case). compared with 山e predicted results
Shown in Fig.11, si血lar trends were obtained for the order of
high temperature operation and cold start performance. This
血dicates the validity of the numerical analysis results as weⅡ as
the use of diffusiviw a11d liquid water removalto evaluate 11igh
temperature operation and cold start performance.

-359'。 土09、0 +35%

Amount ofliquid waterremoved (mg/cm2)

Fig.12 Evalua"on Expe"ment Results

フ. conclusion

.

Conventional

士0%

KZP

The contribution of structural factors to high temperature
Operation and cold start performance was quantified to clarify a
design policy for creating a robust GDL structure. As a result,
a GDL was developed capable of improving h地h temperature
Operation W11ile maintaini118 Cold start perfonnance.1n addition,
U11ique numedcal analysis teclm010gy for analyzing aows inside
the GDL was established, and the predicted GDL performance
Obtained by t11is numerical analysis techn010gy was validated by
Vedfication experiments.
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Research on Fatigue Mechanism of

High・pressure Tank for Fuel ceⅡ Vehicles

,

Abstract

One issue for developing a high・pressure tank for fuel ceⅡ Vehicles is reducing the amount of carbon fiber
reinforced plastic (CFRP) while maintaining sU什icient durabiⅡty To accomplish this,託 is importantto understand
the phenomenon offa"gue-related breakdowns in orderto suppress cFRp fatigue. However,this phenomenon
is di什icU吐 to identiN due to the lack of an evalua"on method and because no studies have been reported on
the process offa"gue・related breakdowns in high・pressure tanks. This article describes the development of
techn010gy for analyzing microscopic damage du"ng tank fatigue tests, This techn010gy has helped to explain
the process of fatigue・related breakdowns, thereby a110wing the o"gin of fractures to be iden""ed. Based on
the results of this analysis, the fatigue mechanism was estimated and veri"ed, a110wing the development of a
Conceptforimproving tank fa"gue strength.

Keywords: h勾h・pressure hydrogen tank, CF凡P, faガgue, damageprocess, AE, dゆ'diSガ//aガ0n

1. Background and Aims of Research

1.1 1ntroduction to high・pressure hydrogen tanks for
fuel ce11 Vehicles

The main hydrogen storage method used by cunent fuel ceⅡ

Vehicles (FCVS) is the high・pressure tank. The use of high・
Pressure hydrogen tanks for Fcvs must consider the f0ⅡOW血g
two points: absolute reliability xvith respect to the storage of
aammable hydrogen gas, and vehicle packaging in terms of
Shape, mass, and cost.

Rikiotsuka*

Nobuyukiogami*

Masayoshilaki*

12 Basic high・pressure hydrogen tank structure

The basic str口Cture of a Mgh・pressure hydrogen tank consists
Of a plastic liner to prevent the permeation of hydrogen gas,
Coveted by a strong carbon fiber rei11forced plastic (CFRP)1ayer,
Which is further covered by an impact・absorbing glass fiber
reinforced plastic (GFRP)1ayer. AIU111inum bosses are provided
at both ends of the plastic liner for fitt血g to valves (Fig.1). The
Ia11inated stNcture of the cFRp consists of multゆle altemating
Iayers of hoop and helical W血dings (Fig.2). The hoop winding
is wound at virma11y 90゜to the axial direction to provide suength
for the strai合ht sections. The helical winding is wound onto the
domes to provide streng山 in those sections

BOSS

* FuelceⅡ Production Engineedn容 Div

106

Fig.1 Structure of High・pressure Hydrogen Tank

口

GFRP

CFRP

(a) Hoop wlnding

1.3 1Ssues of high・pressure hydrogen tanks

麗 He11Cal winding
Iayer
圏Hoop winding
Iayer

As described above, high・pressure hydrogen tanks have
two main issues: durability, and reduction of cost and mass.
However, these issues have a trade-off relationship.1n other
Words, secudng durability with the nli11imum amount of cFRP
is a key technical point for developing a Ngh・pressure hydrogen
tank.

Liner

Fig.2 Vvinding pa杜erns

(b) Helical winding



Cunently, hjgh・pressure hydrogen tank durabj]jty js designed
While factoring in a suf負Cient safety margin based on the sn、J
Properties of the tank 血 a fatigue test. The aim is to secure
Sufficient fatigue strength to withstand 45,ooo durabHity test
Cydes at a pressure 125 times the use pressure. This is the
Certification criterion for high・pressure containers. However,
to make fudher progress toward lir11it design, it is necessaw to
jdentify the processes related to tank residual strength and fiber
breaks in fatigue・related damage, and feedback 血is information
into materialselection and the layer structure.

1.4 Aim

The aim of this research was to establish an evaluation

technique that contributes to the determination of the design
Policy for jmproving cFRp fatigue strength. This article
descdbes how a technique was developed to ident辻y t11e origin
Points and injtiation tilmnos of fatigue cracks. This techn010oy
helped analyze the tank fatigue mechanism and formulate a
fatigue strength improvement design policy. The effect of the
techn010gy was vedfied by Tp tests.

Research on Fatigue Mechanism of High・pressure Tank for Fuel ce11 Vehicles

2. Analysis of cFRP Fatigue Related Damage
Process

The research descrjbed 血 thjs artjcle developed a technique
for analyzing the cFRp fatigue mechanism of a tank. This
Was accomplished t11rough identifying the fatigue odgin points
by combining a method of separating cFRp layers using dry
diSⅡ11auon and AE measurement

2.1 Conventional evaluation techn010gy and issues

As shown in Fig.3, CFRp damage is the result of a
Combination of three types of microscopic damage: plastic
Cracks, fiber/plastic de・bonding, a11d fiber breaks.(1)
The origin points of tank fatigue cracks cannot be idenufied
by conventionaltechniques. X・ray analysis and other non・
destNctive inspectjon methods can observe defects with a size
Of severa1 μm, which is approximately the same as the fiber
diameter. For this reason, measurement samples must be several
11ml square, a11d such methods are not appropriate for observing
actualtank fiber breaks.1n addition, since the 丘acture surface of

CFRp does not eX11ibit any disunct pattem, such as the st丘auons
found on meta11iC 丘acture surfaces, the origin points of tank
fatjgue cracks cannot be observed by destructive inspection
methods. Therefore, to observe the origin points of tank fatigue
Cracks, the cFRp must be separated jnto individua11ayers when
the fjber break of the oligin pojnt occurs. Then, the fiber breaks
must be observed in each layer.
Acoustic emission (AE) measurementis commonly used in
FRp damage process research. Yuyama et al. have published
research 血to the dalnage propagation processin GFRp laminated
Sheets by distingujshing mictoscopic dama目e(2) and Mizutani
et al. have published a report into sound source position
determination'(3) However, the accuracy of FRp sound source
determination is low. Although it can determine the general
Position with血 an FRp surface,it cannotidentify the position 血
the FRp layer direction. There are also no examples of it beino
Used to measure the fatigue damage process jn 砥l actualtank

Helical

Winding layer

Epoxy resin

Helical

Winding lay引

Ca巾on fiber

22 Microscopic damage analysis by AE measurement

2.2.1 Measurementprinclple

The AE method measuTesthe ampli加de, duratjon, and 血e ljke
Of elastic waves in a frequency band of several k壬Iz t0 2 MHZ,
Which are generated in accordance with mechanical damage.
Position determination is accomplished through analyzino the
d廿ference in time to reach multゆle sensors (Fig.4).

Fig.3 CFRP Microscopic Damage
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Fib引 break
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22.2 Distinguishing the microscopjc damage mode
and position determination

222.1 Tp test of AE measurement performance
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Tp tests were performed to verify whether AE signals can
distingujsh the abovementioned three microscopic damage
modes with the matedalsystems used in this research.
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Test methods

A Tp test was performed for each of the three types of
microscopic damage, and AE measurement was performed
during the tests (Fig.5). stand・alone plastic and fiber tests
Were performed for plastic cracks and fiber breaks, and a
CFRp intetlaminate shear test was performed for fiber/plastic
de・bonding. The interlalmnate shear test involved generating
Shear su'ess by shorte11ing the distance between the supporrS 血 a
t11ree・poi址 bending testto cause the cFRp layersto de・bond.

^ AEsensor

Plastic

意鳥

(A) stand・alone plastic
bendmg test

^ AEsensor
T^

冬 0肝
'^ー;コ'ー」,

Testresults

Fig.6 Shows the AE signals obtained for the three types
Of microscopic damage. compared with plastic cracks, the
AE signal has a longer duration in the event of fiber/plastic
de・bondhlg, and the amplitude is larger in the event of a fiber
break. T11iS 血dicates thatthe t11ree types of lmcroscopic dalna8e
Can be disti11guished based on AE signal amplitude and duration.

De・bonding

(B) 1nterlaminate shear
test

Fig.5 TP Test Methods

Carbon

.ー AE sensor

(C) stand・alone f山er
tensile test

1,000

Time (sec)

Fig.7 Pressure cycle of Tank Fatigue pressure Test
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Test result l: fatigue test results and state of inner tank surface
The fatigue test results showed a leak mode failure after
approxirnately 3,60o cycles. CFRp cracks were observed in the
tank inner surface a丘er the test(Fig.9).

A

口

CH2 CHICH2 CH5

CH3

acjal

Onding

astic cra

222.2 AE measurement with actualtank

Aim

A test was performed to verify whether the microscopic
damage mode could be distinguished and its position identified
in an actualtank.

Test method

A 仏nk fatigue test was performed under upper and lower
Iimit pressure conditions of l05 Mpa and l Mpa, respectively
(Fig.フ). AE measurement was pedormed by 加Sta11ing 150 k11Z
resonance type AE sensors atsix locations on the tank in orderto
deten11ine the damage position (Fig.8).

Fig.6 AE signals for Microscopic Damage (TP Tests)

、

100
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Duration (ms)

CH3

Fig.8 Loca"ons of AE sensors
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La四e amplitude

CH6

Long duration

0

CHI

1,000

C〔 10

0

CH4

Time (μS) 3,500

Testresult 2: distinguishhlg the 加Croscopic damage
Fig.10 shows the incidence rates of a11the AE signals
Obtained dunng the fatigue test. The hodzontal axis of仕le graph
Shows the duration and the vertical axis shows the 如Iplitude.

Differences in the incidence rates are expressed by different
C010rs. There were three areas with particularly 11igh cumulative
血Cidence rates, and these are circled. From the Tp test results,

it can be assumed that area B aon8 duration) corresponds to
fiber/plastic de・bonding, area c (1arae amplitude) corresponds
to fiber breaks, and area A (short duration and sma11 alnplitude)
Corresponds to plastic cracks.

Fig.9 State of Tank lnner surface after Durab"ity Test
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Fig.10 AE signals of Microscopic Damage (TankTest)
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Testresult 3: microscopic damage process
The AE signals that distinguished the three types of
microscopic damage based on threshold values for amplitude
and duration were plotted on a graph with elapsed time on
the horizontal axis and incidence rate on the vertical axis

(Fig.11). As a result,血e microscopic damage process was
found to have two stages.1n the first stage, plastic cracks
and fiber/plastic de・bonding occur consecutively, but there is
Virtua11y no occurrence of fiber breaks.1n the second stage,
fiber breaks start to occur and the overa11 d砥11age incidence rate
increases untilthe tank springs a leak.
In general, the fatigue・related fracture process in a cFRP
multi・directiona11aminated sheet is understood to occur as

f0110WS. After transverse cracks and interfacial de・bonding
due to overlapping plastic cracks and fiber/plastic de・bonding
have accumulated, fiber breaks start to occur, fina11y leading to
fraC加re.a) T11is research found that the fatiσUe・related hacture

Process in an actaalta11k has a si血lar trend.

Research on Fatigue Mechanism of High・pressure Tank for Fuel ce11 Vehicles
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Test method

A tank fatigue test was performed under upper and lower lilmt
Pressure conditions of l05 Mpa and l Mpa,respectively,如dAE
measurement was performed. The fatigue test was stopped as
Soon as a fiberbreak occuned, and the area with a high 血Cidence

Of fiber break AE signals was cut out (Fig.14). Dry disti11ation
Wasthen used to separate and observe each layer ofthe sample.
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CH3
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2,0001,0000
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Fig.11 Proportion of Microscopic Damage lncidence lncrease
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Test result 4: position of 111icroscopic d釘11age
Fig.12 Shows the AE signal cumulative incidence rate for
fiber breaks in the tank straight portion ilmnediately before the
Ieak. The figure indicates that(1) a large number of AE signals
Were detected at the location of the tank inner surface crack and

(2) a large number of AE signals were also detected in locations
Where no cracks occurred. These locations were then exanlined

by the newly developed fiber crack observation technique (see
next section for details). No surface defects were found in the

innennostlayer, but fiber breaks were confir111ed witMn the layer
itself

^や二^ーー・-1ン

C1→1

Fig.120bservation Results of Fiber Breaks Detected by
AE Measurement
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2.3 Detailed analysis of "ber break portion

23.1 Fiber break observa"on technique using dry
disti11ation method

"CH6

Consecutive

Occurrence

.

Analysis of "ber break origin points2.3.2.

CH5

Dry
distⅢation

CH4

It was explained 血 a previous section that each layer of the
CFRp must be separated in order to obseNe 負ber breaks inside
the cFRP (Fig.13). However, the plastic used in cFRp for
tanks is high adhesive strength epoxy resin. This makes it
difficultto separate the individualcFRp layers.
In dry disti11ation, thermal decomposition is generated in
the plastic by heating under oxygen・free conditions, causing
evaporation and the extraction of the fiber by itself. This
research optimized the temperature and time conditions of the
dry distiⅡation method to controlthe alnount of plastic removal
Subsequently, t11is method is able to separate each cFRp layer
While maintaining the layer shape.

Fig.13 Concept of Fiber Break observation Technique
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Aim

The aim of this analysis is to identify the fiber break orig血
Points by combining dry disti11ation and AE measurement.
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Fig.14 AE sjgnal posi"ons when Fiber Break occurs

Testresult l: Fiber break occunence in each layer
Fig.15 Shows t11ree typical examples of fiber break groups in
each layer. Each fiber break group penetrates t11rough the layers
and a c011〕1non point for t11ree of the 負ber break groups occuned
血 the t11ird layer.1n addition, since some fiber break groups only
Occuned in 山e third layer, it was highly likely that the origin
Points ofthe fiber breaks were in the t11ird hoop winding layer
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CH5
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hoop layer
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3. Estimated Fatigue・Related Fracture
Mechanism

Internal pressure is applied to the thick cylindrical portion.
The resulting circunlferential S訂'ess is Mghest at the 血ner layers
and decreases further toward the outside (Fig.17). Fiber
deaection is thought to be a cause of secondary stress (Fig.18).
In other words, the f0110W血g mechanism occurs.(D primary
tensile stress is applied by the intemal pressure. Further tensile
Stress is then generated due to the fiber deaection,increasing the
tensile stress apPⅡed t0 血e fibers.(2) The action of shear stress,
against which carbon fiber has lower resistance, is observed.
These two points are thoughtto be the cause of the ongin point
Of fiber damage in the (t11ir山 hoop W血ding layer on the outside
Ofthe innermost helicalwinding layer.

CH6

Outer

Sample B

Second

helica11ayer

Inner

^^^

Fig.15 Fiber Break occurrence in Each Layer

Test result 2: fiber deaection

The inner states of dle t11ird hoop winding layer, in W11ich the
fiber break origin point probably occurred, and the innermost
hoop winding layer are different. specifica11y, the innermost
Iayeris wound a8ai11Stthe smooth 血er, butthe 壮lird hoop layet is
Wound on top ofthe t11ird helica11ayer. The e丘ect of仕lis state was
血Vestigated by observino the tMrd and innermost hoop winding
Iayers. As a result, it was found thatthe winding pattem of the
Secondhelica11ayer waS 住ansfened ont0 壮le t11ird hoop layer. T11is
Phenomenon was not observed on the innennost hoop layer. TMS
Caused the fibersto deaectby 7゜血 the t11ird hoop layer (Fig.16).
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Fig.16 Fiber De"ection in Third Hoop winding Layer
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Fig,17 State of stress in Thick cylind"cal portion
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4. ve"ficauon Test

Test method

To verify the effect of fiber de負ection on cFRp fati8Ue
Strength, fiber cFRp samples were fabricated with various
fiber deaection angles, and a tensile fatigue test was performed
(Fig.19). Bending occuned at the portion where the warp and
Weft t11reads of the woven materialintersected (Fig.20). The
負ber deaection angle could be changed by altering the thichless
Of a single layer.

Research on Fatigue Mechanism of High・pressure Tank for Fuel ce11 Vehicles
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Fig.19 Tensile Fa"gue Test Method
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Fig.21 Fatigue strength of plane weave cFRP Laminated sheet

Fig.20 section of plane weave cFRP Laminated sheet(sec"on c・C)
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Test results

Fig.21 Shows the fatigue test results of the woven cFRP.
The venical axis shows the nonnalized m飢imum stress dudng

the test after tak血g out the static strength.1t indicates that
fatigue strength is high when the 負ber deaection angle is sma11,
thereby con負rming the contribution of the deaecuon angle on
fatigue strength.
This shows that tank fatigue strength can be improved by
reducing the fiber deflection angle in the hoop W血dino layer on
the outside ofthe 血netmost helical winding layer.1tis therefore
importantto develop a cFRp la血nation method thatreducesthe
fiber deaection angle.1tis planned to verify this using an actual
tank in the future.

^

5. conclusions

・ An evaluation technique for analyzing the fatigue・related
fracture process in tank fatigue tests was developed. The cFRP
加Croscopic damage process and locations of 負ber break origin
Points were identified.
・ The fiber break origin points were observed in the hoop
Winding layer on the outsjde of the innermost helical winding
Iayer.1t was estimated and then vedfied that 負ber deaection
a丘ects fatigue strength.
・ 1t was found that tank fatigue strength can be improved by
reducing the fiber deaection angle 血 the hoop W血ding layer on
the outside of the innermost helicalwinding layer
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Development of FTD Fueled vehicle

1.1ntroduction

The aim of this research was to develop techn010gy for an
environmentaⅡy friendly heavy・duty diesel vehicle capable
Of meeting strict future emissions standards by modifying
an engine and optimizing exhaust aftertreatment to utilize
the merits of Fischer・Tropsch diesel(FTD) fuel. The engine
modi負Cation suategy was fomlulated by producing t11ree types
Of test gas・to-1iquids fuels and 血Vestigating their effect on diesel
Combustion. The disti11ation characteristics of these test fuels

Were varied pdmadly witMn the range where c011m)ercial FrD
fuel production is possible. The i11formation obtained from tMS
investigation was then used to mod辻y a commercia17.フ-1iter
diesel engine. For the exhaust aftertreatment system, a NOX
Storage 飢d reduction catalyst (NSR) was tested in combination
With the Diesel particulate Active Reduction (DPR) system
developed by 蛋no Motors Ltd. This research was performed as
Part of the Next・Generation EnvironmentaⅡy Friendly veMcles
Development and commercialization project headed by the
National Traffic safety 雛ld Envir0111nent Laboratory, W11ich was
C0如nissioned by the M血istry of Land, hlfrastracture,1ransport
andToudsm血 2005.

IC11iro sakata* KojiKitano**
AMo hnai****

2. Engine Modifications Assuming use of FTD
Fuel

3. conclusion

NoboN UC11ida***

Nobuhiro okabe****

(D FTD fuels have the merits of reducing smoke, HC, and
Combustion noise in dieselcombustion.

(2) The modification strategy for a dedicated engine capable of
Utilizing these medts involved combin血g a low combustion
ratio (by increasing the diameter of the combustion chamber)
With 11igh EGR/10W 入 and an opti11)ized pre・injection pattem.
(3)圦lhen usin菖 an NSR as the exhaust aftertreatment system,the
fuel addition to the NSR for Nox reduction can be opthl)ized
by increasing and varying the injection pressure (0.7 t05
Mpa).

(4) The target of this research was to achieve the 2009 e血Ssions
Sta11dards, which was accomplished by modifying a 7.フ-1iter
diesel engine according to points (2) and (3) above without
any deterioration 血 fueleconomy.

The f0ⅡOwing engine modi丘Cation strategy was implemented
to take advantage ofthe medts of FfD fuel, namely low smoke,
10W HC, and low noise:(D low compression ratio,(2) high
EGR,(3) opti111ized pre・injection pattern, and (4) combustion
Chambers modified to accommodate the lower compression
ratio. The 丘nalspecifications of the 7フ・Ⅱter diesel engine were
as f0ⅡOWS:(a) the compression ratio was lowered from 18 t016,
(b)血e injection nozzles were modified to increase aow by 25%,
(C) the EGR valve system was changed from a poppet valve to
a butteray valve,(山 the number of EGR coolers was increased
from one to two in paraⅡel, and (e) a sma11turbocharger was
adopted.
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0.01

0

Masaya umemoto***

Hajime lsMi*****

* BREnergy Affairs Dept
** Advanced power Trai11Enσineeri11g Djv.1
*** TeC1ⅡlicalResearch center,11ino Motors Ltd

**** showa sheⅡ SeMyuK.K

***** National Traffic safety and Envir01血ent Laboratory
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2008JSME MedalforNew Techn010gy

The 41Stlchimura prizesin lndustry・Meritorious Achievement prize, The New Techn010gy Development Foundation

Permanenuy Engaged Gear Mechanism for stop & start system

Kazuaki sugimura*ToshiakiAsada*

Ryosuke Nagata*Kazuhito sakai**

3. characte"S"cs and E什ect of Developed
Techn010gy

By driving the ring gear, WMch is not a丘ected by variationS 血
the rotation of the crankshaft, engagement noise was eli加nated
and the starting noise inside the passenger compartment was
reduced by 4 dB (Fig,2). TMs mecha11ism also achieves rapid
engine start response if re・start is demanded during the engine
Stop process (Fig.3).

1.1ntroduction

In response to issues such as global wanmng, the development
Of idling stop techn010gy to meet the need for lower vehicle
fuel consumption and c02 emissions began in 1981 With the
mass production of a system utilizing a gear pinion sMft starter.
However, users required such systems to achieve quieter engine
Starts and improved response to enable the engine to be started
at a11times. consequently, this article describes the world'S
first developed and mass produced permanently engaged gear
nlecha11isln

2. OU"ine of Developed Techn010gy

The permanently engaged gear mechanism uses a one-way
Clutch (OW'C) and ba11bearingsto maintain constant engagement
between the starter pinion gear and ring gear. As a result,
engagement noise between 伽e No gears and the time required
for engagement are eli血nated.圦lhen the engine is started, the
Owc engages and the starter drive force is transferred to the
Crankshaft. Afterstaning,the owc isreleased and 山e dng gear

Stops.

Engine

..

Stade『 plnlon gear

^

.

Ring goar

Permanentl en a ed

Innef 011 Seal

One・way clutoh

Fig.1 0U"ine of permanen"y Engaged Gear Mechanism

Ba11 bearmg

Crankshaft

StaHer

Ge引 Pinion shi什 Starter
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、1

Vvhen starting

Trans・
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drive

、、、、、..force

Good ← Noise insulation ability ofvehicle (dBA)→ Poor

Fig.2 Compa"son of stading Noise in passenger compartment

Of start引

* New Eng血eDevelopmentDiv
** AdV如Ced power Trai11Engineedng Div.2
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4. conclusion

TNs system began mass production in 2008.1t provides users
With comfort aow noise,10w vibration, and quick startresponse),

an approximate lo% improvement 血 fuel efficiency and c02
emissions in city driving, and impressjve silence while the
Ve11icle is stopped.
The authors would like to extend their gratitude for the

Cooperation of everyone involved in this development.

Englne stad by gear plnion shlft starter 110t posslble

Fig.3 Comparison of start Response
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1. Background ofthe lnvention

Engine development has been pursuing lower c02 and
Cleaner exhaust emissions. continuous improvements are
being made, such as the adoption of various types of variable
Systems includin8 intake and exhaust valve ti111ing. hl contrast,
the growing complexity of systems is causing the number of
measurement p0血ts a11d worM11g hours required for calibration
to increase dramatica11y. For example, it might take several
mon血S for some engines to measure the static air intake aow
into the cylinders (MC_ta) and static in仏ke manifold pressure
(pm_ta) when the throttle and valve tinlings are fixed. After
a thorough review, a method has been developed to calculate
Pm_ta and MC_仏. This article describes the patent that covers
how these calculations are pedonned.

,

Air Model
Japanese patent NO.3985746

Air cleaner

Throttle valve

HarufU血 Muto*

Intake valve

Fig.1 Structural Diagram of Engine ln怡ke system

/"ー

Thr0廿le valve

2. overview ofthe lnvention

Fig.2 Shows the throttle valve passage air flow (Mt)
Calculated by BemoU11i's pdnciple, a11d the intake air aow into
the cylinders (MC) calculated from the cylinder model. hlsteady
State conditions, the air aow passing into a11d out of the intake
manifold (Mt and MC) must be the same due to the conseNation

Of mass Nle. Therefore, by calculating the intersection of MC
and Mt (P0血t A), it is possible to obtain MC_ta (Y coordinate)
and pm_ta (x coordinate).

Passage alr110W (MO

Intake

manifold

Pressure

(pm)

Mc la

4・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・

Intake air flow

into cyliηder (Mの

YuiC11iro ldo**

タ

3. E什ects ofthe lnven"on

This invention enables Mc ta and pm ta to be calculated

accurately (with血 an enor of l%),磁ld this has geady shonened
the engine development period. Fig.3 Shows the transient
intake manifold pressure (pm) values when the throttle is

Opened suddenly. one line shows the values calculated using
this invention and the other shows actual measurement values

Obtained by a highly responsive pressure sensor. since the
Calculation accurately obtained the same pm as the pressure
Sensor in both steady state and transient conditions, it is no
10nger necessary to use an intake manifold pressure sensor for
engine contr01.

Intake manifold pressure (kpa)

Fig.2 Mt and MC Model

Mt

MC

* En即neEngineedngMa11agementDiv

Toyota Technical Development corporation
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**

Pm ta
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Fig.3 1ntake Manifold pressure when Throttle opened suddenly
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Thank you for read血g the roy01α Techπical ReviιW, Toyota Motor c0印oration's only technical
journal. Despite the global financial cdsis, environmenta11y conscious businesses are t11riving, a11d
twelve years have already passed since Toyota announced the first generation pdus to the world as an
environmentaⅡy fdendly hybhd vehicle.
In the meantime, the tireless e丘orts of our engineers to meet the needs of the customer have
advanced the prius on aⅡ丘onts: from fuel economy to dyna加C pedormance, advanced teclm010gy,
Safety,intedor space, and design. Funhermore, other compa11ies have f0110wed up with hybdd veMcles
Oftheir own, and 1如ly feelthat we have atlast entered the age ofthehybnd. A血dstthese uends,伽S
ReviιW descdbes a fUⅡ range of the teclm010gy found in the t11ird generation pHUS,infonnation thatis
not available in 飢y other catalog or magazine.1hope that you wi11read it with 血terest and 血Spiration.

(publisher: TsutsuM)

Xvelcome to edition 226 0f the royota rechπical Review. please a110w me to express my deepest
gratitude here to aⅡ Ourregularreaders and t11e authors fortheir uemendous contributions. TMs issue'S

Specialfeature is the third generation pnus, W11ich was released after a modelchange in May 2009.
Ihe Reviapis Toy0仇's only teC1血Caljoum址 for血廿oduchlg 011rlatest伐Clm010毎es. Assuch, we are always
SeeM11gwayst0血Prove仕leReviewa11dexpa11dourreaderslip,釦dwewelcome田lycolmnentS丑omteaders.

(Editor: SNlnizu)

The special feature of this issue of the Toyota Tech11ical Review is the pdus.2009 Was truly the
year of the hybdd.1n the past,1 Could only think of hybnds with distantlonging, but now they feel
Closer than ever. The pdus has already been featured in a large number of magazines, but lhope you
enjoy tMS Review as a publication with a 如ly differe川 feel.
The effects of the global financial cnsis brieay t11reatened 血e continui11g publication of the Review.
But,thanksto everyone's hard work,1am glad to announce that we were
able to bdng t11is issue out. W'e even took the chance to make various

nlinor changes to the cover design, and introduce a U11iversal design font
thatis easy on the eye.1hope thatthese changes wi11 make this Review
easier to read for our loyalsubscribers. Advanced techn010oy opens
doors for our dreams. TNsis my last edition 血 Charge oftheReview and
I have wdtten these words brinⅡning with this sentiment.1 hope you
Cany on reading and enjoying the 7'oyota Techπical Review far 血to the
njture.

TOYOTA Technical Revievv v01,57 NO.1

@2010TOYOTAMOTORCORPORATION,pdntedinJapan
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