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The 21引 Century:
The Age ofthe Hybrid

Preface

N
へ4asatanli Takimoto,

Executive vice president, Member ofthe Board

1. Today for Tomorrow-vvhat vve Must DO Now for Future Generations

、

Since the lndustdalRevolution, human beings have consumed enormous quantities ofcoal, petroleum, and other
fossil fuels in their pursuit of c0111fort and convenience. But as a consequence, enormous quantities of carbon
dioxide and other greenhouse gases have been generated, bdnging with them the problems of global warming and
Iarge・scale climate change. The Kyoto protocol came into e丘ect on February 160f t11is year, and it wi11require
more truly e丘'ective action than ever before to put a haltto global warlmng, mainly t11rough the reduction of c02
e1111Sslons

It must also be noted thatthe production ofpetroleum, on which today's a丘Iuentsociety was built,is expected to
Peak in the next few decades. Not only must we manage this linlited resource carefU11y, but we must also convert
to altemative energy sourcesthat are easy to use and have lower environmentalimpact.
In essence, itis vitalthat our generation stops the increase in atmospheric c02 Concentrations right now, for the

Sake offuture generations in the decades to come.圦le must build a society capable of sustainable development by
Constructing infrastructure systems to use new energy resources that are clean and safe, alongside the li111ited
amounts of petroleum available.

a捻 'j

Shifting our focus to the automotive realm, petroleum is stiⅡ essential for automobiles, and c02 elmssions are
therefore hard to avoid. Butthatis exactly the reason why, while we must develop cars that consume less fuel and
make every e丘ortto reduce c02 emissions, we must also prepare for an age ofenergy alternatives to petroleum.
Itis therefore time for hybrid powertrain techn010gy to assume a leading role. The Toyota Hybrid system (THS)
realizes low fuel consumption and low c02 emissions by reducing energy loss as far as possible. This is achieved
by recovering the energy that would other、刃ise be wasted during deceleration, and by stopping needless engine
idling when the vehicle is stopped. Nloreover, by reutilizing the recovered energy for acceleration, the system
realizes a synergy effect.1n other words, the system simultaneously achieves exemplary environmental
Performance (10W Nox and particulate matter levels) and exce11ent acceleration performance superior to a
Conventional car. The THs is tNly the ultimate high・e丘iciency powertrain system.

2. The Age ofthe Hyb"d powertrain



X入le believe the hybrid system is a core techn010gy for the future.1t can be applied not only to gasoline engines,
but also to diesel engines, natural gas engines, and synthetic liquid fuel engines.1t can also be used with fuel ce11
Vehicles, which are expected to become the cars of the future. This is why we wantto improve and develop the
System further, and promote its wider use t11roughoutthe world as a giftto future generations.

3. The Age of Hyb"d Energy

It is believed that the exploitation period of petroleum can be extended t11rough further evolution of extraction
techn010gy, but sooner or later, the supply of low・cost, high・quality petroleum wi11 be exhausted. The world wi11
then enter the so・ca11ed hybrid energy age, when primary energy resources such as oil shale, natural gas, coal,
biomass, sunlight, water power, wind power, and nuclear power wi11 be used to make a variety of secondary
energy resources, such as ethan01, hydrogen, and electdcity, as we11 as synthetic fuels like gas、to-1iquid (GTL) and
biomass・to-1iquid (BTL). The optimum combinauon of these secondary resources wi11then be used in industry,
homes and transponation

A number of issues in the sequence from primary energy to secondary energy to industry, homes, and
transportation must be addressed in a thoroughgoing and comprehensive manner if the optimum system is to be
established. As we11 as straightforward econolmc considerations, these include reducing c02 generated by the
manufacture and consumption of secondary energy, ensuring global supply capacity and energy security, and
Prioritizing the use of resources according to their energy density and the ease of establishing a refueling
infrast川Cture. Therefore, research into hybrid energy is needed now more than ever before. The key element for
this research wi11 be c0Ⅱaborative thinMng, notjust between the automobile and energy industries, but also from
the combined perspectives of govemment, academia, and industry atlarge.
The e丘ortto realize our dream ofmaMng safe, enjoyable carsthat do not elmt exhaust gas and c02 WiⅡ Open the
Way to the optimum energy solution. Let us approach this task from a variety ofperspectives, so that we can build
a society capable of sustainable development for future generations.

The 21引 Century: The Age ofthe Hybrid
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Hybrid

1.1ntroduction

Almost eight years have passed since the launch of the pnus,
the world's first production hybrid vehicle and the first step
toward realization of sustainable mobility, which is a concept
that aims to address the issues of global warming, dwindling

Petroleum resources, and air p011Ution. At Toyota Motor
Corporation, we view these environmentalissues as the most
important business cha11enges for a car manufacturer, and we
have been quick to initiate efforts to mass produce hybrids as
Practicalyet environmenta11y fdendly vehicles. starting with the
Prius, Toyota has appHed hybrid techn010gy to various
Categories of vehicles including minivans, and is striving to
further develop the techn010gy.1n september 2003, Toyota
Succeeded in developing a next・generation hybdd system under
the Hybdd synergy Ddve concept, which aimsto create vehicles
血at have a Mgh level of environmental pedormance as weⅡ as
being fun to drive. This new techn010gy waS 血StaⅡed in the
Prius, WMch was subsequently released onto the market.2005
has seen the launch ofthe RX40oh, powered by a version ofthis
next・generation hybrid techn010gy updated for use in a luxury
V6・engined suv. As for other car makers,1ast year Honda
added the Accord V6 Hybrid to the lnsight and civic Hybrid,
and Ford introduced the Escape suv hybdd. This spate of
releases indicates that the hybrid system has entered the
Popularization stage aS 即 environmenta11y sound power 廿ain.
This article describes present and future trends for
environmental and resource related issues that are relevant to

Vehicles.1t also presents an overview of Toyota's past effons
and future perspectives on hybrid techn010gy, which is
Positioned as a core teC1111010gy for future vehicles.

The present and Future of Hyb"d

Techn010gy

Takehisa Yaegashi
Power Train Development Group

Us refusalto ratify 血e protocol cast dark clouds over its future,
the protocolfina11y came into e貿ect after being ratified by Russia
Ulis year. Fig.1 Shows data presented in the t11ird assessment
report ofthe lntergovermnentalpanelon climate change (1PCC)
Published in June 2001.(D lt shows the changes that have been
Observed in mean atmospheric c02 Concentration and average
globaltemperature up to the current point in time, and the
Predictions for c02 Concentration and temperature increase
based on various scenarios for curbing global war血ng.

2. vehicles and lssues Related to the Environment and

Resources

Emissions of c02 and other greenhouse gases that are

generated by human activities are having a profound impact on
global warming and associated global climate change.1n the
Same year as the launch of the first pdus, the Third conference
Of the parties to the united Nations Fralnework convention on

Climate change (COP3) was held in Kyoto to discuss global
efforts to counter climate change. As a result, a medium-term

action plan ca11ed 血e Kyoto protocol was drafted. Although the
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buming of coal, petroleum, and other fossil fuels accounts for
most c02 emissions.1n particular, the c02 emissions from
transpodation 血at mainly uses oil for fuel accounts for at least
20易 of the total.1n the future, increased motorization in

Countdes like china,1ndia, and Russia wi11 rapidly increase the
total number of vehicles owned in the world, and further boost

C02 emissions.1t has been predicted that extraction of the
World's petroleum reserves wiⅡ Peak around the year 2040,
Which means that the problems surrounding exhaustion of this
resource are fast approaching. Therefore, popularization of
Vehicles that e血tless c02 and consume less fuelis becoming an
Urgentissue. At the same time, it is also important to clean
exhaust emissions to prevent air p0ⅡUtion.
Itis clear thatthe impending cha11enges cannot be met by mere
extension of conventionaltechn010gies. Greater expectations are
being placed on the shoulders ofhybrid and fuel ce11 Vehicles.

3. Hybrid synergy D"ve

No matter how low the c02 emissions or how clean the

exhaust gas of a vehicle, it cannot expect to gain popularity
among ddvers if itisinfedor to conventional vehicles in terms of

running pedormance, driving range, user・fnendliness, and pdce.
After the prius, Toyota introduced a variety of hybrid vehicles,
including the crown Mild Hybrid, and the Estima Hybrid.
Subsequent developmental efforts have produced a synergy
between the engine and the electric power train. This has
enabled improvements in both 血e environmental performance of
hybrid vehicles and so・ca11ed "fun to drive" performance aspects
Such as running performance. consequendy, the idea of
Simultaneously achieving hioh levels of both environmental and
fun to ddve performance aspects was adopted as the direction for
the next oeneration ofhybdd vehicles. This was encapsulated by
the Hybrid synergy Ddve concept, which became the catalystfor
a further acceleration in development e丘orts (Fig.2).

4. Hybrid systems and lmprovements in Environmental
Performance

This section discusses how the functions and con負guration of a
hybrid system contribute to reducing c02 emissions and fuel
Consumptlon.

A hybrid system is defined as a system in which two or more
types of power units with different working principles are
Operated in combination. configurations of power units where
the intemal combustion engine is used with either an electdc or a

hydraulic motor have been implemented commercia11y. The
Cunendy mainstream configuration is the electdc system, thanks
to dramatic advances in electric motor, battery, and contr01
techn010gy as a result of the development of electric vehicles.
The most significant feature of the hybrid system is the
insta11ation of high・power and high・capacity batteries as a
rechargeable energy bufferin the ddving force tranS血Ssion pa血
to create a circulation route for efficient use of energy. This
enables part of the energy to run the vehicle to be temporarily
Stored in 血e battery forlater use (Fig.3).

The present and Future of Hybrid Techn010gy
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4.1 Hyb"d systems and improvements in fuel e什iciency

Xcess energy
Storage

Deceleration

This section describes how the introduction of the hybrid
System hasimproved fuele伍Ciency. The key waysin which this
has been accomplished include optimizing and increasing 血e
efficiency of the engine, motor, and other individual
Components, in addition to combinations of the f0110wing four
factors.

(D Engine operation is stopped and the vehicle is put into EV
mode when parked or running atlow speeds 、vhere engine
efficiency is lo、U.
(2) The use of a continuously variable transmission (CVT)

function enables the engine to be operated at optimum
efficiency.

(3) High efficiency engines, such as high expansion ratio
enoines, are used. These engines have been designed to
Operate at maximum e貿iciency in the hybrid use region, on
the assumption that battery power assist can be obtained for
acceleration during high・speed drivins where considerable
driving power is necessary.

Vehicle is sto ped or
running in E mode

Stop
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(4) The electdc motor is operated as a generator, and the Mnetic
enerσy ofthe vehicle, which would otherwise be released into
the air during deceleration, is converted into electricity and
Stored in the battery. The energy is reused as the driving
energy described in points l and 3 (electric regenerative
braMng).

The rate of improvement depends on the mechanism of the
hybdd system and to what degree the functions descdbed above
are pedormed. particularly, a hybrid system that is able to stop
engine operation and run the vehicle under Ev mode during
driving is often ca11ed a "strono hybrid" or a " fU11 hybrid" to
distinguish it from other simplified hybrid systems.
The prius was positioned to be the leadino environmenta11y
friendly car.圦lhen its hybrid system was selected, a basic ooal
Was set to achieve the ultimate in fuel efficiency performance
While maintaining the equivalent running performance and utility
Space of a conventional vehicle. Natura11y, this meant that a
Iightweioht and compact system that could be insta11ed in a sma11
Passenger car was required for commercialimplementation. A
System was subsequently selected from nearly loo different
types of hybrid systems, but 山is system did not fit the available
definitions of conventional hybrid systems. Thus, a new

de負nition was created, ca11ed the "series/para11el hybrid." This is
the strong hybrid type in the various Toyota Hybrid systems
(THS).1n addition, the THs uses a brake system thatis capable
Of performing regenerative cooperative control with the
hydraulic brakes in order to increase the amount of reoenerated
energy of the electric regenerative brakino described in poi址 4
above.1n september 2003, the new prius was put on sale
equipped with the THS Ⅱ, the next・generation hybrid system
evolved from the THs hybrid techn010oy under the Hybrid
Synergy Drive concept. The body style of the prius was also
tota11y renewed to expand the 血terior capacity ofthe vehicle. AS
a result, the prius was dassed as a 血d・size vehicle instead of as

a compact.1n March of this year, the RX40oh was launched
With a h電h・power version of the THS 11thatincorporates further
improved techn010gies to meet the needs of V6・engined s{_ⅣS.
The technical details of 血e hioh・power version of the THs n are
described elsewhere in this Toyota Techn010oical Review. The
Optimization of fuel efficiency by tl〕e hybrid system has already
been descdbed above.1n addition, the system in the pdus and
the RX40oh that performs regenerative cooperative control with
the hydrauHc brakes includes the Electronica11y contr011ed Brake
System (ECB)that was previously adopted in the Estima HybHd.
ECB has a hioh deoree of contr0Ⅱability and less brake drag,
thereby enabling an increase in regeneration efficiency and
making a significant contribution to improving fuel efficiency.
Furthermore, the secondary battery in hybhd vehicles is used as
an energy bU丘er to optimize Nnning efficiency, and to supply
Power to the heater, air conditioner, and other accessodes via a
DC-Dc converter. Energy optimization 丘om the perspective of
total vehicle energy consumption (i.e., the sum of the energy
required for run11ing b0血 the vehicle and accessories) is also a
key point for the improvement in fuel efficiency. The
regeneration and fuel efficiency of the new prius was also

improved by the adoption of an aerodynamic body with a
Coe丘icient of drag (CD) of 026, and by reducing losses in the
drive system. Taking these steps to optimize the energy
e丘'iciency and specifications of the entire vehicle enables hybrids
to reaHze a considerable improvement in fuel efficiency
Ped0血ance over conventional vehicles. Fig.4 Shows the fuel
e丘iciency improvement effect achieved by the hybrid functions
described in points l t04, in terms of enoine efficiency and
Operating characteristics.
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42 Fuel e什iciency performance of hybrid vehicles

(1) 0什icialfuel e什iciency
The fuel efficiency performance of a vehicle varies acCⅨdinσ
to specifications such as weight, and various driving patterns
Such as city driving in congestion, suburban driving, highway
driving, uphi1νdownhi11 drivino, and at various levels of
acceleration. The operations of the driver and the ambient
temperature can also affect fuel efficiency. From the perspective
Of reducino levels of c02 e血Ssions and fuel consumption, it is
important to enhance the actual fuel consumption reduction
e仟ect across aⅡ driving patterns, operations and environmental
Conditions. The official fuel e丘iciency indicated in catalogs and
the like is determined according to test methods and notations
血at differ from location t010cation. Examples include lo-15

mode (Japan), city mode and highway mode (US), and Eu mode
(Europe).1n a11 Cases, the purpose of these test methods and
notations is to compare the fuel efficiency potential of vehicles
Under set conditions that exdude impacts from 血e di丘erences in
driving pattern, operation and the environment as described
above.

Fig.5 (2) compares the Japan・certified fuel e丘iciency ao-15
mode) of hybrid vehicles and conventional vehicles. Hybrid
Vehicles have achieved a dramatic fuel efficiency improvement
in comparison with conventional vehicles. The improvement
rates of strong hybrids such as the prius and RX40oh are
Particularly high. Furthermore, hybrid vehicles equipped with
the THS 11 have achieved a considerable improvement in fuel
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efficiency over conventional vehicles in each of the different
Of負Cial fuel ef丘Ciency test driving modes in Japan, the us, and
Europe. These vehicles have among the best fuel efficiency
Performance ofany vehicles in the world.

Fuel e什iciency by vehicle weight (from materlals issued by the Ministry of Land,
Infrastructure and Transpod, Japan fuel e什iciency mode (10-15 modeD

Gasoline passeng引 Carfuel e什iciency by vehicle weight
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Fig.50什icial Fuel E什iciency performance of
Hybrid vehicles

(2) on・road fuel efficiency
In order to reduce fuel consumption and c02 e血Ssions in the
On-road environment, itis important to understand and improve
the vehicle's fuel efficiency performance in various driving
Patterns, operations, and atmospheric environments. one of the
aims of the THS 11 Was to improve fuel efficiency in various
dHving environments that are not evaluated in the officialtests,
as we11 as those in the officialtests. As shown in section 4.1,

functions such as engine stop, Ev mode operation and energy
regeneration during deceleration are some of the factors that
have enabled hybrid systems to improve fuel efficiency
Considerably in city driving where there are many intersections
and tra丘'ic lights, frequent stops and longer pedods of low・speed
driving.1n highway driving where engine・stop operation and
deceleration occur less frequently, improved fuel efficiency
Performance is achieved by capitalizing on the functions of
Strono hybrid vehicles. These include the adoption of hioh
efficiency engines in combination with the electric power assist
function during acceleration, optimum engine efficiency
Operation using cvT functionality, and precise power control for
accessories. Fuel consumption during air conditioner operation
is a factor not evaluated in officialtests, but it has a sionificant

impact on actual on・road fuel efficiency. starting with the new
Prius, hybrids have used an electric air conditioner driven by a
high efficiency inverter to make use of the hioh voltage of the
hybrid system, instead of a conventional engine・driven air
Conditioner. The new air conditioner does notjust improve air
Conditioning capacity 、vhile the engine is stopped.1t also
enables a dramatic improvement in fuel e丘iciency while in use
by operating under precise optimum efficiency conditions
according to various cooling demands (Fig.6).
Fig.フ(3) shows a comparison of the monthly averaoe fuel
efficiency trends for old and new models of the prius, as reported
by users in Japan. The user fuel e丘iciency repon shows thatthe
new prius achieveS 血e same improvementin fuel efficiency over
the previous models as seen in the official fuel efficiency tests.

TOYOTA 1もChnlcalRevlevv v01.54 NO.1 NOV.2005
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Fig.7 P"US Fuel E什iciency as Reported by users

(3) Life cycle Assessment(LCA) C02 evaluation
Reduction of emissions and fuel consumption dudng drivino
as descdbed above is notthe only imponant factor in improving
the environmental performance of a vehicle.1tis also important
to evaluate and reduce the potential emissions of a vehicle during
its entire life, from the production stages of the vehicle, parts and
Component materials, to the extraction and refining of fuel, the
maintenance of the vehicle, and the final stage where the vehicle
is scrapped. Fig.8 Shows an example of LCA analysis with the
new prius. The fuel e仟iciency value used here is the European
Official fuel efficiency value that is close to the average fuel
ef負Ciency value reponed by the Japanese users shown in Fig.フ.
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When compared with conventional vehicles, the ratio of CO2 
emissions during the driving process decreases due to the 
increase in efficiency. The LCA shows a CO2 reduction effect of 
over 40%. Fuel cell hybrid vehicles (FCHV) show zero CO2 
emissions in the use process but generate high levels of CO2 in 
the fuel and vehicle production processes. This means that the 
CO2 emissions of these vehicles may exceed those of the newest 
gasoline HVs. As a result, technological breakthroughs to 
radically reduce CO2 emissions during the production processes 
of FC parts and hydrogen fuel, and improvements in running 
efficiency are required before FC vehicles can be commercially 
implemented. 

4.3 Cleanliness of exhaust emissions 

Hybrid vehicles were also developed with the aim of leading 
the market for advanced environmental vehicles in terms of the 
cleanliness of exhaust emissions. All strong hybrid vehicles 
have attained the highest category of cleanliness regulations 
specified around the world, such as the Super Ultra Low 
Emission Vehicle (SULEV) category in the United States. This 
has been accomplished with engines that make use of electric 
power assist, which is one of the typical hybrid functions, in 
combination with exhaust treatment systems found on 
conventional vehicles. In addition, emissions during start-up 
have been reduced by enabling quick warm-up of the exhaust 
emission control catalysts, and by using a powerful generator as 
the engine starter. Fig. 9 compares the cleanliness of the new 
Prius with the European diesel regulations (Euro4). 

HC 

PM co 

□ European diesel regulations 
(Euro4) 
ロLatestdiesel vehicles 

NOx 

Fig. 9 Comparison of Exhaust Emissions 

5. THS II and Improvements in Fun to Drive Performance 
Aspects 

5.1 Vehicle driving performance and noise, vibration 
and harshness (NVH} 

The next-generation hybrid system THS II that evolved from 
the THS, has enabled the new Prius to achieve a driving 

performance superior to conventional vehicles equipped with a 
2.0 L engine. Fig. 10 shows the driving force characteristics of 

the new Prius. 
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Fig. 10 Driving Force Characteristics of Prius 

The details of the working principles of the THS II system are 
not described in this article. However, in the THS II, a 
considerable portion of the engine output is converted into 
electricity, and battery output is added in driving where a large 
driving force is required. The THS II does not use a mechanical 
transmission, but allows continuous use of the highest hybrid 
system outputs (engine output+ battery output) in a wide region 
from medium to high vehicle speeds. The system has achieved a 
considerable improvement in passing acceleration performance, 
which is frequently used in the on-road environment. Fig_-11 
shows trends for passing acceleration in comparison with a 
conventional vehicle. 
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Fig. 11 Passing Acceleration Performance 

Shockless and seamless acceleration is achieved by making 
use of stepless continuous system output where battery output 
assists a fast response electric motor. In the RX400h, the power 

of the electric drive system has been radically increased to cope 
with the 3.3 L V6 engine. This increase in power alongside the 
adoption of newly developed high-output batteries enables the 
RX400h to achieve a shockless and seamless acceleration 
performance superior to VS-engined SUV s in the same class up 
to the super fast region. Moreover, the quiet cabin during EV 
mode with the engine stopped and during cruising at optimum 
engine efficiency operation is an appeal point unique to a strong 

hybrid vehicle. 
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The Present and Future of Hybrid Technology 

5.2 New functions of hybrid system 

e-Four 
In 2001, "e-Four," the world's first four-wheel drive system 
where the rear wheels are driven by an electric motor was 
adopted in the Estima Hybrid. e-Four is also an example of 
hybrid technology application. The dramatic improvement in 
electric driving power in the THS II described below has 
radically increased the driving power of the rear motor, 

improving the 4WD performance of the RX400h. 

Hybrid VDIM 
The RX400h uses the newly developed Vehicle Dynamic 
Integrated Management (VDIM). This system detects the 

behavior of the vehicle through a combination of the high-
controllability ECB, the high-output front wheel driving motor 
with the brake function capable of performing regenerative 
cooperative control, the e-Four system that uses a high-output 
motor, and electric power steering (EPS) driven by a newly 
developed 42 V motor that receives power from the hybrid 
battery. VDIM controls these functions together with the Anti-
Lock Brake System (ABS), Traction Control (TRC), and Vehicle 

Stability Control (VSC) in an integrated and seamless fashion to 
dramatically improve driving safety on slippery road surfaces. 

Ultimate environmentally friendly vehicle 

裏

External power supply function 
In strong hybrids that have a high-output generator, such as 
those that use the THS II, external power supply is a versatile 
function that increases vehicle functionality and marketability. 
The motor-driven air conditioner mentioned in Section 4.2 

contributes not only to improving fuel efficiency, but also to 
improving actual air conditioning performance aspects such as 
cooling down performance. In addition, the Estima Hybrid uses 
a high-power 100 V power supply system. This system, which is 
capable of supplying power outdoors, for a mobile office and 
even in disasters, is a function unique to hybrid vehicles. 

6. Future Issues and Perspectives on Hybrid Technology 

As pointed out in this article, hybrid vehicles cannot expect to 
gain popularity unless their product appeal, including fun to 
drive performance aspects, safety, and comfort are upgraded to 
complement revolutionary environmental performance. The 

vehicles must also carry a price tag appropriate to their appeal. 
Fig. 12 shows that Toyota is positioning hybrid technology not 
as a separate category that competes with conventional internal 
combustion engine (ICE) and fuel-cell vehicles, but as a core 
technology to achieve dramatic improvement in the efficiency of 
vehicles themselves. 

CJD 

Fig. 12 Approaches to Accomplishing the Ultimate 
Environmentally Friendly Vehicle 

Initially, some people considered hybrid vehicles as a 
temporary means to facilitate the transition from ICE vehicles to 

FCHVs. However, it is now realized that hybrid technology is 
indispensable for improving the efficiency of vehicles driven not 
only by gasoline engines, but also by diesel and alternative fuel 
engines, as well as in fuel-cell vehicles. As described in this 
article, the role of hybrid technology is not simply to enhance 
environmental performance. Hybrid technology is also expected 
to develop in the future as a technology that will increase the 
appeal of vehicles. Hybrid technology enables this by enhancing 

the driving performance, quietness and running feel of a vehicle 
by effectively using high-output, high-capacity batteries as an 
energy buffer, and by radically improving running stability with 
high-response electric motors. Toyota took on the challenge of 
implementing hybrid vehicles on a commercial basis as the first 
step toward sustainable mobility and in the spirit of the slogan 
"Today for Tomorrow." Since then, the company has exerted 
great efforts to advance the technology. We are hoping to 

continue playing a leading role in the approach to the ultimate 
environmentally friendly vehicle. This will entail, for example, 
furthering the evolution of vehicle and engine technology, 
combining bio-fuels and synthetic fuels, and applying hybrid 
technology to the fuel cell. Hybrid technology will be at the core 
of all these developments. 
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The History of Hybrid Technology in Toyota Shoichi Sasaki* 

Abstract 
This article provides a brief history of the development of hybrid technology in Toyota. In the 1970s, Toyota 
began development on a gas turbine hybrid vehicle. Subsequent in-house development followed on a motor, 
inverter and battery for electric and hybrid vehicles. Such effort led to the launch of the Coaster Hybrid, a small 
bus, in 1997, as well as the Toyota Hybrid System (THS) that powers the Prius, the world's first mass-produced 
hybrid car. New developments followed in the wake of the Prius with the THS-C mounted in the Estima minivan, 
and the THS-M in the Crown luxury sedan. In 2003, the second-generation Prius was equipped with the THS II 
boasting significantly improved power output. Hybrid technology is also utilized in diesel engine and fuel cell 
vehicles, which are sold as the Dyna HV and Toyota FCHVs on the market. 

Keywords: hybrid system, hybrid vehicle, history, engine, motor, inverter, battery 

1. Introduction 

Toyota Motor Corporation is currently developing its hybrid 
systems as promising power trains for the future. This edition of 
the Toyota Technical Review introduces the latest 
accomplishments and the outlook for the future, but this article 
will first review the history of hybrid development at Toyota. 

2. History of Hybrid Vehicle Development 

The development of hybrid vehicles at Toyota began in the 
1970s with a gas turbine hybrid vehicle.<1) The man chosen to 
lead the gas turbine development was the late Kenya Nakamura, 
Toyota's first chief engineer for the Crown and one of our great 
predecessors. At almost the same time, the company also 
participated in the planning of an Electric Vehicle Development 
Project under what was then the Ministry of International Trade 
and Industry. 
Current hybrid vehicles combine a gasoline engine with an 
electric motor and battery, but the history of motor and battery 
development goes all the way back to those early days. 
Thereafter, development was suspended for a time, but motor 
and battery development continued at the Higashifuji Technical 
Center. 
Meanwhile, research and development on motors was 
underway in the Machinery Group, where production equipment 
was developed, and those achievements were reflected in the 
RAV 4 electric vehicle. 
Early in the 1990s, measures to improve fuel economy in the 
future were being studied within Toyota. Recognizing that the 

* Hybrid Vehicle System Engineering Div. 
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serious limitations of electric vehicle batteries would make it 
difficult for a fully electric system to become the power train of 
the future, the company turned its attention to the feasibility of 
hybrid systems that combine a motor with a liquid-fuel engine. 
A variety of hybrid configurations were studied. 
The Toyota Prius, the world's first mass-produced hybrid car, 
was developed on the basis of these studies, and in tum, it has 
ignited the development of a wide variety of hybrid systems. 
The two main focuses of the studies were whether to transmit 
motive power electrically or by conventional mechanical means 
and how to simplify the functioning of the brakes, air 
conditioning, and other systems that are affected when the engine 
is turned off to save fuel. 
Special mention should also be made of the fact that 
development efforts since the Prius made its debut have reached 
the level where it is possible to mass produce what were once 
relatively expensive batteries, motors, and inverters. 
Fig. 1 shows the history of hybrid vehicle development over 
the years. The main hybrid vehicles are described in the sections 
that follow. 

2.1 Gas turbine hybrid <1> 

The gas turbine hybrid vehicle shown in Fig. 2 was exhibited 
at the Tokyo Motor Show in 1977. It was a configuration that 
took advantage of the compactness that is characteristic of a gas 
turbine engine. 
The extremely compact configuration was achieved by 
increasing the revolution speed of the generator to match that of 
the gas turbine engine. 
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Fig. 1 History of Hybrid Vehicle Development at Toyota 

Fig. 2 saoo Gas Turbine Hybrid Vehicle 

Figs. 3 and 4 show the equipment layout and the system 
configuration. This was a series hybrid vehicle. (See Appended 
Fig. 1 at the end of this article.) It featured a two-speed manual 

transmission and a compact motor. 

Gas tu『bineengine 

Fig. 4 Gas Turbine Hybrid System Configuration 

2.2 Coaster hybrid 

In 1997, Toyota developed and put on sale a compact hybrid 
bus based on the Coaster. It is intended for use by preschools, 

tourist attractions, hotels, and the like in transporting students 
and guests. It features a series hybrid layout that combines a 1.5-
liter gasoline engine with an AC generator and AC induction 
motor to reduce exhaust gas emissions of hydrocarbons and 
NOx. Figs. 5 and 6 show the vehicle and its system 
configuration. 
The operating principle of the series hybrid requires that the 
engine power be converted into electricity, and that requires a 
generator and motor that are equivalent in power to the engine. 
But while the generator, motor, and control unit can be made 

bigger to give the hybrid superior power performance, there is a 
limit to how much the performance can be improved. 

Fig. 3 Equipment Layout 
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Were studied and compared to selectthe optimum con負guration
for a compact passenger car.
It should be noted that one of the factors in this selection

Process was that a si111ilar study using an oil hydraulic motor was
already studied within the company.
The basis for the hydraulic motor con負guration was a 1971
SAE paper (2) by an engineer for TR圦I Automotive.1t descrjbed
a combination of a l.6-1iter gasoline engine, a lo・kilowatt
alternator, a 22.5・Mlowatt Dc motor, and a thydstor chopper.

Due to physica11imitations at the time, the paper described
Only bench tests, but the integration of techn010gies developed
thereafter ultimately made the pdus hybdd system feasible for a

Passenger car. ofparticularimportance were the development of
rechargeable batteries, the development of h地h・performance
magnets typified by the neody血Um magnet, improvements in
Power semiconductors, Ac motor torque controltechn010gies
Such as field-oriented contr01, the use of microcomputers to

make on-board control devices more compact, and system
Simulation techn010gies.
The prius underwent a minor change in 20oo before being put
On the market 血 the united states and Europe. The vehicle was
modified to meet the us emission Ngulation for a super ultra-
10w elmssion vehicle (SULEV) while also satisfying European

Performance requirements, thus proving its high potentialin
terms ofboth fueleconomy and e血Ssions performance.
Fig.8 Shows the configuration of 山e prius hybrid system.
The engine power is split by a planetary gear train, with one part
goino to the generator and the other being combined with the
motor power and transmitted to the drive shaft. The power is
distnbuted by contr011ing 山e speed of the generator. Because
the driving force is the total of the motor power combined with a
Portion of the engine power, the system is designed so that the
engine torque can be set to a relatively low value. This a110WS
the enoine to be tumed 0丘 While the vehicle is in motion, so that

it operates as an electric vehicle. The system is a series/para11el
hybrid layout.(see Appended Fig.1.)
The main components for the system were basicaⅡy designed
and manufactured intema11y, albeit with some cooperation from
Suppliers.

Fue11ank

Vehicle signals (acceleralor, etc.)

Fig.6 Coaster Hybrid system configuration
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ReC棚er
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Reduction gears

Sales of the prius, the world'S 負rst mass-produced hybrid car,

began jn December 1997.1n keeping with the meaning of its
name,"1eading the way," the prius, shown in Fig.フ, became the
Pioneer in mass production hybrid vehicle development.

Motor

, 1nveder

Motor(M/G)

It is worth reviewing the points that were the focus of system
Con負guration studies for the pdus.
Four functions were identi負ed as the focuses for achieving the

main objective of better fuel economy:(D engine starting and
Stopping,(2) regeneration,(3) running as an electric vehicle, and
(4) the continuously variable transmission (CVT) function.

Systems that combined 山ese functions in various configurations

Fig.7 First・Generation prius
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Fig.8 Prius system configuration (THS)
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2.4 Estima hybrid (4)

The THS・c is a hybrid system that was developed for
medium・to-1arge vehicles like 111inivans and uses a cvT. The

System was insta11ed in the Estima and went on sale in Japan in
2001. The vehicle is shown in Fig.9, and the system
Configuration in Fig.10. The system is a series/para11el hybrid
Iayout(see Appended Fig.1) comprisin合(D a sedes system that
Uses the starter motor to generate electdcity and the drive motor

to propelthe vehicle, and (2) a para11el hybdd layout made up of
the engine and a power switching mechanism composed of the
motor, CVT, and planetary geartrain.
The use of the cvT a110wed the electrical units to be made

relatively sma11, which in turn made it possible to mount the
hybrid system in an already heavy Estima・class vehicle. Another

distinctive feature is the electric four・wheel ddve system, which
Uses a dedicated motor to drive the rear wheels, enabling the
Vehicle to maneuver in a stable manner even on slippery roads.
Justlike the pdus,the Estima hybnd can tum its engine offwhile
in motion and operate as an electric vehicle to improve its fuel
economy to roughly twice that of a conventional car. The hybrid
System's generator function also ddves a l,500、watt,100、volt AC

Powersupply, WMch can be used in emergencies orfor powedng
a mobile 0伍Ce.

The THS・c system was also used in the Alphard hybrid in
2003.

2.5 Crown mild hyb"d ⑤

The mild hybrid system (THS・M) uses a 42・volt powersystem
and was developed as a system that could be applied to a wide
range of models with only minimal changes to the vehicles
themselves.1t was put on the market in August 2001, in the
Crown, shown in Fig.11.

Fig.12 Shows the 血ld hybdd system configuration.1tis a
Para11el hybrid layout.(see Appended Fig.1.)
In this configuration, a motor・generator that is linked to the
engine crankshaft by a belt replaces the alternator thatis used in

a conventional vehicle. Because the motor-generator is
Contr011ed electronica11y, the environmenta11y friendly, yet
Comfortable vehicle can make a smooth transition from a fUⅡ

Stop into motor・dnven take・off, regenerate the energy ofbraking,
and ensure air conditioning function even when it is stopped,
While reducing fuel consumption and e血Ssions.
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2.6 New priuS ①

The new pdus thatresulted from a fU11 model chanoe in 2003

features even better fuel economy and a remarkable
improvement in power performance. The vehicle's weight has
been reduced by using alU血num for some body parts, and the
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Power performance has been enhanced by increasing the power
Of the engine, oenerator, and motor. The vehicle is shown in
Fig.13.
The power of the generator, motor, and inverter 、vas increased
Without maMng the units larger, a110wing the system voltage to
be increased from 288 Volts t050o volts.

Increasing the voltage of a motor or inverter generaⅡy aⅡOWS
the unit to be made sma11er, but by contrast, a battery tends to
increase in size. This problem was solved by using a booster
System that aⅡOws the battery to be made more compact even as
the motor powerisincreased by using a higher voltage.
The booster system configuration is shown in Fig.14.

Fig.13 New prius

2.8 FuelceⅡ hybrid

50O V

Boost converter

Inverter

Li血ted sales of the Toyota FCHV, a fuel ce11 hybrid vehicle
that uses hydrogen fuel, began in Japan and the u.S. in
December of 2002. The cunent focuS 血 Japan is on lease sales
to oovemment-related bodies,10cal governments, and companies
Concerned with energy. The vehicle is shown in Fig.16.
This hybrid system combines fuel ce11Stacks and rechargeable
batteries to achieve the conceptual counterpart of a gasoline
Vehicle.

The veMcle's pedormance is demonstrated by a fuelceⅡ Stack
OU印Ut of 90 kilowatts, a maximum speed of 155 klwh, and a
CruiS血g range of30O Mlometers.
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The boost converter is housed in the same unit with the

inverter for the oenerator and motor. Nonetheless, the unit's size

is equivalentto that of the unit used in the original pdus, despite
the increase in power.
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2.7 Diesel hybrid ①

Toyota also developed a dieselhybdd system forsma11truckS 飢d
血StaⅡed itin the Dyna in November 2003, as shown 血 Fig.15.1t
is a para11elhybdd layout(see Appended Fig.1)that combines a
motor、generator with a 4-1iter common・rail diesel engine. The
System achjeved a 25% C02 reduction as compared to a
Conventional veMcle in the domestic mode. The combination of

hybrid techn010gy and engine exhaust techn010gy also
dralnatica11y reduces Nox and particulate e血Ssions.

^
.
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This hybrid techn010合y has also been applied to a fuel ceⅡ bus.
The fuel ceⅡ hybdd bus, or FCHV・BUS2, was operated as a

City bus on regular routes in Tokyo ftom August 2003, until
December 2004, as shown in Fig.17.1n 2005,itis being used

to feny visitors between attractions atthe AiC11iEXPO.

Fig.16 Kluger Fuel ce11 Hybrid vehicle
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Fig.17 Fuel ce11 Hyb"d Bus in operation
(at Tokyo station, Yaesu Exi
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3. Conclusion 

This article has reviewed the history of hybrid technology 
development at Toyota. That history can be divided into two 
periods, as described below. 

(1) Before the Prius 
Development was focused on the series hybrid systems seen in 
the gas turbine hybrid and Coaster hybrid. These systems just 
added a generator and motor to the gasoline engine, essentially 
borrowing electric vehicle technology to make the conversion to 

hybrid comparatively simple. But the physical form of the 
components and the improvement of power performance were 
issues that still had to be addressed. 
Research and development work on the elements of a hybrid 
system, such as the battery, the motor, and the control unit, 

continued at the Higashifuji Technical Center and in the 
Machinery Group. The basic technologies for the current 
generation of hybrids were developed during this period. 

(2) From the Prius to the present 
Starting with the Prius, Toyota has gone on to develop a 
variety of hybrid vehicles. The original Prius system, the THS, 
was developed for passenger cars. The Estima system (THS-C) 

incorporates a CVT for medium-to-large vehicles like minivans. 
The Crown system (THS-M) is a hybrid configuration designed 
to minimize the changes to existing vehicles. Research and 
development into the optimum hybrid system is still being 
promoted, and a system has been established to develop and 
manufacture the main components internally at Toyota. 
The development of the fuel cell hybrid vehicle as the power 
train of the future is also being promoted. 

The History of Hybrid Technology in Toyota 
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Introducing the Lexus RX40oh

Hybrid

Abstract

This article introduces the new RX40oh, the Lexus brand's first hybrid vehicle,1aunched by Toyota Motor
Corporation in the spring of 2005. Developed under the Hybrid synergy Drive (HSD) concept, the second'
generation Toyota Hybrid system that powers the new RX40oh modelis a more powerful version ofthe hyb"d
System adopted on the second.generation prius. More speci"ca11y,improvements include motors W詫h higher
Power and speed, a higher v0耽age power supply to drive the motors, and greater motor torque realized by
incorporating a planetary type reduction gear on the motor rotational shaft. The nickel・metal hydride batteries
essentialto hybrid vehicles have also been newly developed and made more compact. Furthermore, vehicle
Dynamic lntegrated Management (VDIM) has been employed forthe firsttime in an a11・wheel d"ve (AVVD) system,
and a motor with increased power output is used for d"ving the rear wheels. The RX40oh is therefore a luxury
hyb"d suv forthe 21St century that simultaneously 0什ers superb environmental and dynamic performance.

Keywords: HSD,7HS, reduCガ0n, RX40oh, E・Four, AVVP, VD//VI, nicke/・meta/ hydride battery

1,1ntroduction

A hybrid vehicle is defined as a vehicle thatis driven by two or
more types of power sources.1ts history goes back one hundred
years to september 23,1905, when an engineer by the name of
H. Pゆer filed for a patent on a hybrid vehicle in the united
States. some 90 years later, Toyota Motor corporation led the
World by developing the Toyota Hybrid system (THS).
Subsequently, the THs was insta11ed in a dedicated hybrid
Vehicle ca11ed the prius, which was launched in December 1997.

The dream hybrid vehicle that was thought to be unfeasible for
mass production thus became an everyday 武em for anyone to
Own even before the 山m ofthe century.

Osamu sadakata*

YaSⅡhiro lkⅡta**

2. EVoluuon ofthe Toyota Hyb"d system

Developed with environmental performance (ec010gical
Cleanliness) in mind, the aim when creating the THs insta11ed in
the first、oeneration prius was to produce a car with twice the fuel

economy of conventional vehicles. The resulting fuel economy
Of 28 km/L astonished the world by exceeding what was
Considered to be feasible.

Later, Toyota developed the THS・c hybrid system that uses a
mechanical continuously variable transmission (CVT), and an
electric four、wheel drive (E・Four) system that uses an electric

motor to drive the rear wheels. These systems were insta11ed in

the Estima Hybrid and Alphard Hybrid sold in Japan.
Furthermore, THS、M, which is a THS・based mild hybrid

System that features an idle stop function, was developed to
Power the Japanese market crown. Thus, the reputation of
Toyota hybrids as vehicles with exce11ent fuel economy was
established (Table l).

* Lexus Development center

** Hybdd vehicle system Engineedng Div

Table l

THS

First.Generation THS:1nnovations in

Environmental performance

THS・C

+

E・Four

Vehicle application

First・generation prius

THS・M

Mild hybrid

Estima

Aゆhard

Features

Environmental performance
(ec010gical cleanliness)

2.4 L engine combi打ed Ⅷth cvT
hybrid.
Driving performance improved
by use of E・Four system.

Mild type THS
Includes idle stop funclion, motor
assist during vehicle slart, and
energy recovery function during
deceleration.

Crown

Toyota launched the HSD conceptin 2003, six years after the
introduction of the first・generation prius. The second・generation

hybrid system was developed under this concept and insta11ed in
the new pdus model.



The epoch・making second・generation hybdd system developed
Under the HSD concept simultaneously realizes both the greatest
merit of the THS (i.e., ec010gical cleanliness) as we11 as power,
features that are genera11y thoughtto be contradictory.
Then, in the spring of 2005, Toyota developed a new, high、
Power hybdd system for spon utility vehicles (SUVS) under the
HSD concept, and insta11ed itin the RX40oh (Table 2). This

System meets the requirements of suvs, which demand power
and agility in spite ofhaving a large body size and weight.

Table 2 Second・Genera"on THS: HSD that Realizes

Both Environmental performance and power

Vehicle application Fealures

Second・generation A boostercircuitincreases the ba廿ery
Prius V01ねge t050o v to drive the vehicle,

While realizing high levels of both
environmental performance and power.

RX40oh A reduction gear amplifies the torque of
the high・speed motor.
Voltage iS 650 v to produce high power,
and AVVD is combined with vDIM to

improve driving performance.

HSD

(丁HS 川

HSD

(丁HS Ⅱ
+

AVVD)

4.1 Realizing the Maxi・mize concept

Outstanding acceleration performance and fuel economy
based on new senslbi1託ies

The RX40oh is powered by a combination of a hybdd system
that has been newly developed forthe RX40oh under the HSD

Concept, and an electric AWD system that has a dramatica11y
increased power oU印Ut. This combination clearly distinguishes
the RX40oh from conventional oasoHne enoine vehicles. As a

result,the RX40oh achieves a shiftless, outstand血g perfomlance
to accelerate smoothly and steadily up to maximum speed, while
maintaining the fueleconomy of a compact car.
In terms of acceleration, the o t010o hwh performance of the
RX40oh is the fastest in its category of mass production s〔ⅣS
(excluding turbocharged vehicles)(Fig.1).

3. central concepts of Development

3.1 Basic policies

Toyota makes cars based on the concept of "Today for
Tomorrow." Litera11y, this means to make cars not only for
today, but also with tomorrow in nlind.1n other words, Toyota
aims to build cars by taking a hard look at the requirements of
the future. These cars should not damage or p0ⅡUte nature (i.e.,
they should " zero-nize" negative impacts) but they should also
Possess performance levels that enhance the spiri加al happiness
Of 血e customer (i.e., they should "maxi・血Ze" the enjoyment of
dnving).

Lexus makes cars based on the concepts "The pursuit of
Perfection" and "Make the Most ofEvery Moment." This means

to constandy strive to make cars by pursU血g the essence of high
quality while making a profound impact on the customerthrough
their contact with Lexus. specifica11y, Lexus emphasizes various
Perfomance features using the keyword lDEAL (1: impressive,
D: dynamic, E: elegant, A: advanced, and L:1asting). The
Purpose is to create ideal products with the highest level of
Performance that exceeds the expectations ofLexus users.
The RX40oh is Toyota'S 丘rst hybrid suv. Atthe same time,
itis the first Lexus hybdd vehicle sold in the united states and

Europe.1n other words, this modelincorporates development
activities and car-maMng processes in accordance with the basic
development policies ofboth Toyota and Lexus.

Introduciηg the Lexus RX40oh

'

32 How the RX40oh integrates the Maxi・mize,1DEAL,
and zero・nize concepts

Maxi・111ize and lDEAL The basic functions of an automobile

are Nnning,turning, and stopping. The developmental aims for
the RX40oh were to create a vehicle capable of Nnnino more
C0111fortably than other suvs,tuming con負dently on any type of
road surface, and stopping with plenty ofroom to spare. At each
Stage, the developers themselves checked whether the
Performance features were lDEAL. Third・party evaluations
Were also conducted to enable the development to constandy
Pursue the essence of quality without becolmng self・complacent.
Zero-nize: The world's best exhaust emission contr01

techn010gy was applied to clean environmenta11y damaging
exhaust gases. The RX40oh aims to meetthe most stringent
regulations in any country or region around the world.1n terms
Of f11el economy,the target was to approximately double the fuel
economy ofthe best suv in the same class.

Photo l New Model RX40oh
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Drivability and driving stability to bring out the fun of driving
TO support the power train that delivers outstanding dynalmc
Performance, the underbody rigidity and the suspension
Specifications of the vehicle have been completely revised.
Using the structure of the base gasoline model as a reference,
body rigidity has been optimized through the use of the latest
Computer simulation techn010gy The basic design of the
Suspension was created on test courses and then optima11y tuned
to suitthe road and traffic conditions of various countries. To do

SO, permits were obtained in the target countries so that the
Vehicle could be driven on autobahns and country roads in

Europe, and on 丘eeways and city streets in the united states.

10

Durino a test drive meet for the media, an automobile

journalist was asked about his impressions. He blurted out,
"Quick, WOW, and impressive!" This exclamatory phrase
Suggests that the vehicle not only offers quick acceleration, but
has also achieved the h地hest level of product quality that
exceeds the expectations of our customers.1n other words, the
RX40oh achievesthe featuressummarized by ΦEAL.

9

0-10o km/h (sec)

Domestic
Vehlc e c

8

42 Realizing the zero・nize concept

7

High fuel economy and clean exhaust gas
Xvith the reduction of c02 emissionsin 血nd,the RX40oh has

achieved 血e world's hiohestlevel of fuel economy門 in its class,

equivalentto a compact vehicle. The RX40oh has surpassed the
"2010 FuelEconomy standards + 5%"(phot02) established by
the Ministry of Land,1nfrastructure and Transportin Japan by a
Wide margin.
In terms of exhaust gases,the RX40oh has drasticaⅡy reduced
nitrogen oxides (NO×) and non・methane hydrocarbons (NMHC)
to meetthe most stringent regulationSセ in any country or region
around the world.1n Japan, this vehicle has earned four stars
(phot02).

Fig.2 Representative Diagram of vehicle contr01

Conventional contr01

In addition to these accompHshments, Toyota has applied
Vehicle Dyna血C lntegrated Management(VDIM) for the first
time in a four・wheel drive (4WD) system,to stabilize the vehicle
before cdticalbehavior is reached (Fig.2). consequently, the

System is able to bdng the best out of the high level of dyna111ic
Performance thatthe RX40oh provides. Together with shiftless,
torqueful acceleration that nses instandy, the RX40oh embodies
the fun of driving t11rough seamless contr01, and an astonishing
Ievel of drivability and driving stability thatthe user can enjoy

..・・^^討^D',密d、

、●毛亀命゛亀佃血W邸6Q劫ゞP'区'(亀,0゛電呂g'叫多功't''子、'゛叉写゛0宮1'渉を゛0咳'
'、太'゛^、{こ゛、、!':19》!Eつ,

燃費基準+5%

平成22年度

VDIM contr01

*1Japan:17.8 km/L ao-15 mode value as inspected by the
Ministry ofLand,1nfrast皿Cture and Transport)

US:29 mpg/AWD (combination label value as inspected by
the EPA)

Europe:8.1 L/10o hn combination fueleconomy
、2 Japan:2005 Standard exhaust gaS 75% reduction level
US: califomia super ultra LOW Emission vehicle (SULEV)
Europe: step lv

Phot02 Certi"cates of compliance

1 L子 LJ/'
竿成17年排出ガユ

4.3 Uncanny levels of quietness

Norma11y, the engine of the RX40oh stops when the vehicle
itself stops. Depending on the road conditions and accelerator
e丘ort, the engine may also stop when the vehicle is in motion,
a110wing the ve11icle to continue running using the electric motor
alone. The state in which this happens is ca11ed the "Ev driving
mode." Because the engine does not produce any sound or
Vibration in this mode, a driver operating a hybrid vehicle for the
first time experiences a soundless and vibrationless world.
Initia11y, this may be a somewhat uncanny experience, but this
feeling is soon replaced by one of delight.1t is truly a quiet
World that enables the users of the vehicle to enjoy an incredible
Sensation unmatched in other cars.
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Introducing the Lexus RX400h 

4.4 Appearance and style 

The appearance of the RX400h body has not been 
differentiated from the base RX330 (RX300) model that is 
already on sale. Instead, the basic completed interior and 
exterior design of the vehicle was created to be suitable for a 
new-generation hybrid SUV, under the concept of harmonizing 
the innovation and power inherent to hybrids (Photo 3). 

｀ ral 
Photo 3 RX400h 

5. Hybrid System 

The individual systems (Photo 4) that comprise the new 
hybrid system developed under the HSD concept for the RX400h 

are described in detail elsewhere. This section presents an 
overview of the system from the perspective of the vehicle. 

＇ --ア ・ — → -----・  一＿こーご二・-―--- ;.., ~ --- --

｀ ぶ／！ 雲年

ヽ` ―-戸一

眉

5.1 HSD and AWD 

The new hybrid system developed under the HSD concept for 
the RX400h is based on the second-generation hybrid system 

adopted on the current Prius. The basic system has been 
combined with a large displacement, 3.3 L engine to create a 
system configuration that provides the high power and torque 
required by an SUV (Photo 5). 

Photo 5 3MZ Engine and Hybrid System Newly 
Developed Under HSD Concept 

Generally, motor size increases in accordance with the amount 
the power and torque produced. However, because the engine 
compartment in which the motor is installed has a fixed capacity, 
there is a limit to how far the size of the motor can be increased. 
Therefore, on the RX400h, the motor drive voltage has been 
raised to a maximum of 650 V, to achieve a power output of 123 
kW. The speed of the motor itself has been increased to 12,400 

rpm, and the 333 Nm of motor torque is amplified 2.478 times by 
a newly developed, planetary type reduction gear that is built 
into the transaxle. As a result, a compact and high power output 
hybrid system has been developed under the HSD concept to 
deliver ample power and torque in a large SUV (Photo 6). 

r~7i;J 
Photo 6 Drive Motor (Left} and Reduction Gear (Right} 

Front motor unit, etc. Newly developed battery Rear motor unit 

Photo 4 Unit Installation Diagram 
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Funhermore, a high power output and high torque (50 kw/130
Nm)rear motor(phot07)is used to ddve the rear wheels ofthe
RX40oh. This motor coordinates with the front drive motor in

Order to opti血Ze the rear drive force in accordance with driV血g
Conditions, such as at start, dudng acceleration, or when driving

Uphi11. Funhermore, AWD is incorporated in the vDn,1System
to stabilize the vehicle behavior, while a110wing the driving

Performance ofthe RX40oh to make a quantum leap forward

Phot07 Appearance of un託 W詮h Built・1n Rear Motor
and Di什erential Ge討

52 New nickel・metal hyd"de batteries

To realize a spacious and aat lugga8e aoor, which is an
important par[ of the product appeal of suvs, and a variety of
Seat arrangements, newly developed nickel・metal hydride
batteries have been insta11ed in 血e space between the rear seat
Cushion and the fuelt田lk located under the aoor (phot08).

Based on the prismatica11y shaped nickel-metal hydride
batteries housed in a plastic battery case and used on the prius,
the newly developed nickel・metal hydride batteries have been
made 30% more compact by volume. considering the harsh
Operating conditions of suvs, the batteries have been divided
into t11ree groups, with each group provided with a cooling fan in
Order to enhance cooling pedormance. The battedes themselves
Use metal cases that provide a high level of cooling efficiency.
As a result, these compact and efficient nickel・metal hydride
batteries boast a maximum output of45 k圦1.

6. on・vehicle Equipment

6.1 Equipment unique to hybrid vehicles

(1) power meter and multi display
The power meter is located atthe left end of the row of t11ree
inst川ments.1tis provided in place of a tachometer and indicates
in Mlowatts (kxv)血e amount of power consumed by the vehicle
during ddV血g. The driver can improve fuel economy by going
easy on the accelerator pedal and maMng sure thatthe indicator
On the power meter does not move too high.1n addition,血e
Power meter a110ws the driver to monitor the regenerative
function,i.e., whetherthe veMcle isrecovedng energy (phot09).
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Phot09 Power Meter: power output Display (Le貴) and
Regenerative Display (Right)

The multi display is located at the center of the row of t11ree
instruments, at the bottom of the speedometer. The ddver can
Choose to display various items of information, such as the
energy aow ofthe hybdd system, cunentfueleconomy,加leage,
and outside temperature.1f a door is ajar or the parMng pedal
brake has not been released, a warning and an alarm wi11

interrupt whatever information is currently being displayed
(phot010).
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...

Display Example of Row of ThreePhot010

Instruments and MU吐i Display (some
Japanese specifications shown)

(2) Energy monitor
The multi display in the speedometer (standard for a11 models)
Or (optionaD Electro Multi vision (EMV) displays the
appropriate option from l t04 below, as weⅡ as either option 5
Or 6 atthe same time (photoS 11 and 12).

(1) The vehicle is running only on the motor using the battery
(Ev driving mode)

(2) The vehicle iS 血nning on the engine using gasoline
(3) The vehicle is Nnning on both types ofenergy
(4) The battery is being charged (regenerative function)
(5) The vehicle is running in the front・wheel drive mode
(6) The vehicle is Nnning in the four・wheel drive mode

^

Energy Monitor

Introducing the Lexus RX40oh

ノ

Phot012 Energy Monitor Display Example
(Regenerative Function Display)

62 Comfort equipment(Japanese specifications)

●躍,

鐙

@墜塑血1

OUT
TEM

Various items of comfort equipment are provided with the
Convenience of the customer in mind. These include the

f0ⅡOwing:
1. power meter

2. Multi display with selector switch on steerino wheel
3. VDIM

4. High・1ntensity Discharge (HID) headlights (with inte11igent
Adaptive Front Lighting system (AFS), depending on model
grade)

5. Humidity control air conditioner with separate right・1eft
Controls

6. SRs airbags (for driver and front passenger)
フ. cruise contr01

8. High performance sound insulation glass
9. Accessory power socket for ACI0O V,10O XV (depending on
model grade)
10. seat heaters (on specifications with genuine leather seats)

Current

65下

くミ.モれergyMonitor ・、

34'3 MPG I

q/
一金ノ

Ccnタ.1npua'1

Phot011

The RX40oh, the first hybrid suv from the Lexus bnnd,
encapsulates the enjoyment of a truly powerful driving
experience, while maintaining the environmental performance of
Previous Toyota hybrid models. underthe lDEAL keyword,the
individual performance features of this vehicle have created a
Ievel of quality that far exceeds the expectations of the customer.
Table 3 Sho、vs the specifications of this system
Startino with the readers of this article, the authors would like

as many people as possible to actuaⅡy drive the RX40oh and
experience for themselves the brand new world of 血e hybrid
SUV.

MOTOR
.

今ヅごFRO.同ITELEC.MOTOR Y゛
CUI'cnt 3ι'3 kp(;

Energy Monitor Display Example
(FU11 Acceleration in AVVD Mode)
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Hybrid system speC廿icationsTable 3

Vehicle model code

Hybrid system

Model

Item
RX40oh

(THS 川

DAA、MHU38VV

Fr: para11evseries
Rr: series

3MZ・FE

Water・cooled, V6,

transvelsely mounted

331 、1

Type

E叩lnedS伽mme叫囲
Engine

'P P 155(211)/5600

q 288(29.4y4400

制'1 See attached diagram l, page 15

108(11.0)/o t0400

New prius

(THS 川

ZA・NHVV20

Para11evseries

INZ・FXE

Water・cooled, inline 4,

transversely mounled

1496

Estima HV Alphard HV
(THS・C)(THS・C)

ZA・AHRIOW ZA・ATHIOW

Fr: para11el
Rr: serles

2AZ・FXE

Waler・cooled,inline 4,

transvelsely mounted

2362

Item

TranS獣le model

57(フフ)/4500

Fr
Max. power oulpul
{kⅧPsyrpm}

Max.torque
(N・m化g・m)ゆm)

115(117y4200

Authors

RX40oh

(THS 川

Motor

Max. power oulpul
50(68)/4610105120

Rr 化ⅧPS}rpm}

Max.torque
130(13.3)/o t0610

{N,m化g・m)如m}

*2 The rnotorreduction mechanism amPⅢies torque by approximately 2.48 times

and transmits it to the output shaft

P310

123(167)/4500

333(鋤 o t01500
⑩Ut叫 Sha":825【83y
O t01500 、2

96(131)/5600

TranS臥le model

New prius

(THS 川

190(19.4y4000

Pt12

50(68γ120o to
1540

400(40.8γ
0101200

Same as out utsh飾

Eslima HV

(THS・C)

Q21 '1

New prius

(THS 川

82(1 1 1)/
850r more

0.SADAKATA

Alphard HV
(THS・C)

Alphard HV
{THS・C}

Max.P0舵「OU1叫
Syslem"3 4ⅧPS}NeNde

S eed in kΠ北

Nickel・melal hydrideNickel・metal hydrideType

Raled voltage 288V{3 rou baせem 201.6 V
Hv ba廿ery

Numbero{ m側U眺 9.6 V X 30 72V X 28

CapaC卿(Ah) 6.5 6.5

BOOS1卯nveder

{in invedel 288V←→650 V 201.6V←→50OV
V01ねge鰯師W} g

¥3 Power output and torque produced by system consisting of engine and motor

13(177γ1130 t03000

P210

Item

110(11.2)/ot01130

Nickel・metal hydride

216V

72 V X 30

6.5

金

Y.1KUTA

RX40oh

仟HS 川

200(272)ノ
10o or more

18(245y1910 t02500

Q210

Estima HV

(THS・C)



Develop ent of Hybrid sys em for suv

Hybrid

Abstract

The Toyota Hybrid system (THS) combines a gasoline engine and an electric motor, and has been insta11ed in the
P"US, which was introduced in 1997 as the wo"d's first mass・produced hybrid passenger car. The p"us was vastly
improved in 2003, and has since gained status as a highly innovative and practical vehicle. combined W詫h a V6
engine, the THs fuHher evolved into a hybrid system for suvs in 2005, and has been insta11ed in the RX40oh setfor
World launch. This article wiⅡ describe the new THs achieving V8 engine power performance.

Keywords: hybrid povverperformance,4VVD

1.1ntroduction

Faced with orowing public concern about atmospheric
Contamination and global warming by carbon dioxide (C02),
automobile manufacturers are no、v required to further reduce
automobile exhaust oas and c02 emissionsthrough improvement
Of fuel efficiency. A hybrid system that combines an internal
Combustion engine and an electric motor is recognized as a very
e丘ective means for satisfying the above requirements. Toyota
developed in 1997 the world's first mass・produced hybrid
System, ca11ed the Toyota Hybrid system (THS). since then,
Vehicles incorporating a hybrid system (hybrid vehicles) have
rapidly expanded the market (Fig.1) and thus contributed to
Conservation ofthe global environment. However, only a limited
number of hybrid passenσer vehicle models are available today,

Akihiro KimⅡra*

御朔

揃朔

making it difficult for some customers to find the models they
need. Most hybrid systems produced today are insta11ed in
Sma11・sized vehicles. Their performance is insufficient for
driving the type of heavy・duty vehicles that enlit a larger amount
Of c02 than sma11・ and medium・sized vehicles. This article

Presents and discusses a new hybrid system that Toyota has
developed by further improving the Toyota Hybrid system n
(THS ID in order to expand the use of hybrid systems to sports
Utility vehicles (SUVS).

蜘噂

伽朔

前咽

9710 981 991

TOYOTA Total

X Hybrid vehicle system Enoineering Div

2. Toyota Hybrid system Ⅱ for suv

2.1 0bjective ofthe development

In 2003, Toyota completely redesiσned the prius and
integrated the THs n into the new model. The THs n was
Superior to the THs in terms of fuel efficiency, exhaust oas
reduction pedormance, and power performance.1n this article,
the THS Ⅱ forthe priusis ca11ed THs n (prius). The THS Ⅱ for

Suvs is Toyota's latest hybrid system (and ca11ed the THS 11
(SUV) in this article) and was developed by further improving
the fuel ef負Ciency and power performance of the THS 11(pdus).
It was developed with the objective of expanding the use of
hybrid systems in suvs and other heavy・duty vehicles, thereby
Sweeping away the conventional wisdom in the market, thatthe
acceleration performance of hybrid vehicles is lower than that of
Conventional oasoline・driven vehicles. Another objective of the
development was to introduce a hybrid system that can be
insta11ed in a front・engine front・、vheel・drive (FF) vehicle of the
heaviest class, and then to serialize the system in the future so
that it can also be mounted on any medium・ or sma11・sized FF
Vehicle. The major specifications of the system components are
Shown in Table l.

001
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Table l specification of THS Ⅱ for suv

11em THS11(SUV) THS11(prius)

Engine 33 Lgasoline l.5 Lgasoline

Max. output (kvv/rpm) 155/5600 57/5000

Max.torque (Nm/rpm) 288/4400 115/4200

Permanent magnet moto permanent magnelmotorFront motor

Max. output(kvv/rpm) 123/4500 50/1200-1540

Max. speed (rpm) 640012400

Max.torque (Nm/rpm) 333/0-1500 400/0-1000

Permanent magnet m010rRear motor

Max. output (kvv/rpm) 50/4600-5100

Max. speed (rpm) 10500

Max.torque (Nm/rpm) 130/0-610

Ba廿ery Nickel・metal hydride Nickel・metal hydrlde

Max. output (kvv/rpm) 45 25

10 second ぱed oU如Ut(kw) 36 21

22 Engine

Increasing engine oU中Ut is most important for improV血g the
Power performance of a vehicle. A 3.3 L, V6 enoine was
designed so thatit could drive even a heavy・duty suv with a FF
System. This engine was basica11y the same as the RX330
engine, with 血e exception of intake and exhaust systems that
Were redesigned for further reduction of exhaust e111issions. The
Variable valve ti血ng (VVT) ofthe new engine was also changed
to decompress the engine, thereby minimizing engine vibration
during starting and stopping.

23 Front motor

As in the case of the THS 11(prius), the THS 11(SUV) uses a

Permanent magnet motor. since the motor produces most ofthe
driving power as shown in Fig.2, a large・torque, high・power
motor is required to increase the power performance. on the
Other hand, due to limited aⅡOwances for space and weioht a
Vehicle does not a110w the mounting of a large electric motor.
The f0110wing two techniques enabled THs n (SUV) to resolve
the above contradictory problems. one is use of a system
Operating voltage higher than the rated voltage of the battery.
Using the same technique as that used in the THS 11 (prius), the
electric power voltage from the battery is boosted to drive the
motor and generator. For the THs n (SIJV),the power density
has been enhanced further by boosting 血e voltage of the motor
and generatorfrom 50o v in the THS 11(pdus)to a maximum of

650 V. The other is instaⅡation of a oear for reducing motor
Speed. This speed reduction gear a110ws the motor to run at a
high speed with a low torque value, even when the tranS血Ssion
Of large oU印Ut torque is required to the drive shaft. Figs.3
and 4 Showsthe motor specifications. The THS 11(SUV) has an
OU印Ut power 2.5 times and a power density 3 times higher than
those ofthe THS 11(prius).
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Development of Hybrid System for SUV 

2.4 Generator 

The generator is a permanent magnet motor with a maximum 
operating voltage of 650 V. An output torque larger than that in 

the THS II (Prius) was required for the generator to be 
compatible with the output torque of the 3.3 L, V6 engine, which 
would usually cause both the generator dimensions and weight to 
increase. In designing the THS II (SUV), the torque margin of 
the generator for engine output torque was reduced as much as 

possible to minimize the generator dimensions and weight. The 
generator is also required to supply sufficient electric power to 
drive the front motor and the rear motor, as will be discussed 
later. To meet this requirement, the generator has been designed 
so that it runs at a higher speed than the THS II (Prius) generator. 
For the generator, the same material, magnetic steel sheet, and 

the same coil turns as those for the front motor are used in order 
to reduce the cost and the number of parts. The overall 
dimensions of the THS II (SUV) generator per engine output has 
been reduced more than 30% compared to the THS II (Prius) 
generator (Fig. 5). 
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Fig. 5 Relation of Engine Power and Generator Size 

2.5 Rear motor 

For installation in an SUV, the hybrid system should be of a 
4WD design. When compared with 2WD vehicles, conventional 
4 WO vehicles are disadvantageous in acceleration performance, 
passenger space, and vehicle weight due to the installation of an 
additional propeller shaft and related components. To overcome 

these shortcomings, the THS II (SUV) uses a motor-powered 
rear wheel drive unit as does the Estima Hybrid which began 
mass production in Japan in 2001. Similar to the Estima Hybrid, 
a permanent magnet motor drives the rear wheel drive unit. The 

motor has dramatically increased its output thanks to an increase 
of the maximum operating voltage to 650 V and the use of 
optimal coil turns for this voltage (Fig. 6). 
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Fig. 6 Rear Motor Torque Profile 

2.6 Boost converter circuit 

The THS II (SUV) also uses the same boost converter circuit 

as that used in the THS II (Prius). This circuit boosts the voltage 
to a maximum of 650 V to dramatically increase the output 
power of the front motor, generator, and rear motor, while at the 
same time making them easy to install due to size and weight 
reductions. 

2.7 Battery 

Similar to the THS II (Prius), the THS II (SUV) uses a nickel-
metal hydride battery. In order to secure an acceleration 
performance sufficient for the weight of an SUV, a battery 
composed of 240 cells is used. This battery has a short time 

rating of 45 kW and a 10 second rating of 36 kW. The size of 
each cell has been minimized to allow for installation in an SUV 
equipped with three rows of passenger seats. The above design 
considerations have made it possible to locate the battery beneath 
the second passenger seats without sacrificing the passenger 
space, as shown in Fig. 7. 
To reduce the battery pack dimensions, the main relay, rush-

current suppressing resistor, and current sensor have also been 
rearranged. 

Fig. 7 Battery Pack 
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2β System configuration

The arranoement of ECUS, which has been substantia11y

modified from the THs n (prius) design,is shown in Fig.8.

Shift positlon
ACC. pedal stroke

Battery voltage
Battery current
Battery temp

Engine cond北i0Π

THS・
ECU

HV

CPU

Engine
CPU

Brake torque request

Actual brake torque

Speed sensor
Brake pedal stroke

Cooling Battery
fan

Inveder box

認^"

Fig.8 System configuration

Relocation of MG・cpu in inverter box

Differing from 血e THS 11(prius) design, in which the HV・
Ecu comprised an HV・cpu and MG・CPU,the MG・cpu has
been relocated in the inverteT box to integrate the front motor,
Oenerator, and rear motor controls. As a result, the need for an

inveder・powenng wire hamess has been eliminated.
Integration of HV・cpu and engine cpu into single ECU
(THSECU)
To simpHfy instaⅡation and reduce cost, the engine cpu and
HV・cpu have been integrated into a single Ecu with a common

Power source clrcult.

Elimination of battery ECU
Except for sensing functions, the soc processor, cooling fan
Contr0Ⅱer, and other functional units have been separated from

the battery pack and relocated in the HV・CPU. As a result, the
need for the battery Ecu has been eliminated, which has led to
reduced cost and dimensions ofthe battery pack

As previously discussed, the output power of electric
Components has been dramatica11y increased from the
THS 11 (prius).1n the THS 11(SUV), the measures taken for

balancing motor power with generator power, as we11 as the
Scheme for controlHno the system within the rated specifications

Ofelectric components are gready changed.

MG・
CPU

3.1 AⅡOwable ra"o of power sP1託 between front and
rear wheel drive units

Boost
Conveder

Skid
Contr01
ECU

Front wheel drive units have been designed to a110W FF
Vehicles to achieve the fU11est pedormance. on the other hand,
the oU中Ut power of the rear wheel drive unit is slightly limited
due to restricted insta11ation space in the body. However, since
the rear motor has an output power of 50 k圦10r 130 Nm, power
Can be delivered to the front and real! wheel drive units at a ratio

Of nearly l t0 1, as long as the accelerator pedalis held at about
50% stroke (Fig.9).

Fmnt
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En ine
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Brake
actuator

02

Front
motor

2
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15000
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Rear available driving force
0

1000

Vehicle speed (km/h)

Fig.9 Ability of Rear unit

3.2 Response to power split command

The new hybrid system uses an electroniC 4圦ID system.1ts
丘ont and rear wheel drive units are driven independendy by two
electric motors (front and rear motors). The power split ratio
between the front and rear motors is managed by contr011ing the

Output torque of these motors. Differing from conventional
4圦ID vehicles that use a hydraulic control system, the new

hybrid system directly controls the electric power to be
transnlitted to the front and rear wheel drive motors. Therefore,

the new hybrid system quickly responds to power split ratio
Command signals (Fig.10) and thus maximizes fuel e丘iciency,
as weⅡ as the stability and contr011ability of the vehicle.
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The new hybrid system is instaⅡed in FF type 2WD vehicles
and 4WD vehicles consisting of a specia11y designed rear wheel
ddve unit
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Development of Hybrid System for SUV 

3.3 General description of 4WD control scheme 4.1 System output power 

To ensure high power transmission efficiencies, the new 
hybrid system installed in a 4WD vehicle is basically operated in 
the FF 2WD mode. 4WD operation mode is used only when 
necessary. The rear wheel drive unit is driven by electric power 

only. Therefore, to allow the rear wheel drive unit to 
continuously drive the wheels, the front wheel drive unit is 
required to generate electric power. When driving a vehicle in 
the 4WD mode, it is advantageous from the viewpoints of overall 
power consumption and battery charging/discharging efficiency 

to reduce the output torque of the front motor and supply the 
saved torque to the rear motor, which is different from driving a 
vehicle in the FF mode. Meanwhile, the front wheel drive unit 
has been designed to select its gear ratio so that the output torque 
of the front motor is reduced to nearly zero when the vehicle 

travels at a constant s~e~d, in order to maximize the overall 
power transmission efficiency. In other words, under normal 
conditions, a vehicle mounted with the new hybrid system is 
driven by the power directly transmitted from the engine. 
Reducing the motor output torque to nearly zero minimizes 
transmission of power between the generator and motor. Thus, 
power loss in the electrical system decreases and, in turn, power 

transmission efficiency is maximized. 
When a vehicle runs at a constant speed in the 4WD mode, the 
front motor is driven by the engine and generates the rear motor 
drive power. This causes electrical energy to flow between the 
front and rear motors and increases power loss in the electrical 
system, resulting in overall efficiency reduction. To eliminate 
this disadvantage, the new hybrid system has been designed to 
operate in the FF mode when the vehicle runs at a constant 
speed. Since either the FF or 4WD mode can be selected quickly 
as has already been discussed, sufficient vehicle stability and 

controllability are always obtained, even if the vehicle runs in the 
4WD mode only when necessary. To keep proper stability and 
controllability, the vehicle is driven in the 4WD mode during 
acceleration, skidding, and right/left turns. The 4WD mode is 
also used during deceleration in order to recover kinetic energy 
as electrical energy. 

The front and rear wheel drive units have individual 
performance limits. Taking this fact into account, the power split 
ratio is finally determined so that the fuel efficiency and power 
performance are maximized while giving the top priority to 
vehicle stability and controllability. 

4. Power Performance 

As discussed in Section 2, the output of each electrical 
component has been dramatically increased from that in the THS 
II (Prius) while suppressing weight increase to a minimum. 
Thus, a new hybrid system suitable for installation in SUVs has 
been developed successfully. 

In the THS, the engine and battery produce the vehicle drive 
power, while the electric motors and generator are used to 
merely transmit the power, as can be understood from Fig. 11. 
A combination of the engine and battery can produce a 
maximum output power of 200 kW, which is comparative to the 

output capacity of a gasoline engine having a displacement of 
nearly 4 L (Table 2). 
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Fig.11 Power Flow 

Table 2 System Power 

THS II (SUV) LS430 (US) 

Engine type V6 va 

Displacement 3.3 L 4.3 L 

Engine max. power 155 kW 216 kW 

Battery max. power 45 kW 

Total power 200kW 216 kW 

4.2 Stepless speed reduction gear 

The continuous speed reducing function of the THS permits a 
wide engine speed range, which implies that the engine speed 
can be controlled independently of vehicle speed. Therefore, 
unlike a step change gear type vehicle in which the engine speed 
drops immediately after up-shifting, the THS does not stall the 
engine power (Fig. 12). A hydraulic system, such as a CVT, is 

not used in the THS to change the engine speed. Therefore, the 
engine speed can be changed very quickly and hence a necessary 
amount of engine power can be obtained in a moment (Fig. 13). 

Conv. vehicle 

＼ 

THS II (SUV) 
／ 

Difference of engine power 

゜゚ Vehicle speed (km/h) 

Fig. 12 Engine Speed at WOT Acceleration 

150 
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ACC. pedal stroke

Engine speed limit
by generator speed

Engine start
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6420
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Fig.13 Engine speed up Rate

43 Assist by rear motor

Since a 4WD modelsystem consists of a rear motor,the excess
electdc power that would be generated by the generator or stored
in 血e battery in a 2WD modelsystem when itis driven at a low・
Speed can be transformed by the rear motor into drive power
(Fig.14).1tis a matter of c01血10n hlowledge that the power
Performance of a 2圦ID model system is higher than that of a
4WD system mainly because the former is lighter than the latter.
However,in the case of this system, a comparison of the 4WD

and 2WD modelsystemsrevealS 血atthe 4WD has higher power
Performance than the 2圦ID, despite the fact that the former is
heavier than the latter by the weight of the rear wheel drive unit.

Engine speed up

11(SUV,4WD)

Front motor max. consumptlon power

100

0

2.5

A. KIMURA

200

3

3.5

150

THS 11(SUV, FF)

0
SUV・A (gas011ne 4.4 L)

() SUV8 (gasoline 4.4 L)

Front & rear motor available electrical power

4

4.5

8

1000

Vehicle speed (km/h)

Fig.14 Surplus power on FF Mode!

4.4 Acceleration time

As discussed above, the 33 L, V6 engine of the new hybrid

System can provide a power performance equivalentto that of a 4
L gasoline engine (Fig.15).1n particular, the acceleration of the
new hybrid system from 30 mph is far better that that of a 4 L
Oasoline enoine.2WD modelsystems also e血ibit an exceⅡent

Power performance since they indude a high・powered front
motor.

5. conclusions

A new power train containing two electric motors has been
developed aiming at its application to FF type vehicles of the
heaviest dass.

、 1ntroduction of a speed reduction gear and the use of higher
Operating voltage have increased the oU印Ut density of the
electrical system, yield血g a power performance equalto or
hioher than that of conventionalvehicles.

、 The neW 4WD design,in which 血e front and rear wheels are
independently driven by two electric motors, has improved fuel
efficiency while maintainino optimum vehicle stability and
ControHability. The rear motor assist function has also
improved the powerpedormance.
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I了如嘉--":"'.I 
Development of Engine for New Hybrid SUV Ikuo Ando* Kazuhiro lchimoto* 

Kenji Itagaki* 
Daigo Ando* 
Shigeru Suzuki** 

Abstract 
A new hybrid SUV combining the Toyota Hybrid System II (THS II) with a V6 engine for greater power output was 
launched in the North American, European and Japanese markets in March of 2005. An engine with high power 
was required for the hybrid SUV, while at the same time maintaining the high fuel economy and low emission 
levels that are the hallmark of hybrid vehicles. Satisfying these three requirements has achieved a new hybrid 
SUV with a fuel economy matching that of compact cars, and whose emissions meet the strictest levels set by 
each country. 

Keywords: SUV, hybrid vehicle, gasoline engine, emissions, fuel economy 

1. Introduction 

With the coming into effect of the Kyoto Protocol for the 
prevention of global warming in February 2005, the automobile 
industry is required to develop technologies to further improve 
fuel economy and make exhaust emissions cleaner. 
It was in this context that Toyota introduced its hybrid SUV in 
the North American, European, and Japanese markets. The hybrid 
SUV is equipped with the Toyota Hybrid System II (THS II), 
a higher-powered version of the hybrid system that is highly 
effective in reducing CO2 emissions from heavy-duty vehicles 
like SUVs. The vehicle was developed to meet fuel economy 
targets of a combined 33.4 miles per gallon (North America) and 
17.8 kilometers per liter in the 10-15 mode (Japan). The targets 
for Europe were a fuel consumption rate of 8.1 liters per 100 
kilometers and CO2 emissions of 192 grams per kilometer in the 
European EC mode. The emission targets were set so as to 
satisfy the most demanding regulations in each country/region 
(SULEV in North America, J-SULEV in Japan, and Euro4 in 
Europe). 
This article describes the technologies that were incorporated 
into the hybrid SUV engine, with the focus on engine control. 

2. Engine Selection 

The engine used in the THS, THS-C, and THS II systems 
employs a high expansion ratio cycle to dramatically improve the 
specific fuel consumption (SFC), but with the trade-off of a drop 
in engine power. 
However, one of the features of the hybrid SUV is that it 
should have noticeably superior driving performance at a level 
not seen before in a hybrid vehicle, and that requires a more 
powerful engine. 

* Hybrid Vehicle System Engineering Div. ** Engine Engineering Div. I 
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Fig. 1 shows the results of calculations that were made to 
select the engine displacement. The engine power necessary for 
vehicle performance is 155 kilowatts, and it can be seen that that 
requires a displacement of at least 3.0 liters. It is also clear that 
the 3.3-liter high-expansion engine is incapable of achieving the 
155-kilowatt target. 

340 

-E 320 

z 
- 300 

.E ~ e-280 
Q) C 260 

吾W 240 

220 
1000 2000 3000 4000 5000 6000 

Engine speed (rpm) 

Fig. 1 Calculations for Selecting Engine Displacement 

The engine was selected to meet targets for power, fuel 
economy, emissions, and cost. The final choice was the 3.3-liter 
Toyota 3MZ-FE engine that is used in the base vehicle, but the 
decision was made to forgo the use of the high expansion ratio 
cycle. Note that although the vehicle itself is specified 
differently for the three destinations of North America, Europe, 
and Japan, the same engine is used in all specifications. 
Table 1 compares the new engine specifications to those of 
the base engine. At the same time that the changes required for 
use in a hybrid were made, unnecessary items were eliminated. 
The next section provides a detailed description of the changes 
that were made to the base engine specifications. 

29 



Table l comparison of specifications

BaseNew

EngineEngine
3MZ・FE V6 ゛^

SULEV

3β11

92.O×83.0

10.8

92-32

155/5600

288/4400

None

Special alr cle肌er
mounted on lop olengine

9R・08

2 miV90o cel

TVVC

13R・08

3 miV60o cel

TVVC

En ine model

Emission control North Amerlca

Dis lacement cc

Borexstroke mm

Mechanicalcom ression ratio

Intakevalveclosin timin ABDC

Max. ower kvvh m

Max.tor ue Nm/r m

ACIS

Air cleaner

Start catalyst

Under Floor calalyst

3. changes to Engine Hardware

LEV2/ULEV

4. Engine performance and Fuel Economy

4.1 Concept of environmental measures in the new engine

3.1 Exhaustsystem

The exhaust system specifications were revised so that the
hybrid suv could satisfy the suLEv standards, the most
demandino ofNorth American e血Ssion regulations.
The base material of the start catalyst was changed to a thin-

Wa11ed material with high ce11 density to improve the catalyst
Warm・up pedormance during cold stading. The base material of
the under aoor catalyst was also changed to a thin・wa11ed
material with high ce11 density, both to ensure good warm・up and

to improve exhaust performance. The catalyst's cross section
Was also optimized.
These changes to the exhaust system increase the exhaust
Pressure t0 20易 greater than that of the base engine, while
holding the drop in power performance to approximately 5%.

3.4 Elimina"on of acoustic controlinduction system

64-4

172/5700

328/3600

2・stage

The base engine uses an acoustic controlinduction system
(ACIS) that varies the amount of intake air to increase torque at
10w to medium speeds. The torque characteristics of the hybrid
Suv enoine when the Acls is added are shown in Fig.2.

Althouoh the Acls does increase the torque,the required power
Can be obtained even withoutthe Acls by taMng advantage of

the THS 11's capacity to select its own operating point. The
Acls was therefore eliminated.

9R・07

3 miV60o cel

TVVC

13R・13

4 miV40o cel

TVVC

In order to make the emissions deaner and improve the fuel

economy,the new engine continues the concept used in the THS,
THS、C, and THS 11 and does notincrease the amount offuelto

increase torque in the low・to・medium speed range. And
althouoh the torque does drop at low to medium speeds as a
result,the sFc is dralnatica11y improved.

300

3.2 Air intake system

280

In order to open up space to mount the hybrid vehicle s
inverter, the air cleaner was made more compact and was

relocated to a position on top ofthe engine.
This change to the air intake system increased the intake air
Pressure loss by about 35% over the base engine, butthe drop in
Power performance was held to around 6%.

260

240

220

200

3.3 VaNe system

0

Engine speed (rpm)

Fig,2 Change in Torque when using ACIS

In order to reduce the vibration that accompanies the

intermittent startino of the hybrid vehicle's engine, the crank
anole at which the intake valve closes was retarded 28゜ further

than 血 the base enoine. The major consideration in determin血g

this timing was to ensure the engine starting performance at
extremely low temperature.
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3.5 Countermeasures against wear due to intermi廿ent
Starting and stopping

1000

^

Vvilh ACIS

・ー^^ Vvilhout ACIS

10 counter the wear thatresults from the intermittent operation

Of the hybrid vehicle's engine, physical vapor deposition (PVD)
Was used to coat the top piston ring, the 3・piece oil ring was

Changed to a 2・piece dng, and a plastic coating was added to the
Crank bearings for cylinders l and 4.
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3.6 Elimination of v・ribbed beltto drive accesso"es

In the conversion of the suv to a hybrid, the alternator was
eli血nated, and it was n010nger necessary to drive either the air

Conditionino compressor atthe front of the engine or the power
Steerino oilpump. And because the 3Mz engine's water pump is
driven by the ti血ng belt, there are no accessories to drive atthe
front ofthe engine, so the v・dbbed belt was eli加nated.
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Development of Engine for New Hybrid SUV 

4.2 Engine performance and SFC 

The performance and SFC of the new engine are shown in Fig. 3. 

As a consequence of the changes that were made to the air intake 

system for conversion to the hybrid system and compliance with 

the U.S. SULEV standard, the power dropped approximately 

11 % below that of the base engine, and the torque dropped 

around 14%. But conversely, the fuel economy in the low-to-

medium speed range improved approximately 11 %. 
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Fig. 3 New Engine Performance and Specific 

Fuel Consumption 

4.3 Optimization of engine operating point 

Looking at the selection of the engine operating point from the 

standpoint of fuel consumption, it is fine to choose a point that 

yields the lowest possible SFC while still providing the required 

engine power, but other requirements must also be met. These 

include the efficiency of the system as a whole, the suppression 

of booming noise, resistance to engine stalling, and good 

response during acceleration. As Fig. 4 shows, the engine 

operating point was set to achieve good results for fuel economy, 

noise and vibration, and driveability. 
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Fig. 4 Engine Operation Line 

4.4 Fuel economy evaluation results 

Table 2 shows the results of evaluations of the new engine's 

fuel economy in the North American, European, and Japanese 

markets. Fig. 5 shows the fuel economy evaluation results in 

comparison to other gasoline-powered vehicles in the North 

American market. It can be seen that through the use of the 

higher-powered THS、IIand the engine improvements described 

above, and improvements in overall vehicle fuel economy, it is 

possible for large-sized vehicles like SUVs to demonstrate fuel 

economy equaling that of compact cars. <1l 

Table 2 Fuel Economy Evaluations 

Fuel Economy 

Vehicle Engine Transmission us 10・15 Mode 
EC Mode 

Comb. (Japan) 

New SUV V6/3.3 L THS-ll/4WD 33.4 mpg 17.8 km/L 8.1 U100 km 

RX-330 V6/3.3 L 5AT/4WD 23.9 mpg 

RX-300 V6/3.0 L 5AT/4WD 9.2 km/L 12.2U100km 
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5. Techn010gy to Reduce Exhaust Emissions

5.1 Exhaust system

The exhaustsystem for 血e hybdd suv isshown in Fig.6.
The exhaust system was constructed to ensure that its
Performance would comply with 血e most demanding regulations
in each country/region. Atthe same time, measures such as
reducino the amount of precious metalin the catalyst and

eli血nating special emission・reducing devices make the exhaust
System superior from both environmental and coststandpoints.

S始rt catalyst:0.9・Ⅲer,thin・wa11ed (2 m川 3・way
Catalyst with high density ce11S (90o ce"S/in2)

Rear 02Sensor

Fig.6 Exhaust system

52 Rapid catalyst warm・up after cold start

The most important point in complying with the emission
reoulations in each country/region is to reduce the hydrocarbons
that are e111itted during a cold starr.
AS Fig.7 Shows, hydrocarbon e血Ssions during cold stan are
reduced in the same manner as in the original THS, by Nnning

the vehicle on battery power after a cold start and dedicating the
engine completely to warming up the catalyst with a 負Xed
Volume of air.

The volume of intake air and the retarding of the ignition

ti血ng dudng catalyst warm・up have also been optilmzed, which
reduces the hydrocarbon emissions from the hybrid suv even
furtherthan in the conventionalmodel.

5.3 Suppression of catalyst deteriora"on

It is oenera11y hlown that a 3・way catalyst deteriorates in a

high、temperature atmosphere with a lean air・fuel ratio. For that
reason, a control function was added that estimates the catalyst

temperature based on the engine power and obtains information
On the air、fuel ratio from an air・fuel ratio sensor, then uses this

information to suppress catalyst detedoration.
AS Fig.8 Shows, the suppression of catalyst deterioration
results in an approximately 21% reduction in hydrocarbon
e血Ssionsin the LA#4 mode.

Front air・fuel ratio sensor

Under "oor catalyst:13-1iter, thin・
Wa11ed (3 m川 3・way catalyst with
high density ce11S (60o ce11S/in2)

Deterioration

Suppressed

Deterioration

not suppressed

40

0.010.002 0.004 0.006 0.0080

Hydrocarbons in LA#4 mode

Fig.8 Hydrocarbon Reduction E什ect of suppressing
Catalyst Dete"oration

Fixed air ma合S maintained :

0

.ノ剖リ.^.^ーリ..^A^

Intake air mass

80

NMOG

NOX

<Europe EC>

5.4 Emission evaluation results

The addition of the systems and controls described above,

together with the opti加Zation of the existing controls, brings the
hybrid suv into compliance with the most demanding
regulations in each country/region. The values obtained in in・
house testing are shown in Fig.9.

SULEv regulalion value

・21%
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Fig.7 Power Management after cold start
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Fig.9 Emission Evaluation Results
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6. conclusions

The heavy・duty hybrid suv with a 3.3-1iter v、6 enoine

achieves fuel economy equivalent to that of a compact car by
taMng advantage ofthe features ofthe THS 11.
Improvements to the engine control enable the vehicle to
Comply 、vith the most demanding regulations in each
COU川ry/region (SULEv in North America, J・SULEv in Japan,
and Eur04 in Europe).
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Development of a N W Hybrid

Transmission for FVVD sports
Vehiles

Hybrid

Abstract

A new hyb"d transmission (P31の has been developed for FVVD 3-1iter engine class sports utility vehicles. The
development of this transmission aimed to improve power performance and fuel economy, and to achieve the
most compact size in the wo"d, while maintaining high torque capacity. 1n orderto achieve these goals,the gear
train and the motor have been newly designed, and advanced techn010gy has been applied. This article
describes the majorfeatures and performance ofthis transmission in detail.

Keywords: hybrid vehic/e, povvertram, hybrid transmission, motor, geartrain

1.1ntroduc"on

In recent years, reducing automobile c02 emissions and
improving fuel economy have become increasingly important
OoalS 丘om the standpoi爪 of the environment and energy. The
hybrid vehicle, which combines an enoine with a motor-
generator, has been developed as one techn010gy for improving
fueleconomy
The Toyota Hybrid system (THS) was first insta11ed in the
Prius in December 1997. since then,it has been improved, and
the Toyota Hybrid system 11(THS ID made its debutin the ne、V
Prius in september 2003. Now a new hybrid transmission has
been developed for suvs, based on THS 11,to provide the strong
Power pedormance that suvs require, together with good fuel
econolny.

This article describes the structural features of the new hybrid
transmission, as weⅡ as a newly adopted motor speed reduction
device, a high-power, compact motor, and other features.

tility

HiroshiHata*

Munehiro Kamiya**

Shigetaka Na套amatsu***

2. Development objectives

The new P310 hybrid transmission for front・wheel drive,3・
Iiter enoine class suvs was developed with the objectives of
Compact size, improved power performance, and lower fuel
Consumptlon

Capacity and a more compact transmission, a new motor speed
reduction device, a compound gear, and a higher・power, more
Compact motor were also developed.

(1) compact size
The combined engine and motor power has been more than
doubled over that of the P112 tranS血Ssion(D used in the prius,

butit was also necessary to make the tranS血Ssion more compact
to ensure its insta11ability.1n order to achieve both higher

(2)1mproved power performance
To achieve a level of power performance thatis suitable for a
3-1iter enoine class suv hybrid transmission, the motor power
Was increased by raising the speed and the voltage of both the
motor and the generator.

* power Train Enoineerino Div.3

*史 Hybrid vehicle power Train Development Div
*** power Train & chassis components production Engineering Div

(3) Lowerfuel consumption
To achieve the best fuel economy in the 3-1iter enoine suv
Class, the motor loss was reduced by improving 血e layout of the
rotor permanent magnets and making the silicon steel plate
thinner, among other measures.

34

3. Basic specifications and Basic structure

Fig.1 is a cross section of the P310, Fig.2 is a cross section
Of the P112, and Table l compares the specifications of the two
transmlsslons.

The P310 features a new motor speed reduction device and
Compound gear that give it a completely different stNcture from
the P112. The new motor speed reduction device amplifies the
motor torque in prop0πion to its gear ratio, doubling the oU中Ut
torque withoutincreasino the overa111ength of the motor.
The compound gear, which integrates two planetary ring gears,
a counter drive gear, and a parking gear into a single unit, is
10cated t0 血e outside of the motor speed reduction device and
Power split device.1t aⅡOws the gear train to be made more
Compact by eli血natino the chain used by the pH2 and reducing
the number of shafts from fourto three.



Motor speed reduction devjce

Motor

Power splil device

Generator

'一畦ヲザ「

Compound gear
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Fig.1 Cross section of P310

Power split device

Table l comparison of specifications

P310 P112

155 57

288 115

Synchronous synchronous
Ac motor Ac motor

123 50

333 400

12400 6000

2.478

3542

125

417

Engine
Max. power(kw)

Max.(orque (Nm)

Type

Max. power(kw)

Max.torque (Nm)

Max. speed (rpm)

Motor reduction gear ralio

Diflerenlial ratio

Mass (including AT月(kg)

Overa111ength (mm)

M010r

Chain

Motor

4. compact size

Although the enoine power of the P310 iS 2.7 times that of the
PH2, and its motor power iS 2.46 times oreater, usino the motor
Speed reduction device and compound oear aⅡOws the unitto be
made nearly as compact as the P112.

4.1 Motor speed reduction device

Starting from the right (the engine side) in Fig.1, a damper
With attached torque limiter, the generator, two planetary gears
and the motor are located on shaft l. The planetary oear on the
right acts as a power split device, splitting the engine power into
the drivino force for the vehicle and the power that runs the
generator. The planetary gear on the left acts as the motor speed
reduction device. The compound oear, with its two ring oears,
Counter drive gear, and parking gear, is located to the outside of
the t、vo planetary gears and transmits the driving force to the
Counter driven oear and final drive oear on shaft 2, as weⅡ as to

the ring oear and differential on shaft 3.

Fig.2 Cross section of P112

Generator

The st川Cture of the motor speed reduction device is shown in
Fig.3. The planetary gear is used as the motor speed reduction
mechanism. The sun gear of the planetary gear is coupled to the
motor's rotor by a spline. The carrier is secured to the case by a
Spline fitting. The ring gear is integrated into the compound
gear. The motor speed is reduced by the planetary gear, and the
Power is transmitted to the counter gear and differential.

Pinion pin

Sun gear

4.113

109

430
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Ring gear Pinion gear

Oil grooveCase

Fig.3 Structure of Motor speed Reduction Device

The numbers of teeth on each oear in the motor speed
reduction device are as f0110WS:23 0n the sun oear,18 0n the

Pinion gears, and 57 0n the ring gear. The gear ratio is set to

Carrier



2.478. The ring gear (compound gear) reduces the motor speed
t0 ν2.478 0f its orioinal value and amplifies the motor torque
2.478 times.

The operation of the motor speed reduction device a110ws the
motor to be specified for high speed and low torque, as shown in
Fig.4. And because the motor size is proportionalto the torque,
the motor speed reduction device a110ws the motor to be made
more compactin proportion to the reduction in maximum torque.

ーー.、

、

、

、

Vvithout motor speed
reduction devlce

^

At the same time that the motor is made more compact, its

Speed increases, which in turn increases the maximum revolution
Speed of the pinion gears in the motor speed reduction device by
50% over conventionalpinion gears. Fig.5 Shows a comparison
With the maximum revolution speeds of pinion gears in other
automatic transmissions.1n an automatic transmission, there are

times 、vhen the pinion gear revolution speed rises
instantaneously durino shiftino, but because it is instantaneous, it
has little e丘ect on durability. However,in a confiouration where
the revolution speed is continuously high over an extended
Period of time, such as in high・speed driving, the pinion gears
are exposed to harsh conditions that do affect durability. For that
reason, as the P310 is operated continuously at high speed,
Pittino tends to occur in the tooth surface of the pinion gears and
Sun gear, and aaMng becomes more likely on the pinion pins.

To improve durability, improvements were made in the gears,
needle bearinos, and lubrication. Five pinion oears are used
instead of four,血ereby reducino the divided load per gear. The
helix angle of each gear has also been optimized to adjust the
t11rust force and improve durability
Durability at hioh revolution speed has also been improved by
the use of cage-and-r0Ⅱer type needle bearings, as we11 as by
improvements to the pinion pin material, quenching and
tempering treatment, and machining methods.
Lubrication has been improved, as shown in Fig.6, by
Providing branching oil grooves for the oil holes in the pinion
Pins, so that ample amounts of oilaow quickly to a11five holes.

Vvith motor speed
reduction device

Motor speed (rpm)

Motor size ReductionFig.4

Oil hole for

Pinion 5

Pinion l

Pinion 20

オ

^ .

Oil hole for

Pinion 4

Oil groove for
Pinion 2

Oil groove lor

.

Oil hole for

Pinion 3

Hole shape on carrier side

Oil groove for
Pinion 5

Oil hole for

A

Fig.5 Comparison of aximum pinion speeds

B

A~

C D E F G H IP310

1: other automatic transmissions

＼＼

〆 50%UP
.

Oil groove for
Pinion 4

ノ

4.2 Compound gear

Pinion 3

Oil groove shape on case side

Fig.6 Shape of oil Groove

The compound gear is an integrated structure made up of two
ring gears, a counter drive gear, and a parMng gear, as shown in
Fig.フ. The combining of these four parts into a single unit
makes the geartrain extremely compact.
The bearings that support the compound gear are located
Outside the planetary oear, which eliminates the need to increase
the overa111enoth of the transmission to make space for the
bearinos. on the 0血er hand, the diameter of the bearings that
Support 血e counter drive gear has been enlarged, which
increases the surface speed, so improvements were also made to
increase durability.
The compound gear has a cylindrical shape with a large
diameter, so difficulty in machin血o and distortion during
quenchino would be expected. The machining and quenching
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and tempering treatment methods were therefore improved to
achieve the required precision and strength.

Parking gearCounter drive gear

Ring gear Ring gear

(for motorspeed reduction device)(for power splitdevice)

Fig.7 Compound Gear

5.1mprovement of power performance

Increasing the revolution speed and voltage of the motor and
generator makes it possible to achieve high power in a compact
Unit. This section describes how the motor voltaoe 、vas

increased and how increasing the voltage improves the insulation
Performance and cooling pedormance.

5.1 Motor v0犹age increase

In the newly developed hybdd transmission for suvs,the DC・
Dc conveder booster system(2)thatis used in the prius has been
developed further to raise the drive voltaoe for both the motor

and the generator from 50o volts t0650 volts, as shown in Fig.8.

Development of a Ne゛/ Hybrid Transmission for FVVD sports utility vehicles

Partial discharge inception voltage between phases, even at
maximum voltage. The maximum peak voltage is also affected
by factors in the use environment, including the length of the
high-voltage cable that connects the inverter and 血e motor, the

temperature and humidity, the foreign matter content of the
automatic transmission auid (ATF), the degree of deterioration,
and the electrical conductivity, so these 、vere also taken into
accountin the design.

Automatic assembly of the insulating paper and inspection of
the insulation between phases were used to ensure good
insulation quality under high voltage. AS Fig.9 Sho、VS, motors
With a Dc drive voltage over 50o volts have never before been

Produced in quantities of severalthousand per month.＼

P112

Motor

P310

50O V

nerator

Ousehold
elect 'C

appliances

Insulatlng paper
assembled by machine

.゛、《」

.4ミ、

マミ 1nd

Power contr01

Unit (booster
Circuit)

Motor

Fig.8 V0吐age lncrease by variable・voltage system

The P310 haS 30% hioher drive voltaoe than the P112, and

When the inverter switching surge is taken into account, its
maximum peak voltage is atleast 20% higher. An insulatino
Paper structure has also been designed for the P310 to prevent

1000100 10000

Voltage (V)

Fig.9 Motor voltage and production Engineering

Generator

650 V

Developed
motor

10

BatteⅣ

AS Fig.10 i11Ustrates, the assembly of the insulating paper
Uses the same insenion system thatis used to insen the coilinto
the stator core, and the shape of the 血Sulating paper has been
Optimized for easy insertion while maintaining good insulation
quality.1n order to ensure reliable insulation, it is necessary to
Confirm through measurements that the partial discharge
inception voltage is not generated. To do this, a prescribed
Voltage is applied between phases, and measurements are taken
to confirm that not even a minute electric current flows as a

result. Techn010oies were also developed to check for factors
that affect measurements of the plant environment (temperature,
humidity) and the radiated noise of the production equipment
and to take those measurements in a short time, so that in・1ine

inspections could be implemented.
Power contr01

Unit (booster
CircU川

山山 1^'
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5.2 Cooling performance

In the same manner as in the pH2,血e heat from the P310

motor is conducted to the case, where itis released to the outside.

Cooling techn010gies used for the first time in the P310 also
include the active application of ATF to the stator and coil・ends,
as weⅡ as the use of the ATF to conduct the motor heat to the

Case.

As shown in Figs.11 and 12, the ATF that is slung by the
gears is c011ected in a catch tank that is insta11ed on top of the
Case, then is supplied from the tank to the stator and coil・ends.
This aⅡOws a laroer amount of heatto be conducted to the case,

thereby improving the cooling performance

匠ミ勇広ノ'ロ
,,・も0 00 0

"゜"、ヤ
桑

Catch tank

6. LOW Fuel consumption

In the P310, the major improvements to the motor make it
Possible to achieve compact size, high power, and low loss a11 at
the same time. This section provides an overview of the
techn010oies used in the new motor forthe P310.

6.1 Higher motor speed

Fig.13 is an example of a frequency map in an urban driving
Situation. The pointto be noted here is thatthe frequency is hioh
in 血e low・10ad region.

0
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^'^ー
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Fig.11 0il slinging by Gear
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0

Case

Coil・ends

400

Stator

300

As in the P112, both air coolino and water cooling are used to
draw heat away from the case. Depending on the vehicle
Specifications, an oil cooler may also be insta11ed to coolthe
ATF,thereby improving the cooling ef負Ciency.
The release of heat from the stator and the coil・ends is

accomplished by thermal conduction through contact between
the stator and the case and by thermal conduction to the case
t11rough the medium of the ATF. The ratios of heat release are
approximately 30% t0 50% by direct contact and 50% t0 70%
throuoh the ATF. The coolino effect of the ATF is extremely

Strong in the P310. The overa11 Coolino performance, including
air cooHng,is sionificandy better than in 血e PⅡ2.

200

Rotor

2000 4000 6000 8000 10000 12000 140000

Motor speed (rpm)

Fig.13 Motor Frequency Map in urban Driving

The loss in the motor consists of two types: copper loss that
Occurs as joule heat in 山e coil and iron loss that occurs in the
motor core. AS Fig,14 i11Ustrates,iron loss accounts for a large
Percentage of the tota110ss in the l0訊,・10ad region, indicating that
it is important to reduce iron loss to improve fuel economy in
Ordinary driving.
A distinctive feature of the P310 is that 血e use of a motor

Speed reduction device with a reduction gear ratio of 2.478
aⅡOwsthe motorto be made more compact. But conversely,that
also requires the motor to operate at a speed that iS 2.478 times
hioher.

Catch tank
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2000 4000 6000 8000 10000 12000 140000

Motor speed (rpm)

Fig.14 Motor LOSS Rauos

The iron loss in the motor increases almost proportiona11y to
血e square of the frequency, so to make high speed possible, the
iron loss must be decreased without worsening the vehicle's fuel
economy, and at the same time, mechanical conditions such as
the strenoth to withstand centrifugal force must be satisfied.1n
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the development work reported here, a major reduction in iron
10ss was achieved through improvements to both the desi旦n and
the materials

A number of design improvements 、vere made. AS Fig.15
Shows, the permanent magnets for the rotor are ananged in a v
Shape, which significantly improves the reluctance torque and
reduces iron loss durin0 10W・10ad operation. At the same time,
theirstrength has been improved by providing a rib between each
Pair of magnets. These steps a110w the motor speed to be more
than doubled. The optimization of the open angle q between
each pair of rotor magnets has the e丘ect of suppressino the
harmonic components in the magnetic aux, which also makes a
major contribution to reducing the iron loss. These shapes were
Optimized by means of the finite element method, including
magnetic field and strength analyses.

Development of a New Hybrid Transmission for FVVD spods utility vehicles

フ. conclusions

The P310 was developed for front・、vheel drive,3-1iter engine
Class suvs, and the in川al development objectives of compact
Size, improved power pedormance, and lower fuel consumption
Were a11 achieved. xvith respect to compact size and improved
Power performance, the motor speed reduction device,
Compound gear, and high・power, compact motor achieve more
than twice the power of the P112 in a unit of nearly the same
Size. Lower fuel consumption has been achieved by using the
design of the motor and improvements in the materials to
dramatica11y reduce the motor loss.

A hybrid vehicle equipped with the P310 achieveS 89% better
fuel economy in the lo-15 mode than a gasoline・powered vehicle
With a 5・speed automatic transmission and an engine of the same
3-1iter displacement. The newly developed hybrid transmission
is a major contributorto this fuel economy improvement.

Fig.15 V・shaped Arrangement of Rotor permanent Magnets

The primary improvementin matedals wasthe development of
a new silicon steel plate even thinner than the 035 mm plate
Used in the P112. combining this with manufacturino
improvements, such as an improved layering method for the
Stator core, resulted in much lower iron loss than in the

Conventional motor. Fig.16 Shows an efficiency map for the
motor thatis used in the P310.

P310

Conventional motor
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Motor control and Boost converter

Controlfor Hyb"d vehicles

Hybrid

Abstract

The RX40oh released in 2005 achieves outstanding power performance through use of a high・voltage/high・power
motor as weⅡ as e・4VVD for the rear wheels. The RX40oh is based on the THS Ⅱ developed forthe new prius,
Which enables ec010gy and power to be promoted simultaneously A substantialincrease in power has been
achieved by adopting controlfor S始ble system operation. This article wiⅡ introduce the latest motor・drive
techn010gy that a110ws motor powerto be increased, and techn010gy that faciⅡtates a variable voHage system
and a radicalincrease in output.

Keywords: motor, boost conveder, reso/ver, PVV/vlcontr0ι Overmodu/a力'on contro/, rectangu/ar contr0ι error correC力'on

1.1ntroduction

A血d growing concern over environmental problems such as
global warming, the development of practical, environmentaHy
friendly vehicles with better fuel economy has become a critical
issue for which automotive engineers must bear the

responsibility.
Toyota Motor corporation putthe world's first mass・produced
hybrid car,the prius, on the marketin December 1997. The new
Prius, shown in Fig.1, f0110wed in september 2003 ddven by
the revolutionary THs n, which uses a boost converter to

increase the motor power, but sti11 achieves marvelous fuel
econolny.

Hideto Hanada*

Eiji satoh*
Masakiokamura*

HideakiYaguchi*

The RX40oh, shown in Fig.2, entered the market 血 the suv
Category in 2005, and delivers not only solid environmental
Performance and even more motor power, but also the driving
Pleasure 血atis the essential appeal of an automobile.
Hybrid vehicle development at Toyota has involved research
and development on motor・drive techn010gies, as we11 as their
CommerciaHzation and incorporation into mass・produced
Vehicles. This arricle descdbes the motor drive techn010gies in
the latest hybrid vehicles, including a power increase and a
Variable voltaoe system, as we11 as additionaltechn010oies that
Provide even hioher powerin the new RX40oh.

* Hybrid vehicle system Engineedng Div

Fig.1 Prius

ー、

Fig.2 RX40oh (us specifications)
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2. characteristics and Basic contr01 0f permanent

Magnet Motor

2.1 Characte"sucs of permanent magnet motor

The hybrid vehicle motor is a permanent magnet (PM) motor.
The reasons for usino a pM motor are that it does not require a
field current as an induction motor does, which increases

efficiency by eliminating second雛y copper loss, and that the
magnet has higher magnetic aux density than a strono rare earth
magnet, which aⅡOws the motorto be made more compact. The
type of pM motor chosen was the inverse salient pole type that
UtHizes the reluctance torque, because it has a wide operatino
range. Equations l and 2 are the steady・state voltage and torque
equations, respectively. Here, vd and vq are the d・axis and q・axis
Components of the motor voltage, id and iq are the d・axis and q、
axis components of the motor cunent, w is the electrical angular
Velocity,ιd and ιq are the d・axis and q・axis components of the
inductance, R is the resistance,Φ is the 血terlinkaσe maonetic

aux, p is the number of electrode pairs, and T is the motor
torque.

CI)・ C'i l゜)(11)C.)
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フ=P {Φiq +(ιd 一ιq )idiq }
The second term on the rioht side of equation
reluctance torque.

Fig.3 Shows the torque in relation to the phase when the
Current amplitude is constant. Because advancino the phase
increases the reluctance torque, the motor torque reaches its
maximum when the cunent phase angle is advanced 90 deorees.

A line that connects the points at which the torque is at its
maximum for various current amplitudes constitutes the
Optimum motor operating line, at which the current is at a

mmlmum. A motor thatis operated alono this line can produce
Iarge torque very e丘iciently. The type of controlthat operates a
motor along this line is ca11ed maximum torque contr01.
Fig.4 Shows the induced voltage constant per unit revolution
Speed in relation to the phase when the current amplitude is
Constant. The distinctive characteristic is that the induced

Voltage constant decreases as the current phase advances. The
induced voltage is proportionalto the revolution speed, so hioh
Voltage is produced at high revolution speed.1f the induced
Voltage becomes higher than the invener power supply voltage,
the cunent can not be contr0Ⅱed, so the induced voltage must be
keptlow by advancing the cunent phase. This is ca11ed 、veak
丘eld contr01. X入『ith weak 負eld contr01, the motor operatino point
Iies to the right of the optimum operating line shown in Fig.3,
So torque is lower in relation to the cunent, and the efficiency is
Poorer, butit a110ws the motor to operate in the hioh speed ranoe.
Fig.5 Shows the regions of maximum torque control and weak
field contr01.

Currentincreases
Optimum operating line

90゜ 180゜Current phase

Fig.3 Current phase - Torque characte"stics

Vveak field contr01

(1)

(2)

2 is the

90゜ 180゜Current phase

Fig.4 Current phase - voltage characte"stics

Currentin引eases
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Maximum torque
Contr01

22 Current contr01

Revolution speed

Fig.5 Control system Regions

Fig.6 Shows the basic system confiouration for pM motor
Contr01. The battery is connected directly to the inveder, and the
System voltage varies according to the operating state of the
battery. The inverter is a power converter made up of
Semiconductor switching elements that perform their task at a
high frequency of several kilohedz to convertthe battery voltaoe
into altemating cunent voltage. Motor controlrequires sensors
to detect the angle, current, and voltage. A resolver that
measures absolute angles is used as the angle sensor.
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Battery Inverter

4 吃'得

Current sensor Angle sensorV011age sensor
(Resolver)

Fig.6 Basic system configuration

The pM motor is contr0Ⅱed by contr011ing the amplitude and

Phase of the cunent. Fig.7 Shows the basic pM motor contr01
Confiouration. A torque command from a higher levelis
Converted into cunent commandS σdcom,1qcom), and feedback
Controlis carried out untilthe current detected by the current
Sensor matches the value of the current command. The reason

for convertino the value read by the current sensor from a 3・

Phase reading into d・axis and q・axis coordinates is that
Converting alternating current into direct current quantities
a110ws feedback controlto eliminate phase delays. The angle
Sensor value is used as a coordinate value.

',

44

Motor

,"

.

Current command

Idcom + ald

Iqcom

+

'ー'゜ー'介一ー
350 v drive

PI

Zalq

Coordinate
Converslon

VUVd

PI
Vq

Revolulion speed

Fig.8 Motor Applied voltage and Torque

3. High・power Motor contr01

3.1 V0吐age waveform and modulation rate

The voltaoe componentthat contributes to the motor power is
deter血ned by the basic wave component. The motor power can
be increased by distorting the inverter oUゆUt waveform to make
the basic wave larger and magnify the basic wave component of
the voltaoe. Table l showsthe inverter voltage waveforms and
modulation rates. Here, the modulation rate is the ratio of the

basic wave component of the oU印Ut voltage waveform to the
inverter power supply voltage. The voltage waveforms can be
Classified as sine wave pwM, overmodulauon pw'M, and

rectangular.

Table l v0睦age vvaveform and Modulation Rate

Overmodulation Rectangularwav
Sine wave pvvM

(1 Pulse)PVVM

VV PVVM ^
^

Id

231ncrease in motor power

Under a constant voltage, motor power drops, because the

Voltage restriction causes the system to switch to weak field
Control at hioh revolution speed.1f the voltage that is applied to
the motor could be increased, it would be possible to obtain the

maximum torque at higher revolution speeds, thereby a110wing
the power to be increased. Fig.8 Shows the relationship
between the voltage applied to the motor and the motor power.
There are two ways to increase the voltage that is applied to
the motor, both ofwhich take maximum advantage ofthe limited

PO、ver supply voltage. The first way is to increase the power
Supply voltage, and the other way is to alter the inverter
Switching waveform without changing the power supply voltage.
These two approaches are described in detail below.

Iq

VW

Fig,7 Block Diagram of current contr01

Inverter

20o v drive

Current sensor

Coordinate
Converslon

Motor

冨鳳
'

IV

冒

Angle e sensor

IW

.加叫
078

Base wave

Modulation

rate

Sine wave pwM is the most commonly used voltage
Waveform.1ts advanta合e is that expressing the voltage and
Cunent as sine waves li血ts the torque auctuation and makes the

OU印Ut smoother, but with a modulation rate only up to o.61, the
motor powerislowerthan with other waveforms.
The rectanoular wave is the voltage waveform that, in 血eory,

generates the maximum basic wave component.1ts modulation
rate is a consta址 0.78. As the i11Ustration in Table l shows, the

Voltage ampHtude is not changed, so only the voltage phase can
be manipulated by the contr01. The conventional cunent contr01
algorithm assumes that both amplitude and phase can be
Contr0Ⅱed, so it can not be applied to a rectangular wave. A
Control a1σorithm was therefore developed for a pM motor thatis

driven by rectangular waves. A detailed description is provided
below.
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Overmodulation p、VM is a complementary waveform with a
modulation rate between those of sine wave pwM and a

rectangular wave.1n the hybrid system,if overmodulation pwM
is not used, a drop・off in torque occurs in the medium・to・hioh
Speed range. The modulation rate can be varied from o.61 to
0.78. overmodulation p＼入IM can manipulate both voltaoe
amplitude and phase, so it can be used for cunent contr01.
Fig.9 Shows the application ranges of the different waveforms
When a pM motor is driven by t11ree types of voltage 、vaveforms.
Sine wave pwM and overmodulation P圦IM controlthe

maximum torque, while the rectangular wave is used for weak
field contr01.

Sine wave pvvM

Motor control and Boost converter controlfor Hybrid vehicles

Revolution speed

Fig.9 Contr010f Each voltage vvaveform

32 Rectangular wave v0睦age phase contr01

To a110w the pM motor to be ddven by rectangular waves, a
method was developed to controlthe torque by contr011ino only
the voltage phase.1f the pM motor voltage equation l and
torque equation 2 are solved for the voltage phase, the
relationship between the torque and the voltage phase is
expressed by equation 3, in which e is the phase anole in
relation to the magnet.

Overmodulation pvvM

Phase conlrolrange

Fig.10 V0吐age phase - Torque

Torque command
Inverter

Voltage phaseTrqcom
ι」Trq

PI

Torque

Recovery

Rectangular wave

r__ PΦνθ P(ιd一ιq)レ.2
ωιd 2ω、ιdιq

Fig.10 is a graph of the results of equation 3. There are
regions in which the torque increases as the voltaoe phase
advances.1n those regions, the torque can be contr011ed simply
by manipulating the voltage phase. Fig.11 i11Ustrates the
Specific control configuration. The cunent torque is calculated
in relation to the torque command from the hybrid vehicle
Control based on the three・phase Ac power. contr01 0f the

torque by means of rectangular waves is accomplished by a
torque feedback system that uses the deviations in torque as
mputs to a computer,、vhich then oU印Uts the voltage phases.

q・axls

+

Powerrunning

Trq

V0北age phase

θIW

Fig.11 Block Diagram of Rectangular contr01

Fig.12 Shows the results of an evaluation of actual motor

Power when rectangular wave controlis applied. A PO、ver
increase of approximately 30% was achieved without any
modifications to the motor,inverter, or battery.

VU,VV,VW

Rectangular
Wave

g印erator

Torque
Calculation

Rectangular wave

/

Electrical

Power
Calculation
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β)

Motor

IV

Improved atleast 30%

小

Sine wave pvvM

Revolution speed

Fig.12 Evaluation of Rectangular いlave Torque

33 Direct current 0什Setfeedback

In the pM motor,the anole sensor is used to controlthe voltaoe

Phase, butin a phenomenon peculiarto pM motors, any enor on
the part of the sensor causes the current to be offset. The
mechanism by which this occurs is that the anole sensor enor

Causes the switching ti加ng to shift from its proper position, SO
that the rectangular wave duty is not in a l:1 balanced state, but

rather forms an unbalanced voltaoe 、vaveform 血atis overlaid by
the direct current offset. Fig.13 Shows the offset current
Waveforln
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Fig.13 Current 0什Set

If the pM motor cunentis overlaid by the direct cunent offset,
an alternatino aeld is added that is synchronized to the rotation

Of the magnet, raising concerns that eddy current wi11 be
generated, causing overheating, a drop in efficiency, and
demagnetization of the magnet. To counter this phenomenon, a
System was devised that detects the offset portion of the motor
Current and corrects the switching timing accordingly. The
Control confiouration is shown in Fig.14. First, the current
Waveform of the operating state is sampled for each phase, then
the Dc offset currentis derived by computation. Next, the

Switchino ti111ing is conected in the direction that wi11 decrease
the Dc offset cunent.

4. variable voltage system

4.1 System features

Voltagephase vu,VV,VW

Rectangular
'^Wave

generator

Increasing the inverter power supply voltage (system voltage)
is one conceivable method of boosting the motor power.
However, if the battery voltage is increased by adding more
Ce11S, the size and cost of the battery increase dramatica11y. AISO,

it is a property of batteries that the voltage is diminished by
internal resistance due to the extraction of power (discharging),

So high voltage can not be obtained when high power is desired.
On the other hand, the voltage increases during charging, S0 血e
Withstand voltaoe of parts such as the inverter element must be
made higher than otherwise necessary, bringing more
disadvantaoes in terms of size and cost. For these reasons, a

Variable voltaoe system was developed that adds a boost
Convener to convertthe battery voltage to a higher value,instead
Of using the existing battery voltage. Fig,16 is a schematic
diagram ofthe Toyota Hybrid system (THS), and Fig.17 Shows
an example of the system con負guration and energy aow when
the variable voltaoe system is applied to it.1n this example, the
battery voltaoe of20o volts is boosted t050o volts.

Duty
Corrector

Fig.15 Shows the current waveform 血at results from direct
Cunent offset feedback.1t can be seen that 血e cunent offset is

eli血nated even when there is an angle sensor enor.

FeedbackFig.14 Current 0什Set

Inveder

Offset
Calculalion

(offset for l
hase X3

Motor

θ Fig.16 Schematic Diagram of THS

Engine
Generator

Battery
Power control unit

(inveder, boosl
Converter)

Power split device
Motor

Reduction gear

Generator

30kw

に二=>

Motor

Generator

Inveder

50 kvv

Fig.17 Energy Flow in variable voltage system (P"US)

ぐコ

Because the variable voltaoe system involves addinσ a boost
Converter to the conventional system, the anticipated
disadvantaoes would be an increase in the number of parts, a

Physica11y larger system, and an increase in loss to the extentthat
the boost converter is used.1f the advantaoes of the system did

not outweigh these disadvantages, it would never work.1n the
THS, which has both a motor and a oenerator, the power for the

Motor

Inverter

Boost

Converter

20 kvv

ぐ^

Battery
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motor is supplied mainly by the generator, with battery power 

accounting for a relatively small part. If the motor power is 50 
kilowatts, as it is in Fig. 17, and the generator supplies 30 
kilowatts, then only 20 kilowatts of battery power are required. 
The power coming out of the boost converter is essentially the 
power that is supplied by the battery, so a boost converter with a 

small capacity relative to the motor power should be sufficient. 
The increases in size and cost that result from adding the boost 
converter are more than offset by the decreases in the size and 
cost of the existing parts, such as the motor, inverter, and battery. 
The variable voltage system may thus be said to be highly 

compatible with the THS. 
Moreover, with the variable voltage system, the system voltage 
and battery voltage can be varied independently, so the system 
design can be modified as necessary to match the vehicle power. 
The system voltage is determined on the basis of the motor 
power and the withstand voltage of the parts, while the battery 

voltage is determined by varying the number of cells to obtain 
the desired battery power and capacity. Thus, each voltage can 
be set independently to the optimum value. 

4.2 Boost converter circuit 

The boost converter circuit is shown in Fig. 18. The circuit is 
made up of a pair of IGBTs, an inductor, a main capacitor, and a 
filter capacitor. This circuit configuration can be operated 
continuously in both the charging and discharging directions 
relative to the battery without switching the circuit. The IGBTs 
operate on the basis of switching patterns that are calculated by 
the software, and they control the system voltage in the main 

capacitor by boosting the battery voltage. The range over which 
the system voltage can be freely controlled extends from the 
battery voltage at the lower limit to the withstand voltage of the 
parts at the upper limit. The inductor and filter capacitor are 
designed mainly to diminish the ripple cu汀entthat is generated 
by switching. By reducing the ripple current that flows to the 

battery, they prevent loss and prolong the battery's life. 

Main capacitor 

IGBT 

」

J
 

Filter 
capacitor 

Battery 

Fig. 18 Variable Voltage System 

4.3 Variable voltage control 

The boost converter is controlled by continuously varying the 
voltage according to the operating states of the motor and 

generator, so as to minimize the system loss. The loss generated 
by the motor system consists mainly of the following four types. 

(1) Motor loss (copper loss plus iron loss) 
(2) Inverter loss (on loss plus switching loss) 

(3) Boost IGBT loss (on loss plus switching loss) 
(4) Boost inductor loss (copper loss plus iron loss) 

All of these types of loss are affected by the voltage, so the 
loss can be minimized by keeping the voltage at an optimum 

value. 
The motor loss is the sum of the copper loss generated by the 
current that flows in the motor coil and the iron loss generated by 
changes in the magnetic flux of the iron core. The smaller the 
current that flows in the motor coil, the smaller the motor loss. If 

the system voltage falls below the induced voltage of the motor, 
weak field control takes over and the current increases, so the 
system voltage must be set to a higher value than the induced 
voltage. 
The inverter loss consists of the loss in the switching elements 
like the IGBTs, and the lower the current and voltage, the lower 
the loss. When the current is at its minimum, the motor can not 

shift to weak field control, so the inverter loss is the same as the 
motor loss. However, the switching loss increases as the voltage 
rises, so loss is minimized by setting the voltage to the lowest 
value that does not cause a shift to weak field control. That is to 
say, the system voltage is made almost the same as the induced 

voltage. 
The boost converter loss is the sum of the IGBT loss and the 

inductor loss. Both types of loss decrease as the current and 
voltage are reduced. The boost converter current is the same as 
the battery current, and the conditions that minimize the battery 
current are the same as those that minimize the system loss 
beyond the specified level. These conditions are essentially 

those that minimize motor loss and inverter loss as well. 
The essential conclusion derived from the discussion above is 
that the condition that minimizes system loss is keeping the 
system voltage at almost the same level as the motor's induced 
voltage. The induced voltage varies according to the motor's 

operating state (revolution speed, torque), so loss can be 
minimized if the system voltage is controlled so that it also 
varies according to the motor's operating state. 
Fig. 19 illustrates the motor voltage that is required when the 

motor is producing the maximum torque. When the motor 
operates in the low speed range, it outputs the battery voltage, 
which is the minimum voltage for the boost converter. When the 
motor operates in the high speed range, it is controlled by the 
system's maximum voltage. In the intermediate range, the 

system voltage is varied according to the motor speed to 

minimize the loss. 

TOYOTA Technical Review Vol. 54 No.1 Nov. 2005 45 



Torque

Battery voltage

Revolulion speed

Fig.19 Required Motor voltage

Fig.20 shows the ao、v of the system voltage calculation in
the THS.1n the case ofthe THS, where the motor and generator

Operate independendy, the respective induced voltages do not
match, so the higher of the two is selected as the system voltage.
The reasons for doing so are that the desired power can not be
Obtained if the system voltage is to0 10W, and increasing the

System voltage reduces loss more than does using weak field
Contr01.

Required v011age

Generator

Speed

/抽＼
Generator

torque
Command

Vehicle

Torque①②

Fig.21 Relationship Between system voltage
and system LOSS

4.4 Evaluation results

Fig.22 Shows a comparison of motor performance in a pdus
Using the old THs and in one using the new THS 11, which
incorporates the variable voltage system.1t can be seen that the
Use of the variable voltage system increases the motor power by

approximately 50%, from 33 kilowatts t050 Mlowatts

TorquePovver

Calculation of system v011age command value
Higher of required generator voltage or
required motor v011age

Fig.20 system voltage calcula"on FIOW

Fig.21 Shows an example of the relationship between the
System voltage and the system loss. T11ree system voltages,200
Volts,30o volts, and 50o volts, are compared. when the torque

is at point (1) on the graph and the system voltage iS 20o volts,
Weak field controltakes over, so the loss is atits maximum. on

the other hand, when comparing the system voltages of 30o volts
and 50o volts, only the switching loss increases in the case of the
System voltage of 50o volts. The loss at point (1)is lowest when
the system voltage iS 30o volts. At point (2) on the graph, weak
field controltakes over for the 300・volt system, increasing the
10ss above that of the 500・volt system. Therefore, a system

Voltage of50o volts is appropriate when the torque is at point(2).

Calculation of

Voltage required to
drive generator
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30O V

Motortorque
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Fig.23 Accelerator on・0什 Evaluation

50kw

THS

33kw

THS "

Revolution speedRevolution speed
(Toyota measurements)

Fig.22 Motor performance curve (prius)

Fig.23 Shows the behavior of the system voltage when the
accelerator is turned on and off.1t is clear that the system

Voltaσe is contr011ed in a stable manner 血 response to changes in

the system voltage c011血ands.
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Motor Control and Boost Converter Control for Hybrid Vehicles 

5. Technologies Used in the More Powerful RX400h 

こコMechanical
Power Path 

口ZZilElectrical Path 

Fig. 24 Overall Structure of THS II (RX400h) 

Fig. 24 shows the THS II configuration used in the RX400h. 
The front wheels are driven by the 3.3 L, 6-cylinder engine, the 
front motor, and the generator that are connected via the power 

split device. The rear wheels are driven only by the rear motor in 
this e-4WD configuration that has absolutely no drive shaft 
connecting the rear wheels to the front. The RX400h system is 
based on the THS II that is used in the new Prius, but one 
difference is that the reduction gear is positioned between the 
front motor output shaft and the power split device. The purpose 
of using the reduction gear is to increase the power while making 
the motor more compact. 

The reduction gear approximately doubles the maximum front 
motor speed over that of the Prius, to 12,400 rpm, while 
increasing the maximum generator speed to 13,000 rpm. 

5.1 RX400h system configuration 

In the RX400h, which uses the same boost converter that is 

used in the Prius, the DC system voltage is increased from 500 to 
650 volts. But because the rear motor is added to the system 
configuration, the boost converter supplies voltage to a total of 
three motors. 

The purpose of increasing the system voltage to 650 volts was 
to increase the motor power. Fig. 25 shows the output 
characteristics of the motor that is used in the RX400h. 

The motor output (torque/power) increases in proportion to the 
boost in the system voltage. As Fig. 26 shows, the front motor 
power of 123 kilowatts is approximately 2.5 times the 50 
kilowatts of the Prius motor, but the battery power of 36 

kilowatts has been limited to only approximately 1.7 times that 
of the Prius battery. 

At the same time, it is extremely important for the three motors 
to operate in a stable manner on the limited battery power. Also, 

in order to minimize the space consumed by the three inverter 
units, the system is configured so that a single capacitor controls 
all three units. But this means that any fluctuation in the power 
of one motor causes the inverter input voltage to fluctuate, 
affecting the other two motors in turn. To avoid this problem, 

the fluctuation in motor power must be kept to a minimum. 
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Revolution speed (rpm) 

Fig. 25 Motor Output Characteristics 

Fig. 26 RX400h System Diagram 

5.2 Correction of resolver error (for even more power) 

The resolver is capable of detecting absolute positions with 
extremely high accuracy, but due to its structure, a detection 
error arises that is synchronized to the rotation of the motor. 
Fig. 27 is a schematic diagram of the resolver error. 
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,ij. Disequilibrium occurs when IGBT 
is on, due to resolver error ........ ,.. . ......... .. Bottom IGBT ON : 

Top IGBTON• ; l l f = l ......、............ ,.: ...... , 

Fig. 27 Schematic Diagram of Resolver Error 

The resolver error causes a phase change in the voltage vector 
that is input to the motor, which results in current fluctuation. 
For rectangular wave control, in which the voltage phase angle is 
180 degrees, the resolver error causes an imbalance in the on 

times of the upper and lower IGBT units. As a result, the voltage 
input to the motor becomes unbalanced, which in tum causes the 
motor power to fluctuate. This effect becomes especially 
pronounced in the RX400h, with its high-power motor. 
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Xvhen the motor power is high, the power nuctuation also
increases, causing 血e Dc voltage input to the inverter to
auctuate as we11. The boost converter operates so as to suppress

the voltage auctuation, butin the high・speed range, the resolver
enor causes the power to auctuate at such a high frequency, SO
that the boost converter can not suppress the fluctuation

e丘ectively. A smoothinσ Capacitor is therefore used to suppress
the auctuation. But if the rise in voltage that is caused by the

Power auctuation is not adequately suppressed by the capacitor,
the voltaoe auctuates, which a丘ects the other motors that are

Connected to the capacitor.
Fig.28 Shows the current auctuation that results from the
Voltaoe auctuation thatis caused by the resolver error.
A control that corrects the resolver error was developed to

Solve this problem. First, when the motor speed is constant, the
true angle is assumed to change in a linear manner, so that the
difference between that and the detected angle is taken to be the
resolver error. Next, the resolver signalis conected based on the
resolver error that was detected in the previous cycle. The
Cunent waveform after conection is shown in Fig.28.1t can be

Seen that neither the inverter input voltage nor the motor phase
Cunent auctuates.

Extremely large power consumption means that excessive
amounts of energy are extracted from the battery, which leads to
Overcunent aowing to the boost converter and a voltage drop in
the battery. particularly in a system that consumes a large
amount of power, tire slippage and other factors tend to cause
transient power imbalances.1t is therefore necessary to conect
Powerimbalances at a higher processing speed.
Ordinarily, the hybrid cpu controls the power by sending
torque commands to the motor cpu. But because of a delay in
Communications between the hybrid cpu and the motor cpu,

the hybrid cpu can not accurately determine the amount of
Power thatis consumed by the motor. This communications
delay constitutes a major problem for the contr01 0f the high・
Power system. A technique was therefore developed that
Prevents transient power consumption by using the motor cpu
to monitor the power of each motor. Fig.29 Shows the contr01
Configuration.

600

500

400

Inverter input voltage

'゜゜唾,1, 1^隔'。。
゜゜11Ⅷ榔嚇肌棚肌阿馴矧側肌叫肌鄭
伽肌俳側胤鞁:
.伯。卿1'11柳罷, 11 .1 1冊,i1御
'幼■1■111■11■111器:
・400

700

650

600

600

500

400

300

Tlme (seの

(without error cor『ection)

Position sensor

Inverter i"put voltage

師Ⅷ肌肌卯肌肌肌Ⅷ俳,ⅧⅧ御

.、。:湘冊胤馴棚棚Ⅷ熱矧肌'伽1Ⅷ皿1胤血ⅧⅢ岫"加
・200

Generator

・300

・400

53 Power management contr01(for even more power)

200

Time (sec)

(with error correction)

Fig.28 E什ects of Resolver Error

Motor

In the RX40oh system configuration, the exchange of energy
amonσ the t11ree motors and the battery is extremely impodant.

The proper amount of power must be supplied t0 血e motor
t11rough the generator and battery.
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m010r
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Fig.29 Power control configuration for RX40oh
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One technique for managing power on the motor side is to
define lilmt values based on the front motor power and the rear

motor power. The motor cpu, which can monitor the energy
Conditions in realtime, controls the amount of energy consumed
So that it does not exceed the energy thatis supplied. The li血t
Values are calculated by the equations below.

θ(Ng)

Power

management
Contr01

Tm゛,丁r゛,Tg*

Pb

Ba廿ery

Temperalure
Sensor

Pm+pr莟Pb-pg-PC-10SS

Tm lim=PIWNm

Tr lim=prn、Jr

Batlery ler"perature

Vehicle contr01

The maximum value of the battery power (pb) is de負ned by
血e state of the battery charge and the battery temperature.1f

Power in excess of pb is extracted from the battery, an
excessively large battery current passes through the boost
Converter.

Pb changes more slowly than do the other control quantities, SO
its changes are mapped by the hybrid cpu, which then
Communicatesthem to the motor cpu.
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The power accumulated and discharged by the capacitor (Pc) 
and the generator power (Pg) are calculated by the motor CPU, 

which then maps the loss based on those figures. 
The torque limits (Tm_lim, Tr_lim) are calculated based on the 
power limit and the motor speed, which is recomputed on a 
moment-to-moment basis. 
If the torque command from the hybrid CPU exceeds the limit 
value, the motor CPU acts to limit the torque. 

5.4 Effect 

Fig. 30 illustrates the effect of power management control. 
As the data indicate, the high-speed monitoring by the motor 

CPU and the restriction on power effectively suppress the 
increase in battery current. 
This prevents overcurrent from flowing to the boost converter 
and prevents the battery voltage from dropping. 

Without control With control 

Fig. 30 Boost Converter Current 

6. Conclusions 

This article has described the use of high-power motor control 

as a motor drive technology to increase the power of the hybrid 
vehicle motor, as well as the variable voltage system and 
techniques that increase the motor power still further. 
High-power motor control increases power by approximately 
30% by using rectangular wave voltage to drive the motor. Two 
additional technologies were developed so that rectangular wave 
voltage control could be applied to the PM motor. One is 

rectangular wave voltage phase control, and the other is current 
offset feedback control. 
In the variable voltage system, the boost converter converts the 
battery voltage into a high voltage, dramatically increasing the 
power. The system is highly compatible with the THS. Varying 

the voltage according to the operating state of the motor 
increases the power and reduces the loss at the same time. 
Resolver error correction control and power management 
control were also developed for the RX400h to increase its 
power even more. These technologies are essential to making 

the high-power system operate in a stable manner. 
It is believed that the importance of motor drive technologies 
in the automotive field will only increase as time goes on. 
Toyota will continue to develop additional technologies in the 
future. 

TOYOTA Technical Review Vol. 54 No.1 Nov. 2005 

Motor Control and Boost Converter Control for Hybrid Vehicles 

References 

(1) E. Satoh, Okamura, Sasaki. "High-performance Hybrid 

Vehicle Motor System and Its Control Technologies." JSAE 
Symposium, No. 07-04 (2004). 
(2) H. Yaguchi, Sasaki. "The Motor Control Technologies for 
High-Power Hybrid System." SAE (2005). 

Authors 

H.HANADA E. SATOH 
、心
M.OKAMURA 

49 



Hybrid

Development f High ●Utput power

Control unけ for Hybrid suvs

Abstract

This a此icle desc"bes the power control un託 insta11ed in the RX40oh hyb"d vehicle. The features ofthis power
Control unit are (1) high system voltage;(2) a new system provided W赴h a rear motorinverter;(3) high output density,
achieved by enabling a high withstand voltage and reducing the size of each ofthe main component parts; and (4) a
bU託t・in motor contr0Ⅱing function separated from the hybrid contr0Ⅱing computer.

Keywords: povver contro/ unit, mveder, converter, oulput densny so/dering, wire bonding

1.1ntroduction

The RX40oh hybrid suv launched in March 2005 is powered
by a new generation hybrid system (Fig.1). a) This system
realizes hioh levels of fuel economy and outstanding power by
increasing the voltage and improving the controlsystem from the
Toyota Hybrid system 11(THS ID used on the prius. This anicle
describes the latesttechn010gies adopted in the newly developed
Power control unit (phot01)① of the THS Ⅱ insta11ed in this
Vehicle.

IakajiKikuchi*
KoseiMatsubara**

Rear
moto〔

Power split
deⅥCe

Generator

Engine

Boost

■谷会
Front
moto

Fig.1 Toyota Hyb"d system Ⅱ

* Hybrid vehicle powertrain Development Div

** Electronic components Dept. NO.3

Power control unlt

50

Torque transmission

＼

Powertransmisslon

2. power control unit

The power control unit of the THS 11is a high performance
Power conversion unitthatintegrates a boost converter that steps
Up the Dc voltage supplied by a Mgh voltage battery, inverters
that convert 山e boosted Dc voltage into Ac voltaoe and applies
it to the motors, and a DC/Dc converter that converts the DC

Voltage supplied by the high voltage battery int0 12 V Dc to
Charge the auxiliary battery. Table l a) compares the
Specifications of this unit to the power control unit in the 2003
Prius.

Photo l power control unit



Table l comparison of power control unit specifications

RX40oh 2003 Prius

System
Voltage
(VDC)

Maximum

Output current
(Arms)

Main builMn

Parts

650

Boost converter,

front motor inverter,

generalor lnverter,

rear motor lnverter,

DC/Dc converter

32

30

Mass (kg)

Volume (L)

360

3.1mprovements to power control unit

3.1 1ncreased system voltage

Fig.2 ① Sho、vs a conceptual system diagram of the power
Control unit. The prius THS 11 Used a boost circuitthat effected

Variable contr010f up t050O V.1n contrast,the newly developed
Unit pedorms variable contr010f up t0650 v in accordance with
driving state, in order to provide a boost voltage that 血nimizes
System loss. As a result, the motor is able to achieve both hioh

Output and low power loss. Thus, along with the use of a larger
Sized motor, maximum motor oU中Ut has been increased from 50
kxv t0 123 k圦1, an improvement of approximately 2.4 times.1n
addition, the system is equipped with an inverter with a
maximum output of50 kw to drive the rear motor.

(THS 11): prius DC50O V DC20O V

Motor Boost:::::^ttery

500
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Boost converter,

front motor inverter,

generator lnverter,

230

DC/Dc converter

18

20

Rear

motor
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enerator

←

Generator inverter

、

←

Power control U航

◆ Generalor & m010!invede!
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^
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^
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motor

←

←
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子●^^^^^^^^^、

1曇墨、1

仟HS 川: RX40oh

Boost:::"'^廿eryMotor

Fig.2 Conceptua! system Diagram

32 Configuration of power control un詮 Primary circuit

Fig.3 (1) shows the configuration of the primary circuit of the
Power control unit. The power control unit of the prius has been
Supplemented with a rear motorinverter,、vhich contributes to the
enhanced dyna加C performance required ofsuvs. The inverters
for the generator, front motor, and rear motor are voltaoe type
inverters, which ddve the oenerator, front motor, and rear motor

by tuming the switching devices oN and oFF using the voltage
boosted by the boost converter.1nverter oU印Utis contr011ed by
the voltage type pwM inverter method, which applies voltage to
the generator or motor by sine wave output or square wave
Outputin accordance with the revolution speed.

Front motor inverter BOosl conveder

Fig.3 Configuration of p"mary circuit of power contr01

331ncreased oU中Ut density of power control unit

トー Syslem←

V011age.650 V

200

1-

Dischal in

DC650 V

Generator

1-

Fig.4 (1) shows the size reduction trend of the power contr01
Unit. Through the use of a higher system voltage and by maMno
the component parts of 血e power control unit more compact,the
OU中Ut per unit volume has been improved by approximately
80% overthe 2003 Pdus.

Smoothin9
CapaC110r

1-

0

←lnduclo

Charging

DC288 V

Filter

Capacltor

800

■■■■■■
■■■■■■■■

288 V
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600

Ba廿eⅣ

Unit

詔謡暦詔冒400

2010 4030

Volume (L)

Fig.4 1ncreased output Density of power control unit

3.4 1mprovements to inverter・converter control system

Fig.5 山 Shows the configuration of the control circuit of the
Power control unit.1n the prius po、ver control unit, the motor
Contr011ing function to controlthe inverters and the boost power
module was integrated in the hybrid contr011ino computer.
However, the motor contr0Ⅱino function, which exchanoes

Controlinformation with the inverters and the boost power
module in the power control unit, has now been separated from
the hybrid contr011ing computer as a motor contr0Ⅱino computer
and has been rearranged in the power control unit itself. As a
result,血e control signal wires for the inverters and the boost
Power module, which are used for contr011ing the motors, are
Completely enclosed in the power control unit. The wirino
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between the power control unit and the hybrid contr011ing
Computer now consists only of communication signal 、vires,
Which means that the number of control signal wires has been
reduced.

★2003 Prius

Hybrid contr0Ⅲng computer
(1ncluding motor contr0Ⅲng function)

e 能10「

Fronl
010!

Generator
Jnverter

★RX40oh

Front motor
Inverter
T

Boost

Power
module

Rear
Oto

Hybrid contr011ing computer

(Reduced number ol control slgnal wlres)

Power control unil

Ge詑ぱ0

Rear motor
Inveder

M010r contr011in9 Compuler

5. Technical Approaches to Higher v01始ge and output

Fronl
010

Fig.5 Configuration of control circuit of power con廿ol unit

Generator
Inverter

5.1 1nverter power module

Front motor
mveder

4. Main components of power control unit

The inverters for the σenerator and the front motor require
Semiconductor switching devices in order to output power to the
three-phase motors.

The new power module (phot02)(1) was developed in・house
and it inteorates a total of 120f these semiconductor switchino

devices. Furthermore, this high performance power module
Contains the system voltage sensor, the oU印Ut current sensor, and
the device temperature sensor, a11 0f which are required for
Contr0Ⅱing the motors.
The power se血Conductor devices used in the primary circU北
are 20O A class high withstand voltage trench type lnsulated
Gate Bゆolar TransistorS σGBTS), which were also developed in・
house. TO supportthe hiσh output,three lGBTs are connected in
ParaⅡelin the front motor inverter, and two lGBTs are connected
in para11elin the generator inverter (Table 2).(1)
In addition, the module has a self・protective operation that
functions by detecting over voltage, over cunent, overheat, and
internal power supply malfunctions of the power se111iconductor
devices and transmitting abnormalstates to the motor contr0Ⅱing
Computer. The motor contr011ing computer also has a diagnosis
function to detect sensor malfunctions, a desion thattakes system
Safety 血to consideration.

Table 2 Speci"cations of Front Motor・Generator
Inverter power Module

Fig.6 (1〕 shows the stNcture of the power control unit. The
Unit is cooled by a water・cooling system that features
Components above and below a cooling channel. Located above
the cooling channel are a front motor・generator inverter po、ver
module 6ntegrating the generator inverter and 血e front motor
inverter), and a rear motorinverter power module for ddving the
rear motor. Located below the cooling channel are the boost

Power module, the inductor, and the DC/Dc converter. This
Configuration enables the system to coolthe unit while
maintaining a space・saving design. The capacitor is located
above the front inverter power module. Furthermore, the new

motor contr011ing computeris builtinto the power control unit.

Smoothing
Capacltor

Ba廿e『y

Boost

Power
module

Power conlrol unjt

Ba廿ery

Rear motor

Inverter

Power rnodule

Motor contr011ing
Computer

Inductor

DC/Dc conveder

Filter capacitor
Boost power module

Fig.6 Configuration of power control unit

52

System v011age
(VDC)

Maximum output(kvA)

Front motor・

generator lnverter
PO゛1er module

Front motor

Inverter

RX40oh

Generator

Inverter

200420

20O A class20O A class

IGBTIGBT

3 Connected in para11e12 Connected in para11el

20O A class20O A class

IGBTIGBT

2 Connected in P引a11el

3.3

650

Volume (L)

2003 Prius

500

Phot02 Front Motor・Generatorlnverter power Module
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52 Rear motorinverter power module

The rear motor inverter power module (phot0 3)(D is
Provided independently of the front motor・oenerator inverter
Power module. The power semiconductor devices used in six
10cations of the primary circuit to oU印Ut power to the three・
Phase motor are the 20O A dass hioh withstand voltaoe trench
type lGBTs that were developed in・house. Like the front
inverter power module, the control and drive circuits are

integrated in this power module.

53 Boost power module

The boost power module (phot04)(D contains semiconductor
Switching devices in tw0 10cations to form a chopper circuit.
Like the inverter power modules,the boost power module uses a
Special design with integrated control and drive circuits. The
boost power module also uses lGBT power semiconductor
devices, and contains four 150 A class lGBTs connected in

Para11el.
Like the inverter power module, this module is also provided
With a protective function against over voltage, over current,
Overheat, and internal power supply malfunctions. The sensors
are able to detect the battery voltage and the temperature of the
Powersemiconductor devices.

Phot03 Rear Motorlnverter power Module

Development of High output power control uni廿or Hybrid suvs

雉念

battery ripple current and noise. The capacitor devices use a
newly developed, ultra・thin polypropylene (PP) film,、vhich has
enabled the capacitor unit to be reduced in size. A unique
deposition pattem technique has also been developed to provide
Optimal pattems for achieving both high ripple support and a self・
healing function. As a result of these measures,山e capacitance
density of the smoothino capacitor has been improved by
approximately 20% from the 2003 Prius (Fig.フ).(1)

1000

800

600

200 400 600 800 1000

Lighter

CapaC詫ance (μFymass (kg)

Fig.7 Reduction in smoothing capacitor size

400

200

◆

Prius

6. Approaches to production Techn010gy

The power control unit used since the first・generation prius
a997) has been kept entirely in・house, from development to
Production phases. High levels of productivity and quality have
been attained by establishino a stNctural design in addition to
Processing and inspection techn010gy that are highly suited for
mass production. This suitability extends from individual parts
Of the power semiconductor devices, power modules, circuit
boards, and inductors to the assembly stage.
Here is an example ofthe production techn010gy applied to the
Power module shown in phot05. As a laroe current nows
throuoh the inverters in order to drive the motors, it oenerates a

Iarge amount of heat. To ensure the proper performance and
quality of the product, heat dissipation techn010gy (to e丘iciently
dissipate heat) and wiring techn010gy (to withstand 血e large
Cunent and heat) were essential

RX40oh

0

5.4 Capacitor module

The capacitor module contains a specia11y designed film type
Capacitor provided separately with a smoothing capacitor 血at
Smoothes system voltage, and a filter capacitor that reduces

Phot04 Boost power Module
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6.1 High heat dissipation techn010gy

The heat dissipation structure of the power module consists of
the device, an insulatino substrate, and a heat sink plate, which
are joined by soldering (Fig.8). The heat generated by the
device is transfened to the parts and the joints, and dissipates to
the aluminum case of the cooling channelthrough high heat

dissipation grease.

Voids

(air bubble defects) Generated heat

^

6.1.1 Solde"ng

に=^ Hea廿10W

Fig.8 Heat Dissipation structure

The voids (air bubble defects) created during soldering
(hydrogen・deoxidizing reflow soldering) cause poor heat
Conductivity and inhibit the heat dissipation characteristic of the
device. Because the present module contains a device totaling
30 ce11S that are joined tooether, the voids can oready affect 血e
defect rate.

The primary cause is trapped ambient gas. As a
Countermeasure, solder foilthat exhibits a temperature difference
between softening and melting is placed between the members.
Heat is then applied gradua11y to flatten the solder while
maintaining it atthe softening temperature. The moveme址 that
this generates causes the gas between the members to be
discharoed, after which it is possible to reduce the voids by
melting the solder (Fig.9). However, this method requires the
Solder to be thoroughly softened, which involves a lonoer
Processing time. one remaining issue forthe future,therefore,is
to implement this countermeasure and yet sti11 maintain
Productivity (Fig.10).

'、、

Device

司

Solder

Insulating
Substrate

Solder

Heat sink plate

Grease

Cooling channel

Deoxidlzing

62 Large current wiring techn010gy

Fla廿ening time

A wire bonding process using alU血num wires was used as the
Wiring techn010gy for electrica11y joining the devices such as the
IGBTs or Free wheel Diodes (FWDS) with the electrodes or the

bus bar. xvires of different diameters (φ150 μm,φ400 μm, and
φ500 μm) were used for the differentjoints in the module, and
approximately 90o wires were joined at over 2,50o points. This
is on the largest scale of any partinsta11ed in an automobile.

Processing time (min)

Fig.10 pro"1e

Meltlng

S0兪ening

⑪⑪⑪⑪
⑪⑪⑪⑪⑪⑪⑪⑪⑪⑪⑪ずヲ⑪里三竺'丑竺

Ambient heating

62.1 Vvire bonding

Heatis oenerated by the onboard environment as weⅡ as by the
module itself. T11is oenerates stress and promotes cracks on joint
interfaces, as a result of differences in the coefficients of linear

expansion, thereby reducing the bond strength. For this reason,
it was necessary to develop a bondin8 techn010gy to enable the
joints to withstand long periods ofuse.
The joints of the devices and alU111inum wires are exposed to
Particularly severe heat generation conditions. For this reason,
the area above the devices was stitch bonded to increase the

bondino area without increasing the number of bonds.1n
addition, a wiring design (phot06) that suppresses temperature
rise by, for example, optimizing the locations of the welding
Points and making the temperature distribution on the device
Sudace more uniform, has been adopted to ensure a lonoerlife.

Solder foil Flattening

Hydrogen・deoxidizing

Fig.9 Hydrogen・Deoxidizing Reflow soldering Phot06 い/iring Above Devices

Soldering completed
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Moreover it was also necessary to deal with a conaictino issue
in terms of the bonding conditions during processing.圦lhile a
10nger life can be attained by increasing the initial bond strength,
appHcation of excessive energy can harm the electrical
Characteristics ofthe device due tojoint damage.
Phot07 (2) shows the shape of the tip of the tool used in the

Processlng equlpment.

'、
K. MATSUBARA

TO01

Aluminum wire

CU廿er

Development of High output power control uni廿or Hybrid suvs

As shown in Fig.11, there are 血ree bonding parameters:(D
Vibration of the to01 (power),(2) pressure applied by the to01
(force), and (3) bonding duration (time).(2) The operating
Conditions have been set to optimize 血e joint interface state by
Contr011ing the power and force in stages. This reduces the joint
damage inaicted on the device and ensures the proper bond
Strength.

Phot07 Tip of TO0I During Bonding

Vvire guide

y

CCD camera

Direction of
Vibration

IGBT

module

XY lable

Fig.120U"ine of Automatic lnspection Device

フ. conclusions

Diffused LED lighting for
measurlng bonding shape

The development ofa high oU中Ut power controlunitfor suvs
involved the adoption of the f0ⅡOwing new techn010gies in
addition to the aforementioned production techn010oy, in order
to realize a compact unit with a low cost and a high quality
Performance.
a) system voltage wasincreased from DC 50o v to DC 650 V.
(2) A new system provided with a rear motor inverter was
developed.

(3) A higher oU印Ut density was achieved by increasing the
Withstand voltaoe and reducing the size of the main
Components ofthe power control unit.
(4) The motor contr011ing function has been separated from the
hybrid contr011ing computer as a motor contr0Ⅱing computer
and has been rearranged in the power control unit, thereby
enabling the number of controlsignal wires and the costto be
reduced.

Slit laser for measuring
Ⅷre height

The shape of the wire after bonding is an important parameter
in terms of reliability. However, because this condition cannot
be inspected electrica11y, it has to be inspected visua11y.1n
response to this issue, an automatic inspection device (Fig.12)
Was developed that uses optics to perform high・speed image
matchino. This device has shortened the inspection time and
improved the inspection quality.
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Development oflnteⅡigent power

Module or Hyb"d vehicles

Hybrid

Abstract

Toyota developed a first generation lnteⅡigent power Module (1PM) for the inverter of the 1997 model prius.

Subsequently, a second generation lpM adapted for the high voltage and output of the THS Ⅱ System, an
Insulated Gate Bipolar Transistor (1GBT) and a Free vvheel Diode (FVVの have been developed forthe inverter of
the 2003 model prius. 1n the second generauon lpM, a boost converter has been added to the inverterto boost

the power supply v0吐age and enable a reduction in current based on the relationship, power = voltage x current.
The lpM has been reduced in size by measures including combining the 中Ms forthe motor and the generator,
and continuing the integra"on of internal component parts, such as by combining the power supply circuit and
the current sensor. 1n addition to the second generation 50 kvv class lpM for the pnus, Toyota has also
Completed development of a 120 kvv class lpM forthe 2005 model RX40oh, and plans have been made to expand
the application o"PMs to other models. This article ou"ines the newly developed lpM and describes the new
techn010gy applied during the development.

Keywords: hybrid vehic/e,inved引,/P/VI,/GB71 FVVD

1.1ntroduc"on

Inverters are used as power converters in a variety of
applications, but in a hybrid vehicle, the inverter converts direct
Cunent power 丘om the battery into alternating cunent to drive
the Ac motor.

The key device within the inverter is the inte11ioent power
module dpM), which uses pulse width modulation to contr01
DC/Ac and ACのC conversion in accordance with siσnals from

the ECUS.

Makoto lmai*

ShinjiNakagaki**
SatoshiHirose**

Inverter

DriveECU
Signal

Battery ー:J

Boost

Converter

In the THS 11, as shown in Fig.1, a DCのC boost convener

has been incorporated into the inverter to increase the input
Voltaoe to the lpM and reduce the cunent, thereby a110wino the
IPM to be made more compact.

DC

Fig.1 Hybrid vehicle

The insulated gate bipolar transistor (1GBT) that serves as the

Switchino device for DC/Ac conversion was developed
interna11y at Toyota to handle the higher voltaσe of the THs n.
The lGBT wasreduced in size more than 20% compared to THS
by making it more ef負Cient while generatino less heat.

IPM

Bus bar

* Electronics Engineering Div.2
¥¥ Electronics Enoineering Div.3

MGI

2. Basic lpM structure

AC

System Diagram

56

MG2

1

As shown in Fig.2, the lpM consists of a module portion,
Which handles high voltage and current, plus a control circuit
Portion that controls the module. The module ponion is made up
Of a heat sink that increases heat dispersion, an insulatino
Substrate that ensures insulation, the lGBT power semiconductor
that actua11y turns the current on and 0丘, and a free wheeling
diode (FWD).

Heat sinkInsulaling substrate

Fig.2 Structure o"nteⅡigent power Module
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2.1 Module portion

The original prius had two separate, specia11y designed
modules, one for the motor (288V/60OA) and one for the
generator(288V/20OA).

In the second-generation prius, the THs n booster system
increases the voltage to reduce the lpM IOSS, as shown in Fig.3,
Which a110ws the module to be made more compact even as its
Power is increased. The resultis a decrease from 24 t0 18 in the
totalnumber oflGBTS

4

3

2

50.0 100.0 150.0

Power(kvA)

Fig.3 Power・Loss characte"stics

The lpM is designed with dedicated circuits for each function,
eli血nating unnecessary ter血nalspace. The circuits also share
an opti加Zed bus bar, a110wing the generator (MGI) and motor

(MG2) circuits in the RX40oh to be housed in a single module,
as they are in the new prius. The result is the compact, high、
Power module shown in Fig.4, with 320% more lpM power
than in the original pdus, but occupyino only BO% more surface
area.

0
0.0

Fig.6 1nteⅡigent power Module for RX40oh

An interna11y manufactured lGBT and an FWD are used for

血e power semiconductor, as shown in Fig.フ.1GBTs play the
role of the lpM switching device, generatino three、phase power
to ddve the motor. The roles of the FWD are to freewheelthe

Development of lnte11igent power Module for Hybrid vehicles
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2.3 Power semiconductor

0.10

0.00

Vehicle A

22 Controlcircuit

Conventiona11y, the inverter's internal control circuits are

divided among three boards: a power supply and dead time
generator board to controlthe lGBT, plus one lGBT driver board
each for the motor and generator. Each driver board drives its

Power semiconductor based on logic signals and has an lGBT
Safety circuit to protect against short circuit cunent, heatino and
Other hazards.

For the second・generation lpM, the circuit confiouration was

revised to incorporate a power supply circuit that the first、
generation lpM lacked, and a new lc was developed for the
Power supply and dead time generator circuits. More layers
Were added to the board itself to increase the parts mounting
density, so thatthe number of parts was reduced t075% and the

board surface area t0 52% of the first、generation lpM.
Combining the motor and generator circuits in a single module
Opened up enough space that the same functionality could be
Provided in a single control board, with space left over to add a
Current sensor to the board. This has brouoht the benefits of

fewer connectors, a sma11er wiring harness, a more compact
IPM, and higher productivity.

Vehicle B

Fig.5 Power comparison

1引 generation

Vehicle c

Other changes that were made to adapt to the hioher power
induded revisions to the heat sink material and the shapes of
Component parts to provide better heat dissipation at hioh

temperature, as we11 as increasing the power density per unit
Surface area, as shown in Fig.5.1n this manner, the second、

generation priuS 50OV/20OA+40OA module was developed into
the 650V/40OA+60OA module forthe RX40oh

RX40oh

2加 generation
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eneroy that is accumulated by the motor load when lGBTs are
Off and to serve as a cunent path for taMng the surplus energy
that results from deceleration and brak血g and using itto charge

the battery.

For the THS 11, the goals were to increase the power supply

Voltage t0 650 volts to give the motor more power, and to
Provide hioher efficiency than the original THS. To achieve
these goals, it was essentialto increase the withstand voltage and
decrease the loss in the lGBT and FWD, the key devices in the

IPM. Butin a power se血Conductor,there is a trade・offbetween
Withstand voltage and loss, so the development of the new
devices focused on how to achieve both goals atthe same time.

23.1 1GBT

Fig.7 Power semiconductorfor RX40oh

AS Fig.8 iⅡUstrates,1GBTs have an e血tter electrode on top
and a c011ector electrode on the bottom.1t controls the cunent

by applying voltage to the gate electrode and has the switching
Performance of a MOSFET together with the high current
Processing capacity of a bゆolartransistor.
The interna11y manufactured lGBT is the first power
Semiconductor in the world to be successfUⅡy produced on large-
diameter 8、inch wafers. This creates a 2.8・fold increase in

Producuon capacity over 5・inch wafers and lowers the cost
(converred to the unit cost of a B・mi11imeter square device).

Voltage holding layer (n-1ayer) in addition to the existing n・
Iayer, giving the device tw010cations for holding 山e withstand
Voltaoe. The withsta11d voltage iS 壮Ius increased without maMng

the n・1ayer thicker and thereby increasing the loss.

2.3.12 Lowerloss

Left:1GBT Right: FVVD

The trench structure of the gate reduces the surface area of a
device ce11to one・ninth that required by the plan雛 gate structure
in the prius lGBT, dramatica11y reducing the resistance per unit
Surface area. As for the increase in the short circuit current that

is the penalty for using the trench structure, the short circuit
Capability is ensured by the design of the device top face. AS
Fig.9 Shows, this is done by using a striped structure for the
emitter and thereby narrowing the gate width, so as to suppress
the short circuit cunent.

Em轍er electrode

Unit ce11

Planar ate

C011ector electrode

For prius

Fig,

2.3.1.1 Higher W詫hstand voltage

n+ reglon

P・ reglon

n・ 1ayer

/

Unit ce11

Em轍er electrode

1 1 1

A crosssection ofthe lGBTused in the RX40oh isshown on the

rioht in Fig.8. The wafer structure features a second withstand

Conventional

SlruC扣re

(1adder・
Shaped)

n+ 1ayer

P+ substrale

Device top face

ForRX40oh

8 1GBT cross section

n-1ayer

10n irradiation posilion

Tr印Ch ate

Loca11ifetime contr01② Wasimplemented by means ofhelium
ion irradiation to improve the switching characteristics. one
Characteristic of lGBls is that the residual electric charge in the
device causes the c011ector current to continue to flow

i11Ⅱnediately after the gate turns off. This leads to an increase in
10ss in the lGBT for the lpM, which requires high・speed
Switchino. Lifetime controlis a techn010gy that creates localized
defects in the interior of the device, as shown in Fig.8, so that

the residual charge wi11 be efficiendy dissipated. The advantage
Of contr011ing the process by means of helium ion inadiation, as
Opposed to other means of defect formation, is that it makes
hioh、speed switching possible without significantly affecting
Steady-state loss.

ロロ

New structure

(striped)

Fig.9 1GBT surface structure

Em轍er Gate contact

C011ector electrode

口

23.1.3 Summary

Fig.10 shows the withstand voltage in relation to the steady・
State loss for the lGBT in each generation of the Toyota Hybrid

System. The optimization of the device structure of the
internaHy manufactured lGBT has achieved both higher
Withstand voltaoe and lower loss, characteristics genera11y

thouohtto be mutua11y exclusive.
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Fig. 10 IGBT Withstand Voltage and Steady-State 
Loss 

2.3.2 Free wheeling diode 

The FWD uses the PIN structure shown in Fig. 12, in which 

making the intrinsic layer thicker allows the withstand voltage to 
be increased. However, making the intrinsic layer thicker also 
increases the loss (in the form of forward voltage drop Vf and 
reverse recovery charge Qrr). The surge voltage (Vakp) that is 
generated in the FWD during the switch from forward voltage to 
reverse voltage also had to be reduced. The sections below 
describe how the loss and surge voltage were reduced. (The 
required characteristics are shown in Fig. 11.) 

Vf 

~__• 
• Time 

Fig.11 

2.3.2.1 

Recovery Waveform for FWD 

Loss reduction 

The cross section of the FWD is shown in Fig. 12. The p+ 
structure is striped to increase the p+ surface area and make it 
more efficient to move a charge from the p+ region to the 
intrinsic layer. This decreases the loss (Vf) under forward 
voltage. Also, during the switch from forward voltage to reverse 

voltage, the time when current flows in the reverse direction has 
been shortened and Qrr has been reduced by passing the electric 
charge through the p-region. 

• Flow of electric charge under forward voltage 
------• Flow of electric charge under reverse voltage 
Fig. 12 FWD Cross Section 

2.3.2.2 Surge voltage reduction 

The surge voltage (V akp) is expressed by equation 1. 

Vakp=L x dlrr/dt (1) 

Here, L represents the system load, while dlrr/dt is the gradient 
of the current (as shown in Fig. 11). Localized defect formation 
by helium ion irradiation is used as a technique to reduce the 
value of dlrr/dt. The time it takes to dissipate the charge by 
forming defects (the current gradient) can be controlled. Helium 
ion irradiation makes it possible to form defects locally (within 
the intrinsic layer), gradually dissipate the charge (make dlrr/dt 
smaller), and reduce the surge voltage. 

2.3.2.3 Summary 

Fig. 13 shows a comparison of the Toyota FWD with FWDs 
from other companies. The Toyota FWD achieves both higher 
withstand voltage and lower loss. 
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Fig. 13 Comparison of FWD Characteristics 

3. Conclusion 

A compact, higher-performance, second-generation IPM for 

hybrid vehicles has been developed through the original 

TOYOTA Technical Review Vol. 54 No.1 Nov. 2005 59 



development of a new power device. The development of
additional products for hybrid vehicles wi11 also be promoted in
the future.
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Development of a New Battery System 
for Hybrid Vehicles 

Masanori Ito* 
Shuuichi Nagata* 

Abstract 
In order to address environmental concerns, Toyota has developed various models including the new Prius 
released in September 2003, and a hybrid SUV, the Lexus RX400h which was launched in March 2005. These hybrid 
vehicles feature the Toyota Hybrid System II (THS II). This article discusses the development of a new battery 
system, which is a key component of the THS II. To simultaneously improve mountability and cooling performance 
of the new battery system, development activities focused on reducing the size of the battery and its packaging, 
and improvement of the cooling system. 

Keywords: battery, hybrid vehicle, Ni-MH 

1. Introduction 

Toyota Motor Corporation initially released the Prius, the 
world's first hybrid vehicle (HV), for sale in December 1997. 
This vehicle, which achieved a landmark improvement in fuel 
consumption and a dramatic reduction in emissions, was later 
launched in North America and Europe in 2000. Following the 
September 2003 launch of a completely made over new model, 
the Prius has won broad support from people all around the 
world. 
Going a step further, we developed the Lexus RX400h (Fig. 1) 
and the Highlander Hybrid. These vehicles are powered by the 
next generation THS II (Fig. 2), which was developed in pursuit 
of the world's ultimate environmental performance, while also 
aiming to escalate the "fun to drive" aspect, which is the 
essential appeal of automobiles. 

Fig. 1 Lexus RX400h (US Specifications) 

* Hybrid Vehicle Power Train Development Div. 
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The vehicles are equipped with a new battery system and 
nickel metal hydride batteries that play important roles in the 
THS II. This article describes the batteries and the battery 
system based primarily on the Prius and the Lexus RX400h. 

Fig. 2 Toyota Hybrid System II (4WD-i) 

2. Prius 

2.1 Battery module 

The Prius and the Lexus RX400h use compact, high output, 
long life nickel metal hydride batteries. Fig. 3 shows the 
charge-discharge mechanism of the nickel metal hydride battery. 

61 



The nickel metal hydride battery is a type ofrechargeable battery
that primarily employs nickel hydroxide for the positive
electrode and a hydrogen・absorbing a110y for the negative
electrode.1ts electrolyte is an alkaline solution containing

Potassium hydroxide as the primary component.

Charging

.翻。1゜f
↓0・

NI(OH)2

^

Alkaline solution

Charging
NiooH + H20 + e、Positlve electrode: Ni(OH)2 + OH、^

Discharging

Char ing
Negative electrode: M + H20 + e、ー^ MH + OH、

Discharging
Charging

NiooH + MHBatteⅣ: Ni(OHル+ M ^

、M:hydrogen、absorbinga110y Discharging

Fig.3 Charge・Discharge Mechanism of Nickel Metal
Hydride Battery

Discharging

NI0OH

OH、

Dischargi叩

Chargjng
H20

H20

Discharging

Charging
OH、

へ、1-

血e f0Ⅱ0、vinσ measures: using improved electrode materialto
reduce the reactive resistance of the electrode, and improvino the
Ce11interconnection structure to reduce the resistance of the parts

(Fig.6).(1)

0・1
M (hydrogen・
abs0巾lng
a110y)

Table l shows the specifications for the battery module. The
modules used on the 1997 Prius consisted of cylinddcal,6・ce11,
inline nickelmetalhydride batteries.
Stanino with the 20oo prius, a pnsmatic shape was adopted for
the battery module to realize supedor heat dissipation and ease of
insta11ation. The module consists of 6・ceⅡ, inline nickel metal

hyddde batteries housed in a plastic battery case.
Furthermore, the internal electrical resistance of the battery
module and ce11S of the 2003 Prius (Figs.4 and 5) has been
reduced 30% from the 20oo prius. This was achieved t11rough

MH

2003 model

1997 Prius

Cylindrical

72V

6.5 Ah

1090 g

35 mm(φ)

384 mm(L)

Shape

Voltage

Capacity

Vveighl

2005 Lexus RX40oh

Prismatic

9.6 V

6.5 Ah

1510g

382 mm(L)

15.6 mm(W)

86 mm(H)

Size

Table l Battery Module speC廿ications

2003 Prius

Prismatic

72V

6.5 Ah

1040 g

285 mm(L)

19.6 mm(W)

106 mm(H)

20oo model

^ Current path

Fig.6 Current path in p"US Battery Module

20oo prlus

Prismatic

72V

6.5 Ah

1050 g

2乃 mm(L)

19.6 mm(W)

106 mm(H)



22 Ba廿ery pack

Fig.7 Shows the configuration ofthe 2003 Pdus battery pack.(2)

Ba廿ery module

Restraint rods

The 2003 Prius battery pack is confioured such that lateral
Pressure exerted by the battery modules is borne by the end
Plates at both ends of the pack, the restraint rods, and the lower

Case. Forces (vertical and longitudinal forces) applied by the
Vehicle are borne by the lower case and the battery module
fasteners.

Through improvements made to the b会ttery module, this
battery pack is able to produce the same amount of oU印Ut as the
Previous model with fewer battery modules. HO、vever,

decreasing the number of battery modules leads to a drop in
Power supply voltage, which poses the problem of reduced
efficiency ofthe motors and generator.
To counter this problem,the 2003 Prius uses a variable voltaoe

System (Fig.8), which boosts the battery voltage t0 50O V.
Thus, even with a reduced number of battery modules, the
System can use the battery pack efficiendy to drive the motors
and generator. consequently, it was possible to reduce the
number of battery modules from 38 0n the 20oo prius t028,

While at the same time maintaining the proper oU印Ut
Performance ofthe battery pack.
As a result of reducino the number of modules and usino end

Plates made ofplastic,the battery pack as a whole has been made
15% more compactin terms of volume, and its weioht has been
reduced 25%.

Fig.7 2003 Prius Ba廿ery pack

、辻、運、_

End plates

Lower case
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Battery module

翻Ⅲ琳Ⅲ

処1 Ⅲ駆Ⅱ1Ⅲ肌Ⅲ貯,

而ii而Ⅱ@亜亀掘_j・1ⅢⅢ

Battery ECU SMR

Fig.9 Configuration of Battery pack for 2003 P"US

亀^^^^_三二■

Service plug

1ⅢⅢ1Ⅱ
●興■■●●●=■'

Resistor

^

'+

Fuse

Moto

SMR
^^
^

50O V

SMR

Service

Plug

Fig.8 Variable voltage system for 2003 P"US

ノオ

Fig.9 Shows the configuration of 血e battery pack for the 2003
Prius, and Fig.10 shows its schematic diagram.

Generator

202 V

Boost converter

Current sensor

Fig.10 schematic Diagram of Ba杜ery pack

Resistor

To ensure the safety of the batteries, the high、voltaoe
Components are built into the battery pack for the 2003 Prius.
They consist of system main relays (SMRS), a service plug with
a built・in fuse, a battery electronic control unit (ECU), and a
Cunent sensor. These components have also been made more
Compact and lightweight.

(1) SMR

The sMR, whose primary function isto shut 0丘 Cunent, opens
and closes in unison with the oN/OFF operation of the ionition
key.＼入'hen the ignition key is turned to oFF,it cuts 0貿血e hioh、
Voltage system to ensure safety.1t functions in the same manner
in case of a vehicle c011ision or system failure.
(2) service plug with built・in fuse
The fuse prevents electrical shocks and vehicle fires in the
eventthe batteries become shoded as a result of a c011ision or the

Iike. The service plug, which mechanica11y cuts off the circuit,
ensures the safety of the technician servicino the vehicle.
(3) Battery ECU, current sensor

The battery Ecu calculates the state of charoe of 血e battery
based on the battery current, voltage, and temperature, and
tranS血ts this information to the control systems on the vehicle.
It also monitors the battenes for malfunction. The cunent sensor

is used for calculating the state of charge of the batteries.

Battery
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23 Cooling

The battery pack of the prius is insta11ed behind the rear seat.
F0110wino suit from the previous model, the 2003 Prius uses an
air・cooled system that circulates cabin air to coolthe batteries.
As a result of fe、ver battery modules on the 2003 Prius, their
Cunent input and output while charging and discharging a given
amoU爪 of power have increased over the previous model.
Nevertheless, the generation of heat has been suppressed to the
Ievel of the previous model by reducing the internal electrical
resistance of the battery modules
Fig.11 Shows the aow of the cooling air. As a result of
reducing the number of battery modules and optimizing the
Configuration of the ducts and the pack, the temperature variance
among the battery modules has decreased compared to the
Previous model

Ba廿ery pack

Rear seat

.^'令、
^^主゛

心,^、・',、

〆ニー^、,'^^

Fig.11 Flow of Ba廿ery cooling Air on 2003 P"US

イ

3. Lexus RX40oh

Intake ducts

イ
戸一

3.1 Battery module

Figs.12 and 13 Show the battery module and a single ce11 for
the Lexus RX40oh. Like the 2003 Prius model, a prismatic
Shape has been adopted for the battery module on the Lexus
RX40oh.1n addition, a metal battery case that excels in heat
dissipation and ease ofinsta11ation was adopted. As a result, a 20
mm reduction in height compared to the previous battery module
Was achieved.

Two separate positive ter血nals for the battery ce11S have also
been provided in 血e battery module for the Lexus RX40oh in
Order to reduce the internal electrical resistance. Because the

Ce11S are single, independent ce11S, they offer freedom of
Selection for the number of ce11S in a module. The new module

Consists of 8 inline ce11S.

/4多.

0/

As a result of these measures, the battery module has achieved
the world's hiohestlevel of oU中Ut density, with an improvement
Of over 30% per volume compared to the 2003 Prius (Fig.14).

Cooling fan

Fig.13 Battery ce11for Lexus RX40oh

^

Exhaust ducts

Positive terminals

ーーー^
Compact

Output density (W/L)

Fig.140utput Density

32 Battery pack for Lexus RX40oh

Fig.15 Shows the battery pack forthe Lexus RX40oh.

Junction block

20oo prius

2003 Prius

◆
1997 Prius

2005 Lexus
RX40oh

Fig.12 Battery Module for Lexus RX40oh
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Ba杜ery modules

Voltage detection unit

modules ^!、＼、、、、、、、、、、、

nunit ,,・、毛'、゛之ぎ゛,゛ゞ吏、＼
゛'S 、＼゛、＼>气' 111,,・'ハ。.
、皿{゛、、、
く叉゛、.゛0 、'・',.'.・

^.'゛゛゛>〆"' coolingfans
弌、、、.,'

Service plug

Fig.15 Ba杜ery pack for Lexus RX40oh

Like the prius model, the high・voltage components are built
into the battery pack for the Lexus RX40oh.1n addition, the
Cooling fan is also built in.

Ihe battery pack for the Lexus RX40oh c0爪ainS 30 battery
modules for improved battery oU中Ut. Like the prius, the Lexus
RX40oh uses a variable voltage system to boost the battery
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Voltage t0650 V. This enables the system to operate the motors
and generator in an efficient manner.

The battery pack is divided int0 血ree parts: one assembly of 6
modules, and two assemblies of 12 modules. The modules are

arranged in a sinele row and restrained by end plates at both
ends, as we11 as upper and lower metal bands. Moreover, as a
result of developing thin, high・strength end plates, their thichless
has been reduced 50%(Fig.16)

Battery module

(1) Junction block

Components including the three system main relays (SMRS),
resistors, and cunent sensors, which were previously provided
Separately, have been integrated into a junction block. This has
improved the ease of insta11ation and maintenance.
(2) Ba廿ery smart unit
Startino with the Lexus RX40oh, the battery Ecu has been
discontinued.1nstead, the vehicle control Ecu handles the state

Of charoe calculations and the monitoring of the batteries for
malfunction. For this reason, the unit consists of a simple
function to transmit battery voltage, temperature, and current
information to the vehicle controlECU.

Through optimal packaging of the aforementioned parts, the
height of the battery pack has been reduced 40 lml compared to
the battery pack used on previous hybrid vehicles, thus
improving its ease of insta11ation.

These features enable 血e Lexus RX40oh to provide 山e same
Utility and trunk space as the model with a normal power train,
Which greatly contributes to enhancing the product appeal of the
Vehicle (Fig.17).

Development of a New Battery system for Hybrid vehicles

Fig.16 Battery Module Assemblies

^
'

Trunk space
Ba廿ery pack

Fig.17 View of Battery pack lnsta11ed

3.3 Cooling

On the Lexus RX40oh, the battery pack is insta11ed below the
Vehicle's rear seat. Like the pdus, it uses an air・cooled system
that circulates cabin air to coolthe batteries. one cooling fan for
each of血e t11ree battery module assemblies is builtint0 血e pack.
The cooling fans are contr011ed individuaⅡy in order to reduce
the temperature variances among the battery module assemblies.
Fig.18 Shows an airaow diagram of the battery pack. TO
Counter the increase in heat generated by the battery, the ducts,
Pack configuration, and the cooling fans have been optimaⅡy
designed to reduce the pressure loss by lo%. And by improvino
heat dissipation t11roUσh the placement of the battery modules in
metal cases, cooling performance has been improved 20%.
These features enable the system to maintain the battery
temperature below a cedain level(Fig.19).

TOYOTA 1色ChnlcalRevlevv v01.54 NO.1 NOV.2005

Exhaust

Cooling fan
,

Ba廿ery module

Fig.18 Flow of Battery cooling Air on Lexus RX40oh
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4. conclusion

This article described the batteries and the battery system

based primarily on the prius and the Lexus RX40oh
As the total number of automobiles increases around the

World, reducing their environmentalimpact and lowering their
fuel consumption wi11 become increasingly important. Thus, we
believe the demand for hybrid vehicles wi11 Continue to orow.
For hybrid vehicles to come into wide use, developing h地h
Performance batteries, making them more compact, and reducing
their cost are essential requirements. we wi11 Continue to
advance our techn010gical development efforts to meet those
requlrements.

Lastly, we would like to express our sincere grat北Ude to the
representatives of the companies who extended their cooperation
in the development ofthe presentsystem.

S. NAGATA
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Noise and vibration Reduction

Te hn010gy n NewGeneration
Vehicle

Hybrid

Abstract

Since the world's first mass production gasoline hyb"d passenger car, the p"US, was introduced in 1997, hybrid
Vehicles have enjoyed dominant market share among environmenta11y friendly vehicles and have entered into large.
quant辻y production phase. on the other hand accomplishing good Nv performance has become a significanttask
in hybrid vehicle development as vehicle quietness has greatly contributed to improving the marketability of
Vehicles. using new generation hybrid vehicles, the new prius and the RX40oh, as subjects, this article describes
Nv reduction techn010gy for soNing problems peculiarto the hybrid vehicle such as boost conveder system noise,
engine staけ Vibration, motor/generator noise and vibra"on, and drone noise and vibration atlow engine speed.

Keywords: hybrid vehic/e, vibra力'on, noise, boost convedersystem n0府e, enghe stad Ⅵbraガ0n,
motob'generator vibra力'on andnoise, drone noise and Ⅵbra力'on at/ovv engine speed

1.1ntroduction

In 1997, Toyota Motor c0印oration introduced the prius, the
World's first mass・production hybrid vehicle, as a means of
addressing global environmentalissues. subsequently, the
Toyota Hybrid system (THS) has also been insta11ed in luxury
models, such asthe Alphard Hybdd and the crown Mild Hybrid.
In these vehicles, techn010gies were required notjust to address
the Nv problems peculiar to hybdd vehicles, but also to achieve
a superior Nv performance that is an important factor in
improving marketability.

TMs article focuses on the new prius equipped with the THS 11,
W11ich was introduced in 2004, and the RX40oh equipped with
the high・power THS 11, which came onto the market in 2005.
First, it describes the new features of the THS Ⅱ and the Moh・

Power THS 11. This is f0110wed by a description of the NV
reduction techn010gy applied to counter engine start vibration
and drone noise and vibration atlow engine speed.

ybrid

KaZⅡnoriMiyamoto*
MasashiKomada*

IakayoshiYoshioka*

Eijiumemura*

2. Nv lssues for Hybrid vehicles

The enoine of the THs used in 血e prius was configured to
improve the total fuel efficiency of the hybrid vehicle.1t adopts
a high expansion ratio cycle and a lowered maximum engine
Speed, and achieves a low level of friction loss. Moreover, the

engine is stopped in the low thermal e丘iciency area of lightload
Operation, a110wing the vehicle to be driven by an electric motor.
The engine is operated in hi合h torque areas even at low engine
Speeds.(D These measures to improve efficiency, however, have

generated Nv phenomena that are peculiar to hybrid vehicles.
Amono these Nv problems are vehicle vibration durino frequent
engine starting and stopping, body vibration and drone noise
Caused by torque fluctuation at low engine speed, and
motor/generator vibration and noise. Findino solutions for these

Problems are key points for maMng hybrid vehicles practical for
(2×3)Consunlers.

The THS 11 adopted in the new prius was developed for the
Purposes of further improving fuel economy and power
Performance over the previous model. while 血e basic
Configuration of the system is the same as the THS (Fig.1), the
THs n increasesthe powersupply voltage t050o v by adding a
boost converter system in order to supply higher power and
efficiency.(4) Reducing 血e resulting high frequency noise
generated by radiation noise and vibration from the boost
Converter system has been identified as a new Nv issue for

hybrid vehicles.

* vehic!e performance Development Div.1
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Moreover,the high・power THS 11 Used in the RX40oh (Fig.2)
Uses a reduction gear for the motor/generator NO.2 (MG2) in
Order to increase motor speed and power while enabling a
reduction in size.1ncreasing the motor speed, however, broadens
the frequency range of electromagnetic noise. As a result,
Changes in electromagnetic noise frequency during regenerative
brakino have become more noticeable than on the THs n.

MotorGeneratorNO.2 (MG2) MotorGeneratorNO.1(MGI)

杉,ξ〒之巨.111 ●
Engine

弓^'π勿11Torsional damper
Ianetarygear) powersPⅢPlanetarygear

3. Boost converter system Noise

3.1 1Ssues to be soNed

^^

The boost converter system employed in the THS 11 Consists of
an inductor and a chopper circuit(Fig.3).

Fig.2 High・power THS Ⅱ Dhve Train configuration

Table l shows the various features of the THS, THS 11, and

high・power THS 11, and also indudes a summary of the related
Nv phenomena.

Differenlial gear

Table l Noise and vibration lssues for Hyb"d vehicles

H【gh・power
THS

THS 11Techn010gies to improve
fuel economy/POW引 Performance

Enine HighexpanslonΦ

e什iciency !旦tゆ.9y91e__N

Irnproveme"1 Friction loss reduction

Hlgh to『que operation

旦 Optimized atlowen9inespeed
Engine stops duringengme

Operating vehlclestops0

Ev driving ina『ea

Ii htload areaΦ

Φ

MG2 rege"eratlveEne四yコ

brakingregeneratlon

High・voltage
Ba廿ery voltage boost$upply

Rear motor drive &
ElectriC 4VVD

regeneralive braking

Reduction gearh・power,
m act to lncrease

revolution speed

^

Chopper circuit

Core

Coil 、、、.^ず'

^

Fig.3 Boost converter system

Xvhen the battery voltage is boosted by this system, the high
frequency switching performed in the chopper circuit generates
an Ac maonetic field in the inductor, accompanied by
Phenomena such as magnetostriction, expansion and contraction
Of the core, and vibration of the coil. The resultino radiation

noise and vibration from the boost converter system becomes a
Source of high frequency vehicle interior and exterior noise that
may cause disc0111fortto passengers in the vehicle.
Xvhen the relationship between the radiation noise oenerated
by the boost converter system and its electric current 、刃as
exa加ned, it was found that the radiation noise from the boost

Converter system increases in proportion t0 血e electric cunent
(Fig.4).1tis likely, therefore, that boost converter noise would
become an issue 、vhen a large cunent is aowing in the motor,
Such as durin菖 high load acceleration or regenerative brakino.
Moreover, when the vehicle is beino driven by only the electric
motor, boost converter noise would be more noticeable because

the level of hioh frequency background noise is lower than when
the engine is operated (Fig.5). Effective countermeasures in
Consideration of the lower backσround noise level were therefore

required to improve both the boost converter system and body
Sensitivity.(4)

^

ノ

^

Preν10US

Prius

"1峨"
Inductor

THS Ⅱ

New

Prius
RX40oh

Related noise and

Vibration phenomena

Englne noise

Drone noise and vibretion

auow englne speed
Engine start and
Stop vlbralion
Motor

electromagnetic noise

Eleclromagnetic noise
during regenera11Ve brakin9

Boost c0Πνerter

System noise

Rear motor unit
Vlbratlo" and noise

Eleclromagnetlc nolse
durlng regenerative braklng
(f『equency varies)

20 dB

Electric current (A)

Fig.4 Relationship Between Radiation Noise from
Boost converter and Electric current
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く上 10 dB
Engine oN
Engine oFF^

0 15000100005000

Frequency (HZ)

Fig.5 Di行erences Between Boost converter Noise and

Background Noise in vehicle

◇

32 Countermeasures for boost converter system and
body

To reduce vehicle interior noise, it was necessary to apply
Countermeasures against both air-bome noise and structure-borne
noise from the boost converter system. The inductor core
material was changed to reduce the compe11ino forces from
magnetostriction and expansion and contraction of the core.
Then, countermeasures to improve the vibration characteristics
Of body parts, such as the case and attachment bracket of the
boost converter system, and countermeasures to improve the
noise abs0印tion and insulation of the body were applied. As a
result, it 、vas possible to achieve the target interior sound
Pressure level (Fig.6).

Noise and vibration Reduction Techn010gy on New Generation Hybrid vehicles

englne
OFF

ノ

Were implemented, such as reducino the forces that compel
engine start vibration to be generated by optimizing the
engine乃)ybrid contr01, and improving the vibration characteristic
Ofthe transfer path by optimizing the engine mounting system.(5)
Some cases of improvements made to engine start vibration in
the new prius and RX40oh are described below.

4.1 CompeⅡing forces

Engine start vibration occurs during motoring and on ignition.
The forces that compel engine start vibration to be generated
during motoring are the reaction force of motor driving and
Pumping pressure.1tis possible to reduce the pumping pressure
by delaying the intake valve close timing using vvT・i, but since
One aim of the new prius 、vas to improve engine starting
Performance under cold enoine conditions, the intake valve close
timino was modified from 115゜ t0 105゜. As a result, it was

Predicted that the enoine start vibration would worsen by
approximately 2 dB (Fig.フ).

Inductorcore + senSⅢVity reduction measuInitial

materialchange Reducesensi11V卿
Ofinveder case and brackel

0加mize body noise msulatio

Fig.6 E什ect of countermeasures Against Boost
Converter system Noise

4. Engine S始rt V山ration

Vehicles equipped with the THS 11 are able to achieve a
Substantialimprovement in fuel efficiency by stopping the
engine frequendy atlow speeds where thermal efficiency is poor.
However, this means that discomfortino vibrations that

accompany frequent engine starvstop operations become an
issue.1n the previous prius model, various countermeasures

TOYOTA 1もChnlcalRevlevv v01.54 NO.1 NOV.2005

10dB

Target level

90 95 100 105 110 115 12085

Inlake valve closing timing (deg. ABDC)

Fig.7 1n"uence o"ntake valve closing Timing on
Floor vibration

4.2 Reduction of compeⅡing forces

Pumping pressure during motoring is deter血ned by the intake
Valve close timino. on the other hand, for the first compression
Stroke right after motoring start, it was predicted that the
Pumping pressure changes in accordance with the piston position
before motoring start.
For this reason, the relationship between the piston position
(i.e., the crank angle) and the engine start vibration due to
motoring was investigated. As a result, it was confirmed that
Vehicle 負oor vibration decreases 、vhen the piston is stopped after
the intake valve dose timing and the piston position is dose to
top dead center (Fig.8). MGl was therefore contr011ed during
engine stop in order to concentrate the piston stop position near
top dead center (TDC). This control enabled a reduction in aoor
Vibration dispersion.
Other countermeasures applied were to improve the cranking
torque raise rate by approximately doubling the MGl motoring
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torque in comparison with the previous model, and to make the
aoor vibration generated by the torsionalresonance of the power
Plant and the resonance of the engine mounting system less
Susceptible to excitation.

ーーー、→一ーーーー十一ーーー→一ーーーー十一^一→一ーーーー
1 (m/S2)

Target range of piston stop position 5 HZ

(ーーーーー^

Frequency (HZ)

Fig.9 Simulation Results of power plant vibra"on by
Torque lnput

ーーーー→一ーー

■

4.32 RX40oh
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Fig.8 Relationship Between piston stop position
(crank Angle) and Floor vibration

Prevlous prius
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Intakevalve vibralionreduction

Closingtiming countermeasures
105゜ABDC THS 11Contr01

Engine mounting system

Fig.10 E行ect of countermeasures for Floor vibration

DU"ng Engine cranking

ーー十一ー^舌一ーーーー

'..声

OP"mization of engine mounting systems4.3

The engine/hybrid control countermeasures to reduce the

CompeⅡino forces in the RX40oh are based on the techn010oy of
the new prius, and the engine mounting system 、vas also
Opti111ized using the same techn010gy as in the new prius. under
the condition that 血e basic structure had to be the same as in the

Orioinal RX330, an optimization study was performed for the
engine mounting system to decrease the distance between the
Power plant center of gravity and 血e principal elastic axis of
r0Ⅱing. As a result, the fr0川 engine mounting was moved
Upward, creating power plant vibration characteristics in which
Vertical vibration with regard to the center of gravity is only
minima11y excited under torque input conditions (Fig.11)

Previous

Prius43.1 New prius

The engine mounting system used in the new priusisthe same
Pendulum mounting system as found on the previous model, but
Commonization was achieved with other modeltypes for the
Under body.1t was predicted that engine vibration would worsen
during torque input if the right・ and left・hand engine mountings
Were provided in the existino side member attachment positions.
The mounting positions were therefore reviewed and,in addition,
an optimization study was performed for the en即ne mounting
System by examining the spring constant of the engine mounting
Within a range that minimized compromise of other performance
factors. Moreover, by reducino the distance between the

Principal elastic axis and the center of gravity with regard to
r011ing and yawing of the power plant, it was possible to ensure
an engine mounting vibration perfonnance better than the

Previous model(Fig.9).
As a consequence of the MGl control for the engine piston
Stop position and the eng血e mounting system optimization
described above, it was possible to reduce enoine start vibration

Substantia11y over the previous model(Fig.10).
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Top view:

PrinCφal elastic axis (r011ing)

Torque rod

Right engine mounling

Front sub・frame

Front engine
mountlng

Noise and vibration Reduction Techn010gy on Ne゛/ Generation Hybrid vehicles

Side view:

Front engine mounting

Summary of countermeasures for MotorTable 2

Electromagnetic Noise

moved upward

PrinCゆal elaslic axis (r011ing)

Reduce

Ompe11ing
forces

Le計 engine mounting

Countermeasure items

Superimpose high order components
to basic current

Optimize r010r/stator shapes

Optimize permanent 『nagnet shapes/1ayout

Optimize resonantfrequendes
Of rotor/stator/transaxle case

Increase lransaxle case sti什ness

Separale MGI/MG2 resonantfrequencies
from usualrotor speed

5. Motor/Generator vibration and Noise

Improve
Vibration

Iransmlsslon

Characterislics

Fig.11 Engine Mounting system

Issues that arose dunng the development of vehicles equipped
With the THs and THS 11included vehicle vibrations from stan

to very low speed motor driving, and motor electromagnetic
noise on reoenerative brakinσ. The 24th order component of
motor revolution (electric angle 6th order X 4 Pairs of NS
magnetic poles) was found to greatly a仟ect these two issues.
Contr011ing the electric current and changing the rotor/stator
electromagnetic design were found to be effective ways of
reducing the torque ripple compe11ing force. Moreover, for
Structure-borne noise, it was possible to reduce electromagnetic
noise by optimizing the vibration characteristic of the
Case乃10usino and rotor/stator. Table 2 Shows a summary of the

Principles for improving electromagnetic noise as applied to the
development ofthe THs and THS 11.

The f0110wing section describes the techn010gy that was
applied to reduce electromagnetic noise on regenerative braMng
in the RX40oh.

5.1 Electromagnetic noise on regenerative braking

THS THS

Electromaonetic noise tends to be more noticeable during
reoenerative braMno because of the lower level of backoround
どど 0

noise when the engine is stopped. Moreover,in the high・power
THS 11, the reduction oear increases the speed of MG2, thereby
approximately doubling the frequency of the 24th order
Component of motor revolution (Fig.12). As a result,
remarkable frequency changes are generated, which make the
electromagnetic noise more noticeable and create issues related
to subjective perception ofdiscomforr.
Fig.13 Shows the level of electromagnetic noise on
regenerative braMng, comparing the new pdus with the RX40oh.
The electromagnetic noise of the new prius is generated in the
middle frequency ranoe, butthe noise of RX40oh extends from
the middle frequency range to the high frequency range.
Moreover, the interior sound pressure levels of the RX40oh
auctuate remarkably during regenerative braMno. New targets
for interior noise were therefore set taking into account the
e丘ects of these changes in frequency range and noise level
auctuation.

Cases of improvements made to the electromagnetic noise
Pedormance of the RX40oh on reoenerative braMng, particularly
'ust before stopping at speeds approximately lo km/h, are
described below. contribution analysis for interior noise showed
血at the major contributors to vibration were the left engine
mount and the left drive shaft. Dynamic dampers were therefore
insta11ed in these locations, which enabled the new taroet for the

interior sound pressure to be achieved while keepino 、veight
increase to a minimum (Fig.14)
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Fig.12 Relationship Between vehicle speed and 24th
Order Motor Revolution
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transmlsslon
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Fig.13 Electromagnetic Noise During Regenerative
Braking: comparison Between New p"us and RX40oh

6. Drone Noise and V山ration at Low speed

In lock・up condition on a conventional automatic tranS血Ssion

Vehicle (usua11y at 40 hwh or faster), body vibration and drone
noise due to primary engine torque auctuations of engine
Combustion may become problems.
The same son ofphenomena occurin a hybrid vehicle because
血e engine is operated in high torque areas to a110w better
thermal efficiency. Additiona11y, since the engine is linked
direcdy to the drive train in the THS 11, the same phenomena
tend to become problems atlow speed driving just after take off.
Improvements in drone noise performance atlow speed were
developed by considerino the d辻ferences in noise occurrence
Conditions bet、veen conventional automatic transmission vehicles

and hybrid vehicles.

Fig.15 Shows a comparison of the interior sound pressure
Ievels in the drone noise frequency range between a hybrid
Vehicle and a conventional vehicle.1t was found that the

background noise level at beloW 5 km/h (where drone noise

Occurs on a hybrid vehicle) is approximately 7 dB I0、ver than the
background noise level at approximately 40 hwh (where drone
noise occurs on a conventional automatic transmission vehicle).
These results were taken into consideration when reducino drone

noise in the RX40oh, as described below.

New prius

＼＼ヘ

Previous hybrid
Vehide 捻rgetline

Target line after
frequency and noise
Ievel changes vvere
Considered

500

Background noise levelin drone nojse
frequency range

(HZ)

亀
》

7 dB

＼
、

Initia1 1mprovevibrationtransmission characteristics
Dynamic damper added

・Left engine mounting
・Drive sha什

Fig.14 E行ect of countermeasures for Electromagnetic
Noise During Regenerative Braking

Hybrid vehicle

100 605020 30 40

Vehicle speed (km/h)

Fig.15 Background Noise Levelin Drone Noise
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The torsional damper that is insta11ed between the enoine and

the transaxle employs the same optimization techn010gy that was
Used for the previous prius equipped with the THS, while
achieving the lower torsional stiffness and wider torsional angle
required by the high torque engine in the RX40oh (Fig.16).1t
10wers the torsional resonant frequency of the whole drive train
System, reducing the input force from the drive train system to
the body.1nsta11ing a dyna111ic damper for the front sub・frame
and optimizing the spring constant of the engine mounting have
reduced the input force from the power plant to the body.
Moreover, the engine operation torque area was also optimized
Within an area compatible with fuel economy. The final result,
as shown in Fig.17, is a drone noise levelthat does not cause

disc0111fon to passengers atlower vehicle speeds.

Noise and vibration Reduction Techn010gy on New Generation Hybrid vehicles

・0.4

フ. conclusion

In the development ofthe new prius equipped W北h 血e THS 11
and the RX40oh equipped with the high・power THS 11,
Improvements were made to the basic component characteristics,
THs contr01, and body characteristics to solve the distinctive NV
Problems of the respective hybrid vehicles. As a result, it was

Possible to achieve simultaneous improvements in po、ver
Performance and fuel efficiency as weⅡ as in Nv performance.
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"virtual and Real simulator": support

Equipmentfor Hybrid vehicle

Developmen

Hybrid

Abstract

Toyota is pushing ahead W辻h the development of hybrid vehicles. one item of equipment being used to support
this development is the "virtual and real simulator (VRS)", which is already applied in conventional d"vetrain
development. some ofthe issues invoNed during the application of vRs to hybrid vehicle development included
the reproduction of characte"stics specific to hyb"d vehicles, such as regenerative braking and slip control using
motors. These issues were addressed by the addⅢon of a virtual model of a brake system. The introduction of
VRs has enabled drNing evaluations to be performed from the initial stage of hybrid vehicle development W吐hout
the use of completed vehicles.

Keywords: hybrid vehic/e, VRS, regeneraガ0n, S/φ Contr0ι Vvavyroad /ow traCガ0n mad

1.1ntroduc"on

In conventional automobile development, vehicle evaluations
Conducted using completed vehicles on chassisare

dynamometers or test courses. However, chassis dynamometer
tests are incapable of evaluating transient occunences such as
tire slippage.1n addition, test courses not only impose Hlmted
test conditions, but are also a丘ected by weather, thus creating
issues related to poor reproducibility of conditions. on the other
hand, a dif負Culty with simulation evaluations using computer・
Aided Engineering (CAE) is the requirement for high precision
Component models. To solve these evaluation・related issues, the
Power train development field of Toyota Motor corporation uses
a system bench ca11ed the virtual and Real simulator (VRS), as
Shown 血 Fig.1. This is a simulator bench that reproduces
Vehicle driving conditions by using actual (i.e.," real") par[s for
the power train portions to be evaluated and integrating them
With "vinual" models that simulate the dynamic characteristics
Of vehicles. The vRs bench uses newly developed low・inertia,

high・response dynamometers that absorb the driving force under
evaluation. This enables the bench to perform transient
evaluations under a variety of road surface conditions that could
not be easily reproduced in the past. Therefore, the vRs bench
is able to perform drivino evaluations from the initial staoes of
development, withoutrequidng the use ofcompleted vehicles.
This ar[icle describes the improvements that have been made
to the vRs bench and presents examples of its application in the
development ofhybrid vehicles (HVS),the modelrange of which
is expected to expand.

The main pieces ofequipment on the vRs bench comply with
the lnternational Assodation for Mathematics and computers in
Simulation (1MACS). The bench primarily consists of an

Operation unit application, a management unit, an
instNmentation unit, and a control unit, which a110W 血e system

to centra11y manage driving contr01, measurement, as weⅡ as
data c011ection and processing for the purpose of conducting
Various types of tests (Fig.2). Moreover, a versa Module
Eurocard (VME) bus is used in the instrumentation and contr01
Unlts.

The vRs bench utilizes the f0110wing three features in
evaluations.
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(D simulation of dynamic characteristics of vehicles usino
models

(2) creation of desired temperature environment within short
Periods oftime
(3) LOW・ine此ia, high・response dynamometers
These features are described in more detailbelow.

.1 Simulation of dynamic characte"stics of vehicles
Using models

The load conditions of an actual vehicle can be reproduced on
the vRs bench by setting the parameters for a modelthat
represents the dynamic characteristics of that vehicle. This

feature enables the vRs bench to implement and vedfy various
types of evaluations that cannot be accomplished usino
Conventional benches. For example, the specifications for other

Vehicles can be simulated on the vRs bench by chanoing the
Parameters, thereby facilitating the evaluation of power trains
deployed on different vehicle models.

22 Creation of desired temperature environment
Within short periods oftime

As is the case with vehicle evaluation equipment usino
Conventional chassis dynamometers, a temperature adjustment
device has been added to the vRs bench. Moreover, the vRS

bench is able to recreate environments with panicularly desired
temperatures within short periods of time by placing the object of
the evaluation in an environmental chamber thatis provided with
Simple thermalinsulation.

23 LOW・inertia, high・response dynamometers

The most striMno feature of the vRs bench is its use of the

newly developed dynamometers that have a lower inertia and a

BUS
Dynamometer
Control unit (DSP)

Torque
and speed

Dynamometer

BUS

1冒11・1

Thr0廿le angle
Command

Fig.20verview of vRS Bench configuration

ECU

Power control board

Engine

ロロロ

Transaxle

1・1 叫

higher response than conventiona11y used dynamometers. These
dynamometers enable the vRs bench to reproduce S1ゆPaσe
behavior that cannot be recreated easily using the conventional
dynamometers (Fig.3). This a110ws the vRs bench to be used
to evaluate transient slip contr01. The vRs bench connects the
two dynamometers to either end ofthe drive shaft, which enables

the right and left dynamometers to actindependenuy to virtuaⅡy
reproduce the braking and driving resistance of the vehicle, in
accordance with the settings on the operation unit.

Dynamomeler

S1ゆPage of actual vehicle
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VRs dynamometer

Conventional dynamometer

Maximum angle acceleration

Fig.3 Newly Developed D namometers

3. Hybrid vehicle Application

3.1 1Ssues associated with Hv application

Conventiona11y powered vehicles, which have been the
intended object of vRs bench evaluations until now, oenerate

braking torque through hydraulic brakes.1n contrast, HVS

Supplement the hydraulic brakes by generating brakino torque
through regeneration using an electricalmotor.

In the conventional configuration of the vRs bench (Fig.2),
the intended object of evaluation does not possess hydraulic
brakes, and the vRs bench control unit issues commands that

Cause the dynamometers to generate braMng torque. xvith this

0

S1φPage reproduclion



Confioura壮on,the dynamometers generate the braMng torque that
Should actuaⅡy be generated by regeneration. Furthermore,
because the vRs bench control unit does not provide
information such as the speed data of individual wheels for
evaluation, S1ゆ Control cannot be pedormed on the conventional
VRs bench usino the motor. Moreover,the inte印Osition of the
motor has made it necessary to improve the reproducibility of
road surfaces to enable contr011ability evaluations during sudden
Chanoes in motor torque. These occur, for example, on road
Surfaces such as wavy roads where tires repeatedly S1ゆ and grip
during driving.

32 Addressing application issues

In response to the issues described above, a virtual brake
System model was added to the conventional vRs bench to
transmitthe information required for evaluating regeneration and
Slip contr01. A modelthat can apply a virtual exciting force was
also added. These models are created using MATLAB and

Simulink (Fig.4).

32.1 Exciting force application function

This function, which aims at improvino the reproducibility of
road surfaces, is described below. The reproduction of wavy
road conditions is presented as an example.
Xvhen a vehicle is beino driven on a wavy road, vertical forces
act on the vehicle in accordance with the shape 印itch, amplitude,

and lateral phase difference) of the wavy road.1n other words,
repeated slip・and・grip cycles take place at the point of contact
between the tires and the road surface. A simulation was

therefore performed usino a vehicle modelto analyze these
forces and enable this function to be added to the vRs bench

The modeled vehicle was a fronvreartwo・wheel modelprovided

With independent, verticalfront and rear suspension.1n addition,
the vehicle body was provided with t、vo degrees of freedom:
Pitch movement and translational movement(Fig.6). The
Suspension was modeled after a simple spring and damper
System

カ"田^Φ帖U "1-.ン●書武0,・'Φ鵠^

0 住日0 ,.1-""出●血

Power

Steerlng
ECU

晶旧・1毛

'刷凹

Exciting folce

application model

The system uses contr011er Area Network (CAN)
Communication to exchange information between the virtual
models and the evaluation objects (Fig.5). This enables the
VRs bench to be stopped automaticaⅡy based on abnormal data
Provided by the evaluation objects, thus improving the safety
Ievelofthe vRs bench durino automatic operation.

1,゛

V唯Ual brake

Systern model

Fig.4 Virtual Models

゛闇●●●●●●●■●●.

"V唯Ual"

"

Vidual brake

Ecu model

Equation l shows the effect exened by the front suspension of
血e vehicle on the translational movement degree of freedom,
i.e.,血e vertical direction movement.

F凡=2KFイLR・θ一Z)+2CH(LR'θ'-Z') (1)

Where,

FF'(N): force actin8 from suspension to vehicle body
KR (N/m): spring constant ofsuspension
CR (N・S/m): damping coefficient of suspension
LH (m): horizontal distance from vehicle body center of

gravlty to suspenslon

θ(rad): pitch (rotation) angle
θ'(rad/S): angular acceleration
Z (m): translational(venicaD displacement

Z'(1WS) translational(verticaD direction

Equation 2 Shows the e丘ect exerted by the pitch movement of
the front suspension, i.e., the pitch moment MR (N・m) of the
丘ont suspension.

(2)MF,=- LF'.FR

In the same way, equationS 3 and 4 Show the e行ects exerted by
the rear suspension.

Fk=2K",(L",・θ一Z)+2C即(L即・θ'-Z') (3)

(4)Mh=-LR" FR,

f0110wingThe equations described above estabHsh the
relational expressions:
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Mb'Z"=FR十Fh-Mb・g (5)

Iyy'θ"=MR十MR'・g (6)
Where,

Mb(kg): vehicle weight
g (nvS2): gravitational acceleration

Iyy(kgm2): moment ofinertia around vehicle center ofgravity

The vehicle model created in this manner was used to verify
the vehicle behavior on a wavy road, whose surface changes are
Simulated with sine waves (Fig.フ). The diagram shows thatthe
force FF, appHed by the front suspension to the vehicle body acts
Vertica11y in the same cycle, with a slight time lag from the
Changes occuning in the road surface height.

"vidual and Real simulator": support Equipmentfor Hybrid vehicle Development
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Fig.7 Simulation Results of vvavy Road Driving
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The state of a vehicle dnven on a wavy road is reproduced on
the vRs bench based on the results of 血e studies conducted

Using this vehicle model. This is accomplished by applying
ViπUaltorque auctuations with the same frequency as the pitch
Of 血e wavy road to the evaluation object for the front wheel
10ad, something which is necessary for calculating the front and
rear forces of the veMcle. Note thatthe torque gain auctuations
Were set using vehicle speed, acceleration, and unspruno mass
resonance values obtained with reference to actual vehicle
measurement data.

Fig.8 Shows a comparison of frequency analysis results for
Wheel speeds obtained from an actual vehicle driven on an in、

Phase wavy road at a constant speed with the results from the
VRs bench. The diagram showsthatthe gain peak is steeper on
the vRs bench.

The difference is caused by the lower impact of outside
disturbance on ddving conditions on the vRs bench. However,
it is possible to change the settings of the modelin 血e contr01
Unitin accordance with the purpose of 血e evaluation to aⅡOw the
inclusion of external disturbances.

O dB=1 km/h

2

0

Gain peak

-20

2010 30

Frequency (HZ)

Fig.8 Results of vvheel speed Frequency Analysis of
Vehicle Driven on vvavy Road

Actual

Vehicle

After

33 Application results

After

add轍on

Before the addition of the virtual model, only regenerative
Cunent equivalentto engine braking aowed in the Hv evaluation
Object during gradual braMng. After the addition, the aow of
regenerative current equivalent to actual vehicle conditions was
Veri負ed, as shown in Fig.9 (a). Furthermore, a fUⅡ血rottle

acceleration test conducted on the vRs bench presuming low
traction road sudace conditions verified that slip controlcould be
Perf0血ed using the motor, as shown in Fig.9 (b).

VRS

add川on
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3.40ther added functions

One of the other additional functions a110ws evaluations that

Simulate typical mountain road driving conditions in order to
improve the reproducibility of motor thermal evaluations, which
is a necessary factor forthe development ofHVS. The f0ⅡOwing
new functions have been added to improve the road surface

reproducibility of the conventional vRs bench, as we11 as to
Supportthe future expansion of Hv techn010gy to a wider range
Of models.

(D Road gradient setting function in accordance with the
Vehicle 血leage

(2) compatibility with four・wheeldrive vehicles
These functions are described below.

Fig.10 VRS Bench for Hybrid vehicles compat山le W詫h Four・vvheel Drive

Specifications to evaluate Hvs that use a11 Power train systems
(Fig.10).

工日

^1

3.4.1 Road gradient seせing function

The vRs bench uses the models that simulate the dynamic
Characteristics of vehicles to calculate the vehicle speed, which
Can then be used to obtain the vehicle mileage. A function that

Can vary the road gradient in accordance with mileage was
therefore added, based on a road gradient map thatis created in

advance according to the distance. This function facilitates the
Creation of driving pattem files for the evaluation object, as weⅡ
as the reproduction of field drivino conditions of actual veMcles
On the vRs bench.

3.42 Compat山iⅡty with four・wheel drive vehicles

4. utilization Examples and Future Development

TO supportthe future expansion of 11V development, both the
equipment and the models that simulate the dynamic
Characteristics of veMcles have been made compatible with four・
Wheel drive vehjcles. Thus, the vRs bench has the

4.1 UtⅡization examples

This section describes the advantages of vRs bench

evaluationsin Hv development and some utilization examples.
In the process of Hv evaluations, the vRs bench is able to
Verify the control response during sudden changes in motor
torque by applying fUⅡ throttle acceleration on a wavy or a low
traction road sudace, in order to measure the electrical behavior
Of the individual units in the HV.1n the past, these evaluations

Were pedormed on the evaluation road surfaces provided attest
Courses, butthis method is li血ted both 血 terms ofthe pitch and

amplitude ofthe available wavy roads and in tenns of the friction
Coefficients of the available low traction roads.1n addition, the

reproducibility of conditions in these tests is i11ferior due to the
effects of the weather on the evaluations. VRs bench

evaluations have the f0110wing advantages over evaluations

Performed on a test course.
(D VRs enables repeated evaluations under identicaltest
Conditions, and 0丘ers clearly supedorreprodudbility.
(2) Because 血e motion points of the vehicle can be set freely,
VRs can perfonn precise evaluations efficiendy by maMng
minute chanoes to the driving state and the road surface
Conditions.

(3) Even on the wavy and low traction road surface evaluations
mentioned earlier, VRs is capable of performing

evaluations in short periods of time, in which road surface
Specifications such aS 血e pitch and amplitude of wavy
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roads and the friction coefficients of low traction roads are 

changed (Fig. 11). 
(4) YRS enables driving evaluations that simulate field 

conditions by making good use of its high level of road 
surface reproducibility. 
Since the introduction of the YRS bench, these merits have 
been exploited to perform precise driving evaluations from the 

initial stages of HY development. 
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(b) Low traction road (road surface friction coefficientμ: 0.5, 0.25, 0.10) 

Fig. 11 Wavy and Low Traction Road Evaluation 

on VRS Bench 

20 

The following are among the functions that will be added to 
enable the VRS bench to be used even more effectively (Fig. 12). 
(1) A driver model that can reproduce faithfully the throttle 

and brake operations of a human. 
(2) A model for the dynamic characteristics of vehicles that 

takes steering into consideration. 
Currently, proportional, integral, derivative control (or "PID 
control") is used for the model described in point 1. Instead of 
this typical example of classic control theory, however, it is 

planned to try out a modern control theory. In addition, a 

method will be studied to incorporate the model described in 
point 2 into the VRS bench by integrating studies based on "full 

virtual" simulations and the measurement results of "full real" 
actual vehicles. 

ir 
Actual vehicle 
reproducibility 

Functions 

5. Conclusion 

HY control systems have become ever more complex as these 
vehicles have evolved since the launch of the first-generation 
Prius in 1997. Under these circumstances, it is believed that 
YRS, which can perform driving evaluations without the use of 
completed vehicles, is the most effective tool for supporting HV 

development. 
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ECO・vehicleAssess ent ys em (ECO・VAS):

A co prehensive Environmenta11mpa t
Assessment system forthe Entire

Development pro ess

Abstract

Ca11S forthe increased greening of automobiles have grown more diverse to indude improved recyclability,1ess use
Of substances of environmental concern and lower life cycle environmen始Πmpact,in addition to the past issues of
be廿er fuel economy,10wer emissions and reduced vehicle exte"or noise. 1n order to improve the overaⅡ
environmental performance of products, necessary databases and computer systems were bui吐 to enhance the
System forimpact assessment. The new system was named ECO・VAs and its usage has been successively
expanding since 2005. This article gives a brief desc"ption of ECO・VAs focusing on LCA.

Keywords: recyc/ing, substances of environmenta/ concem,/ife cyc/e assessment イι、CA/, deve/opment process,
environmenta/impactassessmentsystem

1.1ntroduction

The automobile is implicated in a variety of environmental
issues as it passes through its life cycle, as shown in Fig.1.
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Fig.1 Automobiles and Environmenta11Ssues
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In the 20th century, the number of automobiles in use
increased rapidly, reaching a worldwide total of more than 800
血11ion vehicles by 2002. The trend is forecastto continue in the
21St century. To date, automobile manufacturers have
implemented environmental measureS 血 their production plants
and in individual vehicles, butthese e丘orts must be strengthened

ifthe automobile industry is to continue growing.
Conventional environmental measures for automobiles have

Concentrated on improving fuel economy and reducing exhaust
emissions and noise. Growing concern over environmental
issues in the 1990s led to demands for new e丘or[s in the areas of

Promotion ofrecyding
(Enforcement of automobl
recycling law)

recycling, reduction of substances of environmental concern, and
reduction of environmentalimpact over a vehicle's entire life

Cycle, in order to construct a sustainable recycHng・oriented
Society. Action was taken in each ofthese areas.
Toyota seeks to make its various environmental actions even
more effective by establishing environmentaltargets for the
Vehicle development process and f0110wing through to see that
they are achieved.1n 2005, a comprehensive environmental
assessment system was introduced under the tide of ECO・vehicle
Assessment system, or ECO・VAS.
This article describes both ECO・VAs and a new assessment

tool ca11ed life cycle assessment (LCA), which seeks to reduce
environmentalimpact over the entire vehicle life cyde.

ずP

¥ Environmental A仟airs Div

80

2. Life cycle Assessment(LCA)

2.1 LCAmethod

LCA is a method of assessing the environmentalimpact of a

Product through quantitative analyses of 血e resources and
energy that the product consumes, and the substances of
environmental concern that it emits, over its entire life cycle,
from the extraction of resources through manufacturing, use, and

recycling to disposal. The method was incorporated into the
IS0140oo series of environmentalstandardS 血 1993 and is now

Used internationa11y as an environmentalmanagementto01.
Fig.2 Shows the automobile life cycle. At each stage from
material manufacturing to disposal, various resources and forms
Of energy are consumed, resulting in large emissions of
atmosphedc p011Utantslike c02 and NO×, as weⅡ as waste water
Contaminants and solid wastes.
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Fig.2 Automobile ufe cycle

The LCA method is divided into two staoes:inventory analysis
and environmentalimpact assessment.1nventory analysis,
i11Ustrated in Fig.3, is a quantitative suNey and analysis of the
resources and energy consumed and the amounts of c02 and
Other substances emitted.

The environmentalimpact assessment, shown in Fig.4,
Categorizes the data c011ected by the inventory analysis accordino
to the environmentalimpact, such as global warming or air
P011Ution,then assesses the degree ofimpact.
It should be noted that the methods of categorizino different
types of substances of environmental concern, such as c02,

NO×, and auorocarbons, as weⅡ as the approaches to use in the
ranking of environmentalimpacts within a category and the
Weighting of impacts across categories (comparing the
environmentalimpacts of global war血ng and air p011Ution, for
example), are cunendy the subjects of internationalresearch and
have not yet been standardized.
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At Toyota,' LCA is currendy beino used mainly for inventory
analysis. Fig.5 i11Ustrates the flow by which the LCA
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Calculation method is used to determine the amount of c02

emitted over a vehicle's life cycle.

The calculation of the total c02 e血Ssions proceeds in stages.
First, the amount of c02 emitted at the material manufacturing

Staoe is calculated by taking the amount of each materialthat
makes up an automobile and multiplying it by the amount ofc02
emitted in the manufacture of l Mlooram of the material. The

amount of each material used in one vehicle is calculated based

On data from parts lists and drawings. To create the material
manufacturino database, data was c011ected from public

databases and incorporated into an automotive materials
manufaC加ring database at Toyota.
Fig.6 Shows the amounts of c02 emitted in the manufacture
Of l Mlooram of some ofthe main materials used in automobiles

6

5

4

3

2

For the running stage, the total fuel consumption is calculated
by multゆlying the tota11ife cyde running distance by the fuel
Consumption rate for the vehicle in question. publicly available
Coefficients for the amounts of c02 emitted in the manufacture

and combustion of fuel are multゆlied by the life cycle fuel

Consumption to calculate the amount of c02 emitted in the
Nnnlng stage.

To calculate the c02 emissions for the maintenance staoe,

LCA defines specific replacement parts, then calculates the
amounts of c02 emitted in manufacturing the required number
Of each part. The system uses data from the material
manufacturing and parts manufacturing databases for the
Calculations.

C02 emissions at the disposal stage are calculated as the total
C02 emissions from the shreddino of an end・of・1ife vehicle and

the landfi11 0f the shredder residue. C02 emissions for the

recycling stage are calculated by determining the amounts of
C02 emitted in the recydino and reuse of the scrap steel and
aluminum that is recovered from an end・of・1ife vehicle. A

database for steel, aluminum, and plastic recycling has been
assembled by surveying and c0Ⅱecting environmental data on
representative recycling processes. The amount of c02 e血tted
in the recycling stage can be calculated just by multゆlying the
appropriate coefficient by the amount of scrap.
The total amount of c02 e血tted over the entire Hfe cycle is
the sum ofthe emissions atthe individualstages.

0

(Relative values when defining c02 emissions of zinc・plated steel manufacturing as l

Fig.6 C02 Emissions in Manufacture ofl Kilogram of
Material

・ premio

・ AⅢon

・ 1St

. FCHV

・ New prius

The amounts of c02 emitted vary considerably according to

the type of matedal. For example,the amount of c02 e血tted in
manufacturing l Mlogram of new aluminum is roughly double
the amount for steel sheet. There is a possibility that changing
materials or adopting new materials could alter the
environmentalimpact at the manufacturing stage.1n this sorr of
Case, LCA can be used to assessthe environmentaHmpact before
a change is made

Next,血e calculations are made for the parts manufacturing
and vehicle manufacturino staoes. The c02 emissions for

internaⅡy manufactured parts are calculated by multiplying the
amount of each material used by the amount of c02 emitted in

Processino l Mlooram of the material. Manufacturing data from
each Toyota plant has been surveyed and c011ected for
incorporation into a database of c02 amounts emitted during
Processln8.

For the main externaⅡy manufactured parts, manufacturing
data is c011ected with 血e cooperation of the suppliers. The
manufacturing database cunently holds data on approximately
60 parts, mainly ones that are particularly heavy. The data for
internaⅡy and extemaⅡy manufactured pans are added together
for use as pans and vehicle manufacturing data.

A11 Vehlcles

22 Use of LCA at Toyota

Toyota started using LCA in 1997, and its history is divided
into t11ree phases, as shown in Fig.フ.

Phase l

(1997-1999)

Developments

・ LCA method established

・ Existing clean energy vehicles assessed

Phase 2

(2000-2003)

Phase 3

(since 2004)

・ use of LCA stads with developed pads
・ LCA implemented forreP拍Sentative
Vehicles' and results published in catalog
('2010 fuel economy target + U・LEV)
・ LCA system established

・ LCA extended to a11 Vehicles

・ LCA system operation
・ ECO・VAs inlroduced in 2005

During the three years of phase l, the LCA method described
in section 2.1 Was established, and the necessary databases were
Created.1n 1997, LCA was used to assess clean energy vehicles

Such as the original prius and an electric vehicle. Fig.8 Shows
the phase l LCA results for an electric vehicle and hybrid
Vehicle. The assessment was based on a lifetime runnino

distance of loo,ooo kilometers (10 years' use), with lo-15 mode

fuel consumption. The electric and hybrid vehicles were
Compared to gasoline vehicles of the same class to determine
how much they reduce environmentaHmpact.

Fig.7 History of LCA use and Future plans

Vehicle assessed

・ P"US

・ RAV4EV
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ECO・vehicle Assessment system (ECO・VAS): A comprehensive Environmenta11mpact Assessment system forthe Entire Development process

In the graphs in Fig.8, a value of l is assigned to the gasoHne
Vehicle for each LCA assessment item, and values are assigned
to the electric and hybrid vehicles in relation to that standard.
The graph for c02 Shows that the electric vehicle's emissions
in the running stage are extremely low. But because electric
Vehicles use motors and nickel・metal hydride batteries weiohino
Several hundred kiloorams, the c0ユ emissions at the

manufacturing staoe, the sum of the material manufacturing and
Vehicle manufacturing emissions, are approximately double
those for a gasoline vehicle

1.5 口噐語胤tⅢi。口M器i噐。仙i。g口R"mmg
[]Maintenance "Disposal

AS Fig.9 i11Ustrates, the LCA system networks a series of
databases, induding manufacturino databases for Toyota plants,
extema11y manufactured pans, and material and energy, with the
LCA calculation system. This a110ws the chief enoineer and the
design staff to use their computers to check LCA data for
Vehicles in development whenever the need arises. The network
Wi11 also be made available to suppliers in the fU加re, so that
LCA assessments of parts can be done at any time. completion
Ofthe entire LCA system is planned for 2005.

Manufacluring
Manufacturing database for
database for externa11y
Toyota plants manufactured parts

G H E
C02

Hybrid (H) and electric (e vehicles compared to gasoline (G) vehicle
Ofthe same class

G H E
NMHC

Fig.8 LCA Results for Electric vehicle and Hybrid
Vehicle

■■
^^

Moreover, because the batteries must be replaced after five
years, a large amount of c02is emitted in the maintenance stage.
The hybrid vehicle also uses motors and nickel・metal hydride

batteries weighing close to a hundred kilograms, so its
manufacturing・stage c02 emissions are also higher than for a
gasoline vehicle
The total results for c02 indicate that the electric and hybrid
Vehicles achieve about the same level of reduction in c02

emissions in comparison with a gasoline vehicle. The hybrid
reduces emissions in a we11・balanced manner for the other

assessmentitems as we11. This shows that it is a clean vehicle,

even from the LCA perspective.
In phase 2, assessments began for certain development parts
and vehicles.1n 2001, the premio/A11ion became the first of

Several representative models with good fuel economy and
emissions pedormance to have its LCA results published in the
Catalog.
Phase 3 Started in 2004, with LCA being implemented for a11
new passenger car models, as we11 as those undergoing a model
Change.
The nucleus of an LCA system that networks a11 0f the
necessary databases was completed and first put into operation
forthe new vitz that went on the marketin February 2005.

G H E
NOX

Material

database for

Pads

G H E
PM

83

NMHC: Non・methane hydroca巾on
PM: particulate ma廿引

G H E
SOX

区コ̂
Supplier

Toyota LCA syste

Manufacturing
database for

material and energy

Assessment of

Supplied pads

^

Design sta什

Assessment of

developed pads,
techn010gies

Fig.9 LCA Network system

The LCA results for the new vitz are shown in Fig.10, with
the old mode11abeled "A" and the new mode11abeled "B." The

assessment was based on a l.O L engine and a lifetime runnino
distance of loo,ooo kilometers ao years' use) in the lo-15
mode. The oraph for c02 is in tons, while those for the other
items are in Mloorams. The c02 results are expressed in relation
to a level of l,ooo tons for the old model, while the results for
the other items are relative to a value of l for the sox emissions

Of the old model.

区コ
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The vehicle weight of the new vitz iS σreater than that of the
Old model, but the lo-15 mode fuel economy is approximately
20% better. The LCA results indicate thatthe manufacturino-

Staoe emissions of aⅡ items are higher for the new vitz than for
the old model. However, the new vitz has better fuel economy
and exhaust emissions performance, so its total emissions are
10wer.

Improvements in fuel economy and exhaust emissions
Performance have been established as the mostimportanttargets
in new vehicle development, which means thatthe amounts of
Iightweight materials and electronic control parts are expected to
increase. This means that the environmentalimpact in the
manufacturing stage may increase, S0 廿 the environmental
impact over the tota11ife of a vehicle is to be continuously
reduced, it is important for LCA to be utilized starting in the
initialstage ofdevelopment.
Operation of ECO・VAs started in 2005 With the new vitz.
LCA is used as an assessment tool for reducing the life cyde
environmentalimpact, which is one part ofECO・VAS.

3. ECO・vehicle Assessment system (ECO・VAS)

ECO・VAS, as shown in Fig.11, is a comprehensive
environmentalimpact assessment system for ensuring that the
environmentaltargets set by the chief engineer are met
throughout the development process, from the plann血g stage to
the start of produc{ion.

A wider range of environmental measures have been devised
in recent years, and in the 1990S, the automobile industry came
Under pressure to improve its recycling pedormance, cut back on
Substances of environmental concern, and reduce the life cycle
environmentalimpact. A chief engineer must consistently
Promote a broad range of environmental measures for a vehicle
in development.
Ihe conventional approach at Toyota to recycling, substances
Of environmental concern, and LCA has been for the respective
Promotion departments to c011血Unicate with the chief engineer,
So that environmental measures are incorporated into the design.
NOW, under the framework of ECO・VAs shown in Fig.12,
targets are established not only for fuel economy and exhaust
emissions, but also for the impacts on (LCA values for) air
P0ⅡUtion, global warming, and resource depletion from 血e
Viewpoint of the entire Hfe cycle, as we11 as for recycling
Performance and the reduction of substances of environmental
Concern when a vehicle is dismantled. Moreover, the

achievement of the targets is monitored throughout the
development process. The system iⅡUstrated in Fig.13 Was
introduced in 2005 With the hope thatit wi11 help to achieve the
targets in a balanced and reliable way.
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ECO・vehicle Assessment system (ECO・VAS): A comprehensive Environmentanmpact Assessment system forthe Entire Development process

屈ECO・VAs operation in the Development process

Environmental

ぐ 000レ
Performance
LCA

、 Globalwarming

・ Air p011Ution

・ Depletion 01
resources

Recyding
Substances of
environmental
Concern

Planning

・ customer desires

・ chief engineer'S
Concept
・ cost

・ performance

Toyota wi11 Use ECO・VAs to continuously improve its
environmental performance in the future and wi11 Provide
Customers with environmentalinformation that has been

Confirmed in the finalstage.

Vehicle plannlng that recondles con俳Cting

itemS 合t a high !evel

Design,
Prototyping

Chief engineer

Author

FU11implement会tion for a11 Vehicles in 2005

Fig.13 Use of ECO・VAs in the Development process
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Introduction f FCHV・Bus for The 2005

0"d Exposi"on, Aichi, Japan

Abstract

A fuel ce11 hybrid vehicle bus (FCHV・BUS) has been introduced as an example of a future transport system at The
2005 VVO"d Exposition, Aichi, Japan (hereinafter referred to as EXP02005), which has adopted the theme,
"Nature's vvisdom." The FCHV・Bus provides a transportation link between the Nagakute and seto areas of
EXP02005, and utilizes a hybrid system in which a motor is d"ven using a fuel ce11fueled by high pressure
hydrogen gas and a ba廿ery (a hydrogen nickel battery) as power sources. Not only does the FCHV・Bus have
Zero c02 and harmful substance emissions, but 託 also 0什ers high energy e什iciency and excels in terms of

quietness. Eight ofthe buses are being used at EXP02005, which wiⅡ give many people a chance to experience
their advantages and future potential. This article wiⅡ Provide an overview ofthe FCHV・BUS, and describe 託S
running schedule.

Keywords: fue/ce//, hybrid bus, EXP02005

1.1ntroduction

Toyota Motor corporation started developing fuel ce11Vehicles
in 1992. Fuel ce11 buses for urban transport not only offer
environmental advantages (Fig.1), but also play a major tole 血
Popularizino fuel ceⅡ Vehicles as a whole because they can be
ridden by a large number ofpeople.
Toyota began developing the FCHV・Busl fuel ceⅡ bus in
1999 as ajoint enterprise with Hino Motors, Ltd.(Fig.2).
Hino took charσe of the vehicle body and other areas specific
to buses, while Toyota took charge of the areas pertaining to the
fuel ce11 System. This was the best way to capitalize on the
hybrid techn010gy, knowledge, and know・how that both
Companies have nurtured over the years.
Based on the success ofthe FCHV・BUSI, development ofthe
FCHV・BUS2 Was initiated 血 2001. The FCHV・BUS2 Was

Certified by the Ministry of Land,1nfrastNcture and Transpod in
September 2002, a first for a bus. public road tests started in
October of the same year, and it was operated commercia11y
from Auoust 2003 to December 2004 as a city bus run by the

Tokyo Metropolitan Government, primarily between the Yaesu
exit ofTokyo station and odaiba.
As a result, the bus logged approximately 17,ooo kilometers of
Commercial runs, enabling a large number of people to
experience a vehicle powered by fuel ce11S.

YoshiyukiMiki*
HideakiMizuno*

Masataka Esaki**

Akira l、▼atsuki***

* Fuel ceⅡ System Engineering Div
*史 Produc〔 Development Group

*** Toyota Development center l
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Diversification of energy sources

Deterring global warming
Zero c02

Improving urban air environment
Zero NO×, PM

Reducing and smoothing out urban noise
Eflect occurs both inside and oulside vehicle

Fig.1 Advantages of Fuel ceⅡ BUS
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2. Fuel ce11S

Development started in 20ol with 180 kvv fuel
CelKtwo stacks). certified by Minist of Land,
InfraS廿Ucture and Transpod (septe'{,er 2 02).

Fig.2 Development of Fuel ce11 Hybrid BUS

A fuel ce11 Produces electricity through a chemical reaction
between hydrogen and oxygen in the air (Fig.3).圦lhen
hydrogen is supplied to a catalyst on the negative electrode,
electrons are discharged. These electrons then aow from the
neoative electrode to the positive electrode, generating
electricity. The hydrogen that discharged the electrons is
Converted into hydrogen ions, which pass from the negative side
to the positive side via a polymer electrolyte membrane.
Oxygen, hydrogen ions, and electrons recombine on the catalyst
Of the positive electrode to form water. Resembling a sma11
generating plant, a fuel ce11 Produces electricity through a
Chemicalreaction between hydrogen and oxygen.1tis highly
efficient because it extracts electricity directly from hydrogen
Without burnino it. Theoretica11y, a fuel ceⅡ discharσes only
Water, without emittinσ C020r other harmfulsubstances. This is

小e reason why a car that uses a fuelce11is said to be the ultimate
eco-car.

In a fuel ce11, the electrodes and the polymer electrolyte
membrane are sandwiched between separators. Together, these
three items are ca11ed a ce11, with each ce11 Producing a low

Voltage of l v or less. Therefore, several hundred ceⅡS must be
Stacked seria11y to generate high voltage. A single package of
these stacked ce11S is ca11ed a fuel ce11 Stack, or simply an FC

Stack. ordinarily, the term " fuel ce11" refers to an Fc stack.
The fuel ce11 developed in・house at Toyota is ca11ed the
"Toyota Fc stack."

FCHV.BUS

^

2H゛+ν202+2e一→ H20

訂曹豊島舮

EXP02005

TOYOTA 1巨ChnlcalRevlevv v01.54 NO.1 NOV.2005

Negativeelectrode catalyst catalys

Polymer
eleclrolyte
membrane

H2 → 2H.+2e-

Electricity

3. FCHv system

The FCHV、Bus utilizes a hybrid system in which a motor is
driven using a fuel ce11 fueled by high pressure hydrogen gas and
batteries as power sources. seven high pressure hydrogen tanks
are provided on the roof, and two Toyota Fc stacks and other
major components, are located atthe rear of 血e vehicle (Figs.4
and 5).

AS Fig.6 Shows, the bus contains two electrical systems, each
Consistino of a Toyota Fc stack, batteries, and power contr01
Units. Each system operates independently and cooperates with
each other to controlthe motor. The power oU印Ut of the motor
is connected mechanica11y through gears.

Fig.3 Vvorkings of Fuel ceⅡ

Air

(02)

OveraⅡ: H2+1/202 → H20

Water

(H20)

Posltlve electrode

⑳



High pressure hydrogen tank 

Power control unit 

Fig. 4 FCHV-BUS System 

Fig. 5 Toyota FC Stacks 

Batteries 

Fig. 6 FCHV-BUS Hybrid System 

Starting 
(battery mode) 

Normal driving 
(FC mode) 
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Decelerating Accelerating 
(regenerative mode) (FC + battery mode) 

Fig. 7 Energy Management 

Hybrid technology that has been developed as part of the Prius 

and Hino hybrid systems has been applied to system control. 

The inclusion of batteries in the system allows the bus to be 

operated more efficiently. This is because the batteries are 

charged using power generated on deceleration by the motor, 

thus allowing regeneration of energy, and because the system 

strictly controls whether the bus is mn on either the Toyota FC 

Stacks or the batteries, depending on driving conditions and the 

most efficient region of the power sources (Fig. 7). Each 

electrical system contains two nickel-metal hydride batteries, 

making a total of four batteries. 

4. FCHV-BUS Overview 

The FCHV-BUS is based on a non-step large-sized Hino route 

bus. It delivers high dynamic performance, with a fuel cell stack 

output of 90 kW X 2, maximum motor output of 80 kW, and 
maximum torque of 260 X N-m2 (Table 1). 

Table 1 Main Specifications of FCHV-BUS 

I Base vehicle Blue Ribbon City 
(non-step large-sized Hino route bus) 

-Vehicle Overall length/width/height 10,515/2,490/3,360 mm 

Max. speed 80 km/h 

Passenger capacity 65 people 

Fuel cell Type Solid polymer type 
stack Output 90 kWX2 

Type AC synchronous motor 

Motor Max. output 80kWX2 

Max. torque 260 N・mX2 

Type Pure hydrogen 

Fuel Storage system High pressure hydrogen tanks 

Max. refueling pressure 35 MPa (350 bar) 

Batteries Type Nickel-metal hydride 

In addition to advanced fuel cell technology, the exterior of the 

bus has been designed to express a futuristic feeling and 

environmental friendliness (Fig. 8). The interior utilizes the 
concept of Universal Design, which emphasizes user-friendliness 

for a maximum number of people. 

Fig. 8 Exterior of FCHV-BUS 
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5. Driving schedule

The buses were used to shuttle visitors to the EXP02005

bet、veen the seto and Nagakute pavilions free of charge (Figs.9
and lo). The schedule was set up to a110w the buses to be ridden
by 300,ooo people during the period.
This was the first opponunity in the world for fuel ce11 Vehicles

to be ridden by such a large number ofpeople during a six・month
Period.1t enabled the visitors to experience the usefulness of this

techn010gy and the great promise that a hydrogen・powered
Society holds for the future.

Operation period: March 25 to september 25,2005 a85 days)
Route: seto pavilion to Nagakute pavilion, approx.4.4 km
Operation time:9 am t0 6 Pm (matching 血e opening time of
the pavilions)
Number ofbuses in operation:8 Units

Trip duration: approx.10 加nutes (one・way)
Operation intervals: approximately every 8 minutes
Transport capacity:80o t01,ooo roundtrゆ Passengers per hour

Introduction of FCHV・Bus for The 2005 Vvorld Exposition, Aichi, Japan

As a project carried out by the Engineering Advancement
Association of Japan, a hydrogen station was set up at the bus
terminal of the seto pavilion where the buses were refueled with

hydrogen gas. The hydrogen station contained two refueling
Units: one that produced hydrogen by reforming city gas, and one
that utilized by・product hydrogen gas obtained from a
Steel、vorks

6. Toward the Hydrogen・powered society ofthe Future

In contrast to the limited resources available on Earth,

hydrogen is believed to possess unlimited possibilities as a new
Source ofenergy.
However, for automobile manufacturers, issues remain to be

Solved before fuel ceⅡ Vehicles become widespread (Table 2).
Measures must be taken to counter the freezino of the water

Produced by the reaction between hydrooen and oxygen atlow
temperatures. Techn010gy must also be developed to store an
adequate amount of hydrogen in order to ensure a driving range
appropriate for a passenger car in spite of limited insta11ation
Space. Ensuring reliability, improving durability, and reducino
Costs are also some of the issues that must be solved before fuel

Ce11 Vehicles can enter widespread use.

Moreover, the maintenance of an infrastructure to supply
hydrogen, and the development of basic techn010oies are also

essential for achieving a hydrogen・powered society.1tis hoped
that society as a whole wi11 act in concert toward the

materialization of this goal (Fig.11).

Table 2 1Ssues Facing the vvidespread use of Fuel ceⅡ
Vehicles

Nagakute pavilion
bus terminal

Seto pavilion bus

terminal

Nagakute paν所on

Approx.4.4 km

Fig.9 Route Diagram

Seto paV所on

Techn010gical
Issues

^^^

Marketability

Environmental

Concerns

Low temperatures, high temperatures,
high e什iciency, compactness,
reliability, durability, salt water,
dust, hot spring areas (hydrogen sulfide),
hi h altitude, radio waves, etc.
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Fig.10 Nagakute pavilion BUS Terminal
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Fig.11 Toward a Hydrogen・powered society
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フ. conclusion

The authors hope thatthe EXP02005 has made more people
familiar with the fuel ce11, and helped spread the idea thatit can
be used asthe powersource for their dream car.
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Dev'10pment of ught vveight and L.W

Fuel consumption 3・cylinderl.O L

Engine

Abstract

Reduction of c02 is essentiano prevent global warming, and the development of sma11 engines with good fuel
Consumption is an urgent task. 1n order to address these requirements, Toyota and Daihatsu have joinuy
developed the lKR・FE 3・cylinder l.O L engine. This compact engine simU吐aneously achieves low fuel
Consumption and high performance through adoption of features like a spined cast iron liner W詮h thin waⅡ
thickness, resin coated pistons, a unified intake system, and optimized in始ke port design. Moreover, as
Countermeasures against vibrations that are a concern for 3・cylinder engines, a crank shaft W託h three counter
Weights, and two mountings and a torque rod system with optimized spring constant and positioning have been
adopted. As a result, vibra"ons have been reduced to an extremely good level.

Keywords: new type, gaso/ine engine,3・cy/inder,/ightvve勾ht, exce//entfue/ economy

1.1ntroduction

In recent years, much attention has been focused on global
environmentalissues, and the reduction of c02 emissions in

Particular has become one of 血e biggest cha11enoes facing the
automotive industry. The development of sma11 engines with
exce11ent fuel economy is an urgent task for addressino this
In order to fulfi11this need, Toyota and Daihatsu haveIssue

jointly developed a neW 3・cylinder l.O L gasoline engine named
IKR・FE. This article presents an oudine ofthe new engine.
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2. Assessment

A or B segment vehicles weighing l.o t or less require an
engine with a maximum power oUゆUt of approximately 45-50
kxv to provide an acceptable highway driving performance.
Based on specific power oU中Ut, it was determined that a l.O L
natura11y aspirated gasoline engine is capable of achieving this
OU印Utlevel

Recently,3・cylinder engines have been drawing attention in
this vehicle class. Before startino the development of the new
1.O L engine, the appropriate number of cylinders for the engine
Was investigated from the perspectives of output performance,
fueleconomy, and noise and vibration (NV).

2.1 Vveight and size

Designing lighter and more compact engines is an issue for aⅡ
Classes of vehicles.1n sma11 Cars in particular, it is very
impodant for an engine to be light and compact because of fuel
economy, driving performance, and package restrictions
(Fig.1). comparisons of 3・ and 4・cylinder layouts with the
Same displacement demonstrated that oreater reductions in
Weioht and size can be achieved with a 3・cylinder layout.

* Engine En8ineering Div.2
** Enoine Enoineerino Div.1

¥史* Daihatsu Motor co., Ltd
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Fig.2 Shows the results of a simulation of indicated heat
e丘iciency and heatloss against displacement. The calculation
Was performed using a single cyHnder engine with a square
bore/suoke.1t is a weⅡ・known fact that a biooer displacement

Per cylinder or a sma11er S八1' ratio (the ratio of the combustion
Chamber surface area to displacement) 1eads t010wer heat loss
and h地her indicated heat e丘iciency. Fig.2 demonstrates that
this tendency is stronger for sma11 1.O L engines.

Fig.3 Shows the relationship between displacement per
Cylinder and fuel economy, obtained from a regression line
Created using data of 16 types ofengines. Based on these results,
it was estimated that the fuel economy of a 3・cylinder enoine

Would be approximately 5% better than a 4・cylinder enoine in
the l.O L class. Key factors in this difference include the
Combined e丘ect ofthe sma11er S八lratio and lower friction.

..

＼§ず'

司

2.4 1dle vibration

The biggest concern for 3・cylinder engines is vibration when
idHno. First order vibration caused by rotation and l.5 0rder

Vibration rotation caused by enoine combustion are hlown issues

in the development of a mounting system for a 3・cylinder enoine.
Fig.5 ShowS 血e power plant resonance relationships in a 3・
Cylinder engine mounting system. contr011ing the spring
Constants clearly suppresses the vibration level at approximately
800 印m between the lst and l.50rder peaks.

. ' .

2.3 Volumetric e什iciency

Because the volumetric efficiency of t11ree cylinders is hioher
than four in the low・to mid・speed range, a 3・cylinder engine has
higher low・ to mid・speed torque potential. Fig.4 Shows results
for volumetric efficiency calculated by BOOST (a simulation
toolfor the intake and exhaust systems).
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2.5 Summary of assessment

Based on the above assessment,idle vibration was determined

to be contr011able. consequendy the 3・cylinder concept was
Chosen for reasons of 、veight, size, fuel economy and low、 to
mid・speed torque.

3. Features ofthe lKR・FE Engine

Table l showS 血e base specifications of the lKR、FE engine.
Fig.7 Shows an overaⅡ View ofthe engine and the new features.
The development targets for this engine were top・of・class fuel
economy, high oUゆUt,10w weight, and compactness. This
engine incorporates the features of recent Toyota engines,
induding a DOHc with chain・ddve, four valves per cylinder and
a compact pentroofcombustion chamber.

Development of Light vveight and LOW Fuel consumption 3・cylinderl.O L Engine

Table l Features of lKR・FE Engine

Engine code
Number of c linders

Dis lacement cc

Bore mm x stroke mm

Bore center distance mm

Com ression ratio

3.1 Lowweight and compactness

A11intake air system components jnduding the throttle body
are made of plastic and are provided in a compact package
(Fig.8). The air cleaner cover forms one unit with the intake air

duct and the engine cover, and the air cleaner housing is
integrated int0 血e cylinder head cover. As a result, the intake air

System is about 18% 1ighter than a conventional model(Fig.9).

Valve train system

Max. ower kvv/r m

Max.tor ue Nm/r m

LOW・s eedtor ue Nm 20oor m

Dry weight
With alternator, k

IKR、FE

3

998

71 ×84

78

10.5

DOHC 4・valve
Ⅷth vvT

(direct tappet)
506000

93/3600

85

67

Current engine
4

998

69×667

78

10

DOHC 4・valve
Ⅷth vvT
directta et

486000

90/4100

78

83

Plastic lhrottle body

Low weight
・ plastic air intake modul

・ plastic thr0廿le body
・ plastic fuel deliveⅣ Pipe

High pe寸ormance & 10W
fuel consumption
・ Resin coat on piston skirt
・ LOW・tension piston rings
・ Hi h e什ldenc intake ort

Low vibratlon

・ High rigidity mounting bracket
integraled Ⅷlh chain cover
・ High rigidity cylinder bracket
・ crankshaft Ⅷth three counter

Weights

Fig.70veraⅡ View and Main New Features oflKR.FE Engine

Plastic intake manifold

Air cleaner cover

(integrated with intake air

duct and engine cove『)

Fig.8 Plastic Air lntake Module

6

18冷一ーーーーーーー

reduction __==
^^^^

Cylinder head cover (integrated
Ⅷth air cleaner housing)

>、・

384 mm
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2

CU!rent 印gine

Fig.9 Vveight Reduction o"ntake system

The lKR・FE enσine uses thin cast iron cylinder liners as cast
inserts within an aluminum a110y cylinder block (described

below). This reduces the spacing between bores, making the
engine more compact(Fig.10).

0

.
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.

.

IKR・FE

^^^

Inねke air duct

Engine cover

Air cleaner
element

Air cleaner

housing

Intake
manifold

Cylinder
head cover

49 mm

Fig.10 Engine Dimensions
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The implementation of 血e light weight and compact design
has achieved a weioht reduction of about 20% from a

Conventional enoine, maMno the lKR・FE the lightest engine in

its dass (Figs,11 and 12).

Current

englne

800 1000 1200 1400 1600

Displacement(Cの

Fig.11 Engine 、Neight

-209,'0^

^

Protrusion density than a conventional model, enabling
dimensional precision to be improved. The thickness of the liner
has been reduced t02.3 mm and the heioht ofthe spines has been

keptto a maximum of 09 mm. As a result, a spacing of 7 mm
has been achieved between the bores. By reducing surface

roughness at the bottom of the protNsion periphery, metal aow
is improved during the aluminum die・casting process. As a
result, the bonding strength between the iron liner and the
aluminum block is better than in the conventional model. This

reduces cylinder bore dist0πion after engine Nnning (Fig.14),
thereby redudng the piston ring tension.

IKR・FE 67 kg

Top level

Aluminum cylinder block -109,、0

Four → three c linders:-49、

Other:-49,'0
Use 01

Plastic:-2%

Current engine

Fig.12 Vveight

32 Exce11entfuel economy

n

1800 2000

In addition to the friction reduction achieved with the 3・

CyHnder desion, the lKR・FE engine also includes several other
features thatimprove fueleconomy (Table 2).

φ71 mm

A什er bore machining

-209,、0

n
IKR・FE

AnalysisReduc"on

Economy lmprovement FeaturesTable 2 Fuel

Current engineIKR・FEItems

High flow and
hightumble High110W
14 28

TOP,2nd:1.O TOP,2nd:12
Oil:2.0Oil:15

New resln coating None
4644

88

10105

Intake port

Totaltension of islon rin s N

Piston ring width (mm)

Piston resin coatin

Cranksha兪 main 'ournal diameter mm

Crankshaft offset mm

Com ression ralio

1.6 mm

＼

0.9 mm max

Heighl ot spines

Surface

青沌

As mentioned above, the new cylinder liner (Fig.13) is a

Spined castiron liner with thin wa11thichless. The new liner has
a lower peripheral protrusion height and a more uniform

Fig.13 New cylinder Liner

Uう

Conventionauiner

New cylinder liner

100500

Distance from cylindertop face (mm)

Fig.14 Cylinder Bore circularity (4th order)

＼

The width of the piston rinos has been reduced t0 1.011血 for
the top and second rings and t0 1.5 mm for the oil ring.
Adopting the newly developed cylinder liner ensures cylinder
bore circularity after engine running. This reduces the total
tension by 14 N, which represents a piston ring force reduction
Of approximately 50% overthe conventionalmodel(Fig.15).
Furthermore, a new type of resin coat is used on the piston
Skin. This new coat contains alU血num oxide to improve wear

resistance. Fig.16 Shows the results of friction analysis.
Despite an increased piston speed, the friction of the piston
System has been reduced by the adoption ofthe low・tension rings
and new resin coat. The friction of the valve train system has
also been reduced.
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Cylinder bore diameter(mm)

Fig.15 Total Tension of piston Rings

^

Access0Ⅳ Pa巾, belt^

Waler pump

Oil pump_"ニ"='ー

Valve traln system
^^..,'^.

Clanksha什
^^,.^,^^

Plstons, connecling rods

@2,ooo rpm
IKR・FE Currenl engine

Fig.16 F"ction Analysis Results @2,ooo rpm

Based on these results, fuel consumption has been reduced by
approximately lo% over the current engine, as shown in
Fig.17.

509,。_、ρUr nt eag!ne j____」____」____

側・0"00 'ミ.,..、、、、
IKR'FE

←

゛

1^^^^^

3.4 V山ration

This engine uses a foroed crankshaft.1t has a three・counter

Weight design for improving Nv performance, despite the fact
that this is heavier than the normalt、VO・counter weioht desion.

The cylinder block is a deep sMrt type, which has the merit of
better rioidity, and is reinforced with ribbing to achieve the
required strength. The weight of moving parts has also been
minimized by, for example, reducing the piston weightt0169 g.
As a result, the lKR・FE achieves vibration levels comparable
to a 4・cylinder engine (Fig.20).

30

6800

Development of Light weight and LOW Fuel consumption 3・cylinderl.O L Engine

2000 2800 3600 4400 5200 6000

Engine speed (rpm)

Fig.19 Performance curves
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Current engine
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50
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.
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40

冨

、

35

gh flow and
h tumble

Slant squish
Combustion chamber

(improvement of
Combustion speed)

Fig.18 Section view of cylinder Head

Four → three cylinders, etc.:ーフ%

Friction reduction:-2%

Compression ralio
increase:-19,'0

Current engine IKR・FE

Fig.17 Fuel consump"on Reduction

33 High performance

The use of a long reach type spark plug (Fig,18) a110ws a
Sufficient water jacket space at the center of the combustion
Chamber for improved coolino in the chamber. This lmni血Zes

the possibility of self・ignition around the spark plug and ensures
anti・knock pedormance at a high compression ratio of lo.5. The
Slant squish combustion chamber improves the combustion
Speed.

VVT・i has also been 血troduced to optimize low・t0 血d・speed
torque and high・speed performance.
Fig.19 Shows the performance curves of this enoine. The

IKR・FE engine has a maximum power oU中Ut of 50 kxv/6,000
印m, a maximum torque of 93 NIW3,60o rpm, and a low・speed
torque of85 NIW2,ooo rpm.

Improved cooling
Performance
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Engine weight reduction

・ Mounting bracket inlegrated Ⅷth chain cover
・ High rigidity cylinder block
・ Three counter weights and forged crankshaft
Engine length reduclion

Powertrain sliffness improvement

50O HZ40O HZ250 HZ 315 HZ

Frequency (HZ)

Fig.20 vibration Level at Engine Mounting Ends

The lKR・FE enoine has two mountinos and a torque rod

System. The engine mountin8S on the left and right are located
near the center of gravity of the power plant (Fig.21). AS
mentioned above,1St and l.5 0rder vibration from engine

rotation focus were identified as key factors. consequendy, the

UP・down,1eft・right and front・rear spring constants of the
mountings and the spring constant of the torque rod were
Optimized by simulation and road tests. The up・down positions
Of the left and right mountings and the torque rod were also
Optimized. As a result, it was possible to isolate the resonance
Points of engine pitching, yawing and r011ing from 血e idle area
Of approximately 800 印m, thereby achieving a top level of idle
Vibration in the 3・cylinder engine class (Fig.22).

◆

E. MISHIMA

◆

E. KOMATSU

19

Toyota and Daihatsu have jointly developed the lKR・FE, a
neW 3・cylinder l.O L gasoline engine for A or B segment
Vehicles. A11intake air system components have been made of

Plastic and integrated into a compact package to reduce the
Weight and size of the engine. A newly developed cylinder liner
desion 血nimizes cylinder・bore distortion, maMng it possible to
Use thin,10W・tension piston rings. Additiona11y, a new type of
resin coat with exce11ent wear resistance is used. As a result,

丘iction has been reduced, and the c02 emissions of the Toyota

Aygo have been suppressed t0109 g永ln (Fig.23).

A. OKAMOTO K. YASUNAGA

LHS

Center of gravity

司

170

160
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140

130
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110

100

Torque rod

Fig.21

、4、、、、

17 181513 14 1612

0-10o km/h acceleration (seの

Fig.23 Aygo c02 Emissions and Acceleration

Introducing a three・counter weight design for the crankshaft,
increasino the rigidity of the cylinder block, reducing the weight
Of moving pans, in addition to adopting a design featuring two
mountings and a torque rod with optimized spring constants and
Positions have a11 Contributed to reducing vibration to an
Optimum level.
Fina11y, we would like to express our sincere appreciation to
Daihatsu Motor co., Ltd. and a11 relevant companies for their
Valuable contributions to the lKR・FE project.
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Vehlcle rear

Mounting Layout
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'^ToyotaAygo
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T. NARA

ModelA ModelB Modelc Model DAygo
OKR・Fe

Fig.22 Comparison of Floor vibration when ldling
(3・cylinder Engines)
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TechnicalpaperS復'echnical Articles

Development of Ne 22 L Direct

Injection Diesel Engine

Abstract

Two types of L4, Dl diesel engines (2AD・Frv and 2AD・FHV) have been newly developed in orderto achieve on a
high引 order the con仙Cting goals of greening emissions and reducing c02 emissions, while also secu"ng high
Output and high torque. The 2AD・Frv engine uses an open・deck aluminum cylinder block, balance shaft and r011er
rocker valve train, and solenoid injectors used in the common rail system were optimized. The 2AD・FHv engine
builds on the 2AD・FTv and utilizes a wealth of advanced techn010gy,including a low power、compression ra"0,
Piezo injectors, increased pressure (180 Mpa), injection interval optimization, Diesel particulate・NOX Reduction
System (DPNR), and passage・switching Exhaust Gas Recirculation (EGR) cooler. A吐hough this invoNed di什icU吐
research and development W託h high hurdles,the resulting 2AD・FHv has attained a level of emissions considerably
10werthan the Eur04 regulation value, while also achieving top output and torque for a l.9 L t022 L class engine.

Keywords: diese/ engine, common raが System,/ovv compression raガ0, piezo injector,
Open・decka/uminum cyガnderb/ock

1.1ntroducuon

It has become increasingly imponant for engines to satisfy two
Separate requirements. Exhaust emissions must be made cleaner
and c02 emissions reduced from the perspective of protecting
the global environment, b川 at the same time, there is an
increasing demand from customers for higher performance to
enhance the driving experience.1n response to these needs, the
number of diesel enoines in Europe has increased over the past
few years because of advantaoes such as better fuel economy,
10wer c02 e血Ssions, and higher output performance. However,
both Nox and pM must be reduced before diesel enoines can

become even more popular.
For these reasons, two types of neW 22 L direct injection
Con血on rail diesel engines have been developed,the 2AD・FI'V
and 2AD・FHV. This article presents an ouuine of these new
enolnes.

Masao suzuki*

NaoyukiTsuzuki**
Yoshihiro Teramachi***

2. Aims of Development

The 2AD enoine series was developed with emphasis on the
f0110winσ items in order to create dass・1eadino diesel enoines for

Passenger vehicles in the European market.

(3) Nv performance comparable to gasoline engines
(4) class・1eading low weight
(5) class・1eading reduced 丘iction performance

(D Exhaust emissions performance far better than the Eur04
emissi0船 Standard

(2) class・1eading high output performance

¥ New Enoine Development Div

** Enoine Enoineering Div.2
*** Enoine Administration Div

3. Base speC廿ications

Table l shows the base specifications of these new enoines.

TOYOTA 1色ChnlcalRevlew V01.54 NO.1 NOV.2005

Cylinder arrangement In・1ine 4・cylinder

Displacement(Cの 2231

Bore x stroke (mm) 86 × 96

Max. power(kwhpm) 130/3600 110/3600

Max.torque (Nm/rpm) 400/2000・2600 310/1800・3000

Mean e什eclive pressure (Mpa) 226 175

Min. speci"c fuel consumption (g/kwh) 200 200

Common rail, Corn『non rail,
Fuelinjection system

Solenoid injectorPlez01Π」ector

Valve train system 4・valve, DOHC, chain

SpeC11icatlonsofln恰keandexhau$tsy$1erns variable blade turbochargerⅧth intercooler

Dry weight(dⅣ/kg) 168 165

Eur04*1Exhaust emisslons standard Eur04

Oxidatlon catalyst
Exhaust emissions control system arld EGR cooler

*1 Nox and pM are far below the levels specilied in the Eur04 emission
Standard.

Table l Engine speC廿ications

2AD・FHV 2AD・Frv

4. Engine Features

Fig.1 Shows the main techn010部es adopted in the new
engines. eweig to te A asbeenreduceddueto
the use of a newly developed aluminum die・cast cylinder block.



Noise reduction has been achieved by usinσ a balance shaft, and
fuel consumption has been reduced by usino a r0Ⅱerrocker valve
train system with a hydraulic lash adjuster. Maximum power
OU中UtiS 110 k圦1, and maximum torque iS 310 Nm.
Furthermore, the 2AD・FHv uses such new techn010oies as

DPNR, piezo injectors, a high・pressure injection system, and a
10w compression ratio to achieve a maximum power output of
Bo k圦land a maximum torque of40O Nm. Both ofthese values
are dass・1eading.1n exhaust performance, the 2AD・FHv has
achieved a drastic reduction in emissions, attaining a level far
below thatspecified in the Eur04 e血Ssions standard

Lash adjustertype r011er rocker
〒

ノ、、
4.゛

* piezo injector
゛

畉

* High・pressure injection system
.

、1

、、

* Lovv compression ratio

Aluminum die・cast' 1

Cylinder blockDPNR*雪
Balanceshaft t、 * 2AD・FHv onl

Fig.1 New Techn010gies lncorporated int02AD Engines

The oU印Ut and exhaust performance of both engines are
Shown in Fig.2 and Fig.3 respectively.

ε 18

Reduction

Medium speed
Medium load

Target

0.30

4.1 Low compression ra"0

Reduction of the compression ratio enables oU印Ut
Performance to be improved without increasing the pressure
inside the combustion chamber (Fig.4).1t also enables the
Proportion of EGR oas in the total volume of intake air to be
increased. consequently, Nox reduction is achieved without
affecting fuel e丘iciency (Fig.5).
LOW・temperature startability with the reduced compression
ratio is ensured by the use of a cera血C materia1 血at enables the
temperature of the glow plug tip to be increased, and piezo
injectors that enable hioh・precision contr01 0f the multi・staoe
InJectlon.

450

400

350

300

250

2AD・FHV

2AD・FTV

200

^^^

150

Engine speed (rpm)

Fig.2 Power and Torque performance

ICD・FTV
ノ

100
1000

140

130

2000

80

＼

0.030

120

0.025

3000

＼

1.M.=1,590 kg

Eur04 emissions standard

0.020

90

4000

Engine speed (rpm):4,ooo rpm
Common rail pressure:180 Mpa

0.015

0.010

70

Compression ratio

Fig.4 Power・compression Ratio

0.005

0.000

0.00

2AD・FHV

.

0.05 0.10 0.15 020 025

Pmax.is increased.

"＼

2AD・FTV

NO×(g/km)

Fig.3 Emissions

NOX

Fig.5 Fuel Economy・NOX

42 Piezo injectors

Use of a piezo electric device has improved the response and
Speed of needle contr01, and radica11y improved injection
Properties on start・up and completion of injection (Fig.6)
Moreover, the improved contr011ability during multi・stage
injection has enabled a reduction in combustion noise (Fig.フ).

コ
亘
ε
」
Φ
言
区

言
0
仁
0
0
Φ
一
Φ
コ
止

き

三
Z
)
Φ
コ
す
」
0
↑

y

」

(
茎
)
」
Φ
言
区

、
、

倉
言
)
Σ
止

0

゛
.

.

一ー
、

11

●
1
¥

00＼
<才
、
ノ
゛

1



100

Common rail pressure:180 (Mpa)
Fuelflow:80 (mm3/st)

High・speed li什(opening side)

＼、80

60

40

20

0

・0.5 0.5

Time (ms)

Fig.6 Rates of lnjection

High・speed lift (closing side)

Piezo injector
邑

Solenoid injector

0

1,80o rpm medium load

...
ICD・FTV

0 2 3 4

Time (seの

Fig.10 E什ect of Reducing TU巾ine vvhee11nertia

50

in an open deck structure than a closed deck structure. This

movement has been suppressed and head oasket surface pressure
10sses reduced by tunino the head bolt tension and head oasket

Shape.1n addition, the head bolt tiohtening structure has been
Optimized to reduce cylinder bore distortion (Fig.9).

Development of NeW 2.2 L Direct lnjection Diesel Engine

.

2

4.3 Cylinder heads

The water aow in the cylinder heads has been optimized to
reduce the temperature between the valve seats. since the output
Of these engines is high, cylinder head reliability has been
ensured by using a vertical・ao、v waterjacket st川Cture desioned
independendy for the intake and exhaust sides (Fig.8).

00 02 04

Year

Fig.7 Combustion Noise

98

0

☆.゛2AD・FHV
.

0

I f-、ノf一上ノ

ーーーーーーー1 -ーーーー'U: Target

2・speed fU11
acceleralion

Head gasket
Sudace pressure

06

Cylinder bore
distortion

0

V、/aterjacket depth - Head bolt counter bore depth

Fig.9 Head B0吐 Bore shape

4.5 Turbocharger

Single
Water

jacket

4.4 Cylinder block

Pa此ial

Vedicalflow

Structure

Fig.8 Temperature Between valves

4.6 EGR system

Use of a high・response linear solenoid in the EGR valve drive
has reduced transient smoke and combustion noise, and achieved
Stable combustion during switchino ofDPNR contr01. The 2AD、

FHv also contains an additional bypass circuitin the EGR cooler
to attain high output and lo、v emissions in a11 0perational
Conditions (Fig.11).

These new engines use an aluminum die・cast open deck
Structure thatis c011血only adopted for gasoline enoines. H地h
rigidity,10w weight, and good casting performance were enabled
by optimizing the structure using Finite Element Method (FEM)

analysis and by evaluating various individual parts. Bore
movements in the vertical and radial directions tend to be laにoer

A cassette type nozzle structure has been adopted for the
Variable nozzle turbochargerto reduce nozzle・side clearance, and
improve low・speed torque and exhaust performance.1n addition,
the acceleration performance of the 2AD・FHv has been

improved substantia11y by reducing the inertia moment of the
turbine wheelby 30% over a conventional model(Fig.10).
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Linear solenoid

type EGR valve

Intake manifold

in cylinder head

Exhaust gas

4.7 Balance shaft

A cassette type balance shaft has been used to reduce 2nd
Order vibration caused by engine rotation (Fig.12).1n addition,
a scissors gear has been adopted in the drive system bet、veen the
Crank and the balance shaft to reduce noise caused by bacMash

(Fig.13).

Actuator

Fig.11 EGR system

Exhaust

manifold

.ーー、ー^、 EGR cooler
Laminated

5. Low vveight

The weioht of the 2AD・FHv enoine is extremely low. Aside

from the adoption of the open・deck aluminum cylinder block,
this has been accomplished by measures such as optimizing the
Shapes of the crankshaft and connecting rod, and adopting a
Plastic oil strainer (Fig.14).

EGR cooler

bypass valve

ー^

Balance shaft unit

Fig.12 Cassette Type Balancer unit

丘

◆

◆

Techn010gies such as the r011er rocker valve train system, and
a 21mn・wide oilring have been adopted. CAE was also utilized
to optilmze the delivery capacity of the oil pump. As a result, an
extremely oood level of friction loss has been achieved,
especia11y during low・speed operation. This levelis clearly
Supedor to models without a balance shaft(Fig.15).
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フ. conclusions

These new engines have extremely good output performance
and Nv levels that are comparable to gasoline engines, both of
Which are requirements for leading the ever・expanding European
diesel passenger vehicle market.1n addition,the 2AD・FHv has
achieved an exhaust emissions performance thatis far better than
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the level specified in the Eur04 emissions standard.1n the
future, efforts wi11 be made to further develop techn010gy in
Orderto improve the oU印Ut performance and fuel economy, and
to reduce exhaust emissions.

Fina11y, we would Hke to express our sincere appteciation to
Toyota lndustries corporation and a11 relevant companies for
their valuable contributions to the development of these new
englnes.
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Investigation of perovskit Type NOX

Stora Mate"al atHighTemperature

Abstract

Fuel e什iciency can be e什ectively improved using a lean burn engine, and to achieve further improvement it is

necessary to widen the lean burn region as far as high speeds. Hovvever,in the high speed region,the exhaust gas
tempera加re increases, and puri"cation of Nox at high temperature becomes essential. However, purification of NOX
in the lean bum region is problematic since there is norma11y a decrease in the Nox storage capability ofthe NOX
Storage and reduC訂on catalyst. To address this, a廿ention was focused on perovskite type complex oxides that are

Supposed to have outstanding high tempera加re characteristics, and an investigation concerning oxidation activity,
Crystal structure and basicity was carried out. A Nox storage mate"althat excels in terms of high temperature NOX
Storage capability was discovered. The reason forthis remarkable high temperature characteristic is thoughtto be
that the developed Nox storage material has storage sites that retain Nox up to high temperatures, unlike the
Conventional Nox storage materials.

Keywords:/ean bum engine,/vox storage and reduCガ0n cataly'st,/vox storage materia/, high temperature,
Perovskite type oxides

1.1ntroduction

In recent years, simultaneous improvements have been sought
in the fuel efficiency and emissions of automobiles. Lean burn
Systems used in directinjection gasoline or diesel engines are an
e丘ective means of improvino fuel efficiency. However, there is
an excess amount of oxygen to fuelin the exhaust gas of these
engines.1f a conventionalthree・way catalystis used in the lean
burn (hereinafter referred to as "1ean") range, it is difficult to
remove NO×, one of the harmful substances that are present in
exhaust gas. For this reason, Nox storage and reduction
Catalysts (hereinafter teferred to as "NSR catalysts") have been
in practicaluse on lean bum engines since the 1990S.山 AS Fig.1
Shows, an NSR catalyst uses storaoe materials consistino of

alkaline earth metals or alkaline metals such as barium (Ba) or

Potassium (K) to store and retain Nox in a lean atmosphere.
Then, in an excess fuel atmosphere (hereinafter referred to as
" rich") in the vicinity of stoichiometry, the stored Nox is
reduced into N2.
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Fig.2 Shows the Nox storage characteristics of Ba and K, the
Nox storage materials currendy used in NSR catalysts. The
Nox storage amount of Ba decreases suddenly at temperatures
above 350゜C, and that of K at above 500゜C. At temperatures
above 600゜C, the Nox storaoe amount of both Ba and K is

Virtua11y zero.1t has therefore not been possible to operate
engines under lean conditions in 血e high temperature range, that
is to say, under high・speed driving conditions in which the
exhaust gas temperature rises, because of the inability to remove
NOX

4

3
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2

600 800400

Temperature (゜C)

Fig.2 Nox storage Amount of NSR catalysts with K
and Ba as storage Materials

0

200

K

::::: Required
¥::range

3. Approaches to Nox storage Materials for High
Temperature Applications

The purpose of this study was to find and develop storaoe
matedals able to store Nox in this high temperature range.

Table

NO

(ppm)

500

500

Rich

Lean

2. Expe"ments

I Model

HC CO

(ppmc)(%)

667 0.6

667 0.1

103

22 Experimentindices

2.1 Experimentalmethod

AS Fig.4 Shows,the Nox storage amountis obtained from the
Nox storage time t, NO×1N, and NO×OUT, which are the
Concentrations of Nox contained in the inlet and oudet oas of the

Catalyst, respectively. The Nox storage amount was calculated
from the amount ofNox stored over 2 minutes.1n this study, a11
the Nox storage amounts were measured at 600゜C, in order to
exa血ne the suitability of storage materials for high temperature
applications.

The Nox storage amounts were measured in a conventional
fixed bed reactor as shown in Fig.3. The gas aow rate waS 5
L/min, and the sample was l g of a pe11et catalystloaded with a
given amount of platinum (pt). The composition of the model
gas, as shown in Table l, simulated the composition of exhaust
gas obtained on a gasoline engine bench.

Gas composition
C02 02 H20

(ツ0)(%)(%)

10 0.4 5

10 6.5 9

Among the conventional storage materials, potassium
Compounds have favorable hioh temperature characteristics.
Nox storaoe performance was therefore measured on 12 types of

N2

Residu

Residu

Rich
^

^

Modelgas ^ヲヲ,・

NO×1N

t=120

Time t(sec)

Fig.4 Measurement of Nox storage Amount

Lean

NO×OUT

Sample

The oxidation activity of the catalyst was evaluated by
measuring the H20xidation temperature. The same equipment as
for measuring the Nox storage amount was used to measure the
temperature at which the amount of H2 reduction reaches the

maximum level when a gas mixture containing H2 a%) and N2
is introduced into the catalyst, as shown in Fig.5.

Fig.30utline of Model Gas catalyst Evaluation
Equipment
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materials containing potassium oxide. The measured NOX
Storage amounts are shown in Fig.6.

(K1 5Sr05)丁i6013
K2VV04

K2Sn03

K4P207

K20/2B203/4H20

KV03

K2MO04

Ksi03

K18Ah 8Sn620

K2丁a03

Lao.7K03CO03

La07KO.3Fe03

0 0.5 21 1.5

Nox storage amount(mg)

Fig.6 Nox storage Amount of NSR catalysts lncluding
Various Types of storage Materials

NSR catalysts c0川aining perovskite type oxides (typical
example: La07KO.3CO03) as the storage material exhibited a

Superior Nox storage performance to other materials. Therefore,
the study focused on perovsMte type oxides.

Perovskite

Wpe oxides

~/

4. ResU吐S and Discussion

This study examined 血e first transition series, which has a

fairly high level of oxidation activity. The relationship between
Oxidation activity and Nox storage amountis shown in Fig.8.

Improvements in oxidation activity4.1

The crystal structure of perovsMte type oxides is shown in
Flg.フ.

A訣Mn3+1_2,Mn2+XTi4+×02-3

二A3+Mn3-1ⅨT14-×02'3_X十互'02

1.5
Mn

05

Fig.7 Schematic Diagram of structure of perovskite
Type oxides

Peak H20xidation temperature (゜C)

Fig.8 Relationship Between oxidation Activity and
Nox storage Amount

There are two types of actions in the crystal structure of
PerovsMte type oxides. one takes place in the A・site, i.e., the
body center of the cubic lattice thatis coordinated by 120xyoen
atoms. The other takes place in the B・site, i.e., the face center of
the cubic lattice that is coordinated by 6 0xy8en atoms. The
averaoe valence ofthe A・site and the B・site iS 3+.

Xvith respect to the AB03 PerovsMte type oxides thatinclude
rare earth elements in the A・site and the first transition metal

Series (such as co and Fe)in the B・site respectively,itis already
known thatthe properties of the B・site ions are reaected stronoly
in the oxidation activity.②

0

240

Catalysts usino Mn in the B・site exhibited the hiohest
Oxidation activity and the largest Nox storage amount. AS
equations l and 2 indicate, this is believed to be because the
Valence of the B・site ions is susceptible to chanoe,、N,hich
facilitates the entry and exit of lattice oxygen,thereby promotino
the oxidation of NO.1n equations l and 2, A3+ indicates the A・
Site ions. A comparison of the ionization energy of the 3+ ions
indicates that Mn becomeS 4+ at a lower eneroy than the other
three elements,(3)thus indicatino the effectiveness of Mn.

A3゛Mn3+02-3

二A3+Mn3+1_2,Mn2+詠02-3_X+互'02 ①

A3+Mn3+02-3+区・02A3+Mn3+02-3+互・02
二A3゛Mn3'1.2ゞMn4゛2,02-3゛X

◆

Fe

Structuralformula: AB03

CO

●: A・site (positive jon)

: B・site (positive ion)

0:0●'

250 260 270 280

104

The Mn in perovsMte type oxides norma11y stabilizes at Mn3+.
Substituting a portion of 血e Mn with 4+ ions results in 2+ Mn
ions but, because these ions revert easily to the 3+ state, they are
thought to facilitate the entry and exit of the oxygen atoms, as
indicated in equation 3.(4)(5) Fig.9 Shows the results of NOX
Storage amount measurement after partia11y substituting the B・
Site with 4+ ions. Here, Ti4+ whose ion radius is relatively close
to Mn3+, is used as the substitution element because the crystal
Structure could break if the size of the ions is too different from

入4n3+.
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2.4

2.1

18

15

10 200 30 40 50

Ti substitution rate (ツ0) of Mn 侶・site)

Fig.9 Relationship Between Ti substitution Rate and
Nox storage Amount

12

◆

When 血e Ti substitution rate of the B・site iS 30%, the

Oxidation activity is the highest and the Nox storage amount is
also large. Although Ti promotes valence change in Mn,血e
Optimal value for the substitution rate is believed to be 30%
because the amount of Mn becomes insufficient if the rate is

excesslve.

245
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240

235

42 StabⅡizing the perovskite crystal structure

The Tolerance Factor(hereinafter refened to as "T") was used

as an index for findino a suitable structure for Nox storage. The
T shown in equation 4 indicates the structural stability of
PerovsMte type compounds. An ideal cubic perovsMte structure
is attained when T=1. Here, rA indicates the averaoe ion radius
in the A-site, rB indicates the average ion radius in the B-site, and
r。 indicates the neoative ion radius, which in this case is the ion
radius of 02、(0.14 nm).

RA+RO

230

The study sugoests that the doser the Tolerance Factor is to
T=1, the greater the Nox storage amount becomes. Thus, the
doser the structure is to the ideal cube, the better suited it is for

Nox storage. Among those examined, the use of neodymium
(Nd) exhibited the largest Nox storage amount.

43 Strengthening basicity

Itis klown thatthe Nox storage amount ofconventionalstorage
materials increases as basicity increases. Basicity was also
expected to be an important factor 、uhen perovsMte type oxides
are used as a storage material.1t was therefore considered that

Strengthening basicity would increase the Nox storage amount.
The effects of basicity were verified by replacing the alkaline
elements that enter the A-site. The results are shown in Fig.11.
As is the case with the conventionalstoraoe materials,the NOX

Storage amount trend increased in accordance with the basicity.
However, when cesium (CS) was used,the Nox storage amount
decreased in spite of the strong basicity. As shown in Fig.12,

225

T

The rare earth elements that enter the A-site have differention

radii, but similar chemical properties. The rare earth elements in
the A・site were examined to find a suitable structure for NOX

Storage. The results are shown in Fig.10.

yz (RB , RO)

3

CS

4

④

3

098 1.02

Tolerance Factor T (・)

Fig.10 Relationship Between crystal structure
Stability and Nox storage Amount
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血e crystal structure of the samples was verified through x-ray
diffraction (XRD) analysis. The results revealed that using cs
Caused the perovsMte structure to c0Ⅱapse.

Based on these results, it was determined that the optimal
alkaline metal for the A・site in perovskite type Nox storage
materials is rubidium (Rb).

As evident from the results shown in Figs.11 and 12, high
basicity alone is notthe only factor related to storing Nox at high
temperatures, and it is extremely imponant for the Nox storage
matedalto have a perovsMte stNcture. XV11ile the Nox storaoe

amount increases in accordance with the addition amount of Rb,

an excessive amount of Rb is thought to cause the structure to
become unstable and to decrease the Nox storage amount. For

this reason, the Rb addition amount was examined in order to

detenmne the optimal value. The results are shown in Fig.13.
It was confirmed that the Nox storage amount increased in
accordance with the amount ofRb, and thatthe largest amount of
Nox was stored when the addition amount of Rb waS 30%.

Calculation showed thatthe Tolerance Factor T was closestt0 1

When the addition amount ofRb waS 30%. At 50%, T was l.02,

indicating thatthe perovsMte structure had c011apsed.

4

As the xRD analysis of the crystal structure in Fig.14 Shows,
the material with an addition amount of 50% had a c011apsed
PerovsMte structure. This confirmed that a portion of Rb had
Precipitated to form a carbonate.

3

5.verifying the E什ectiveness of catalyst W詮h
Optimized composition

It was determined from the results of 血e studies described

above thatthe composition ofa storage materialsuitable for NOX
Storage at high temperatures is Ndo.7Rb03Mno.7Ti0303 (hereinafter
refened to as "NRMT"). The effectiveness ofNRMT as a NOX

Storage material was then verified.

5.1 Retention of stored NOX

A temperature programmed desorption test was conducted for
Stored Nox to verify the difference in stored Nox retention
Capability between Ba and K (the conventional Nox storage
materials) and NRMT. The test enabled the thermalstability of
Stored Nox to be observed by causing Nox to be stored at
300゜C,then applying heat under a aow of He and measuring the
desorbed NO×.

40 50200 3010

Rb addition amount (9'0)

Fig.13 Relationship Between Rb Addition Amount and
Nox storage Amount
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◆

◆

Rb:10ヲ'0
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30 4020
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Fig.14 Rb Addition Amount and crystal structure
△: Rb2C03 ◆: perovsk吐e type structure
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Fig.15 Comparison of NOX Retention of storage
Materials

: Measured value

ー・: value calculated by waveform separation

Fjg.15 Shows that an NSR catalyst that uses K or Rb as the
Nox storage material has only one Nox desorption peak,10cated
at 463゜c and 545゜C, respectively. Because the conventional
Storage materials are known to store Nox as nitrates, the
desorption peak for these materials is dependent upon nitrate
Stability. However, the tests have revealed that an NSR catalyst
that uses NRMT as the Nox storaoe material has two NOX

desorption peaks. The temperatures of the two Nox desorption
Peaks obtained through a waveform separation analysis were
545゜c and 740゜C, respectively. The lower Nox desorption peak
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temperature is the same as with a catalyst using only Rb as the
Storage material. Therefore, it is assumed that a p0此ion of the
Rb that precipitated on the surface stored Nox in the form of a
nitrate. However, the tests revealed that NRMT has a site that

retains Nox up to an extremely high temperature of 740゜C,
Somethino that has not been observed previously. This is
assumed to be because NRMT stores Nox in a crysta11attice,
instead of storino H in the form of a simple nitrate as with
Conventional catalysts.

52 Nox storage performance

Fig.16 Shows the results of the findings of the temperature
Characteristics of NRMT, as compared to the conventional NOX
Storage materials Ba and K.
The results show thatthe newly developed NSR catalyst that
Uses NRMT as the storaoe material provides a better NOX
Storage performance than one that uses Ba and K, particularly in
the high temperature ranoe between 500゜c and 600゜C.

Investigation of perovskite Type Nox storage Materials at High Temperature
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6. conclusions

This aπicle has described research pertainino to a Nox storaoe
material with an exce11ent high temperature Nox storaoe
Performance,、vhich is necessary for further improving fuel
economy and achieving deaner emissions, as we11 as the
e丘ectiveness of this material. The results of the research can be

Summarized as f0110WS.

a) NRMT, which has a perovskite structure,is effective for hioh

temperature Nox storage.
(2) unlike conventional materials, NRMT has a site that can

retain Nox up to a high temperature range.
(3)Ⅵlhen a perovskite type Nox storage materialis used for
Storing Nox at high temperatures, the Nox storage amount
Shows an increasing trend the closer the structure is to an
ideal cube (T=D.
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Micr..i.10gical Treatment system for

Volatile organic compound (VOC)
Contaminated soil

Abstract

quick,10W・cost, safe microbi010gicaltreatment system has been developed fortrichloroethylene contaminated
Soil. Natura11y occurring microorganisms with a high degradation capaC託y were eva山ated, and the best
microorganisms from the standpoint of safety to humans and the ecosystem were selected. conventiona11y,詫 has
been di什icU吐 to apply bi010gical treatment systems to si吐y soil, but this was enabled by mixing in soil
amendments to create environmental conditions where the microorganisms can operate easily. Large・scale
Validation tests were performed to achieve the first introduction of this kind of system in the world.壮 has been
Confirmed by the Ministry of Economy, Trade and lndustry in Japan that this techn010gy conforms to
bioremediation guidelines for open systems.

Keywords: VO/a削e organm compound イVOC/, contammatedsoi/, micmbio/ogica/treatment,trich/oroe仂y/ene,
S0がamendments, bioremed般ガ0n

1.1ntroduction

In recent years, soil contamination has become more
noticeable and is now reoarded as a major problem for society.
According to a 2002 Survey by the Japanese Ministry of 由e
Environment,43% of the reported cases of contamination
involved volatile organic compounds (VOCS).(1)
The conventionaltechn010oies to treat voc・contaminated soil

include mixing and aeration treatment, heat treatment, and
Chemical degradation treatment. However, each of these
Presents problems, such as the length of time required for
treatment, the relatively h喰h cost, or the safety of the chemicals
employed. A techn010gy is therefore needed that can treat
Contaminated soilsafely,in a shorttime, and atlow cost.②
To address these problems, Toyota focused on the ability of
microoroanisms to deorade vocs, identified safe

microorganisms in the natural environmentthat have that ability,
Created the conditions that maximize that ability, and developed

a practical process for treating contaminated soil.

ToshiakiKimura*

Yasushioda*

Shuseiobata*

2. overview of Microbi010gical Treatment system

Fig.1 Shows a schematic view of the microbi010gical
treatment system that was developed. The system consists of a
Process that mixes voc・degrading microorganisms into
Contaminated soilthat has been excavated and a process by
Which the microoroanisms deorade and remediate vocs. The

degradation and remediadon process is an extremely simple one
that requires no special processing line and completes
remediation just by piling the soil and letting it sit.

Micro0四anlsrns

¥ Future project Div

Trichlo

108

th lene

Degradation
treatment

Fig.1 Schematic Diagram of Treatment system

Excavated

3. Development of A Trichloroethylene・Degrading
Bacterium

Trichloroethyle
(TCE)

3.1 1Solation

bacterium

Trealment

Complete

Bacteria were isolated that degrade the most commonly
reported voc contaminant, trichloroethylene (TCE), in
Conta血nated soil. The 血Crobi010oical deoradation of TCE can

be accomplished by either aerobic bacteria, which require
Oxygen, or anaerobic bacteria, which do not need oxygen, but
f・o o b'bt h d h'as一ど0。ao oa

quick remediation. Fig.2 i11Ustrates the mechanism by which
aerobic bacteria deorade TCE. An inducer is introduced into the

bacterialce11S to cause them to produce the enzyme that deorades
TCE. The TCE・degrading enzyme adds oxygen to TCE to form
TCE oxide.1n the end, the TCE is broken down into water,

Carbon dioxide, and chloride ion.

e

Of a trichloroethylene・degrading
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Degradatlon en2yme

CI~

CI/

Fig.2 HOW Aerobic Bacteria Degrade TCE

Fig.3 i11Ustrates the method by which the bacteria were
isolated. samples were c011ected from naturalsources such as
Soil, sludge, and river water, then incubated in mixtures of TCE

With different inducers. The growing ce11S were separated out,
and the ability ofthe restino ceⅡS to degrade TCE was evaluated.

Resting ce11S are ce11S that have been separated by centrifuge
from the culture medium in which the TCE・degrading bacteria
are incubated with nutrients and inducer, such as phen01, and
Washed to remove the nutrients and phen01.

1. C011ect sarnples

/CI
C=C
'H

TCE

Microbi010gical Treatment syslem for vola訓e organic compound (VOC) contaminated soil

・・^、

CI'、,、/CI
C-C
CI 'H

C02

H20

Cr

32 Degrada"on performance of strain M07

The ability of strain M07 resting ce11S to degrade TCE in
Water was evaluated.圦lhen added at a concentration of l09

C010ny forming unit (cfuyml, strain M07 Completely degraded
50 mg/1 0f TCE in one day. The bacterium even completely
degraded a high concentration of loo mg/10f TCE without any
effect on its performance, as shown in Fig.5.

250

TCE 20o mg/L

ー.- TCE loo m9/L200

TCE 50 mg/L

垂^ 3.1Solate micro0四anisms bytype.
(2,ooo strams)

4. Evaluate abiliw to degrade TCE

Fig.3 1Solation of TCE・Degrading Microorganisms

The advantages of using resting ce11S are (D they have been
fUⅡy induced to produce TCE・degrading enzyme, so they have
the capacity for quick remediation; and (2) they have been
Washed, so that when they are added to the soil,they do not carry
harn)fulsubstances like phenol and nutrients with 血em.
Approximately 2,ooo bacterial strains that were isolated from

the natural environment were evaluated by resting-ce11S
reactions. From 血ese, a phen01・using TCE degrader ca11ed
Strain M07 Was selected. Fig.4 is an electron microscope
Photograph of strain M07. strain M07 grows bestin a neutral・
PH environment attemperatures of20゜c t030゜C.

伯00

939

Janめacterthuringensis
M07

Ten'abacter 加mescens
Teπacoccus /uteus

150

Time (days)

Fig.5 Degradation of TCE in vvater by strain M07

Strain M07 is capable of degrading a broad ranoe of compounds
in addition to TCE, indudino cis・1,2・dichloroethylene,1,1
dichloroethylene, trαπS・1,2・dichloroethylene,1,3・dichloropropene,
benzene,toluene, xylene, phen01, and cres01.

These results indicate 血at strain M07 is a hioh・performance
Voc degrader.

3.3 Safety of strain M07

33.1 Taxonomic identification of strain M07

Strain M07 is gram positive, with a Mgh G+c content (73%),
抗eso・dia111inopimelic acid as the main constituent of its ce11 Wa11S,

and menaquinone・8 (H4) as the respiratory chain quinone. Fig.6
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Fig.4 Electron Microscopic photograph of strain M07
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Fig.6 Phylogenetic Tree showing the Relative position of
Strain M07 Based on 16S rRNA Gene sequences
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Shows the results of a phylogenetic analysis of the 16S rRNA
gene sequence. Based on these results, strain M07 Was
identified as /a111'bacter sp. No pathogeniC ノαπibacter sp.
bacteria have ever been reported, so strain M07 Can be regarded
as a non・pathogenic organism.

3.32 Safety testing of strain M07

Strain M07 Was tested for toxicity and environmentaHmpact.
At the time the system was developed, no guidelines had been
established for the remediation of vocs by mixino

血Croorganisms into soil, so testing was conducted according to
the items used by the Japanese Ministry of Agriculture, Forestry
and Fisheries in its safew testino for microbi010gical agricultural
Chenlicals

A third・party organization carried out toxicity and skin
irritation tests on rabbits and rats, as we11 as environmental

impact tests on quails, a type of fish (ki11ifish), daphnia, and
aloae. The tests showed that there is no toxicity or

environmentalimpact. These test results have been reviewed
and confirmed by the safety c011Ⅱnittee of the Japanese Ministry
OfEconomy, Trade and lndustry.(4)

333 Detection of strain M07 in soil

It was extremely imponant to develop a fU11 Understanding of
the behavior of strain M07 When itis added to soil and to check

Whether or notit orows abnorma11y To do so required the
development of a method to detect only strain M07 amid the
multitude of other 血Croorganisms that are presentin soil.
An M07・specific selective culture plate was developed by
incorporating four antibiotics into an inorganic salt medium that
Uses phenol as its sole carbon and energy source. counts of the
C010nies that orew on the plate indicated that strain M07 Could
be detected atlevels of l05 Cfu/o ofdry soil or higher.

To provide the sensitivity to detect M07 at l04 Cfu/g of dry
Soil or lower required the capacity to distinguish it from the
backσround of other microoroanisms in the soil. A method of

detectino M07 Was developed that uses the c010ny pcR method
to select, from among the M07 gene sequences for TCE-
degrading enzymes, a particular gene sequence that is unique to
M07. of the 50 soilsamples S加died to date, none has shown
any amplification ofDNA from c010nies of soilbacteria orowing
On the selective culture plates, indicating that strain M07 Can be
distinguished from soil bacteria.
Next, these techn010gies were used to study changes in the
numbers ofstrain M07 CeⅡS. AS Fig.7 Shows,the M07 Count
declined from l09 Cfu/g of dry soilt0105 Cfu/g.
These results mean that when M07 is dispersed in soil, its
Ievels decline natura11y after the TCE in the soilis degraded,
indicatino thatit has no e丘ect on the natural environment.

109

107

壷

9030 60 120 1500

Time (days)

Fig.7 Changes in Numbers of strain M07 in soil
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4. Development of Treatment system

4.1 TCE degradation in s0託 by strain M07

^

86% sand,12% S枇,2% clay

Sandy soil

The level of TCE in sandy soil decreases rapidly when strain

M07 is added, as shown in Fig.8. By contrast, when M07 is
added to silty soil, almost no TCE deoradation occurs.

0.1

Soil amendments absorbing water

Fig.9 Electron Microscopic photograph Of soil with
Added soilAmendments

10

川。"",ー,四。卿 1
Silty soil

10 15 20 250 5

Degradalion time (hours)

Fig.8 Degradation of TCE in soil by strain M07

Silty soil has sma11er particles than sandy soil and tends to
retain water.1tis therefore conjectured thatthe degradation does
not occur in silty soil because the air pockets within 血e soil fi11
With 、vater, creating an oxygen deficiency.
S0Ⅱ amendmentS 血at absorb water were therefore added to the

Silty soil. Fig.9 is a photograph from a cryo・scanning electron
111icroscope shoW血g soi1 血to which soil amendments have been
mixed. Air pockets were observed to form as the soil
amendments absorbed the water. strain M07 UtiⅡZesthe oxygen
in 血ese air pockets efficiently to degrade TCE.
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ne results ofTCE degadation in silty soilare shown in Fig.10.
Xvhen nothing was added or only strain M07 Was added, almost no
TCE degradation occurred, but when strain M07 Was added
together with soil amendments, TCE in the soil was reduced to
below the Japanese environmental stand釘d value of o.03 mo/1
Within 24 hours.

Microbi010gical Treatment system for volatile organic compound (VOC) contaminated soil

0.1

Japanese Envlronmental
Standard value

0.01
0 10 20 5030 40

Degradalion time (hours)

Fig.10 Degradation of TCE in s"ty s0託

0.03

Nothing added
^^

M07added

Pile stock

42 Pilot・scale tes"ng

Authors

Fig.11 Shows the pile stock bioremediation system that was
developed to deorade TCE in soil.

In this extremely simple process, TCE・contaminated soilis
excavated, and then 血Xed with strain M07 and soilamendments

by a machine like that shown in Fig.12. The 血Xture is piled up
and left for 24 hours, after which time the TCE is fU11y degraded
and remediated.

Pilot・scale testing also demonstrated the effectiveness of the

System by reducing TCE in soilto below the Japanese
environmental standard value.(5×6)

M07 and soil

amendments added

5. conclusion

Even though microorganisms are smaⅡ, they possess a range
Of abilities, and they are usefulto humans not only in the
brewing industry, for example, but in cleaning the environment
as we11. However, a range of problems have kept methods of
treating soil with specific bacteria (bioremediation) from
reaching the commercia11evel. This article has described a

System that was developed to address these issues, and economic

issues as weⅡ, and that has proven to be commercia11y feasible.
It is expected that new uses wi11 Continue to be found for these

microorganisms that embody the wisdom of nature and thatthey
Wi11 Play an active role in reducing the burdens on the
envlronment.

The treatment system described here was developed joindy
With obayashi c0印oration. The authors wish to thank a11those
involved in 血e project

T KIMURA

TCE・
mntarninated
Soil

^

Mix with soilamendments and

degrading microorganisms

Building with
gas treatment equipment

Degradation and remedialion
It02 da s

Building with
gas treatment equipment
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Fig.11 Developed Treatment system
Bioremediation system
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Smulation of occup nt Motion in R ar

Impacts using Human FE M delTHUM

Abstract

In this study, occupant motion jn rearimpacts was simulated W託h a human body model named Total Human Model
for safety (THUMS). First, the human neck structure was modeled including soft tissues such aS Ⅱgaments and
neNes. The model was validated against post Mortem Human sU可ect(PMHS)tests that have been reported in
related publications. Next, kinematics ofthe head and neck were analyzed using the THUMs with the detailed neck
model, and the load applied to the softtissues was investigated with the impact speed increased. Then, the model
Was used to evaluate the performance of a new seat system,the New vvhiplash lnjury Lessening (VVル) concept seat,
Which has been developed to reduce relative motion between the head and torso. DesP詮e increasing the impact
Speed up t050 kph (which is faster than that conventiona11y useの, the load applied to the neck soft tissues vvas
m詫igated W託h the New vvlL concept seat as compared to the conventionalseat.

Keywords: THU/レ1S, human mode/, rearimpact, whφ/ash mjuly, seat

1,1ntroduction

Althouoh the number of fataHties in automotive traffic

accidents has been fa11ing in recent years, the total number of
accidents and casualties is sti11 0n the rise, and rear impacts

account for a large proponion. U) Rear impacts occuning atlow
Speeds only resultin a sma11 amount of damage to the vehicle,
however vehicle occupants involved in rear impacts often
Complain of a dUⅡ Pain in the neck (hereinafter ca11ed cervical
Vertebra). This dU11 Pain is a so・ca11ed " whゆlash injury."
UnHke bone fractures, a whゆlash injury cannot be visua11y
Con負rmed, thus maMno it dif負Cultto pinpointthe cause of pain.
Researchers are also sti110nly at 血e stage of proposing vanous
theories regardino how much of a load on the cervical vertebra
Ieads to a whゆlash injury.1t is widely known that relative
motion between the head and torso is the key to understanding

Whiplash injudes, and some research institutions have proposed
evaluation methods usino crash test dummies. Recendy, there

has been a spate of research (2)、(4) focusing on joint behavior in
Cervical vertebrae (neck bones) and the loads on soft tissues

(such as ligaments and nerves). However, measuring the
behavior of 血dividual cervical vertebrae from among the overa11

body movement ofthe occupantis not an easy task
The Total Human Model for safety (THUMS)jointly

developed by Toyota Motor corporation and Toyota central
R&D Labs.,1nc. includes most bone and joint stNctures of the
human body. For this reason, THUMs enables a detailed
analysis of behavior from the level of the overa110ccupant body
down to behavior in units of cervical vertebrae. By adding soft
tissues included in the neck to THUMS,this research was able to

YuichiKitagawa*

JunjiHasega、va*

evaluate the load applied t0 血e occupant's neck in a rear impact.
The validity of the model was confirmed by comparison with the
Cervical vertebrae behavior described in the literature. use of

this model makes it possible to study variations in neck loads
resulting from different rear impact speeds or seat structures.
Therefore, THUMs was used to verify the impact mitigating
effect ofthe New W丘 Concept seat developed by Toyota.

* Advanced cAEDiv

2. calculation Model

112

2.1 Development of neck model

Human cervical vertebrae have a structure in which bone

masses ca11ed vertebrae are connected by soft tissue such as
intervertebral discs and lioaments. such tissue is included in the

THUMS occupant model(ver.1.5)joindy developed with
Toyota central R&D Labs.,1nc., and enables the calculation of
Occupant behavior in rear impacts.1n order to evaluate the load
Ievel on soft tissue, this research newly added soft tissue such as

the spinal cord, spinal a山d, dura mater, pia mater, nerve roots,
Vertebral arteries, and joint capsules. Fig.1 Shows general
Views of the model. The softtissue forms were created referring

to anatomy literature and the like, and the material properties
(5×6)、vere input refening to values given in biomateria11iterature.

Also modeled in THUMs were the main muscles associated with

movement of the head and neck. The positions where muscles
are attached to bones were determined with reference to

biomateria11iterature; however, the muscles themselves were

modeled using linear spring elements. No consideration was
given to muscular contractions resulting from reflexive reactions.



Spinal cord/ dura mater
nerves, aderies,dura mater/

joint capsules Head and neckPla mater

Fig.1 Modeling of soft Tissues in Neck

22 Veri"cation in un詫S of cervical vertebrae

Much of the data oiven in the literature on the material

Properties of human tissue were obtained by extracting the
Subject tissue and then setting it on a tester to measure. simply
inputting 血e obtained physical values into the model should
enable the simulation of dynamic characteristics. However,
forces acting within the actual human body are not necessarily
the same as those in tests at the tissue level, so the behavior and

response are not guaranteed accurate for the human body.1n
Other words, the assembled model needed to be verified anew.

Hence, this research firstidentified the material properties for the
modelin units of cervical vertebrae, using the literature data
input for each tissue as initial values. Test data ⑦ Was cited as

仏rget cervical vertebrae characteristics, which applied impact
10ads to extracted human (PMHS) cervical vertebrae and

measured the rotational angle and moment. Fig.2 Shows line
diagrams of the rotational angle and moment when cervical
Vertebrae are twisted in the longitudinal direction, and compares
test data given in the literature with the calculation result
Obtained using THUMS. The two diagrams are both in almost
Complete correspondence, and it is clear that the identified
Cervical vertebrae model simulates the test results we11.

＼＼
＼
＼
N

Simulation of occupant Motion in Rearlmpacts using Human FE Model THUMS

Analysis result

23 Verification of modelincluding head

Next, verification of the overa11 behavior of the neck as weⅡ as

the head was performed on the modelidentified in units of
Cervical vertebrae. xvith regard to the area from the head to the
Ist thoracic vertebra (TD of the pMHs in the referenced test,
foNard acceleration at a maximum of lo.5 G with Tl fixed to

the sled resulted in a swingino movement of the head in the
10ngitudinal direction.(8) The rotational anole and translational
displacement of the head center of gravity were measured based
On the oU中Ut of an accelerometer setin the head. For THUMS
as we11, the area from the head to Tl was extracted and a

Calculation was performed using the same inputs as the test.
Nodal displacement conesponding to the head center of gravity
OfTHUMs was oU中Utfor comparison with the time history data
given in the literature. Fig.3 Shows the comparison results. For
both the rotational angle and the translational displacement ofthe
head center of gravity, it was confirmed that the behavior of the
THUMs head and neck conesponded weⅡ With the behavior of
the pMHs head and neck.
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2.4 Verification offU11・body model
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Last of aⅡ, the behavior at the level of the overa11 body was
Compared to test results (9) using human subjects (volunteers).1n
the test, the volunteers were seated 加 a noid seat that was then

tilted and sHd down rails. once the acceleration reached

approximately 8 hwh,the seat was stopped by a shock absorber.
According to this method, the torso decelerates first at the time
Of stopping, while the head tends to remain in motion due to
inertia.1t is therefore possible to simulate cervical vertebrae

behavior resemblino that of vehicle occupants in rear impacts.
Note that whiplash i川Uries were repoded notto occur in healthy
test subjects at a delta・v of approximately 8 hwh, and that the
research in the literature focuses on the measurement of cervical

Vertebrae behavior.1n addition to settino an accelerometer on

-5

Time (sec)
(2) Head rotational angle

Fig.3 Verification Results of Mode11ncluding Head
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the bodies of the volunteers to understand the behavior of the

OveraⅡ body, profiles of the volunteers' heads were recorded
Using a high・speed x・ray camera for image analysis. Based on
the above, the movement of the cervical vertebrae was measured
in units of vertebrae.

For the calculation usino THUMS, a fUⅡ・body model was
Seated in a dgid seat and the test was simulated by inputting the
acceleration pulse measured in the actualtest.1t was possible to
Compare the cervical vertebrae behavior (r0仏tion in particular)
With the test data by oU中Utting the nodal displacement of the
Cervical and thoracic vertebrae as time history data. Fig.4
Shows the comparison results of the rotational angles of the
Cervical and thoracic vertebrae. Both the rotational anole of the

head center of gravity and the rotational angles of each vertebra
Calculated in THUMs were confirmed to have exce11ent

Conespondence with the test results up until approximately loo
ms after the start of deceleration. After loo ms, the rotational

angles of the cervical vertebrae in THUMs tended to increase.
The reason forthis may be due to the fact 血at although muscular
Contraction due to a spinal re負ex starts after loo ms in human
Subjects, which basica11y applies the brakes on head and neck
behavior, the THUMs calculation does not take into account
muscular activation and therefore the rotation continues to

increase. Based on the above, the THUMs model used in this

research can be considered capable of simulating the head and
neck behavior of human subjects with hioh accuracy, provided
that the simulation is li血ted to approximately loo ms after the
Start ofmuscular response.

3. occupant Behaviorin Rearlmpacts

3.1 0ccupant behavior characteristics

Occupant behavior was studied under conditions simulatino a
Vehicle rear c011ision, usino the THUMs modelthat was

Confirmed capable of simulatino human head and neck behavior
With hioh accuracy. A calculation modelsimulatino the 丘ont
Seat ofa passenger vehicle was created, onto which THUMs was
Seated in a standard position. For simplicity, the vehicle
Structure was omitted, and input from a rear impact was
Simulated by applying forward acceleration to the seat bottom
The condition for impact intensity was set as equivalent to that
When a stopped vehicle is impacted from behind by another
Vehicle traveling approximately 30 kwh.
Fig.5 Showsthe behavior ofthe THUMs head and neck when
Viewed usinσ the seat as a reference.圦lhen observino the rear

impact phenomenon using the road surface as a reference, the
Seat moves forward and pushes out the occupant's torso, while
the head tends to stay in the same position due to inertia. As a
result, a relative difference in displacement occurs between the
head and torso. on the contrary,in the seat reference view ofthe
fioure the body is shown moving to sink into the seat due to the
rear impact. The speed at which the torso sinks into the seat
Oradua11y decreases because of the reaction force from the seat
back; however,the head sti11 moves backward atthe initial speed
(because of inertia). consequendy, a relative difference in
displacement occurs between the two. Funhermore,it was also
Confirmed that the spine ramps up once the torso receiveS 血e
reaction force from the seat back, and that the seat back

Conversely deforms in a downward slanted direction due to
Pressure from the torso. At first, the head translates backward
and the movement of the lower end of the cervical spine is
restricted because of its connection with the torso. But as time

Passes, the head contacts the head restraint while rotating
backward. Afterwards, the movement of the head 負na11y
decelerates as the rigidity of the stay and foam material stan to
Support the head. Both the head and the torso ultimately return
forward due to the reaction force ofthe seat.
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32 Effect ofrear impact speed

According to an analysis of traffic accident data conducted by
the Ministry of Land,1nfrastructure and Transport in Japan,
approximately 60% ofrear c0Ⅱisions occur atspeeds of 30 hwh
Or less, and approximately 90% occur at speeds of 50 hwh or
Iess (when a stopped vehicle is impacted 丘om behind by another
Vehicle). aの The conventional neck whiplash injury evaluation
is pedormed under conditions mainly assum血g an impactspeed
Of 30 km/h. However, the evaluation speed was raised t0 50
klwh in this research in order to further increase the techn010oy
Ievel.

Usino THUMS, the e丘ect of an increased rear impact speed
Was studied. Rear impact conditions were simulated by applyino
a delta・v of approximately 16 klvh and 25 kwh t0 血e bottom
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Of the seat modelin the actual calculation. This is based on the

fact that if, for example, a stopped vehicle is impacted from
behind by a vehicle of the same 、veight travelin0 50 klwh, the
finalspeed ofboth vehicles iS 25 klwh. Therefore,the delta・v of

the impacted vehicle is approximately haH of the impact speed,
Or 25 kwh. Fig.6 is an enlaroed view focusing on the behavior
Of the head and neck at rear impact speeds of 30 kmnl and 50
klwh. compared t030 hwh,the backward tilt angle of the seat
back at 50 hwh is much oreater, and the rotational displacement
Of the head and neck is clearly increased. This indicates an
increased amount of impact energy due to the rearimpact, which
in tum increases the kinetic energy of the body as weⅡ as seat
deformation.

Fig.5 Head and Neck Behaviorin Rear lmpact(skin Not shown in THUMs calculation Result)

Simulation of occupant Motion in Rearlmpacts using Human FE Model THUMS
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Fig.6 Change in Head and Neck Behavior Due to
Increased Rearlmpact speed

33 Evaluation of neck load

Moreover, in consideration of the fact that the THUMs model

Used in this research does not include muscular activation, a

Comparative evaluation was conducted based on calculated

Values. Fig.7 Shows the comparison results according to rear
impact speed. LOOMno at the load levels of soft tissues, it is
apparent that raising the rear impact speed from 30 hwh t050
kwh also results in an a11・around increase in the levels of loads

actino on the neck soft tissues. Furthermore, the same trend as

the soft tissues is also seen with the MC, which rise alono with

the increase in rear impact speed.

30 km/h

120 ms

A comparison was made next ofthe loads actino on the neck at
the rear impact speeds of 30 kmnl and 50 klwh. An indicator
Ca11ed Neck lnjury criteria (NIC) was used, which is often used
in evaluations with crash test dumlmes. The Nlc are calculated

from the differences in velocity and acceleration of the head and
the lower end of the neck, and represents the relative differences
in movement of the head and torso in numerical values. This

research also evaluates the stress and strain generated in the neck
Soft tissues in addition to usino the NIC. soft tissue that

researchers have focused on include the intervertebral disc,joint
Capsule, anterior longitudina11igament, and dura mater. Load
Ievels leading to injury have also been proposed for each tissue.
aD However,the load level values are sti11 Under debate.

160 ms

50 km/h

30 km/h

[] 50kmm
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Intervertebral

disc
Joint Ant引ior Dura NIC
Capsule 10ngitudinal mater

Iigament

Fig.7 Change in Neck Load lndicators Due to
Increased Rearlmpact speed

4. proposalfor New seat structure

4.1 New 、NIL concept seat

Toyota Motor corporation has employed the 圦11L concept
Seatto mitigate the loads on an occupant's neck in rear impacts.
In lioht ofraisino the evaluation speed from 30 kmAlt050 kwh,
this research developed a New wlL concept seatthat builds on
Pasttechn010gy.
Fig.8 Summarizes the technical aspects of the New wlL
Concept seat. The structure of the lower part of the seat back
Was reinforced to cope with the increased speed. Thus, the
backward tilt anσle of the seat back can be held in check and

kept sma11, even atimpact speeds equivalentt050 hwh. on 血e



Other hand, the part of the seat back supporting the occupant'S
torso was given more cushioning. suppressing the reaction force
Of the seat back should have the e丘ect of narrowino the relative

difference in displacement of the head and torso. Moreover,
restraining the spine from ramping up leads to better support of
the head by the head restraint. The position of the head restraint
Was also moved closer to the head and modified for improved
Support.1n addition, a two-1ayer structure was used for the foam
material of the head restraint. A soft foam material was used for

the outer layer to ensure that the head restraint remains
C0111fortable durino normal use, whereas the inner layer employs
a harder materialto securely support the head in rear impacts
The mountino stiffness of the head restraint stay was also
reinforced to add further support

(3) Head
restralnt

(2) seat
back

head and neck due to differences in seat structure.1n the

Conventional seat, there is a relatively large back、vard tilt anole

Of the seat back, and 血e head contacts the head restraint in a

Somewhatramped up position. on the contrary,in the New wlL
Concept seatthere is a relatively sma11 backward tilt anole of the
Seat back, and the head is we11 Supported by the head restraint.
The sma11er backward tilt anole of the seat back in the New wlL

Concept seat is believed to be the result of reinforcino the
bottom structure of the seat back, which had been modified to

handle the higher evaluation speed.

(1) Lower
hame

..■●■■冒■■■.

F

Fig.8 Technical Aspects of New vvlL concept seat

New

VVIL

42 E什ect verification

..........

During development of the New wlL concept seat, a crash
test dummy ca11ed BioRID was used for effect verification in
tests. Even under impact conditions equivalentto a rear impact
Speed of 50 klwh, it was confirmed that indicators such as NIC
Were held low compared to those for a conventional seat.1n
Orda' to verify the mitioatino effect of the NeW 圦11L concept
Seat on load levels applied to a human neck, a rear impact

Simulation was performed usino THUMS. First, a model was
Created with a detailed renderinσ of the structural feat山'es of the

New xvlL concept seat, onto which THUMs was seated. For

the seating position, the position of the lower back (hゆ Point) of

the seated dummy in actualtests and the clearance between the

dummy's head and the head restraint were reproduced exactly.

A負er inputting an acceleration pulse equivalent to a rear impact
Speed of 50 hwh to the seat bottom, the behavior of the seat and

THUMs was calculated up to approximately 20o ms. similarto

the previous example,the Nlc used in the dummy tests were also
Calculated in addition to the oU印Ut of load levels for the soft
tissues. A model of a conventional seat was also created for

Comparison with THUMs seated on it, and identical calculations
Were performed underthe exactsame conditions.
Fig.9 Shows a comparison of the behavior of the THUMS

F

St市er

Conv

S

Softer

Conv

New stVVI ^,stronger

New vvlL

S

Uslng THUMS

Conv

S

Conv. seat

Fig.9 Change in Head and Neck
Structure Modifications

Furthermore, adding more cushion to part of the seat back
a110wed the torso to sink into the seat back, and made the head

Iess likely to ramp up the head restraint. Fig.10 shows a
Comparison of the Nlc and load levels ofneck softtissues for the
Conventionalseat and the NeW 圦11L concept seat. Both are
Comparatively evaluated here sinlilar to Fig.フ.1t was confirmed
that aⅡ Values for the Nlc and load levels on soft tissues in the

New wlL concept seat were reduced to less than that for the
Conventionalseat. Based on the factthatthe various evaluation

indicators proposed by researchers a11 Confirm the reduction
trend, the New xvlL concept seat can be evaluated as havino a
Iarge mitigating effect.1n light of the above, the New wlL
Concept seat was confirmed capable of keeping load levels on
Softtissue in the neck low, even under conditions equivalentto a
rear impact speed of 50 kwh, by holding the occupant's torso
and firmly supporting the head

New vvlL seat

Behavior Due to seat

口 Conventional seat
New vvlL seat

Intervedebral Anterior DuraJoint NIC

Capsuledisc 10ngitudinal mater
Iigament

Fig.10 change in Neck Load lndicators Due to seat
Structure Modifications
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5. conclusions

This article described (D the development of a neck modelin
THUMs induding the softtissue in a human neck,(2) a precise
Verification of the model by comparison with literature data,(3)
an analysis usino THUMs of occupant behavior in rear impacts,
and (4) the mitigating e仔ect of the New wlL concept seat on
neck loads. The authors would also like to emphasize that the
analysis usino THUMs quantitatively iⅡUstrated for the firsttime
Such aspects as the rotational behavior of the occupant's head
and the increased load levels on soft tissue resultinσ from a

raised rear impact speed. The crash test dummy is a usefulto01
for evaluatino actual seat parts, and the Nlc are an effective
means for examinino the relative difference in displacement of
the head and torso. Adding an evaluation analysis usinσ
THUMs as we11thus achieved the development of safety
techn010gy that takes into account protecting human tissue, i.e.,
real・world safety. The effect verification of the New 、NIL
Concept seat has been positioned as a first case example
However, many issues sti11 remain to be addressed in order to
eliminate whiplash injuries from a11traffic accidents. FU加re
research wi11 be planned for an analysis that considers actual
Conditions such as the inauence of an occupant's build, aoe, and
Sex.

In dosing,血e authors would like to acknowledge and thank
Mr. Hayato MasuM ofToyota communication systems co., Ltd.
Who assisted in the effect verification of the New xV丘 Concept
Seat and in the calculations of occupant behavior in rear impacts
Usino THUMS, as weⅡ as the members of Toyota central R&D
Labs.,1nc. who developed and provided the base THUMS
Occupant model

Simulation of occupant Motion in Rearlmpacts using Human FE Model THUMS
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Development of Ne

Lessening seat

Abstract

Vvhiplash, or soft tissue cervicali川Ury,is a common injury incurred by occupants of passenger cars in rear、end
C0Ⅱisions. At Toyota Motor corporation, a vvhiplash lnjury Lessening (VVIL) concept seat designed to reduce the
10ad on the neck has been developed, based on a unique concept for whiplash lessening that is achieved by
Simultaneously restraining the head and body of the occupant as much as possible, thereby contr0Ⅱing relative
motions in a rear・end c0Ⅱision. The developed seat also reduces local strain ofthe neck by preventing rotation of
the head, in addition to uniformly distributing loads on the cervical vertebrae (CI・C7), even in c011isions that are
more severe than those used in pasttests. Having succeeded in reducing both the injury values to the BI0.RID Ⅱ
dummy and local strain ofthe neck ofthe FE model ca11ed Total Human Modelfor safety (THUMS),this new seat
design is expected to help reduce whゆlash injury.

Vvhiplash

Keywords: vvhφ/ash /esse剛hg, VV/ι Concept seat, B/0・月/D // dummy,/V/C, extension moment, THU/レ1S,
Stram onjoint capsu/e

1.1ntroduction

Cervicalinjury incuned durino a rear・end c011ision is a typical
injury inaicted on occupants ofpassenger cars involved 加 traffic
accidents. Although only a sma11 number of rear・end c0Ⅱisions
in Japan resultin fatal acciden{S, they make up about one・half of
a11 accidents involving injury, as shown in Fig.1.11 'd l'0', h F'.1.O×2〕

Approximately 80% ofthese resultin cervicaHnjury, maMnσ the
reduction of whiplash an importantissue.

Masahide sawada*

JunjiHasega、Ψa**
Masato ohchi***

Rearimpact 4゜0
(approx.150 people)

National police Agency data (1999)

To date, the most commonly used whiplash test is the
triangular pulse sled test pedormed at △V=16 hwh. This testis
equivalent to a rear・end c011ision velocity of 32 hwh between
two cars of the same weight, which represents only a 60th
Percentile c011ision in Japan, as shown in Fig.2.(3) 1f c011ision
Velocities of up t050 hwh are exa血ned, as much aS 90% of a11
Such c011isions can be represented. converted int0 △V for a
C011ision between cars ofthe same weioht,△V=25 hwh.
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Ministry of Land,1nhastructure and Tra船Port(2002)
Rear・end c011ision (passenger vehicle x passenger vehicle)
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Fig.2 Cumulative lncidence Rate of Travel speed
Immediately Before Accident

Meanwhile, vigorous studies have been undertaken to darify
the injury mechanism of whゆlash. However, because whiplash
injury cannot be described simply with a single mechanism,
numerous criteria are cunendy being proposed. Typicalstudies
Conducted in the past dealt with the relative movement occurdng
between the head and the thorax, and the load that is actino on

the neck. More recently, behavior analyses of cervical vertebrae
(cl to C7) are being conducted (4) through the use of x・ray
Cineradiography devices on cadavers and volunteers.
Furthermore, human FEM models are beino used to conduct

detailed analyses (5) of the stress and strain that act on the
Cervical vertebrae and the soft tissue. Thus, the study of the

mechanism of whiplash, which consisted of the relative
movement between the head and the thorax and the load acting

On the neck, has evolved into a study to clarify the relationship
between the localbehavior of the neck and whゆlash.

10

00
10 20 30

^Striking vehicle
(N=188,57の

40 50 60

Fig.3 Shows the 圦lhiplash lnjury Lessening (＼入11L) concept
Seat (4) developed by Toyota Motor c0印oration. This seat is
designed to reduce the load on the neck of the occupant by
Simultaneously restraining the head and body of the occupant,
thus suppressing relative motions in a rear・end c011ision.1n
addition to achieving the foregoing objectives at higher levels,
We have recendy developed a seat that can also suppress local
Strain of the neck. This is accomplished by suppressing the
rotation of the head and uniformly distributing the load on the
Cervical vertebrae. The effects of this seat have been verified

through experiments usino a BI0・RIDn dummy and FEM
analyses on the TotalHuman Modelfor safety (THUMS).

2. composition of New vvhiplash lnjury Lessening seat

Fig.4 Shows a comparison between the newly developed seat
(new type) and a conventional seat (conventionaltype). one of
the features of the new design is a change made to the position
(b) of the upper pan of the frame and to the stiffness of the seat
back cushion. These chanoes a110w the thorax ofthe occupantto

Sink deeper into the seat during phase l (untilthe head contacts
the head restraint). This delays the onset of the thorax G (TIG)
movement and reduces its velocity relative to the head, as shown
in Fig.5 (a). This concept has the same objective as the active
head restraint used by other companies, which aims at
quickening the onset of the head G movementin order to reduce
its velocity relative to the thorax G (TIG), except that the
approaches are different.

70 80

Development of New vvhiplash Lessening seat

90 100

The seat moves f0剛ard, and
the occupant moves relatively
rea剛ard to the seat

Phase l

The seatframe simultaneously
Supports the head and thorax,thus
maintaining alignment of the cervical
and thoracic spine
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Fig.4 Comparison Between New and conventional seats
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Fig.5 Comparison of seat Development concepts

Secondly, to ensure proper restraintin phase 2 (after the head
ContactS 血e head restraint), the vertical position (a) of the head
restraint and 血e load・displacement characteristic of the head
restraint cushion have been revised. AISO, throuoh computer・
aided engineering (CAE), the balance of the seat frame strength
has been revised in order to ensure reliable restraint pedormance
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at higher velocities up t0 △V=25 hwh. This aⅡOws the eneroy
to be absorbed by the entire seat (Fig.6). The seat with a
Vertica11ifter is provided with a stop shown in Fig.フ. These
Changes have been made to securely restrain the head of the
Occupant at a higher position, in order to preventthe head from
extending backward over the head restraint even in a high、speed
rear・end c011ision.
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3. Test Equipment and conditions

The seat 、vas tested through experiments conducted at the
Safety Laboratory of the Higashifuji Technical center. An
electronica11y contr011ed servo・hydraulic sled tester (Fig.8) was
Used to reliably generate free c011ision acceleration pulses. A
BI0・RIDⅡ dummy (Fig.9), which is most widely used in
Whiplash evaluations, was used in the tests. The test method
Complies with the lnternationa1 1nsurance w'hiplash prevention
Group (11W'PG) test protoc01.(6) Fig.10 shows the sled

.^^.^

Fig.8 Electronica11y contr011ed servo・Hydraulic sled
Tester

acceleration pulses l,2, and 3 that 、vere used in the tests. pulse

1,、vhich is the most widely adopted acceleration pulse, is a
triangular pulse of △V=16 klwh,tested by ADAC, Folksam, and
the respective organizations (ⅡHs and Thatcham) of ⅡWPG.

Since there is no standardized sled acceleration pulse of △V=25
km/h, pulse 2 is a trianoular pulse of △V=25 km/h used by
ADAC, and pulse 3 is a trapezoidal pulse △V=24 hwh used by
Folksam.

Development of New vvhiplash Lessening seat

4. Test ResU能S

Fig.11 Shows test results compiled with the Neck lnjury
Criterion (NIC) proposed by Bostron et al(フ) for evaluating
Whiplash through the changes in the pressure of the spinal auid
in the cervical sP血al canal. The Nlc is a criterion (equation D
for evaluating phase l by focusing on the relative motions of
head G and thorax G (TIG) and is considered to be consistent

With the X入1止 Concept. Atthe t11ree sled pulses,the Nlcm献 ofthe
newly developed seat (new type) exhibited sma11er values than
the conventional seat (conventionaltype), indicating that the new
type restrains the head and thorax more simultaneously.

1卿馴

Fig.9 引0・RID Ⅱ Dummy
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NIC①=02 ・ aN1①+(VN1①)2 (D

Where, aNI=a゛1(t)一砥H卯d(t)

V祀1 = ja'01(t)dt

Fig.12 Shows the maximum value of the lower neck

extension moment My.1mponance was attached to applyino this
Criterion for evaluatino phase 2, aS 北 relates to the laroe anoular

Variation and strain of the lower cervical vertebrae, such as

between C4・C5, C5・C6, and C6・C7, obtained from the results of

the volunteer tests conducted by seMzuka (4) and from the results
Ofthe human FEM analyses pedormed by Haseoawa (5) as weⅡ.
At the t11ree sled pulses, the Mym献 of the newly developed seat
(new type) produced lower values than the conventional seat

(conventional type), indicating a greater suppression of
extenslon.
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Fig.12 Results of Analyses
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5, FEM Analysis Method

To verify the effectiveness of the newly developed seat to
reduce loads acting on the human neck and analyze the
mechanism of the loads actino on the neck, rear-end colHsion

4

2

0

Conv.type

Nevvtype

Pulse 3Pulse 2

by Lower Neck Extension

Simulations were performed usino a human FEM model caⅡed a
Total Human Modelfor safety (THUMS). Fig.13 Shows an
enlaroement ofthe entire body and neck of the THUMs model
(ver.1.63). This modelis an upgraded version of the
Conventional THUMs passenger model(ver.1.5).1t has
Undergone significantimprovements such as the added ability to
represent the structure of the spinal cord and the cervical
Vertebrae joints in detail, in order to accurately reproduce the
motions of the neck and to evaluate the strain of the various soft

neck tissues in rear-end c011isions. A seat modelrepresenting a
Conventional seat structure and one incorporating newly
developed st川Ctural attributes were also prepared (Fig.14).

Posterlor longitudinanigament(PLL)
C

/＼
C5

6. Results of FEM Analyses

Fig.15 Shows the behavior ofthe head and neck and the strain
distribution of the neck soft tissues at l06 ms after a rear・end

C011ision.1n 血e calculation, pulse 2 (△V=25 klwh triangular

Pulse) was input, using the new seat model. cunendy, a large
number of researchers are focusing on the strain of the joint
Capsule (the softtissue of the cervical vertebraljoints) associated
With neck whiplash in rear・end c0Ⅱisi0那, and pinpointino their

'伊・ 1

Interspinous Ligamentum Joint Anterior longitudin
Iigament(!SL) flavum(LF) capsule(JC) 1i9ament(ALL)

Fig.13 THUMS (ver.1.63)
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Conventjonal seat

Fig.15 P"ncipal strain Distribution using THUMS
(New seat, pulse 2,106 ms)

Fig.14 Seat FE Model
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Cause・and・e仟ect relationship. The analyses results indicated
high values (red areas) of strain at the joint capsules of cervical
Venebrae C5・C6 and C6・C7, showing a tendency similar to the
results of the volunteer tests performed by seMzuka (4) and the
human FEM analyses conducted by Haseoawa (5) as 、veⅡ.
Fig.16 Shows the results of comparing neck soft tissue strain
With the three input pulses shown in Fig.10, between the new

Seat (new type) and the conventional seat (conventionaltype).
The vertical axis in the fioure represents the ratio between the
maximum main strain that is oU印Ut through a calculation and a
genera11y proposed criterion value. The strain level of the newly
developed seat was lower than the conventional seat for every
input pulse.

1.4

Conv.type12

Nevv type

06
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Fig.16 Results of Analyses on THUMS
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Development of New vvhiplash Lessening seat

0

フ. conclusions

(D A seat using a design concept of simultaneously restraining
the head and thorax while suppressing head rotation was
developed. This seat,、vhich uses hiσher strenoth components
and a revised component layout, wi11 be adopted on new
models, starting with the neW 2005 Yaris model.
(2)As intended, the newly developed seat is able to
Simultaneously restrain the head and thorax, while
Suppressing the rearward rotation of the head, for velocities

Up t0 △V=25 hnAI(equivalent to a c011ision velocity of 50
klwh between two cars of the same weight). Thus, it was
effective in reducing the injury value sustained by the
dummy.

(3)1n rear・end c0Ⅱision simulations using THUMS, the strain
distribution of the neck s0丘 tissues was larger in the lower
neck, as observed in experiments. The strain ofthe neckjoint
Capsule was also investigated, and it was confirmed that the
Strain level was lower for the newly developed seat than for
the conventional seat. Based also on the biomechanics

Perspective, the newly developed seat is expected to be
effective in reducino the load on the neck. The experiments
and FEM analyses also proved the proposed seat
development conceptto be effective on humans as weⅡ.
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Asili on Mi ro achined Gyr copeand
C e erometerf r vehicle contr01

Abstract

The number oftra什ic accidents and casuaⅢes is stiⅡ on the rise, making widespread use of vsc more desirable for

託S anticipated e什ect on tra什ic accident reduction. Therefore,10wering the cost of gyroscopes for detecting vehicle
behavior has become an urgenttask. The researchers have developed a silicon gyroscope that was manufactured
Using silicon micromachining techn010gy This sensor detects acceleration in addition to an angular rate from a
Sensor element. A high・accuracy analog・to・digital converter has also been incorporated into the signal processing
Circui廿or dig詮al calibration of sensor properties using microcomputer calculations. The development onhese novel
techn010gies has succeeded in giving the sensor un託 a simple structure while also reducing 託S cost and size.

Keywords: vehic/e contro/, semiconductor, gyroscope, acce/erometer, S勾na/processing /C

1.1ntroduction

The automobile has become an indispensable mode of

transportation in modern life. But with the number of injuries in
traffic accidents continuino to rise, traffic safety has become a
Criticalissue for society as a whole. As an automobile maker,
Toyota is involved in the development of both active and passive
Safety techn010gies with the goal of reducing traffic accidents to
Zero. vehicle stability contr01(VSC) is one active safety
System. on slippery road surfaces like snowy roads, accidents
Sometimes occur when the driver turns the steering wheeltoo

Sharply on a curve, sending the vehicle into a sideways skid.
Vsc controlS 血is sort of vehicle behavior by manゆUlating the

brakes and engine power to prevent skidding and stabilize the
Vehicle. vsc is therefore expected to reduce tra丘ic accidents,
and its widespread use 、vould be ofrealbenefit.
Vsc detects the behavior of the vehicle by using sensors to
measure inertial forces such as acceleration and angular rate.

Reducing the cost of these sensors is an urgent task, because
10wer costs would encourage wider use of vsc. Forthatreason,
development of inertial sensors is being actively pursued using
Silicon micromachining techn010gy, a techn010gy that is
expected to reduce cost sufficiently to make mass production
Practical. U)・(フ) The techn010gy is now being used to produce
almost a110f the accelerometers that are used for vehicle contr01,

but it has not been applied very often to producing practical
gyroscopes to detect angular rate for vehicle contr01. This is
because the silicon gyroscopes that have been produced to date
are less sensitive than piezoelectric cera血C or quadz gyroscopes
that utilize the piezoelectric effect, so their performance tends to
fa11Shon of whatis required for vehicle contr01.

EiichiNakatani*

Masaru Na容ao*
Hikaru 、和atanabe*

Masato Hashimoto**

Koujishirai**

KoujiAoyama***

Toyota has addressed these shortcomings and utilized silicon
micromachining techn010gy to develop a sensor element and
Signal processing lc. The sensor element and signal processing
Ic are vacuum-sealed in a hermetic package to form the sub-
assembly shown in phot0 1, which is then instaⅡed in the
Sensor unit. The sub・assembly is so designed that the sinole
Sensor element detects not only the angular rate, but also the
acceleration. sigma・delta analog-to・digital conversion, which is
known for its high accuracy, is used to convert the sensor
Sionals. A siσma・delta modulator is built into the sional

Processing lc, and a 血Crocomputer in the sensor unit pedorms
dioital computations to calibrate the sensor characteristics. This
a110wed the structure of the sensor unitto be simplified, reducing
its cost, and the unit went on the marketin December 2003. This

article describes the newly developed sensor element and signal
Processing lc.

* Electronics Enoineerino Div.3

史* Electronics Engineering Div.2

¥** Electronic components Engineering DiY

Photo l sensor sub・Assembly
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2. sensor Element

2.1 Detection p"nciple

Angular rate detection works by detectino the coriolis force
that acts on an osci11ating body when it rotates. Fig.1 i11Ustrates
how detection works.

m

Ad

Y DeteC110n

Fig.1 Angular Rate Detection principle

A point mass (m) is made to osci11ate in the x・axis direction at

a resonant frequency of ωd and a fixed amplitude ofAd.1f an
angular rate (Ω) is input around the z axis atthis time, a coriolis

force that is proportionalto the angular rate acts on the point
mass in the Y・axis direction at a frequency of ωd. The mass
Starts to move in an e11iptical path that combines the osciⅡation
in the x・axis direction with the coriolis force in the Y、axis

direction. The angular rate is detected by detectino the
ampli加de in the Y・axis direction (AS)

The amplitude in the Y・axis direction (AS) is expressed by
equation l.

◆

AS

m

m

A silicon Micromachined Gyroscope and Accelerometerfor vehide contr01

m

Ω

Drive

2.2 Sensor element structure

Phot02 Shows the sensor element as seen through a scanning
electron microscope (SEM), and Fig.2 is a diagram of its
Structure.

Z

X

Here a is the detuning ratio (the detection・side resonant

frequency ωS divided by the drive・side resonant frequency ωd),
and Qs is the quality factor on the detection side (the clarity of
the resonance).

According to equation l, the sensitivity of the angular rate
Sensor can be increased by boosting the drive amplitude Ad and
keeping the detuning ratio a close t0 1. A stNcture iS 血erefore
Used that 血Creases the drive amplitude Ad by vacuum-sealinσ the

Sensor element and raising the Q factor (the clarity of the
resonance), so that a high・amplitude signalis obtained from even
a smaⅡ force.

By contrast, acceleration is detected based on the Y、axis

displacement of the point mass that results from the acceleration
that is input in the Y・axis direction. Anoular rate and
acceleration are thus both detected based on the Y、axis

displacement; the method of separating the two is described in
Section 2.3.

A'= 2Ad
ωd

'・"、く可)

Phot02 Scanning Electron Microscope photograph of
Sensor Element

1
Ω

.
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Coupling Detection DrivebeamDrive frame

beam resonator

Fig.2 Sensor Element structure

The resonators on the left and right are joined by a coupling
beam, so that they function as a tuning fork. The upper and
10wer ends of each resonator rest on drive frames that are

themselves suspended on drive beams that are anchored in the

Silicon substrate. The detection resonator is suspended on
detection beams that rest on the drive frames. Each of the four

drive frames is provided with drive electrodes, which are
anchored in the substrate and intermesh with the frame

electrodes like the teeth of two combs, as we11 as drive monitor

electrodes that detect the amplitude of the osci11ation. The
electrostatic force generated by the drive electrodes drives the
resonators in the x・axis direction. Drivino the detection

resonator through the drive frames in this manner makes it
Possible to separate the drive osci11ation from the detection
Osci11ation, decreasing the intederence that the drive osci11ation

imposes on the detection function so as to reduce sensor oU中Ut
enors.

The interior of the detection resonator is made up of detection
electrodes, servo electrodes, and tunino electrodes that adjust the

TOYOTA 1色ChnlcalRevlevv v01.54 NO.1 NOV.2005
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detection resonator's resonance frequency. The electrodes that
are anchored in the substrate and the resonator electrodes

function as para11el aat・plate capacitors.圦lhen the detection
resonator moves in the Y・axis direction, the distances between

electrodes change, which changes the capacitance.
The angular rate is detected by detecting the changes in the
Capacitance of the detection electrodes when the coriolis force
Causes the detection resonator, which is already osci11ating in the
X、axis direction,to move in the Y・axis direction as we11.

2.3 Method of separating angular rate from acceleration

The gyroscope that was developed uses a single sensor element
to detect both anoular rate and acceleration. The t、vo are

Separated as described below.
The resonators on the left and rioht are driven in opposite
directions on the x axis. The movements of the coupling beam
Cause the resonators to osci11ate in opposite phases at a fixed
resonant frequency,in the same manner as a tuning fork.1f an
angular rate around the z axis is input to the sensor element at
this point,血e coriolis force acts on the left and right detection
resonators in opposite phases at the same resonant frequency.
On the other hand, if an acceleration iS 血Put in the Y-axis
direction, the detection resonators move in the same phase on the

Y axis. The phases of the left and rioht detection resonators are
Used to separate the angular rate from the acceleration.
Moreover, because the coriolis force acts atthe drive resonance

丘equency, synC11ronous demodulation at that frequency is used
to make the separation more accurate.

(a) A silicon oxide mask is formed to a110w the silicon in the s01
Wafer to be etched.

(b) A pattern in the shape of the sensor is etched into the silicon
by means of deep reactive ion etching, with a depth/hejght
aspectratio of40 μm ofdepth per 2 μm of gap.
(C) The buried silicon oxide layer is etched isotropica11y by an
atlmlonium auodde solution.1Sopropyl alcoh01, which haslow
Surface tension,is then used to dry the element by evaporation,
So that sudace tension wiⅡ not cause the resonators to stick to

the substrate. The resonators are thus rendered functional

3. Fab"cation Method

Fig.3 is a schematic diagram ofthe sensor element fabrication
Process. The sensor element is fabricated on a silicon-on-
insulator (SOD wafer using micromachining techn010gy.

Ihe sensor element that is thus fabricated is vacuum・sealed in

a hermetic package with the signalprocessing lc.

4. sensor signal processing

4.1 Detection by means of capacitance changes

(a) Mask formation

^^

Semiconductor-based angular rate sensors are less sensitive
than comparable piezoelectric sensors.1f the change in
Capacitance that must be detected is convened to displacement of
an aF ao'18F) order, it 、vorks out to l nanometer or less.1t is
therefore importantto reduce noise in the detection circuit
Fig.4 is a block diagram of the capacitance change detection
Circuit. when the detection resonator is displaced by the angular

rate input, the opposing capacitance changes in the detection
electrodes are detected and converted to voltage for oU中Ut. The

Capacitance is detected by detecting the charge so that parasitic
Capacitance wiⅡ not reduce the e仟iciency of the capacitance・to・

(8)Voltage conversion
The next task was to reduce circuit noise. circuit noise is

divided into two types: frequency・independent white noise and
frequency・dependent vf noise. The latter is dominant and
therefore more important to reduce. To do this, a method was
adopted in which the carrier wave for the sensor capacitance
Signalis amplitude・modulated to raise the frequency ofthe signal
thatthe circuit handles,thereby reducino the vfnoise.

S01・type silicon wafer

(b) silicon deep reactive ion etching
2 μm

^^

Silicon oxide 側m
Silicon

而 Silicon oxide film
Silicon

(C) silicon oxide layer etching
Resonator

/^ーーーー^

Fig.3 Sensor Element Manufacturing process
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4.2 Angular rate signal processing

Because 血e angular rate si8nalis atthe same frequency as the
resonator drive frequency, it can be extracted by synchronous
demodulation at the drive frequency. However, in practice,
Variations in the degree of vacuum and the resonant frequency of
the detection resonator, as weⅡ as variations in 血e phase of the
detection resonator's response to the coriolis force, affect the

Sensitivity and offset dri丘 of the angular rate signal and so lead
to errors. This section describes how those enors were reduced.

Due to the variations in the fabrication process, the drive

direction of the detection resonator may not be completely
ParaⅡelto the x axis and may involve some degree of Y、axis
OsciⅡation. This osciⅡation is the same sort that the detection

resonator detects aS 血e coriolis force. However, this osci11ation

iS 90゜ out of phase with the coriolis force, so it should be

Possible to distinguish it from the coriolis force. But in reality,
it gives rise to significant enor for the reasons descdbed below.

In order to increase their sensitivity, resonance・type angular
rate sensors are genera11y designed so that the resonant
frequencies of the drive osci11ation and the detection osd11ation

are close, as described in section 2.1 above. Fig.5 Shows the
results of a simulation of resonance characteristics.1t indicates

that the phase delay in the detection resonator's response to the
Coriolis force depend on chanoes in the degree of vacuum.
Because the synC11ronous demodulation is done according to the
Phase of 血e drive osci11ation, any variation in the phase of the
detection resonator's response causes a discrepancy in the
demodulation timing, creating variations in the angular rate
Sensitivity and offset drift.

A SⅢCon Micromachined Gyroscope and Accelerometerfor vehicle contr01

Voltage to the servo electrodes. Applying the servo force in
Opposite phase to the coriolis force controls the detection
resonator so that it does not osci11ate in the Y、axis direction.

This makes the displacement of the detection resonator
extremely smaⅡ, reducing the inauence that variations in the
response to the coriolis force have on the sensor characteristics.

The detection resonator displacement signalis used to assess the
balance between the servo force and the coriolis force, so that
the coriolis force (angular rate) is detected based on the
magnitude ofthe servo force.

The nextissue was how to adjustthe resonant frequency ofthe
drive osci11ation and the detection osci11ation. Because of

Variations in their fabrication, resonance-type anoular rate
Sensors genera11y require tuning of the resonant frequency of the
drive osci11ation and the detection osci11ation. The sensor

described here tunes the frequency of the detection osci11ation by
applying a Dc bias voltage to the detection resonator. This
makes tuning simpler than with mechanicaltunino methods. The

bias voltage is applied through the tuning electrodes. Fig.6
Shows how the resonant frequency depends on the tunino
Voltage.
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Fig.5 Simulation of Resonance characte"stics
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For the gyroscope described in this article, a servo detection
Circuitis used in addition to synchronous demodulation to reduce
the influence of the variations in the phase characteristics. The
Servo force is provided as an electrostatic force by applyino

4200

4- Detected osCⅢation

(10o pa)

Detected osCⅢation

(40o pa)

4000

5000
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Bias voltage (V)

Fig.6 Dependency of Resonant Frequency
Adjustment on voltage

3800
2

It can be seen from these characteristics that the resonant

frequency auctuates accordino to auctuations in the temperature
and reliability of the bias voltaoe, and that affects the sensor
Characteristics in turn. The in負Uence of 血ese auctuations in the

resonant frequency is effectively reduced simply by using the
Servo circuit to assess the balance of forces, as described earlier.

Acceleration is detected by its movinσ in phase with the
detection resonator. The signal processino circuitis simpler than
the one for the angular rate signal, and the chanoes in the

detection capacitance are detected by a charoe・detection type of
Capacitance detection circuit, as described earlier. The detection

Signalis first put through a low・pass filter to remove the drive

Signal noise, then amplified to an appropriate level for oU印Ut.
The acceleration detection circuit was created simply by adding a
Sma11 Circuit to the signal processing lc. phot03 Shows the
Signal processing lc.

43 Detection of acceleration signal

(
N
工
)
ぢ
仁
Φ
コ
す
Φ
」
二
岳
仁
0
の
Φ
止

(
m
で
)
仁
一
価
Φ

(
窃
Φ
で
)
Φ
袷
C
止



Capacitance detection Angular rate detection

Sigma・delta modulator

Phot03 Signal

4.4 Ca1山ration of characte"stics

..^^

堵1^

Vehicle control sensors must be highly accurate, so initial
Variations in the sensor characteristics must be calibrated.

Conventiona11y, characteristics are calibrated by analog
Computations using a trimm血g resistor and digital・to・analog
Conversion. For the sensor described here, digital calibration of
the characteristics was achieved by using sigma・delta analog・to・
dioital conversion, which is hlown for its high accuracy. Fig.フ
is a block diaoram ofthe sensor unit. A sigma・delta modulatoris

built into the signal processing lc, where it converts the
acceleration, angular rate, and temperature signals into single-bit
digital signal streams that are sentto a 血Crocomputer. A digital
filter in the microcomputer restores the digital data with an

Of 12 bits or better, and the sensor characteristics areaccuracy

Calibrated by dioital computations based on calibration
information thatis stoNd in EEPROM.

5. sensor performance

Acceleration detection

Processing lc

Phot04 Shows the extemal appearance of the sensor unit.1t
measureS 70 by 55 by 30 mi11imeters.

Phot04 Sensor un託

Fig.8 Shows the measured characteristics ofthe sensor oU中Ut
Sional. First, the sensor is mounted on a turntable, so thatits axis
Of acceleration detection wi11 be vertical.訊lhen the turntable

rotates at a fixed speed, a fixed angular rate is applied to the
Sensor. on the other hand, the rotation repeatedly moves the
Sensor's acceleration detection axis in the vertical direction, SO

that acceleration is applied in the form of a sine wave at
approximately lo m/seC2. The resulting output waveform is
Shown in Fig.8.1t was confirmed that a fixed angular rate and
an acceleration that is input as a sine wave are successfU11y

Separated for output.

Sensor unit

Sensor sub・assembly

Sensor element

Acceleration signalprocessing lc

S四ma・delta
modulator

Angularrate

Sigma・delta
modulator

Temperatur

Sigma、delta
modulator

Some of the most important characteristics of sensors for
Vehicle control vary with the temperature. Figs.9 and lo show
the temperature dependency of the offset and sensitivity of the
anoular rate sional after it has been calibrated by digital

Processino.1t can be seen thatthe offset varies by no more than
0.5 degrees per second and the detection sensitivity varies by l%
Orless,indicatino no problem for use in vehicle contr01.

CAN bus

Clock

EEPROM

Fig.7 Block Diagram of sensor un詫

BUS

driver

Microcomputer
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6. conclusion

This article has described a semiconductor-based oyroscope
that was successfU11y commercialized for vehicle stability
Contr01. The single sensor element, which is fabricated usino

micromachining techn010gy, detects not only angular rate, but
acceleration as weⅡ. AISO, the incorporation of sigma・delta
analog・to・digital conversion into the signal processing lc a110WS
the sensor characteristics to be caHbrated digita11y by a
mlcrocomputer. The resultis a simple sensor unit that iS 30%
Sma11er and 20% 10werin cost.

Toyota wi11 Continue to pursue technical developme川 to
accelerate the spread of safety systems such as vsc, so as to
Contribute to the building of a mobile society with zero
accidents.

K. SH旧AI K.AOYAMA

TOYOTA 1色ChnlcalRevlevv v01.54 NO.1 NOV.2005

E. NAKATANI M.NAGAO

M. HASHIMOTO

■
■
閣
■
亜

合
Φ
§
で
)
=
一
も
一
Φ
巳
δ

1

2

(
0
＼
0
)
髪
も
倉
>
三
の
仁
Φ
の
仁
0
=
0
Φ
一
Φ
0

52

3
2
1
0



Iechnical paperS凡'echnical Artides
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Mech nism

Abstract

The importance of improving vehicle performance necessitates constant increases in the accuracy and strength
Of shafts such as the crankshaft, which is a key part of the engine. Grinding is used as a "nish method for
bearings and other parts where the required accuracy is particula"y high, but a crucialissue in this process is
SONing qua1詮y problems caused by so・ca11ed grinding cracks. conventional wisdom states that the most
importantfactors in grinding cracks are surplus g"nding heat generated atthe grinding point and the cooling that
Occurs when coolant is applied, but no general solutions have been formulated. This article desc"bes how the
temperature generated during grinding on a high・speed cylind"cal g"nding machine was measured successfU11y,
thereby enabling the grinding crack mechanism to be demonstrated quan"tauvely As a resU能, the necessary
Conditions for ensuring that no cracks are generated have been defined, regardless of variauons in mate"al
Composition or process location, making 託 Possible to develop more e什icient methods of grinding.

Grind'ng crack

Keywords: sha允 grinding, grinding crack, grinding temperature, vvorkpiece deforma力bn

1.1ntroduction

The importance of improving vehicle performance attributes
Iike fuel efficiency and generating capacity means that it is
Constantly necessary to increase the accuracy and strength of
Shafts such as the crankshaft and the camshaft, which are key

Parts of the enoine. Grinding is used as a finish method for
bearinos and other parts where the required accuracy is
Particularly hioh, but a crucial issue in this process is solving
quality problems caused by so-ca11ed grinding cracks.
Conventional wisdom states that the most important factors

behind gdnding cracks are surplus grinding heat generated atthe
interface and the cooling that occurs 、~,hen coolant is applied.
However,it has only been possible to take a qualitative approach
With reoard to the countermeasures for these issues and for how

to judge quality. As a result, it has been a very time consuming
Process to build in quality to the initial production preparation
Phase whenever changes occur to product specifications,
Production capacity, or the like.
This article describes how the temperature generated during
high・speed cylindrical grinding was measured successfU11y,
thereby enabling the 菖rinding crack mechanism to be
demonstrated qualitatively. As a result, the necessary conditions
for preventino the initiation of cracks have been defined,
reoardless of process location, and the effects of variations in
material composition have been assessed.1t is also felt that this
Wi11 enable the development of more efficient methods of
grinding.

Masaakisato*

HiroyukiMiwa*

TakashiEguchi*
Shuzo Yamamoto*

2. G"nding cracks

Grindino cracks are fractures initiated by tensile residual stress

in the outer layer of the work piece after grinding has been
Performed (Fig.1). The formation of these cracks cause the
Surface of shafts to take on a convex shape, which subsequently
Ieads to bearing seizure. Grindino cracks are therefore an issue
Iinked directly to serious quality problems, and eliminating their
Occunence is considered to be cruda11y imponant.

* Enoine production Engineering Div
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Shaft

(cylindrical p0けions)

Fig.1 Grinding cracks in shafts (E.g.: crankshaft)

3. cla""cation of G"nding crack Mechanism

Cranksha什

3.1 Conventionalapproaches and measures

Crack

Fig.2 Shows the conventional approach with regard to the
Presumed grinding crack mechanism. The application of heat
f0110wed by rapid cooling during pre・finish induction hardening
Causes carbon to form in solid solution in the work piece,thereby

generating compressive residual stress in the outer layer. The
heat generated by grinding in the finish process is then
transfened to the work piece, causing the solid solution carbon to

(surface)
(cross
Sectlon)
02mm
4-ー^、



Precipitate as carbides and generating tensile residual stress in
the outer layer. cracks are then initiated if this tensile residual
Stress exceeds the strenoth of the material. Moreover, the

temperature at、vhich this Mnd of deformation occurs in the work

Piece is considered to be approximately 300゜C. Therefore,
accepted theory states that grinding cracks are caused by work
Piece deformation generated when the grinding temperature
reaches this level. For these reasons, countermeasures for cracks

have focused on improving both the suppNssion of generated
heat and the cooling efficiency by reducing processing efnciency
and supplying large amounts of coolant. As a result, it has been
difficult to improve productivity.

Pre・finish:induction hardening
Main c011 Unil

for hardening
Shaft Process

TOYOTA 1色ChnlcalRevlevv v01.54 NO.1 NOV.2005

......

.C.此"ノ'^

^
J

Heating
U

Ca巾ρn solid ⇔ Compressive =>

Solution slress

Fig.2 Presumed Mechanism forlnitiation of G"nding
Cracks

3.3 Development of g"nding temperature measurement
techn010gy

Cooling

Finish process: grinding

イDelolmalon

temperalure
approx.300

Vvork piece

3.3.1 Veri"cation of measurement method

32 Analysis procedure

θ

As shown in Fig.3, the four general categories of grinding
temperature are a) the interface temperature of the abrasive,(2)
the interface temperature of the grinding wheel,(3) the inside
temperature of the grinding 、vheel, and (4) the outer layer
temperature of the work piece. since the mechanism to be
explained in this development has a relationship with work piece
deformation, it was necessary to visualize temperature (4), the
Outer layer temperature of the work piece. Therefore, it was
importantto be able to obtain detailed data on the transfer ofheat

to the inside of a work piece rotating at higher speeds.

Clarification of Grinding crack Mechanism

Calbo

A hypothesis was formulated based on the presumed
mechanism described above. This hypothesis stated that, since
the grinding temperature has a conelation with grinding cracks,
the necessary conditions for suppressing grinding cracks might
be defined by establishing contr010f the grindinσ temperature.
Analysis was therefore performed in accordance with the steps
Shown below. The tests used cylindrical orindino in order to
Simulate the way that shafts are processed.
(D Measurement oftemperature during grinding process
(2) Reproduction ofsize ofcracks

(3) Analysis of conelation between work piece deformation and
temperature

(4) verification of method ofcontr011ing grinding temperature
Various methods of measurino the temperature during the
grinding process have been described in the literature, but none
have been put into practical use due to issues such as the
reliability of the measured values, versatility, and the like. The
method described in this article was developed by revising
Procedures such as the method of sampling sensor signals, and it
is the first time that temperature measurement techn010oy has
been applied to a high・speed cylindrical grindino machine.

Grindin 、Nhee

Heatlr nsfer

Grinding ca巾ide
heat コPrecipitation

.

.

日

. car加n

.

(2) 1nterface temperature
Of grinding wheel

＼"、gイ
Vvorkpiece l{

332 Temperature measurement device

TenS11e
St『ess

Vvork piece
deformalion

Fig.4 Shows the outline of the temperature measurement
device and the measurement results. Multiple thermocouples
Were embedded inside the work piece alongside an A/D
Converter, and a phase detector was provided in order to acquire
the signals from the thermocouples passing through the interface
at higher speeds. Furthermore, non・contact type data
transmission was performed by utilizing electromagnetic
Coupling, which enables the temperature of bodies rotating at
high speed to be measured with little noise interference. As a

result, it was possible to sample the temperature in accordance
With a po、ver waveform that represents the grinding load.
Thermocouple disconnection siσnals and data on the process
diameter using a gdnding machine sizing device were added based
On these measurement results (Fig.5). This a110wed the
distribution of heat generation at the interface and the heat

Ⅱansferred to the inside ofthe workpiece to be visualized (Fig.6).

(4) outer layertemperature of work piece

Fig.3 Categories of G"nding Temperature

The method of temperature measurement devised for this

development applied temperature measurementtechn010oy from
high・speed drHling based on the use of embedded
thermocouples.

、.1卜 Grinding wheel

ξltl.(1)1nterfacetemperature
':÷.. ofabrasive

(3) 1nside temperature of
grinding wheel
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.窒_
^Φ

Phase

detector Electromagnetic Time (sec)
Coupling

Fig.4 Measurement Device and Measurement ResU吐S

Thermocouple depth attime t =

Sizing Temperature

這二 ThermocoupleS 冥、

Sizing
device

800

400

Grinding power
/ 30

0

^Time

Fig.5 Representative Diagram of sampling vvaveform

Temperature

5

Disconnection

10

20

15

10

3.42 Analysis of correlation between work piece
deforma"on and grinding temperature

The reproduced work pieces containing large and sma11 Cracks
Were examined. The carbide precipitation layer and the residual
Stress, which indicate the state of deformation, were obseNed in

Order to analyze the relationship with the grinding temperature.
The results are shown in Fig.8.

Sma11 grjnding crackLarge gr川dlng crack

1000

80

Heat generated
at interface

600

0
0 02 0.4 06 0.8 1.0 12 1.4 1.6

InsideSudace

Work piece depth (mm)

Fig.6 Temperature Distribution

3.4 Tests and analysis

3.4.1 Reproduc"on of size of grinding cracks

To verify the accepted theory about cracks, conventional
Process conditions were set, and tests were made to reproduce
Iarge and sma11 Cracks. The key points with regard to the set
Conditions were oenerated heat and cooHng efficiency. The

Cutting speeds and coolant aow rates were switched mainly
between standard levels, and states were reproduced with large

and sma11 grinding cracks (Fig.フ).

Sma11 grinding crackLa四e grinding crack

400

200

Grindi
heel

Amount of

heattransfer Vvork piece

200 μm

Carbtde
100

→Depth (μm)

→Depth (μm)→Depth (μm)

Fig.8 Cross sec"onal structure, Residual stress and
G"nding Temperature

The results show that the sma11er the crack, the sha110wer the

Carbide precipitation depth becomes.1n consequence, the peak
Position of the tensile residual stress (indicated by the stars in
Fig.8) is also generated within the carbide precipitation layer.
The grinding temperature at this point indicates that the
temperature dose to the surface is lower the sma11er the crack
becomes. However, the relationship with work piece
deformation confirms that the temperature of the deformation
depth is approximately 300゜C, regardless of whether the crack is
Iarge or sma11. This indicates that the work piece deformation
depth is dependent on the depth to which the grindino
temperature is tranS111itted.

3.4.3 Verification of method of contr0Ⅱing grinding
temperature

Based on the 負ndings described above, veri負Cation was made
as to whether it is possible to controlthe transmission depth of
the grinding temperature. The key point here is the reduction of
the ratio of heat transfer to the work piece even 、vhen 血e

temperature generated by processing close to the surface is the
Same. Generalhigh・speed grinding theory states that an e丘ective
Way of reducing the ratio of heat transfer to the work piece is to
Shorten the contacttime with the heat source. consequendy,the
relationship with the speed at which the work piece passes
throuoh the heat source in relation to the heat source length was

defined as the " work piece heating time"(Fig.9). The
Conelation between the work piece heating time and work piece
deformation was then verified.

eC111a110n

200 300 400

、

100 200 300

500

400

仟en511e)

APPI0×.1000'C

0
100 200 300 400

0

Deformatlon

Iemperature
a rox.30OC

Carblde eC11a110n
100 200 300 400

Fig.7 States of cracks on vvork piece surface A貴er Grinding

→Depth (μm)
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Vvork

Plece

Coolant

VW
Healsource

Passa e

、

、

、

/
▼

VS

Grinding
Wheel

Heatsource

Ie h(L)

◆一 cutting

Fig.9 De"nition of vvork piece Heating Time

The factors in the processino conditions that affect oenerated
heat and cooling e丘iciency, such as the feed speed and the like
Were fixed, and three combinations of conditions were set.

These consisted ofthe length of the arc of contact of the gdnding
Wheel and the revolution speed of the work piece. The results
Confirmed that in a11 Cases the temperature close to the surface
reached 800゜c or more, but that the work piece deformation
depth became sha110wer in accordance with reductions in the

Work piece heating time (Fig.10).圦10rk piece heating time was
therefore judged to be an effective means of contr011ino
deformation depth.

From generaltheory of high・speed grind叩

Ratio of heattransfer to work piece:10W
=つShoden conlact period with heat source
Healsource lenglh (L)

Speed through
heat source (VW)

Work iecehealin lime

Passes through the f0110wing stages:(D high・efficiency grinding
in a rough grinding cycle that is applied in consideration of
Correctjons such as quenching strain and the like;(2) a fine
grinding cyde where the deformed layer generated durino rough
grinding is removed completely; and (3) a final polishing step to
Secure product quality. consequently, the method of completely
eliminating grinding cracks in the processing of parts requires
the contr010f the deformation depth in accordance with each of
the cycles.1t is therefore necessary to darify the deoree of
impact of the control factors.

400

300

Clarification of Grinding crack Mechanism
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3.5 Summary of explanation of mechanism

Hardening

^

{ロ

ー^

".゛ 0.

占

Fig.10 E什ect of vvork piece Heating Time

★

^^

導、、

Accepted theory related to cracks stateS 血at it is possible to
reproduce large and smaⅡ Cracks by changing factors a丘ecting
generated heat and cooling efficiency. The results of the tests
Performed as described above were in concordance 、vith the

theory. Furthermore, visualizing the grinding temperature also
enabled veri負Cation 血atthe deformation depth of the work piece
is the depth to which a grinding temperature of approximately
300゜C (the deformation temperature) is transmitted.1t was also
discovered thatthe work piece deformation depth is dependent
On a factor described above as "work piece heating time."
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4.1 Factoranalysis
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Fig.12 Shows a system diagram depicting the relevant factors
for work piece deformation. R shows orindino conditions that

Control generated heat and cooling efficiency as main factors,
and work piece conditions related to the hardened stNcture and

material qualities as acceleration factors. The degree of impact
Of these factors has been evaluated in the past but, in this case, a
heating time factor was also induded in consideration of 血e data
acquired after verification of the crack mechanism. The deorees

Of impact were therefore re-examined to include previously
Unevaluated factors.

Se伽ng01
ProcesS 肌Uracy

4. Application to processing of parts

30OC

[つ

Fig.11 Sho、Ns a grinding cycle plan during 血e processing of
Parts. After the hardening phase is complete,血e work piece

ーーーーー^Process time

Grinding cycle plan

: P011Shing l
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The concept behind this part of the evaluation was whether
Work piece deformation caused by the type of steel used would
Chanoe in relative terms.1he test conditions for this evaluation
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are shown in Table l. work piece deformation depth was
Compared and evaluated after changing three main factors
(cutting speed, work piece revolutions and coolant aow rate) in
relation to two acceleration factors (steeltype and hardness).

Table l Test conditionS 川

Cutting speed (ψ mm/min)

Vvork piece revolutions (rpm)

Coolan廿10w rate (L/min)

Factors

The results are shown in Fig.13. R was confirmed that work

Piece deformation depth changed in accordance with the changes
in the coolant aow rate and heating time, i.e., the factors

representing cooling efficiency. However, the same distribution
for work piece deformation depth was acquired regardless of the
Steeltype and hardness of the work piece. This indicates that
differences in work piece qualities have a sma11er impactthan the
main factors.

Steeltype

Hardness

1570

Free cutting
Lead・free tri・cornposite

Steel

Upper11mil center

Bolh have the same carbon amounts

25

202

Conditions

2

15

Coolantflow rate (× 3)

91

600

500

400

300

200

100

0

Table 2 Test conditionS ②

134

CU廿ing speed (φ mm/min)

Vvork piece revolutions (rpm)

Coolantflow rate (umin)

Dressing lead (mm)

Machining a110、Nance (mm)

Factors

Coolan廿10w rate

15 Vmin

Dressing lead (×4)

Bold type: previously
Unevaluated factors

030.2 0.40.1

Heating time vV い103/sec)

Fig.13 Test Results

4.12 Evaluation of degree ofimpact of grinding cond川ons

R2=0.8473

The results are shown in Fig.14. R was confirmed that a
Previously unevaluated factor (work piece revolutions) had the
Iargestimpact.

Legend

^

^

器 Center

^

43 CompatibⅡity W赴h increased cranksha貴 Strength

4.3.1 0ptimization of shaft cylindrical grinding conditions

Cond川ons

2

15

^

The test method evaluated five factors considered to be related

to both the conventional factors (generated heat and cooling
efficiency) and the additional factor (heating time). processing
Was then performed using random combinations of the
Conditions, as shown in Table 2. The evaluation utiHzed a

Statistical method and applied the standardized partial regression
Coe丘icient as an index for the degree of impact. The laroer the
Value acquired for this absolute value, the stronger the
Sionificance with reoard to work piece deformation. Multゆle
reoression analysis was also performed at the same time to
Calculate a prediction formula for work piece deformation

Steeltype

Lead.free Free cU如ng tri'
Composile steel

^

岳 Upper
I limlt

91

Coolant110w rate

70vmm

R2=0.8254

15

0.05

Standardized

-0.4-0.8

202

As the generating capacity of V8 engines increases, it has
become necessary to boostthe hardness ofthe raw matedals used
in the crankshaft. At the same time, environmentalconcerns

have necessitated the application of lead・free materials.

198(X,
Coolant

ao、v rat

26233

02

400

(×2) CU廿ing speed

Pa此ial
0

08

70

0.67(X,)+ 6.26(×0-
Xvorkpiece 圦10rkpiece cuttino
deformation revolutions Speed

508.50(×0 + 4.46(X"十
MachiningDressing

Iead aⅡOwance

02

regression coe行icient
0.80.4

Fig.14 Evaluation Results

42 Summary offactor analysis

Work piece revolutions (× 1)

Since work piece conditions (i.e.,the acceleration factors) have
Only a sma11impact on suppressing work piece deformation,itis
important that actions be focused on the main factors. Analysis
that was pedormed after applying data newly obtained in this
development discovered that an additional factor, namely work
Piece revolutions, has the largest impact with regard to these
main factors. Moreover, the work piece deformation depth
Prediction formula as shown in equation l enables the work
Piece deformation depth to be contr011ed in each grinding cycle.
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Since these conditions are detrimental with regard to orinding
Cracks, processing conditions have been optimized based on the
factor analysis described above. Examples of the results of this
Optimization are shown in Figs.15 and 16.
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Fig.15 Deformation Depth After Rough Grinding

Fine grinding machining
a110wance

Conventional
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Clarification of Grinding crack Mechanism

Fig.16 Deformation Depth After Fine G"nding

X入lhen conventional conditions are applied after increasing the
hardness of the nw materials, work piece deformation is
generated in the rough grinding cycle (see Fig.15) at or above
the fine grindino machinino a110wance. This means thatthe

Work piece deformation cannot be removed.1n contrast, process
Optimization has enabled the work piece deformation to be
Suppressed to within the fine grinding machining aⅡOwance,
even a110wing for variations. Moreover, althouoh a sma11
amount of work piece deformation may be generated in the same
Way in the fine grinding cyde once variations are considered (see
Fig.16), the amount can be suppNssed to within the final
Polishing machining a110wance and 血e deformation can
therefore be removed completely. Thus, it is possible to mass・
Produce crankshafts that satisfy both product performance and
environmentalrequirements.

Conventional

Plastic

Working
Strength
Secured

Thrust surface

Polishing machining
a110wance

』1

Hardene
area

Joumal

(a) conventional

The crack suppression method for cylindrical grinding as
described above was also tested with sudace grindino. Fig.18
Shows the changes in work piece deformation depth after rough
grinding. The work piece deformation depth increased in
accordance with increases in the cutting speed, but it was
Possible to suppress the 、vork piece deformation depth by a
Substantial amount by increasing the work piece revolutions.
This indicates that this method for contr011ing the grindinσ
temperature is applicable to surface grinding as weⅡ as
Cylindrical grinding.

17 Thrust surface of crankshaftFig.

Hardening
Strength
Secured

Thrust surface

432 Application to thrust surface g"nding

Journal 、
(b) New

As shown in Fig.17, the thrust surfaces of conventional
Crankshafts do not suffer the problem of orindino cracks in non・
hardened state (a). However, suppression of grinding cracks is
necessary for hardened state (b),、vhich is attained in order to
increase product stiffness and the like.

400
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300

Vvork plece revolutions:

20o rpm

200

2 3

CU杜ing speed (mm/min)

Fig.18 Vvork piece Deformation After Rough Grinding
Stage of surface G"nding

4.4 Prospect of high・e什iciency grinding

100

Vvork piece revolutions:

360 rpm

0

0

One concern related to high・e仟iciency grinding is the increase
in the grinding temperature.1t was expected thatthe mostlikely
Ways of combating 血is issue would be throUσh either the

development of a highly efficient cooling system or the
development of a grinding wheel with a high cuttino capability.
It may be possible, however, to achieve high・efficiency odndino
Within the scope of existing techn010gy by applying the method
to control grinding temperature. unfortunately, this method has

raised new issues, such as the worsening of processing accuracy
and the reduction of orindino whee11ifetime. As a result, it is

now necessary to opti血Ze the process in conjunction with some
Other contr010r to01・based basic techn010oy.

Finish machining a110wance
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5. conclusions

(DThe temperature during grinding with a high・speed
Cylindrical grinding machine was measured successfU11y,
enablino the c011ection of data to verify quantitatively the
theory that grinding cracks originate from temperature and
the structure and residual stress of the material.

(2) 1t was deter111ined that, in addition to the heat generated on

grinding, reduction of the deformation temperature depth of
the work piece is important for suppressing cracks.
(3) New data was discovered indicating that the deformation
temperature depth is dependent on a factor descnbed above
as " heating time."

(4) The method of contr011ing grinding temperature is applicable
to aⅡ forms of grindino.1t has also contributed to improvino
marketability since itis compatible with increases in material
Strength and the like.
(5) Evaluations into the degree ofimpact of matedal composition
indicated that this is a timely method 、vith good potential,
bearing in mind fU加re increases in local sourcing of raw
materials as overseas production expands.
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Development of a cAE ystem for vvear

Prediction of Hot Forging Dies

Abstract

Hot forging is a manufacturing method that is applied to a wide variety of high,strength automotNe components.
The prediction of die life in hot forging is vitalto satisfy demands for cost reduction by shortening production
Preparation times and designing longer life dies. Around 70% of die failures that occur in hot forging processes
resU吐 from wear related to increases in die temperature. Therefore, a system has been developed to predict die life
by using cAE atthe product and hot forging process design stages to calculate die temperature and wear. This
article desc"bes the quantification of lub"cant spray characteristics, which in"uence die tempera扣re, and the
improvementthat was achieved in the wear prediction formula through the use of mUⅢVariate analysis, which were
Performed in orderto putthis prediction techn010gy into practical use.

Keywords: h0がorging, pmcess design, die /ife, die temperature, vvear, CAE,/ubricaガ0n, CO0/mg,
heattransmission coeがicient, prediCガ0n formu/a

1.1ntroduction

Forgings for strength parts of automobiles are produced in
Iarge quantities through hot forging. Reducing die costs by
improving die life is imponant to achieve overa11 Cost reduction.

Conventiona11y, measures for improving forging die life have
Consisted of adjusting forging conditions and improving die
materials at the production preparation stage on a trial・and・enor
basis. This revise-and・repeat method requires substantial
amounts of manpower. For this reason, it became necessaw to
evaluate die Hfe from the design stage taking mass・production
Capability into consideration. Althouoh other companies are also
Studying methods to predict die life throuoh the use of

Computer・Aided Engineering (CAE), a practicaltechnique has
yet to appear. For this reason, the authors have developed a
techn010gy for predicting life by wear a)(2) that can be utilized in

Process design (Fig.1), and that can be applied to a11 hot、forged
Parts.

This article descdbes the actions that were performed in order
to put this prediction techn010gy into practical use. These

actions include the quantification of lubricant spray
Characteristics, which affect die temperature, and improvements
to the wear prediction formula throuoh the use of multivariate
analysis.
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2. Field lnvestigation of Lubricant spraying characteristics

Fig.2 Shows an example of a hot forging process. The blank
is heated to approximately 1200゜c and then for3ed in the die. A
transport device carries the forged blank to the next process,
While the next blank to be forged is set in the die. while this
Occurs,1Ubricant is applied to the die to promote the release and
Slide of the blank from the die,to prevent seizure, and to prevent
Wear associated with cooling. At the production site for hot・

forged parts, thousands or tens ofthousands of blanks are forged
With the same die. consequently, itis often the case 血at service
Iife isreached by the die bec0血ng wom and deformed up to the

Point where forging tolerances can n010nger be maintained.

Vvork :120O C

Forging start Lubrication vvorksetForging Transport
end (air)Start

Fig.20ne cycle of Forging process

Fig.3 Shows the factors that affect die wear. previously, the
accuracy in predicting mechanica110ads was improved
dramatica11y by gathering data from the production site, such as
the shape of actual forgings and load measurements, and then
Comparing them to results obtained t11rough cAE analysis. Fig,3
Shows the calculation of therma110ad. Here, changes in die

temperature that are associated with repeated forging are
Calculated as a parameter 入,(3)in order to calculate the softening
hardness of the die. The diaoram indicates that the lubricant

Spraying conditions a丘ect die wear. However, the present state
Of production in the field is such that lubricant sprayin8
Conditions vary by equipment or part, and thatthe cooling power
Of a die is not quantified according to differences in spraying
Conditions.

accordance with the differenceS 血 Iubdca11t spraying conditions.

The 血Vestigation used a horizontal high・speed forging macMne
山at produces axisy11血etric rounded parts (Fig.4) and a ve丘ical
forging machine that produces anomalous angular parts. on the
horizontal h地h・speed forging machine, the lubricant is sprayed
With a water aow, as shown in Fig.5. During forging,1Ubricant

issprayed continuously withoutstopP血g and without perfor血ng
an air spray. Moreover,this type of forging machine operates at
high speeds of 60 t080 cycles per minute. The vertical forging
machine applies lubncantin a spray state, and an air spray is also
Performed after the lubricant has been applied, in order to
enhance the lubrication effect. Althouoh the forming speed of

this machine dunng forging iS 65 Cycles per m加Ute, the aC加al
Production speed iS 30 cycles per minute because the forging
machine stops at top dead center during lubrication and air
Spraying. Die cooling power was evaluated by measuring the
internal die temperature at locations exhibiting severe wear (see
Fig.6), and then measuring the hardness and the wear amount of
the dies after reachino service life. To measure the 血temal die

temperature, a hole was driⅡed from the back of the die t11rouoh
Which a thermocouple wasinsened. This enabled the temperature
to be measured at a position l mln from the die surface.
Funhermore, the mechanica110ads were compared by calculating
the cumulative friction work (see Fig.1) using cAE analysis.
The cumulative friction work is expressed by equation l.

~~~＼'

Vedicalforging machineHorizontal high・speed forging machine
(spray type)(water 110w type)

Fig.5 Di什erences in Lub"cant spraying cond託ions by
Equipment Type

.

Mechanica110ad

Load

Sliding velocity

Processing time

Friction coefficienl

Therma110ad

Heattransfe舵d from blank

Heat generated by friction

Processing time

Thermal characleris{ics ol die materials

Cooling by lubrication and air

Cooling time

Fig.3 Factors A什ecting Die vvear

In this development, an investigation was carried out to
deter加ne 血e relationsMp between cooling power and die wearin

Where μ is the friction coefficient, p is the forming surface
Pressure, v is the relative sliding velocity between the blank and
the die, and tis the processing time.

I cycle
L惟le co011ng e什ect
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Lower die for anomalousPunch for axisymmetric
angular partsrounded pads

Fig.6 Evaluation positions of object Dies

Fig.7 Shows the trends for the temperatures measured l mm
from the die surface. The differences in time period widths
indicate the different cycle times. Axisymmetnc rounded pans
exhibited variations in the state of the lubricant spray in the
Circumferential direction. Therefore, a comparison was made
between locations sprayed with large and smaⅡ amounts of
Iubdcant. Fig.8 Shows the hardness distribution inside the die.
It was confirmed that softening occuned in the vicinity of the die
Surface in the location of the die used for axisymmetric rounded
Parts where only a smaⅡ amount of lubricant was sprayed, as
We11 as in the die for anomalous anoular parts. This softening
Conesponded to the extent of the internal die temperature. The
10cation of the die used for axisymmetric rounded parts where a
Iarge amount oflubdcant was sprayed showed a low increase in
die temperature, and it was confirmed that die softening was
Suppressed.

Evaluation

Posltlon

Development of a cAE system for wear prediction of Hot Forging Dies

Fig.9 Shows the trends for die wear amount.1t shows that

Wear advances faster in the dies for axisymmetric rounded pans
than in those for anomalous angular parts. Fig.10 shows the
results of a comparison of the cumulative friction work based on
CAE analysis. The calculations were made with coulomb

friction coef負Cients of o.1 and o.3, in consideration of the

Changes in the friction coefficient that occur dependino on the
Iubricant characteristics.1t was confirmed the cumulative

friction work in dies for anomalous angular parts is sma11er,
reoardless of the friction coefficient. Although dies for
anomalous angular parts bear a greater therma110ad, it is
believed that wear advances only graduaⅡy because of the sma11
Cumulative friction work.1n contrast, in the case of dies for

axisymmetric rounded parts, the wear in some locations was
aheady advanced at an early stage of forging. This is believed to
be due to an increase in the cumulative friction work, caused by
Severe blank deformation and a hioher friction coefficient. This

is despite the fact that the rise in the die temperature is
Suppressed to a certain extent by the large amount of lubricant
thatis sprayed.
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Fig.7 Di什erences in Die Temperature Trends
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Fig.10 Di什erences in cumulative Friction vvork

Based on the results described above, it is thouoht that the

important factors for predicting the wear amount are precise
Predictions of the die temperature during continuous forging, as
We11 as the prediction of mechanica110ads.1t is necessary,
therefore, to quantify the cooling conditions of the forging die in
accordance with the differences in the lubricant sprayino
Conditions.
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3. Quantifying vvater FIOw cooling conditions

Fig.11 Shows the necessary parameters for cAE analysis of
the forging die cooling process. Among these parameters,
however, the value for the heat transfer coefficient of the

interface between the die and the coolant was unclear, since the

Iiterature contains a number of possibilities. The heat transfer
Coef負Cientis therefore expressed by equation 2.

Where q is the heat aux, rw is the die temperature at the
intelface, and To is the coolanttemperature. As hc increases, it
becomes more likely that the heat wi11 be absorbed, causing the
die temperature to decrease.

hc=q/(TW・TO)

Die information

(1) shape (exterior, mesh)
(2) Heattransfer rate, speci伽 heat, density
(3) 1nilialtemperature

350

Fig.11 Required parameters for Analyzing cooling process

Die

300

250

To quantify the heat transfer coefficient, a test device was
Created, which models the lubrication equipment used 血 mass
Production forging. Data was then c011ected in a cooling model
test as shown in Fig.12. Thermal conductiV北y and heattransfer
Were calculated by changing the heat transfer coefficient hc
Using cAE analysis. This analysis enabled the heat transfer
Coefficient under various cooling conditions to be rendered
numerica11y by obtaining the temperature after l second of
Coolino at a depth of o.5 mm from the surface, and comparino it
to the actualmeasurement data (Fig.13).

200

Coolant information

(4) coolanttemperature

Coolant

150

Analysis (hc=35 kvv ・ m'2・K・1)
Test

Interface information

(フ) Heat transfer coefficient

100

50

Nozzle diameter:φ3.4 Coolant:25で Water
FIOw volume:3 Vmin Flow velocity:5.3 m/S
(Reynolds number:10056)
Measuremenvanalysis position: at depth of
0.5 mm from surface

2.01.0 3.00.0 4.0

Time elapsed from start of cooling (sec)

Fig.13 Method ofldent廿ying Heat Transfer coe什icient hc

Fig.14 Shows the results after ordering of the lubricant
Spraying conditions and the heat transfer coefficient.1t was

found 血at it is possible to simplify the heat transfer coefficient
by using the Reynolds number, which represents the severity of a
丑Ow in 負Uid dyna加CS. The Reynolds number Re is expressed
by equation 3.

Calculation condilions

(5) cooling lime
(6) calculation steps

0

Measured die φ20×20 mm

Fig.15 Spray cooling Model Test

Posltion of comparison between {est and analysis

Spray
distance H

Where D is the lubricant nozzle openino diameter, v is the
Iubricant nozzle outlet aow velocity, and u is the dynamic
Viscosity in which the temperature dependence of the auid is
taken into account. other tests that were conducted by chanoino
the die temperature, the type of lubricant, and the lubricant
temperature, also indicated 血at it is possible to simplify the heat
transfer coe丘icient by using the Reynolds number.

Distance rfrom

Spray center

■一ーー.^.

Coolingmodeltypes:!
(φ50×50 mm,100,300,500゜C)

Fig.12 Vvater FIOw cooling ModelTest

Re=D ・ V/υ

Nozzle opening diameter:φ D

V : flow velocity

ー^

Hot plate φ240×20 mm
(material: SKD61)
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4. Quantifying spray cooling cond詫ions

Spray diameter 2R

As shown in Fig.5, the methods for spraying lubricant in
forging machines are broadly divided into two types: water aow,
and spray. xvith the water aow type, heatis removed by the
flow of the lubricant. xvith the spray type, however,血e
Iubricant removes the heat by evaporation rather than aow.
Therefore, the test device shown in Fig.15 Was used to c011ect
Cooling power data based on the spray type.

φ025 mm sheathed
thermocouples positioned
at distances of o.5,1,2,4,
8, and 25 mm from sudace

Lubricant: white lubricant

Vvater dilution factor (by volume) 15 times

Spray mist density p s
0.03,0.1,0.3,0.5 CC ・ S・1 ・ cm・2
Spray pressure ps:05~1.4 kpa
Spray time:0.5 Sec
Die temperature:150゜c t0400゜C
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Conditions close to those in actual production were reproduced
in the test. The test consisted of measuring the lubricant
Spraying conditions on a vertical forging machine and then
modeling three conditions: spray mist density, spray pressure,
and internal die temperature. Like the water ao、v type, the
Cooling power was quantified using the heat transfer coefficient
hc, based on the changes in the internaltemperature of the
measured die and the results of cAE analysis.
Fig.16 Shows the e仟ect of the spray mist density on the heat
transfer coefficient. The higher the spray mist density, the
greater the heattransfer coefficient becomes, and the maximum
Value is seen in the test die temperature ranoe. Moreover, the
heat transfer coefficient changes greatly according to the die
temperature at spray mist densities below ps=03CC・S、1・cm、2.

20
PS=1 kpaSpray mist density

P S=0.5

Development of a cAE system for vvear prediction of Hot Forging Dies
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5. continuous Temperature Analysis system

The database of the heat transfer coefficients created for this

development was used to calculate the die temperature durino
Continuous forging operations. However, calculation of blank

deformation in therma110ad and stress analysis requires an
enormous amount of time to perform continuously, due to the
Considerable quantity of deformation analysis accompanyino
remeshing and remapping. For this reason, the cAE analysis
System shown in Fig.18 Was created.1n this system, blank
deformation analysis is performed only during the first cycle,
after which only temperature analysis is performed in the
Subsequent repetitions. using 血is analysis system has reduced
Calculation time by more than 50%.

Mesh system
Therma110ad and stress analysis・ contact information
(First cycle only)

・ Heat generatlon distribulion

Flom l sh0110 speCⅢed 則mberonimes

Die temperalure analysis duling blank form舶on

Die temperatureDie cooling analysis
distribution

YES

10

▲

.ー.ー.0

100 200 300 4000 500

Die temperature T (゜C)

Fig.16 Relationship Between spray Mist Density
and Heat Transfer coe什icient

Fig.17 Shows the effect of the spray pressure on the heat
transfer coefficient. At a given spray mist density, the heat
transfer coefficient trend increases slighdy as the spray pressure
rises, provided thatthe die temperature is beloW 300゜C.1n this
Way, the relationship bet、veen the spray cooling conditions and
Cooling power has been dearly quanti丘ed.

●▼

.

ヘ
N

5

PS=03

.

0

0

Fig.18 Flow of continuous Temperature Analysis system

Fig.19 Sho、vs a comparison of actual die temperature
measured at a distance of l mm inward of the die surface with

die temperature obtained through cAE analysis. A complete
match was not obtained due to a measurementresponse error that
Occurs in the actualtemperature measurement. However, the
trends for temperature increase are virtua11y the same.

800

CAE analysis (die surface)
Punch700

Measurement position600

Actual measurement
500

(1 mm inward of die)
CAE analysis 1. 1.400

(1 mm inward of die)1 ＼
300

200

100 Die
＼,＼ ＼＼・

0

. .

P S=0.1
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Fig.19 Comparison of Die Tempera扣re Trends
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Heat Transfer coe什icient
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6.1mproving vvear prediction Formula Through
MU吐ivariate Analysis

In the die life prediction aow shown in Fig.1, CAE analysis
is used to calculate the mechanical and therma110ads that act on

the die, which are then substituted into equation 4 in order to
Calculate the wear amount w per forging.

Where Ef is the cumulative friction work (mechanica110aの,

and σ'is the strength of the softened die (therma110ad)
Constants c,α, and b are obtained from the actual wear amount

measurement and through utilization of multivariate analysis
The wear amount for the number of forgings is calculated by

integrating the wear amount w per forging.1n this development,
data for five parts and 36 Patterns of axisymmetric rounded parts
Were used forthe pU印Ose ofimproving the accuracy of the wear
Prediction formula. The data differed dependino on the die
materials, die surface treatment,10cation, and forging count,
even with similarly shaped parts. This necessitated the
Classification of die characteristics. Therefore, principal
Component analysis was pedormed using data on the actualwear
amount, the cumulative friction work, and the strength of the
S0負ened die. Fig.20 shows the results ofthis analysis. Because
the characteristics are dassified in accordance with the die

Surface treatment, a wear prediction formula was created for each
Classification. Fig.21 Shows the proportions of die loads for
each surface treatment obta加ed from these friction prediction
formulae.1tis believed that the wear amount of a die where no

Surface treatment is performed is more easily affected by
mechanica110ad than therma110ad. conversely, it is believed
that the wear amount of a die after surface treatment is more

easily affected by therma110ad than mechanica110ad.

W=C ・イEガ 0/(σ)h (4)

δ:29%
nerma110ad

Ef:71%
Mechanica110ad

No sudace treatment

Fig.21 Proportion of Die Load by surface Treatment

Fig.22 Shows verification results for the created wear
Prediction formulae.1t shows a comparison between prediction
Values and actual measurement values for increases in wear

amount, in accordance with the number of forgings for each of

the t11ree parts. The prediction enor for the wear amount at the
finalforging was approximately lo%.
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Future intentions indude further improving the prediction
accuracy dudng forging by clarifying the mechanisms of surface
treatment peeling and elimination, and then incorporating these
Phenomena into the prediction techn010gy.

1000

Prima

Component

2 3

フ. conclusion

4

Lubricant spray characteristics that affect die temperature were
Clarified and the accuracy of wear prediction formulae were
improved, in order to put die life prediction techn010oy into
Practical use and improve the life of hot forging dies.1n the
future, itis planned to use this techn010gy for designino dies for
axisymmetric rounded parts as we11 as for anomalous angular
Parts.

This article is the result of a development project carried out
joindy with the Materials Department, Advanced Metal
Laboratory ofToyota central R&D Labs.,1nc. The authors wish
to express their gratitude for the cooperation of a11the people
associated with this project.
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An lysis fsolderJoint
in El tronic Devices M.

Abstract

The spread of automotive electronics has progressed to the stage where cars are now insta11ed with a large
amount of electronic equipment,in which electronic devices are mounted on printed circuit b0討ds using solder.
Since automouve electronic equipment is exposed to a harsh use environment and requires a high degree of
reliabⅡity, evaluation of solderjoinU行e is ofthe utmost importance. Analyzing solder 1廿e using the Finite Element
Method (FEM) a110ws many design factors to be investigated in a short period of time, thereby enabling the
Performance of highly reliable design. However, conventional methods of solder life analysis can only predictthe
generation of initial cracks and are therefore unable to reproduce product function breakdown caused by actual
jointfracture. As a result, use ofthese methods is lim託ed to the research field. This article describes a practical
method of solder breakdown life analysis that combines predic"on of crack in託iation and crack propagation to
enable prediction ofthe number of cycles to totalfracture of solderjoints.

Breakdown ufe
■

arU e●1

Keywords: SO/derjoint, faガgue ガfe, crackpmpagaガ0n, breakdovvn ガfe, F三U, simu/aガ0n

1.1ntroduction

Solder

1.1 Background

In recent years, the use of automotive electronics has
Continued to spread. vehicles are now insta11ed with a laroe
amount of electronic equipment, in which electronic devices are
mounted on wirino boards using solder to form electdcal circuits
(Fig.1).
In most items of electronic eqUゆment, the coefficients of
Iinear thermal expansion of the electronic devices and the wirino
board are different. As a result, changes in environmental

Kazuhiro lgarashi*

KimimasaMurayama*
TakashiNakanishi**

Qian容 YU***
Masakishiratori***

Example ol automotive
electr:onic equipment

temperature produce thermalstress, generating large amounts of
Strain in the softest solder joints. Repeated appHcation of strain
Ieads to the initiation of cracks that, if a110wed to propaoate, may
eventua11y lead to breakdown of thejoint(Fig.2).
Automotive electronic equipment is exposed to a use
environment that has harsher chanoes in temperature than
household electronic goods, and must also be highly reliable
from the standpoint of safety. For these reasons, evaluation of
Solderjoinuife is ofthe utmostimportance.

Fig.1 Automotive Electronic Equipment and
Electronic Devices

* Electronic components Engineering Div
¥* Electronics Engineerino Div.1

¥立北 Yokohama National university

.e4

Example of
electronic device
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1.2 Method of evaluating solderjoints

Crack

The thermal fatigue life of solder joints is genera11y evaluated
by thermal cyde tests.① The electronic unitis placed inside a
tester and exposed to therma110ads by repeatedly altering the
ambienttemperature t010w and high levels (Fig.3). The unitis
removed atthe end of a predetenmned number ofthermalcydes

Fig.2 Solder Joint crack



and subjected to function checks and cross section examinations
Of the solder. Adjusting the temperature conditions and the
number of cycles of the test enables the unitto be assessed under
the temperature ranges found in various regions around the
World, and in consideration of differences in usage conditions
and insta11ation positions. Thermal cycle tests provide highly
Consistent results since environments close to actual usage

Conditions can be simulated, but overaⅡ effectiveness of these

tests is hindered by the extremely long testing pedod and the fact
that only a smaⅡ amount of data can be c011ected.

Thermal cycle tester

Analysis of solder Joint Breakdown Life in Electronic Devices Mounted in cars

Time

Fig.3 Thermal cycle Test

1.3 Solde門託e analysis using FEM

Analyzing solder life using the Finite Element Method (FEM)
aⅡOws many desion factors to be examined in a shon penod of
time. FEM analysis per血ts the visualization of stress, strain and
Other factors affectino the solder, thereby enabling larger
amounts of data to be obtained. As a result, FEM enables highly
reliable desion to be performed by a110wing feedback to be
applied to designs at the product development stage and aiding
Understanding of the causes and mechanisms of solder
degradation.
However, conventional methods of solder life analysis can

Only predict the generation of initial cracks and are therefore
Unable to reproduce product function failures due to actualjoint
breakdown. As a result, use of these methods is restricted to the

research field. This article describes the development of a
Practical method of solder life analysis that combines prediction
Of crack initiation with crack propagation analysis to enable
Prediction of the number of cycles to total breakdown of solder
Jolnts.

Fig.4 SEM lmage of solder cracks

2.2 Prediction of crack in託iation

The fatigue life of solder joints conelates with the inelastic
Strain amplitude dose to the points where strain concentrates,
and can be understood in accordance with the Manson・coffin

Ia、V. Equation l, which was calculated from the results obtained
from a large number of tests, was used in this study to calculate
the number of cydes to crack initiation from the inelastic strain
amplitude.

Nj=1000*(訂εm/0.ob・2 a)
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2. Method of AnalysiS ②

2.1 Definition of crack in託iation

The size of the solder crystals used in this study was between
10 μm and severaltens of μm. crack initiation was defined as
the point when the initial crack length reacheS 50 μm, which may
be assumed to be the length of 2 t0 3 Crystals (Fig.4). crack
in武iation and propagation was analyzed based on this definition.

TOYOTA 1色ChnlcalRevlevv v01.54 NO.1 NOV.2005

C3

Ivj: number ofcydes to crack initiation
Z εm:inelastic strain amplitude

Inelastic strain is calculated as the sum of the creep strain and

血e plastic strain. The inelastic strain amplitude in 血ermal cycle
tests is defined as the mean change in the cumulative values of
inelastic strain when the ambient temperature is switched from
10w to high and vice・versa, respectively (Fig.5)
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Time

Fig.5 Defin川on of lnelastic strain AmP1託Ude

2.3 Crack propagation and breakdown prediction

A fatioue fracture in a solderjointleads to eventualbreakdown
after passing through localized crack initiation and crack
Propagation stages. Damage is accumulated in accordance with
the strain in each portion in each stage. This damage rate may be
evaluated quantitatively by the law of cumulative linear damaoe
as expressed by equation 2.
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Where,

η: damage rate
Ivi: number of strain cycles
1Ⅶ1: fatigue life under single load

J1 1V'・
η*含一ι
i= 1 1×1jl

X入lhen the damage rate becomes l.0, the solder reaches fatiσUe
Iife and a crack is initiated.

In 血is study, crack initiation was defined as the point when the
Crack length reacheS 50 μm, and crack propagation was also
expressed in units of 50 μm. An analysis model was used to
Create further models depictino cracks in the solder joint at 50
μm intervals, and the inelastic strain amplitude and fatioue Hfe
Were calculated for each model. The number of cycles to crack
Propagation was obtained by calculating the number of cycles
required forthe damage rate of血e tip ofthe crack to reach l.0.
Figs.6 and 7 Show representative diagrams of the
Calculations. Fig.6 is a representative diagram of fatigue life
Calculation. The fatioue life was calculated usino the mean

(2)
inelastic strain amplitude of the solder joint in each 50 μm
region.1t was confirmed that strain decreased and fatigue life
increased the larger the distance from the sudace of the solder.
Fig.7 is a representative diagram of the law of cumulative
Iinear damaoe. The top line shows the initial state of the solder.

The f0110wing lines show the state of crack propagation every 50
μm. The figures show the degree of damage 血 each 50 μm
region of 血e solder,indicated by number of cydes/fatigue life.

The initial state shows absolutely no damage at the crack tip
(the o t050 μm region). ThiS 血dicates that the crack is initiated
When the number of strain cycles reacheS 40 for a fatioue life of

40 cycles.1n the subsequent 50 t0 100 μm region, damaoe is
accumulated at a rate of 40/60.1n the next range, the damaoe
rate accumulation iS 40侶0.

In the second step shown on the second level from the top, the
Crack tip reaches the 50 t0 100 μm region.1n the model

Containing a crack propagated t0 50 μm,山e fatigue life cydes
are calculated aS 50 and 70 from the tip usino the same method
Of fatigue life calculation as shown in Fig.6. since 血e damaoe
rate of the crack tip in the previous step waS 40/60 and the
fatigue life in the cunent step iS 50 cycles, N2 (the number of

Cycles to crack propagation) is calculated to be lV2=17, using
40/60十<12/50=1. Assuming the same damaoe accumulation in
SteP 3,40侶0+17/70+1V3/60=1Showsthat N3=15.

The number of cycles that the crack takes to progresS 50 wn
intervals can be calculated for each step by repeating this
Calculation. As a result, it is possible to predict crack
Propagation and breakdown life.

Fig.7 Representative
Linear Damage

3. cond詫ions of Analysis

3.1 Parts under analysis

146

Many types of electronic devices are mounted in automotive

electronic eqUゆment.1n this study, chip resistance, a large
number of which are provided in such equipment, and W11ich has
a generaⅡy shortlife, was selected for analysis (Fig.8). The
electrodes at both ends of chゆ resistance are joined to the board
Using solder. The analysis model was a ν4 Sy11血euy analysis
model with two planes of sylmletry and one point of constraint
10cated atthe upper surface of the circuit board.

50 100 150μm

Diagram of Law of cumulative

Chip resistance

＼
Board

y
Electrode

Fig.8 Analysis Model(chip Resistance)

Solder joint

1
0



32 Conditions

An snpb eutectic solder was emulated as the solder material,

and provided with creep properties and a yield stress thattake the
respective temperature dependencies into consideration. creep
Properties were defined based on Norton's law (equation 3).

Where,
.

εC: creep strain rate
(丁: stress

A,": material constant

.

ε'

A temperature profile that recreated a thermal cyde test was
Used for the temperature conditions. Analysis was performed
Utilizing the 負nite element method general・purpose ABAQUS
Software.

A σ'"

Analysis of solder Joint Breakdo、Nn Life in Electronic Devices Mounted in cars

4. Analysis Results

4.1 Prediction of crack iniuation

Under the electrode at the side of the chip. The data also shows
that the predicted number of cycles to crack initiation iS 41. The
Solder layer under the electrode thatis exposed to the difference
in thermal elasticity between the chゆ and the board is extremely
thin. This leads to an increase in shear strain, and it is believed

that crack initiation occurs in this layer first.

Fig.9 Shows the inelastic strain amplitude distribution for one
therma110ad cycle with regard to the solder joint of the chip
resistance.1n addition, Table l shows the predicted results for
Crack initiation fatioue life for solder portions A, B, and c in
Fig.9. These results were calculated using the Manson・coffin
Iaw afterthe mean inelastic strain amplitude was obtained for the
50 μm depth range in the direction of crack propagation.

Direction of crack propagation42

The location of crack initiation can be predicted from the
10cation of strain concentration, but the direction of crack

Propagation must be predicted before crack propagation itself
Can be analyzed. since, in this model, the location of crack
initiation is the thin solder layer under the electrode, crack
Propagation can only occur within a aat plane.1t is therefore
Possible to predict the direction of propagation by looMng atthe
Strain amplitude distribution (Fig.10).
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4.5E・02
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5.OE・03

0.OE、00
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Fig.9 1nelastic strain Amplitude Distribution (1n託ial)

Table l Calculation Results for Number of cycles to
Crack lnitiation

Zε,

Ⅳf

Crack propagation direction

Fig.10 prediction of crack propagation Direction

Fig.9 and Table l indicate that the portion in which the
Crack initiates is corner A, which is located in the solder layer

However, since the crack wi11 reach a fi11et portion once a
Certain amount of propagation occurs, it is imperative that the
direction of propagation be predicted three・dimensiona11y
CurrenHy, however, three・dimensional prediction of the
Propagation direction is extremely difficult using only the results
Of analysis. Therefore, as shown in Fig.11, the face of the
Crack propagation path was assumed based on the results ofcross
Sectional observation of a solder portion after a thermal cycle
test. The results of this test showed that crack propagation is
Iimited to within the face,thereby a110wing the direction of crack
Propagation to be predicted from the inelastic strain amplitude
distribution.
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43 Crack propagation and prediction of breakdown life

The inelastic strain amplitude distribution was obtained by
thennal stress analysis, and used to predictthe direction of crack
Propagation. A model was then created in which a crack was
Propagated by 50 μm in 血e propagation direction, and the
thermalstress analysis was pedormed aσain. This was repeated
Untilbreakdown ofthe solderjoint was reached.
Fig.12 Shows the inelastic strain distribution of the crack
Propagation process. The red ponion, which shows the area with
the greatest inelastic strain distribution, indicates the tip of the
Crack. The orange, yeⅡOw and green portions close to the crack
Show areas where relatively large amounts of strain are
generated. The strain in the regions t11rouoh which the crack has
already propagated (shaded in black) and the regions separated
from the crack is extremely low.

Fig.12 Shows that the crack propagates simultaneously
inward from the side surface of the solder layer under the
electrode and toward the fi11et portion.1t also showS 血at the
Sttain at the fi11et portion is lower than the solder layer under the
electrode, a110wing a slower rate of crack propagation to be
Predicted.

Region through
Which crack has

Propagated

●一center surface

5.0OE-02

4.0OE-02

3.0OE-02

Crack len91h:500 μm

2.0OE』02

^1500 μm

Fig.12 Appearance of crack propagation

Fig.13 Shows a graph of the inelastic strain amplitude
distdbution for each rate of crack propagation. Each line shows
a single analysis result. The graph shows that the largest strain is
10cated in the solder atthe crack tip, and thatthe strain becomes

Sma11er the further away the solder is from the tip. The oraph
also shows that the overa11 Strain distribution gradua11y reduces
as the crack propagates.
Based on the inelastic strain amplitude data in each 50 μm
region, the Manson・coffin law was applied to calculate the
fatigue life, and the law of cumulative linear damaoe was applied
to calculate the number of cycles required for the damage rate of
the crack tip to become l.0. T11is number of cycles equals the
number ofcycles required forthe crack to propagate 50 μm.

Distance from crack inⅢation p0甜ion (μm)

Fig.13 Strain Distribution for Each Rate of crack
Propagation

Fig.14 is a graph showing a comparison between prediction
results and test results, after calculation of the relationshゆ of the
number of cycles of 血e 血erma110ad and the crack length from
Crack initiation to breakdown. The test results use a sample
Consisting of a cedain number of cycles extracted from a thermal
Cycle test, in which a solder crack was verified in a cross section

Close to the side surface and a section in the center (Fig,15).
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Fig.14 Comparison of Analysis and Test Results
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Fig.15 Cross section observance positions

Xvhen the results of the prediction for crack propagation and
the test results were compared, it was found that the number of
Cycles required for the crack to reach the cross section close to

the side surface and the chip center were virtua11y the same,
indicating that 血e prediction and the testresults were consistent.

The f0110wing results were also found.1n the initial period
When the crack was short,the rate of crack propaoation was high
because of the large joint lenoth and the high amount of strain.
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Subsequendy,the rate of crack propagation slowed as the length
Of the crack grew, slowing further when the crack reached the
負11et ponion.

5. solder ufe Factor Analysis

5.1 Cla""cation offactors

Reducing the inelastic strain of the solder is necessary for
improving solder Hfe. The key factors were clarified using a
technique that combined solder life analysis with a statistical
method.

The factors affecting the inelastic strain amplitude of solder
Were specified using the relation drawing shown in Fig.16.
Inelastic strain amplitude is caused by thermal stress, and it can
be categorized into effects that depend on physical and form、
based propenies. six factors related to physical properties and
four factors related to form・based properties were darified. The
Six physical properties were the Young's modulus and the

Coefficients of linear thermal expansion of the solder, the chip
Part and the 'board. The four form・based properties were the
height of the solder below the chゆ Part, the solder length, the
Protrusion length of the land, and the thich)ess of the printing
to01 (Fig.17).

Analysis of solder Joint Breakdovvn Life in Electronic Devices Mounted in cars

52 Analysis of contribution rate 0什actors

A simulation plan was formed in order to analyze the
Contdbution rate of the factors by means of a screening desiσn of
experiments (DOE) utilizing the tolerances of the ten factors

described in section 5.1 as upper and lower limit values. Fig.18
is a representative diagram of the distribution of this plan
(fractional factorial resolution nD. The black cirdes show the

Values of the implemented factors. solder life analysis was
Performed based on this plan.

Target variables

Inelastic strain

amplitude

Th引mal
Stress

Physical
e什ects

Hardness

Explanatory variables

Young's modulus of solder

Young's modulus of chφ Part

Young's modulus of board

Di什erences in
Coe伶Cients of
Iinearthermal

expanslon

Test point

Form・

based
e什ects

Coe什icient o"inearthermal
ex ansion of solder

Coe什icient o"inearthermal
ex ansionofchi art

Oe lclento lnearl erma
ex ansion of board

Thickness of printing to01

Fig.16 Clarification of Factors

Factor D

(Distribution diagram for five faclors)

Fig.18 Distr山Ution Diagram of Test plan

<

<

The contribution rate of the factors was calculated by
Pedon11ing the scNen血g DOE with the 血elastic strain amplitude
Obtained from solder life analysis as the parameter (Fig.19).1t
Was found thatthe factors with the largest contribution rate were
the coe丘icients of linear thermal expansion of the board and the

Chゆ Part, and the height of 血e solder below the chip part.
Furthermore, a high value (0.923) was obtained for the square of
the conelation coe丘icient, R2.

Solder
fi11el

Shape

Thickness of solder below
electrode

Length of solder below
eleclrode

Thickness of
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Fig.17 Form・Based Factors
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6. conclusions

The chip resistance of an automotive electronic device was
examined by focusing on the 血elastic strain amplitude of the
Solderjoint. The number of cycles required for complete
breakdo、vn of the solderjoint was calculated using the Manson・
Coffin law and the law of cumulative linear damage. The

Consistency of 血ese calculations was then verified by
Comparison to test results.1n addition, factor analysis of solder
Iife enabled the factors with the greatest contribution rate to be

Specified.
In、house breakdown life analysis of solder joints has been

Performed for a large number of cases, and the consistency ofthe
analysis with tests has been verified. As a result, this method has
already been put into practical use.1t is believed that applying
this solder life analysis method from the development stage of an
even greater number of products in the future wi11 Prove a useful
Way to improve reliability and shorten developmenttimes.
Fina11y, the authors would like to 0任er their sincere gratitude
for the valuable cooperation of aⅡ血e staff at Yokohama
National university who contributed to this research.
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IechnicalAward News

The Award ofthe society ofpolymer science, Japan

Dynamic Devulcanization/Dynamic vulcanization for Recycling Rubbers and
Developing Thermoplastic Elastomers

1. ouuine

Rubber has a unique charactedstic that makes it an indispensable
automotive material, i.e., the ability to stretch we11 and then
Contract back to its orioinal form. This characteristic is a

Consequence ofcrosslinking reacti0那 dunng molding, which create
a t11ree・dimensionaⅡy interconnected network structure between the

rubber molecules. As a result, rubber has no thermoplastic
Propenies, maMng it a very difficult materialto recycle.
The techn010gy described in this article utilizes a twin、screw

reactive extruder to set appropriate conditions for breaking
CrosslinMng bondS 6.e., devulcanization)in order to manufaC加re
a redaimed Nbber. The redaimed rubber is then blended with

resin to manufacture thermoplastic elastomers (TPE) by
introducing new crosslinking. This techn010gy has enabled the

development ofa high・grade and econ0血C method ofrecycling.

YasuyuM suzuki*

2. Details of Techn010gy

2.1 Dynamic devulcanization

In the network chains of sulfur crosslinked 則bber, the bond

energies of the crosslinking bonds (S、S:270 kJ/m01, C、S:310
kJ/moD are comparatively lower than that of the main chains (C、
C:370 kJ/mob.

Utilizing the differences in the bond eneroies, a techn010oy
Was developed capable of breaking selectively crosslinking
Points only, by the application of appropriate amounts of heat
and shear stress in the twin・screw reactive extruder (Fig.1).

Katsumasa Takeuchi**

Kenzo Fukumori***

22 Dynamic vulcanization

A continuous TPE manufacturing techn010gy was developed in
Order to increase added value.1n more detail, after the rabber

has been reclaimed, it is then dynamica11y vulcanized by
blending with resin in the twin・screw reactive extNder (process
time:10 min or less), as shown in Fig.2. Note thatthe peculiar
Odor generated on rubber reclamation has been removed by a
deodorizing treatment that injects water and traps the odor in
high・pressure vapor.

The TPE obtained under optimum conditions has virtua11y
identicalphysicalproperties as commercialTPE.

t 加、丁一、ワ下御.'.'Xs stress

Mitsumasa Matsushita***

Norio sato***

Disulflde bond

Fig.1 0utline Diagram of Devulcanization Reaction

、Ⅳaste crosS11nked

rubber EPDM)

Crosslinked rubb引

The resulting reclaimed rubber can be vulcanized by usual
methods and it was confirmed that it has the same physical
Properties as ne、v rubber.

令

* Material Enoineerino Div.2

*** Toyota central R & D Labs.,1nc
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Resin pp
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Vvater vapor deodorizing

Fig.2 TPE Manufactu"ng Techn010gy using

Devulcanization Blendin vU始nlZ釦on

Curatlves

3. conclusion

Degassing^ exhauslgas process

Injection of water (deodorlzlng)

.

Reclaimed rubber

Rubber parts compounded by rubber reclaimed usino this

techn010gy have been put into practical use since 1997 by
Toyoda Gosei co., Ltd., and are now widely applied in mass、
Produced vehicles. use ofTPE manufactured by 血is techn010gy
is scheduled to startin 2005.

This techn010gy has been licensed to three companies within
Japan and itis hoped thatits application wiⅡ also spread to other
Countnes

The development of this techn010gy would not have been
Possible withoutthe cooperation ofToyota central R & D Labs.,

Inc., Toyoda Gosei co., Ltd., as weⅡ as staff within Toyota
Motor corporation.

** Toyoda Gosei co., Ltd
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Ihe Techn010gy Award ofThe society ofFiber science and Techn010gy, Japan

Development of pLA Fiber Board

Takayasu Mori**Takashilnoh*

1.1ntroduc"on

Rapid increases in the amount of c02 emissions and the
advancement of global war血ng owing to heavy consumption of
fossil resources are acknowledged as problems requiring great
attention. Replacing plastics derived from petroleum 、vith
Plastics derived from plant sources is considered an effective
means for helping combat global warnling, and techn010gy has
been developed for application to automotive parts. polylactic
acid (PLA)is the only mass・produced bio・plastic that synthesizes
Iactic acid extracted from glucide in plants. This research
focused on improvino the weaknesses of pLA, namely, heat
resistance, impact resistance, and hydrolysis resistance, in a
board formed by combining kenaf (plant) fiber with pLA fiber,
after which heatis used to meltthe pLA.

2. summary of Development

2.1 1mproved heat resistance and impactresistance

The effect of combining kenaf fiber with pLA resulted in

improved heat resistance (Fig.1) and impactresistance (Fig.2).

2,2 1mproved hydrolysis resistance

It is believed that hydrolysis of pLA is promoted by lactide
remaining in polymers that acts as an acid catalyst. Therefore, a
Study was conducted on the amount of lactide remaining. The
results are shown in Fig.3. By reducing the amount of lactide,

it was possible to slow down hydrolysis.
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YuheiMaeda***
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Fig.3 Hydrolysis property (Reduced Molecular Mass)

2.3 C02 gas reduction e什ect

Fig.4 Shows the comparison results of the amount of c02 gas
emitted from the manufacturing stage of polypropylene and
kenaf/PLA material up to thermal recycling for a part shape

(spare tire cover). Energy from discarded biomass generated 血
the process for manufacturing raw materialserves as the energy
required for manufacturing pLA. The results showed thatthis
hasthe potentialto reduce c02 gas e血Ssions by 82%.
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3. conclusion

Incorporation of the developed techn010gy in kenaf and pLA
boards has made possible the world's first mass production of a
bio・plastic automotive part-a spare tire cover for the Raum
modelsold in 2003.
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The Techn010gy and Takeda MemorialAwards ofThe society oflnstNment and controlEngineers
Robust Design for Torque converter clutch slip control system by means of

ω Control and LMI Approach

1.1ntroduction

As automatic transmission (AT) vehicles have become

extensively used in the present day, techn010gies for improving
the fuel consumption and reducino the c02 emissions of AT

Vehicles are urgently required.1n particular, S1ゆ Contr01,血
Which the torque converter's lock・up clutch is enoaged by
application of slight, steady slip, has great potential as an
e仟ective techn010gy for promoting good fuel economy, since it
enables the benefits of lock・up to be attained even in the low and
middle speed ranges. However, the controltarget, namely, the
10ck・up clutch, has input・OUゆUt characteristics that change
Substantia11y depending on differences in Nnnin8 Conditions. AS
a result, highly accurate S1ゆ Controlis difficultto perform.
The authors have addressed this problem t11rough development
Of a contr011er design method that simultaneously achieves
robust stability and target f0110wing charactedstics. Along with
this, a development method enabling contr011er design within a
Short desion time has been established, thus a110wing system
developmentto be carried out quicMy.

2. overview

Fig.1 Shows the S1ゆ Controlsystem.1n this system, the
dynamic charactedstics of the lock・up dutch and the hydrauHC
Control device vary significandy due to factors like change in the
Operating conditions and deterioration of the hydraulic auid.

Torque converter ECU

To perform loop shaping that focused on the peak charactedstics
Of the complementary sensitivity function as a measure of
Stability with respect to the variation, H伽 Control and an LMI

approach were used. As a result, a contr011er capable of
Simultaneously achieving outstandingly robust stability and
target f0ⅡOwing characteristics was introduced. At 血e same
time, simplified representation was introduced for the model and
Contr011er based on the end point characteristics of each set and

interpolation thereof, and the mutua11y interpolated parameters
Were set with a dual relationship. Thus, it became possible to
design the contr011er i11血ediately after modelidentification.

Fig.2 Shows a comparison ofthe Hω Contr011er obtained using
the developed design method and the dassic plD contr011er when
Operating in conditions when the hydraulic auid has detedorated.

It is clearly apparent that the H伽 Contr011er shows outstanding
Stability.1n addition, the conu011er design time was reduced by
One・third as compared to methods in which strict modeling is
Perfonned.

KatsU血 Kono*

RyoichiHibino**

Lock・up clutch

Hiroshiltoh*

Masataka osawa**

TU巾ine

'口叩.劇

Hydrau!ic control device

Actual slip
Speed

Target S1ゆ
Speed

nglne

Speed

* Ddve Train Enoineering Div.2

** Toyota central Research & Development Laboratories,1nc
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Fig.1 Slip control system
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Fig.2 Test Results when Hydraulic
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(a) H伽 Contr01
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3. conclusion

A new design method was introduced that aⅡOws rapid
development of a system offering outstanding fuel consumption.
This system is now beino utilized in many different vehicle
models.
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As the season begins to tum, we presentto you v01.54 NO.10f the Toyota Technical Review.

The name Toyota is recognized a110verthe country and we hope the Toyota TechnicalReview, Toyota s only
technicaljoumal, wi11 become similarly we11 hlown. xvith a view to gaining even the slightest 血Crease in our
readershゆ, we have decided to switch back to a bi・annual publication of the Review instead of the annual
Publication in recent years. For this reason and others, we have induded as many of the various latest
techn010gies oaining attention at Toyota as would fitin 血e Review. More diagrams and c010r pages have been
added as we11, and we avoided obscure technicalterms where possible so that generalreaders may also appreciate

the content. The articles published in the Review are written by engineers and researchers at the frontline of
Toyota. Therefore, we believe that not only fans of Toy0仏, but also anyone with an interest in automotive
techn010gy wi11 負nd subscribing to the Review wor[hwhile. xvith the Revie、V, you too can become an exper[ on

(Yamazaki)Toyota and oet a window into the latesttechn010gicaltrends at Toyota

'"Hybrid' wi】1Probably be this year's keyword in the automouve 血dustry."
It waS 雛Ound January when lfirst saw thatline written in a magazine article. Atthattime, we hadjust started
Preparations after deciding to make hybrids the topic of this Toyota Technical Review. since then l have often
Seen the word "hybrid" in automotive・related magazines, maMng me glad that we focused on hybrids in this
Review. The spodight on 由e hybrid techn010gies and trends of carmakers has been growing brighter.1 hope
Toyota's only technicaljournal, the Toyota Technical Review, wi11 generate further interest in Toyota s
techn010gies among ourreaders.
This beino my 丘rst turn as editor of the Review,1 must admit that it has been an ove則heln)ing experience.
Thanks to the contributing authors and generous cooperation of others, we were able to see the smooth
Publication of this Review.1 am deeply grateful for everyone's help. starting this year, the Review wi11 be
Published on a bi、annual basis and we intend to continue publication of the Toyota Technical Review with an

(Hayashi)emphasis on timely topics. Thank you forreading the Toyota TechnicalReview
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