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More Fulfilling Lifestyles for the World's People

HEEB ST

The world is currently in a major period of transition. In the field of technology, innovation is leaping
ahead at much greater speed than in the past, with further advancement and deeper development of
technology.

In particular, the progress in Al and data science has been remarkable, enabling new value to be created
by learning from the vast amounts of data now available. In the worlds of go and shogi, ten years ago it
was believed that it would take 100 years for a computer to beat a professional player, but this situation
has changed within the last decade. Although only for some cancers, in the field of leading-edge cancer
medicine there are reports of dramatic improvements observed in the treatment effectiveness rate by
selection of anticancer agents through Al technology which combines genetic engineering and technical
papers from around the world. Technology has enabled the creation of new value by combining diverse
technologies in addition to the deeper development of existing fields.

We often hear the phrase “telling the story over selling the product,” but in a manufacturing industry such
as ours, I believe that a more appropriate expression is “enhancing the product to create the story.” Our
motorcycle department has recently been taking initiatives based on the concept of the “NTUM cycle.” The
intent is to encourage thinking in the Network-Transaction-User-Mobility cycle, with the concept being
to add provision of value via a circular cycle from product mobility M through N, T, and U, in addition to
the traditional straight-line horizontal process of planning, development, production, and sales. Starting
with an offering of new mobility and then combining T and N value provision from the user’s perspective
creates new initiatives.

It goes without saying that if the product is not excellent, this cycle will not begin. I want us to strive to
create products in the unique style of Yamaha at every possible opportunity. By then expanding our focus
from customers purchasing our products, to customers owning our products, and onto customers con-
nected through networks, provision of value in a different form becomes possible. To this end, I believe
that alliances and M&A with competitors and companies in different industries will become necessary.

In addition, I believe that one of the key aspects of the value Yamaha offers is not just selling vehicles, but
also providing solutions. The world currently faces enormous social issues. Natural disasters considered
to be of a once in a hundred years severity are occurring seemingly every year, and severe traffic
congestion in large cities is becoming chronic at the same time as the advance of the aging society and
rural depopulation. In addition, the collapse of retail distribution systems and lack of frontline senior care
human resources are also becoming significant.

One of Yamaha's major strengths is providing solutions which combine mobility and robotics technology.
This year, we have fresh memories of reports of customers rescuing people using Yamaha personal
watercraft during the disasters caused by heavy rains. I believe that if our products broaden their
technological scope a little more, consider the social climate a little more, and incorporate other industries
a little more, we can make a social contribution which no one else can, including addressing the social
issues mentioned above. I personally very much like our Corporate Mission of “Offering new excitement
and a more fulfilling life for people all over the world.” I want Yamaha Motor to increasingly be a company
which enables people around the globe to lead fulfilling lifestyles.

Even with our initiatives such as disaster relief programs incorporating our products, proposals for
precision agriculture and precision medicine, and the Smart City concept, there are still limitless
possibilities to demonstrating the value of Yamaha Motor to society. I would like to convey my
expectations and encouragement to our teams of engineers which create amazing technology, wonderful
products, and brilliant solutions.

YAMAHA MOTOR TECHNICAL REVIEW
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CFD Analysis of Intake Contamination by Dust in Motorcycles

=EEBZ #HHEE )Lt

Abstract

Air intakes and outlets of motorcycle powertrain combustion and cooling systems tend to suffer infiltration by con-

taminants such as dust and water (Figure 1). Yamaha Motor uses commercially-available CFD (Computational Fluid

Dynamics) code to conduct theoretical study of the dust contamination phenomenon, and has utilized the code for

product development since 2008.

This report introduces an overview of Yamaha Motor's dust contamination analysis, which includes issues, our

approach to resolving them, and validation of the analysis.
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Development and Manufacturing of Smart Motor Generators for
ASEAN Commuter Motorcycles: The Challenge of Cost Reduction
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Abstract

The Smart Motor Generator (hereafter “SMG”) system for air-cooled engines is included in the Grand Filano sold in
Thailand from the 2018 model onwards. Yamaha Motor Electronics Co., Ltd. develops and manufactures the Starter
Generator Control Unit and the Starter Generator, which are core components of the SMG system.

During the development of the SMG system at our company, an even bigger issue than incorporating functionality was

how to build in low costs. This report introduces the cost reduction initiatives taken as part of SMG system develop-

ment.
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Cost Reduction Development of Powertrain Components through
Sheet Metal Forging
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Abstract

Japan’s manufacturing industries, including plasticity processing, have developed together with the electrical and
automotive industries. However, an unprecedented and major paradigm shift is now approaching. Improving fuel
economy and environmental friendliness have been baseline requirements in manufacturing for some time, but
recently, the Monozukuri (engineering, manufacturing and marketing) process which encompasses products has itself
come to embrace smart technology, rapidly shifting to advanced and diverse functionality and Al technology. The
approach to Monozukuri which simply pursued improvements in efficiency or cost reductions is now a thing of the
past. Monozukuri (processing method development) which is not captured by past notions but instead anticipates the
future by embracing blue-sky thinking is now essential.

Yamaha Motor Engineering Co., Ltd. provides processing technology based on sheet metal press forming technology,
developing a wide range of plasticity processing methods, including forging.

The initiatives showcased in this report incorporate integrated plasticity methods which leverage materials properties
and consider multiple motorcycle powertrain components together, rather than as single components, and have suc-

ceeded in creating new added value by developing its integrated plasticity processing method (sheet metal forging).
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Packing specification design for large outboard motors

FEB RER

Abstract

In June 2018, Yamaha Motor launched the F425A as its new flagship outboard motor. Compared to Yamaha Motor’s pre-

vious highest-output outboard, the F350A4, the 5.6L V8 F425A is significantly longer and heavier, and the expanded

transom height (height at which the outboard is mounted) specification etc. has improved its functionality and range

of usability. However, these changes also necessitated a new packaging specification design to match.

The new packaging design aimed to restrict increases in shipping costs due to the changed packaging size, and to

prevent recurrence of past problems. Furthermore, improvement suggestions gathered through market research were

also reflected in the packing specifications to eliminate risks in distribution such as product damage.

This report introduces initiatives to add value to packaging through the example of a packaging specification design

for the F425A, the flagship outboard motor which symbolizes the Yamaha brand.
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Advanced Luxury European Scooter
FLTF125-1/A1 DREF

Development of the LTF125-1/A Advanced Luxury European-style Scooter
Fft i fliE R T HES ARAETF

Abstract

Unit sales in the Thailand motorcycle market have been on a downward trend since peaking at approximately

2.1 million units in 2012. However, signs of recovery have been visible since 2015, and sales of the 1.8 million-

unit range are forecast for 2018. Scooters account for approximately 30% of total motorcycle unit sales, and the

core scooter products are fashion scooters such as the Yamaha Motor GRAND FILANO. The new LTF125-I inherits

the features and image of the current GRAND FILANO, but as well as adding a revamped exterior and advanced

functionality, also increases usability through improved fuel efficiency and comfort thanks to the newly developed

engine.

The LTF125-A was also developed at the same time as a higher-specification model including ABS (Anti-lock Braking

System) and the Smart Key system in addition to the other new features of the LTF125-L
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Development of the LTF125-1/A Advanced Luxury European-style Scooter
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Advanced Luxury European Scooter LTF125-1/A1 DB

Development of the LTF125-1/A Advanced Luxury European-style Scooter
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Development of the NIKEN MXT850 Sports LMW

Abstract

Motorcycle demand dropped after the economic crisis in 2009 but has since been on a gradual path to recovery,

particularly in the touring category. At the same time, the core purchaser base has shifted to discerning veteran

riders in their 40s and above, so models which deliver both strong basic functionality and distinctiveness are now in

demand.

To meet these market requirements with a distinctive position and provision of value, Yamaha Motor developed the
world's first sports type LMW (Leaning Multi Wheel), the NIKEN.

As the third LMW model - following on from the TRICITY" and TRICITY155 - developing the NIKEN expanded the
possibilities of LMW technology from the commuter into the sports field.

This report introduces technological topics related to the NIKEN's development, and the product itself.
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Development of the NIKEN MXT850 Sports LMW
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Development of the New YPJ Series
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Abstract

The PAS (Power Assist System) for electrically power assisted bicycles uses an electric motor to assist the rider's
pedaling power. Created from the conviction that there was a way to increase the convenience of bicycles, Yamaha
Motor Co., Ltd. (hereafter “Yamaha” ) developed and launched the world's first PAS model in 1993. PAS helps to
overcome some of the fundamental weaknesses of bicycles, such as moving off from rest, climbing hills, and increased
physical burden when cycling into the wind or when carrying loads. Since 1993, PAS products have matured through
drive units becoming more compact and lightweight as well as battery performance improving, and the user base has
expanded from the initial senior age group to include women (particularly working mothers), men, and young people.
With the PAS business celebrating its 25th anniversary this year, the Japanese domestic market for electrically power
assisted bicycles has grown to more than 600,000 units per year. Yamaha is working to create new demand for PAS
products, and in 2015, launched the YP]J sports bicycle brand. The key focus of this brand is to move from “something
easy to ride” (PAS) to “a hobby which is fun to ride” (YPJ).

The field of enjoyment has now been further broadened with the launch of four new models in the YPJ Series, the
YPJ-ER, the YPJ-EC, the YPJ-TC, and the YPJ-XC. This report showcases the concepts behind these new models.
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Yamaha Academy Simulator
Yamaha Academy Simulator Agrochemical Spraying Unmanned Aerial
Vehicle Training System

i IEE  KH 188

Abstract

In 1987, Yamaha Motor launched the Yamaha R-50 Aero Robot industrial-use unmanned helicopter. The R-50 was
the world's first fully-fledged agrochemical spraying unmanned helicopter with a 20kg payload'". Since the release of
the R-50, Yamaha Motor has conducted flying technique and safety guidance with the aim of greater popularization
of industrial unmanned aerial vehicles. Part of this program is practical training in the operation of industrial-use
unmanned helicopters.

The training workshops use both the R-50 and full-scale petrol engine-powered production radio-controlled
helicopters. Furthermore, commercially-available simulation software for radio-controlled helicopters was
introduced into the training program. However, the difference in operating methods between radio-controlled
helicopters and industrialuse unmanned helicopters made skill acquisition difficult. To solve this problem, a flight
simulator was developed in 2014 for the FAZER launched the previous year to provide a full replacement solution
for radio-controlled helicopters. Provision of practical training using the flight simulator as well as actual unmanned
helicopters also began.

With the launch of the YMR-08 industrial multi-rotor drone (Figure 1) in 2018, Yamaha Motor developed the Yamaha
Academy Simulator agrochemical spraying unmanned aerial vehicle training system based on the knowledge gained
from practical workshops using the FAZER flight simulator. This system is dedicated to the YMR-08, but its use is
planned to be expanded to other products such as the FAZER R in the future.

This report introduces the Yamaha Academy Simulator.
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Introducing the Linear Conveyor Module LCM-X Industrial Conveyor Device

R %

Abstract

Building on the experience of developing SCARA robots for internal motorcycle production lines, the Yamaha Motor
Robotics Operations (hereafter “Yamaha Motor” ) has developed a wide range of industrial robots, principally single-
axis robots, cartesian robots, and SCARA robots. Since then, Yamaha Motor products have continued to contribute
to the automation of production facilities in diverse industries, such as the assembly of electronic components and
transport of vehicle-mounted parts.

In recent years, the need for automation has become more pressing in a wide range of industries due to labor
shortages, increasing labor costs, and the requirement to improve productivity, thus driving a steady expansion in
the demand for industrial robots. The number of companies entering the robot market is increasing along with the
expanding demand, generating ongoing fierce competition in the market. Given this situation, robot manufacturers are
taking a variety of initiatives to differentiate their products. In this report, we introduce the Linear Conveyor Module
LCM-X developed by Yamaha Motor to provide unprecedented new value to users in production facility transport

processes.
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YXZ1000R SS/MT 2019 Model ROV
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Abstract

Principally in North America, the ROV (Recreational Off-Highway Vehicle) market enjoys high demand with its wide
range of uses from agricultural and dairy farming work to recreational uses such as hunting and trail driving, as
well as for sports driving and racing. Demand is expected to increase further in the future. To cover this wide range
of uses, since 2013 Yamaha Motor has developed and launched the VIKING, the WOLVERINE, and the YXZ series of
models.

The drivability of the pure sports YXZ1000R (equipped with a sequential manual five-speed transmission) model
was further enhanced in the YXZ1000R SS with the addition of the YCC-S (Yamaha Chip Controlled Shift) system, as
Yamaha Motor pursued its evolution as a model to be used by a wide range of customers in the sports category (Refer
to Yamaha Motor Technical Review No. 52, “YXZ1000R SS 2017 Model ROV”).

This report showcases how the manual transmission and YCC-S specifications were developed in tandem for the
2019 model so that customers can confidently and comfortably enjoy sports driving across many different types of

terrain.
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Development of the New UMAX Utility Model
HEEE (bt BHE

Abstract

In the United States, the largest market for the golf cars business, Yamaha Motor has previously competed with the

YTEF, which is based on existing golf cars. However, it had become uncompetitive in the face of increased competitive-

ness of rival models. Yamaha therefore began working on the UMAX, aiming to create a highly-competitive model

which would make significant in-roads upon entering the growing utility market. The UMAX has the toughness and

strength of a “genuine” working vehicle which the previous model had not quite achieved. As well as the strong pres-

ence of an SUV-like exterior, the UMAX features a higher-displacement engine for more power, delivering both excel-

lent design and functionality. This report introduces the new UMAX utility model, which is a “Real Work Horse” in

both name and function.
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Development of the F/FL425A outboard motor
MaRE RER

ISR SR

Abstract

In North America, the main market for large outboard motors, the typical power sources for large offshore boats
exceeding nine meters in length used to be stern drive or inboard motors. However, in recent years the focus of
motive power for large boats has shifted to outboard motors, which offer advantages in terms of speed performance,
fuel economy, easier installation, easier maintenance, and liberating boat interior space. As well as individual
outboards increasing in output, the trend to installing multiple motors is accelerating.

In 2007, Yamaha Motor launched its previous highest-output model, a 4-stroke engine delivering 350 horsepower,
which at the time was intended for boats up to the 12-meter class and in a maximum installation of three outboards
per boat. Recently, boats exceeding 18 meters and with five outboards have appeared on the market, and the use
of various navigational instruments and control devices has meant that high levels of specialist skills have become
required for boat operation.

The newly-developed F/FL425A outboard motors not only have the power to move boats which are becoming larger
today, but also aim to make boating accessible and enjoyable for more people through the addition of an integrated

control system (Figure 1).
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EXULT 43 Premium Salon Cruiser

Abstract

10 years have passed since the launch of the pinnacle of the Yamaha boat range, the EXULT45 Convertible.

The EXULT36 Sports Saloon launched the next year won the 2009 Japan Boat of the Year award and is still in

production and loved by many customers. Accumulated production of the EXULT series has now reached over 100

vessels, and many customers are anticipating the next step in its development. Yamaha Motor has developed the Exult

43 Premium Salon Cruiser to outclass the best imported boats from around the world, worthy of the title “Yamaha

brand flagship.”
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The Wave Runner FX Water Vehicle
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Abstract

The FX Series is famed as the “King Of Cruisers,” and based on the concept of “long cruises,” has for many years been

the Yamaha Marine Jet flagship model. The refined and elegant appearance, an engine which delivers both high out-

put and quietness, and stable riding providing worry-free handling have long been hallmarks of the FX Series. In

2018, the all-new FX Series was released, the first in seven years. The pinnacle of the new range is the SVHO model,

which features a supercharged large-displacement 1800cc engine and an ultra-lightweight NANO2 hull. The new FX

Series blends high-level functionality with great usability from the customer's perspective, such as unrivaled comfort,

an on-trend design, and a hull which delivers increased riding performance, combining to create even greater brand

value. This report showcases the new model Wave Runner FX.
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Relationship between Diamond-Like Carbon Film Deposition Factors and
Raman Parameters by Raman Spectroscopy
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Abstract

The various film deposition factors in a Diamond-Like Carbon deposition device utilizing the PIG (Penning Ionization
Gauge) plasma CVD (Chemical Vapor Deposition) method"! were adjusted to create eight types of film with differing
hardness. These films were analyzed for hardness, thickness, Raman spectroscopy, ERDA (Elastic Recoil Detection
Analysis), and EELS (Electron Energy Loss Spectroscopy) to confirm the relationship between the various deposition
factors and hardness, thickness, Raman parameters, hydrogen content, and film structure. A relationship was found
between Raman parameters and substrate current value, hardness, hydrogen content, and sp® bonding ratio. In
addition, a relationship was found between the EELS analysis value (structure analysis) and the Raman parameter D
half-value width and the hydrogen content. However, no direct relationship with hardness was observed. Film char-

acteristics were optimized using this analysis method and applied to mass production of motorcycle engine parts.
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Development of Piston Resin Coating Suitable for DiASil Cylinders
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Abstract

By covering the piston skirt with a resin material including solid lubricants, a piston resin coating technology acts
to reduce friction losses with the cylinder. In recent years, increasing demands for greater fuel economy have led
this technology to become more widely used in the automobile industry, and it has become an important tool for
improving fuel economy at Yamaha Motor as well. In order to increase engine efficiency, we have developed a resin

coating which can be used in DiASil cylinders, a Yamaha Motor proprietary technology.
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Abstract

By leveraging both the strength and ductility properties of 7000 series aluminum alloy to develop optimized
processes and manufacturing technology which obtains the functionality demanded of handlebars, Yamaha
Motor has succeeded in creating aluminum tapered handlebars which are both lightweight and have excellent
controllability. The role of handlebars in motorcycles is to provide feedback on the road surface and convey the
rider's control inputs to the machine. Handlebars are thus one component which influences handling stability.
Handlebars are typically produced by bending steel tubes, but handlebars made of aluminum tubes and with
different cross-sections have recently appeared, with the demand for lighter handlebars also significantly
increasing. Focusing on aluminum tapered handlebars, which have an established reputation for light weight,
high rigidity, and an attractive appearance, this report showcases examples of further weight reductions
in handlebars which can withstand demanding usage situations, particularly in off-road and competition
motorcycle models. The handlebars developed using the methods described in this report weigh approximately
100g less than previous handlebars (which weighed 644g), and are featured on Yamaha's iconic YZ450F

competition motorcycle from the 2018 model year onwards.
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User Survey and Automated Driving Service Design for Low-Speed Mobility in
Resort Facilities
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Abstract
Yamaha Motor is working on research and development of the Public Personal Mobility (PPM) system. The PPM sys-
tem consists of multiple low-speed automated driving vehicles based on land cars and the control servers for central-
ized fleet management. Though it is available for public transportation usage, it provides comfortable personal rides
without sharing a vehicle, while also realizing a unique Mobility-as-a-Service by Yamaha. The future aim is to pro-
vide mobility services for the public covering a radius of several kilometers in urban areas or resorts, such as for the
elderly and people with children.
This paper examines field surveys and customer value in mobility services within Kanucha Resort in Okinawa, where
nearly 300 land cars are utilized, with the aim of developing automated driving service systems for use within resorts.
Possible solutions to a range of issues - such as the usage methods of land cars and operation rates through automa-
tion and car sharing - have come into view. In addition, PPM service model hypotheses have been drawn up based on
the results of analysis of customer value, and an on-demand type service has been installed on the control servers.
This paper introduces the design of the service app, the service system front end, as one specific outcome from the
field surveys.
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Abstract

It is important to make small and light weight motor for small EV.

It is necessary to select appropriate cooling system (liquid cool or air cool) according to motor output. We thought

that there is a threshold output that makes the volume smaller and the weight lighter including the liquid cooling

system.

As a result of the rough calculation, it was found that the weight can be reduced by adopting the liquid cooling for at

about 10kW or more.

In this study we focused on motor and cooling system volume and weight and tried to clarify appropriate cooling sys-

tem according to motor output.

INTRODUCTION s

In recent years, the development of electric vehicles (EV)
has been actively pursued in response to environmental
issues such as the reduction of carbon dioxide emissions.
It is also thought that electric drive technology will be

increasingly applied to motorcycles in the future.

However, as motorcycles generally have less space
available and are light-weight, there is a requirement
for a reduction in the size and weight particularly of the

high-level EV components and overall systems used.

The means used for reducing the size and weight of the
motor include higher motor rotation, adoption of flat
wire, and improvements in cooling efficiency. However,

in this paper, we intend to focus mainly on cooling

methods. The output of compact personal mobility such
as motorcycles ranges from several kW to several tens of
kW.

When converting them to electric vehicles, it is necessary
to select the appropriate cooling method according to a

model's output level.

To date, there have been many research reports on
the size and weight reduction of motors and cooling
methods'", but few reports that focus on the appropriate
cooling method (air- or water-cooling options) depending

on a model's output level.

Fig.1 plots output/voltage/cooling method of YMC and
other manufacturer motors which are adopted for EV or
HEV.

YAMAHA MOTOR TECHNICAL REVIEW 96



Study on appropriate cooling systems according to output of motor for small EV’s

aoa o Air cooled ¢ Water cooled = Oil cooled
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Fig. 1 Output/Voltage/Cooling method of Electric Motor

From Fig 1, it can be seen that switching from air cooled
to water cooled is performed with a motor output of
about 10 kW.

In this paper, with a focus on the motor, we derived
output that makes it possible to reduce the volume and
weight of the motor even if it includes a water-cooling

system (radiator, pump, etc).

TEST RESULT.ORAIRS lE
MOTER DESIGNED FOR

ELECTRIC MOTERCYCLES

To date, Yamaha Motor has continued to promote
the development and commercialization of electric

motorcycles.

Even though the output of its commercialized model is
only in the 1kW class, development is also in progress

for more high-powered options in the future (Fig. 2).

First, in this session, we will explain the motor structure
which is the basis of the air-cooled and water-cooled

motor of this study.
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Fig. 2 Prototype Model (2015 Tokyo Motor Show)

2-1. Basic Structure of Motor

The key components of an electric motor using
permanent magnets are a component with a coil wound
on an iron core called a stator, and a rotating component

called a rotor that has a magnet fitted to an iron core.

Current is supplied to the coil of the stator to create
a rotating magnetic field, and the rotor receives the
rotating magnetic field and rotates to create the shaft

output.

In order to use a compact high-efficiency motor which
prevents the magnet scattering at high RPM, an Interior
Permanent Magnet Synchronous Motor (IPMSM) was
adopted for this study.

A requirement for downsizing an air-cooled motor
designed for a motorcycle is achieving both durability

and cooling performance.

In order to ensure durability, it is necessary to seal the

interior of the motor room with a case.

In order to cool the coil held inside, a structure was
adopted that the iron core with the coil wound on it is
shrink-fitted to the aluminum case and cooled by using

the outside air.

The motor is including concentrated winding, flat wiring,

and a divided iron core to achieve downsizing.

We selected a form of inserting the wound wire toothed

part into the outer diameter portion of the stator iron
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core, which achieved a reliable pressurized fitting on an
aluminum case and ensured a narrow air gap with the
rotor. (Fig.3, Fig.4)

SEeciﬁcations
Type IPMSM
Number of poles 8
Number of stator slots 12
Cooling system Air cooling
System voltage[V] 100
Maximum motor power[kW] 11.5
Rated motor power[kw] 10
Maximum motor torque[Nm] 32
Volume[¢]:x 1.7
Air gap[mm] 0.5
Winding Type Concentrated Winding
Coil resistance[mQ] 5.75/Phase
Connection Y

xvolume of stator outer diameter part and
coil end outermost part

Fig. 3 Drawing of Motor Assembly and its Specifications

Fig. 4 Structure of Divided Core

The measuring devices used for this motor are shown
below (Fig. 5).

Torque Dynamo
-|  Motor ﬂ Meczer :‘:t (Induction motor)
Temperature T
Data
Logger S i—
Power
Meter

DC Power
Supply

Fig. 5 Motor Test System

The graph below shows the torque characteristics for
this motor (Fig. 6).
35

30
25

Torque [Nm]

0 2000

4000
Motor speed [rpm]

6000 8000 10000

Fig. 6 Torque Characteristics

At the red points shown in Fig6, continuous oper-
ation for 60 minutes was carried out to measure the
temperature of each material in the stator. The thermal
resistance toward the outside air was then calculated

from the obtained results.

The thermal resistance was calculated assuming that

heat radiated only in the direction of the cooling fins.

In actual fact, although heat radiation works not only
in the direction of the cooling fins, from a systematic
calculation perspective, the above was used as the basis
for consideration. The validity of this approach will be

explained later.

In terms of copper loss, the calculation was carried
out using the resistance value calculated from the
temperature of the coil at end of the 60-minutes of

operation.

With respect to the stator iron loss, from the motor loss
measured by the power meter, mechanical loss measured
beforehand by the rotor without magnet inserted, and
the loss of magnet and the rotor core derived by analysis
were deducted, and the result is adopted as the basis of

our thermal resistance calculations.

The below data shows the temperature rise during air
cooling based on a wind speed of 6m/s and a motor
current of 130 Ap & 1000 RPM. (Fig.7)

160
140

-
N
o

coil
100

Temperature [°C]
[e ]
[= ¢

air

0 20 40 60
Time [min]

Fig. 7 Temperature Data at a Motor Current
of 130Ap & 1000 RPM stem
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The thermal resistance calculated from the temperature

measurement result is shown as follows. (Fig.8)

Coil Temp at 60min [°C]| 109.5

Coil Resistance at 60min [mQ)] 77
Pc: Cupper Loss [W]| 258.3
Iron & mechanical Loss [W]| 148.8

Rotor Loss Estimate [W]| 13.8

Pi : Stator Iron Loss W]| 135.0

Pl : Stator Loss [W]| 337.3

oot | 4TI Lo | Resisancatow
Coil= Core| 44.2 | 202.3 0.218
Core= Case| 11.7 | 337.3 0.035
Case = Air | 34.4 | 337.3 0.102

Fig. 8 Thermal Resistance Calculations from
Test Results of Air-Cooled Motor

Similar calculations were carried out at other
temperature measurement points, but the results were
almost the same. Table 1 below shows the average

values.

Table 1 Average Thermal Resistance Calculations
from Test Results

Passing Thermal
Route Resistance[K/W]
Coil = Core 0.210
Core = Case 0.037
Case = Air 0.114

Using the above thermal resistance, the calculated value
and the test results for the temperature rise of the coil at
5000 RPM and when powered at 130Ap were compared
(Table 2).

Table 2 Comparison of Calculations and Test Results

5000rpm Calculation
Test Result
130Ap Result
Coil Temp [*C] 129.8 132.4

For air-cooled motors, it is assumed that sufficient
accuracy is ensured with respect to temperature
prediction, and, based on this, the above thermal
resistance is used to estimate the temperature limit when

the output changes.
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Further details of how the size and weight of the air-
cooled motor changes according to the output will be

explained in Section 4.

16
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g 12
2
= 10 X
2 )
£ .Y
g 8 pS
a
5 6
1
o 4

2

0

0 10 20 30 40 50 60

Torque Density [Nm/L]

Fig. 9 Torque-Output Density of Motor

With a contribution from our own divided stator core,
etc., we confirmed that a high level of downsizing was

achieved in the air-cooling region.

TEST.RESULTaOEMATERs
COOLED MOTER DESIGNED

FOR ELECTRIC MOTERCYCLES

3-1. Basic Structure of Motor

The flow path was cut in the case portion of the air-
cooled motor described in Section 2, and the motor was
water-cooled and evaluated. Using this motor, water
cooling and air cooling was compared, and the thermal

resistance was calculated.

Detailed specifications have not been included here as
the design of the magnetic circuit of the motor is the
same as with the air cooling.

The water-cooling system is shown below in Fig. 10.

Inverter
Motorcase

Heatsink

Electric
ump

Radiator

I

Fig.10 Water-Cooling System
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For the radiator, the model that has been adopted for a
125cc ICE-motorcycle was chosen, and for the electric
pump, we used that has been used for a 4-wheel EV

component cooling application with an output of 12W.

3-2. Test Results

These were not included as the motor characteristic test
results were the same as the specification of the air-

cooling motor.

Temperature measurements were carried out at the
same points as with the air-cooled motor to calculate the
thermal resistance. The temperature rise data compared
with the air-cooled motor under the same conditions is
shown in Fig.11 below. (Room temperature was at an

almost identical level)

180

160

140 dotted line : air cooled .
©'120 \ e
5100
80
60 L
40 jf
20

0
0 10 20 30 40 50 60

Time[min]

temperature reduction 44°C
coil

o

Temperature[

case
water
air

Fig. 11 Temperature Data at Motor Current 150Ap & 1000
RPM (Comparison with water-cooled & air-cooled motor)

The air-cooling level to the radiator at the front area
was set to 6m/s similar to the air-cooling motor cooled
air, and the evaluation was carried out without directly

blowing towards the motor.

As the above temperature measurement was carried
out to calculate the thermal resistance of the motor, an
inverter was used installed outside the water-cooling

system.

Although the dotted line on the graph represents the
result of the air-cooled motor, it can be seen that the
coil temperature reduction (44°C) is achieved by water

cooling.

The thermal resistance calculated from the temperature

measurement result is shown as follows. (Fig.12)

Coil Temp at 60min [°C]| 110.2

Coil Resistance at 60min[mQ]| 7.7
Pc: Cupper Loss [W]| 258.9
Iron & mechanical Loss [W]| 188.6

Rotor Loss Estimate (w]| 17.3

Pi: Stator Iron Loss W]| 171.3

PI: Stator Loss [W]| 430.2

ot | 4701 | Veattw | Resistancaram
Coil = Core| 57.53 | 258.9 0.222
Core = Case| 11.2 | 430.2 0.026
Case=Water| 12.8 | 430.2 0.030

Fig. 12 Thermal Resistance Calculation from Test Results
of Water-Cooled Motor

Similar calculations were carried out at other
temperature measurement points, but the results were

almost the same.

Table 3 below shows the average values.

Table 3 Average Thermal Resistance of
Water-Cooled Motor

Passing Thermal
Route Resistance[K/W]
Coil = Core 0.218
Core = Case 0.028
Case = Air 0.025

In terms of the coil, iron core, and the case, the thermal
resistance is almost the same because of the same

configuration.

As with the air-cooling example, but for the thermal
resistance between the case and the cooling water, it is

less compared to the air-cooling example.

Using the above thermal resistance, the calculated value
and the test results for the temperature rise of the coil at
5000 RPM and when powered at 130Ap were compared.
(Table 4)

YAMAHA MOTOR TECHNICAL REVIEW 100



Study on appropriate cooling systems according to output of motor for small EV’s

Table 4 Comparison of Calculations and Test Results

5000rpm Calculation
Test Result
130Ap Result
Coil Temp [C] 103.4 99.4

For the water-cooled motor, the above thermal resistance
is used for the calculation, assuming that sufficient
accuracy is ensured with regard to temperature
prediction. In terms of the water-cooled motor, the water
temperature changes depending on the capacity of the

radiator.

CONSIDERATIONS:O o
APPROPRIATE COOLING
SYSTEMS ACCORDINGTO
MOTOR OUTPUT

Comparative evaluation with air cooling of the volume/
weight of the motor and cooling system as a whole is as
in Section.

In terms of water cooling, it is possible to reduce the
motor temperature by improving the heat transfer

coefficient between the case and the refrigerant.

However, as additional parts such as the radiator and
pump, etc., are required, it is necessary to correctly select
water cooling and air cooling according to the output of

the motor.

4-1. Design Requirements of Motor

In this section, firstly, the design requirements of the
motor applicable for the motorcycle are derived from
the characteristics of the ICE motorcycle sold by Yamaha

Motor in the following way.

The graph below (Fig.13) shows the maximum driving
force and the highest speed of the ICE motorcycle,

arranged by vehicle output.

The motor RPM when driven at the highest speed is set
to 9,000 RPM, the tire diameter is appropriately selected
corresponding to the ICE motorcycle according to the

output, the reduction ratio is derived according to the
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output, and from the reduction ratio, the torque required

at the time of maximum drive is obtained.

160 1600
-~
.E. 140 . JFPE s 1400 ~
£ 120 et 1200 Z
= =0 C 8
8 100 ;// 1000 S
o 80 Ve 800 ¢
7
E 60 33’ 2 600 E
-% 40 Max Speed V : V= 37.028In(x) + 24.683 400 ‘;!
= 9 Max Force F : F= 427.05In(x) + 141.47 200
0 0
0 5 10 15 20 25

Vehicle Output [kW]

Fig. 13 ICE motorcycle Maximum speed, Maximum
driving force, Maximum output

The motor torque was calculated considering the tire loss
(20N) and the efficiency of the single speed two-stage
gearing (assumed to be 93%). (Fig.14)

80
70
60
50
40 '.: ...... Lo
20 |

20 = °

10 e

0
0 5 10 15 20 25

Vehicle Output [kW]

Motor Torque T = 3.0284x + 6.2557

Motor Torque Requirement [Nm/h]

Fig. 14 Torque Requirement According to
Vehicle output
In terms of motor output, this has been converted into
the motor axle output considering the loss of the gearing

and the tires.

In the next section, we have examined the combination of
the motor output and torque requirement when adapting

it to motorcycles using the method described above.

4-2. Calculation Results for Volume and Weight
Reduction of Water-Cooled Motors on Each Output
Level

The volume and weight of the air cooled and water
-cooled motors for each output level was calculated, and
the most appropriate cooling methods were determined

according to output.
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We carried out studies on the 35kW upper limit which

can be ridden on a European A2 license.

The studies progressed under the following conditions in

order to organize them systematically.

[Motor]
- The outer diameter of the motor is the same as that
in the second and third sections, with a broadened axle

direction for when output is increased.

- When the size changes based on the values cal-
culated in the second and the third sections, the thermal
resistance is calculated by proportional calculations
where an increase/decrease of the heat radiation area is

used.

- Rather than actual travel data, the conditions required
for seeing heat resistance are assumed to be the

conditions at medium to high speed and at high output.

For an output level when the torque reaches the specified
output at 6500 RPM, an approximation for both air and
water cooling was carried out to determine the size when
the coil temperature reaches 180°C in an environment of
40°C.

- Regarding the heat resistance of magnets, this was not
taken into our considerations as it is sufficient to adopt a

split magnet or use a high-coercivity material.

- An approximate calculation was made on the
assumption that the voltage changes according to the
change in output with reference to the prototype motor
(10kW/100V).

[Water-Cooling System]

- Assuming that all output is for 12W products, based
on the evaluation result, the electric pump is judged to
be adequate with a 12W output. (Flow Rate: 8 £ /min,
Volume: 251cc, Weight: 0.4 kg)

- The cooling hose volume is assumed to be a ¢ 22 hose

400 mm

- The radiator from an ICE 125cc motorcycle that was
used in the evaluation is adopted as a base, and the
volume of the cooling fin part was changed to be used as

a parameter of this size and weight reduction study.

Even though air-speed varies according to vehicle layout
and its travel speed, it is assumed to be 6m/s equivalent
at the time of evaluation in order to organize the data

systematically.

(The volume of the tank part is 387cc / The fin part is a

parameter)

-The overall weight and volume are calculated according

to the following formula *.

*Water-Cooling System Weight/Volume

=Water Pump (0.4kg/0.251 £) + Hose (0.02kg/0.152 £) +
Radiator Tank (0.21kg/0.387 £) + Radiator Fins (Variable) +
Water (Variable (Weight))

If cooling water temperature is lowered, the cooling
performance of the motor improves, and the size and
weight reduction of the motor progresses. On the other
hand, the volume of the radiator increases and the weight

increases. We have to consider about their balance.

In order to estimate the optimum point of volume/
weight, the volume of the radiator was changed, the
radiator inflow water temperature was adjusted, and the
relationship between the size and weight of the motor

and cooling system was calculated.

(The inverter was not considered as part of this study.)

The following shows the results of our 10kW study.
(Output10kW and Maximum torque32Nm)
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Air Temperature:40°C
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§ 25 Water Cooling
= 20 System Weight
2~ Motor Weight Reduction
= 15 (Comparison with Air Cooled Motor)
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Water Temperature[°C]
Fig.15 Calculation result of Weight (10kW motor)
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Fig.16 Calculation result of Volume (10kW motor)
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Fig.17 Calculation result of total volume/weight
increase (comparison with air cooling) (10kW motor)

In case motor output 10kW

[ J Volume reduction :unable

Weight reduction :unable

([ Appropriate water temperature :55 to 60°C
(From the viewpoint of small volume and light

weight)

At the 10kW, it was not found that the advantage of

volume and weight reduction.
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When cooling the motor with water, at least we have to
set the pump, hose and radiator tank and cooling water,

and they have base volume and base weight.

water-cooling system base volume : 0.792 /¢

water-cooling system base weight : 0.910kg

In addition, it is necessary to add radiator fin portion.
Its volume and weight depend on cooling capacity

requirement.

At 10kW level, the volume and weight reduction of the
motor can't exceed the volume and weight increase of the

water-cooling system (water pump, hose, radiator, water).

The following shows the results of our 15kW study.
(Output15kW and Maximum torque42.6Nm)

4.0
3:6
3.0
S 25 Motor Weight Reduction
. (Comparison with Air Cooled Motor)
S 20
(]
= 15
1.0
0.5 Water Cooling System Weight
0.0
30 40 50 60 70 80 90 100
Water Temperature[°C]
Fig.18 Calculation result of Weight (15kW motor)
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30 40 50 60 70 80 90 100
Water Temperature[°C]

Fig.19 Calculation result of Volume (15kW motor)



Study on appropriate cooling systems according to output of motor for small EV’s

40 20
S 80 1.8 rz
E‘ =
g 20 +0.808 10 9
S 10 05 3
= T 5]
e %% w M()/? w0 100 =
§ 10 05 &
3 0=
= =i -0.43kg 14 E
©° -3.0 15 5
[ =

4.0 20

Water Temperature [°C]
(3% Comparison with Air Cooled Motor)

Fig.20 Calculation result of total volume/weight
increase (comparison with air cooling) (15kW motor)

In case motor output1 5kW

‘unable(+0.80 £)
‘able (-0.43kg)
([ Appropriate water temperature:55 to 60°C

o Volume reduction

Weight reduction

(From the view point of small volume and light

weight)

We saw benefit of changing to a water-cooling method
from the standpoint for weight reduction from the 15kW

model.

Regarding overall downsizing, the results compared
to the 10kW studies were not significantly different in

terms of the volume increase.

As the output rises, the amount of heat that is generated
from electric motor also increases, and therefore a larger

radiator is needed.

This result was obtained because the radiator volume
was increased in volume to counteract the downsizing of

the motor.

This study was carried out to see if there are benefits
available for downsizing at the upper limit output at the
35kW level.

The following shows the results of our 35kW study.
(Output35kW and Maximum torque91.1Nm)

4.0 Motor Weight Reduction
35 (Comparison with Air Cooled Motor)
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Fig.21 Calculation result of Weight (35kW motor)
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Fig.22 Calculation result of Volume (35kW motor)
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Fig.23 Calculation result of total volume/weight
increase (comparison with air cooling) (35kW motor)

In case motor output 35kW
‘unable

:able (1.63 kg)
[ Appropriate water temperature :55 to 60°C

] Volume reduction

Weight reduction

(From the viewpoint of small size and light

weight)
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Even at 35kW, downsizing did not proceed as the volume
increase was not significantly different from the results
of study at the 10kW level.

From the results of this study, it was found that the
advantage of weight reduction comes from about the

15kW level due to water cooling of only the motor.

At the 10kW or less, it was not found that the advantage
of weight reduction. Because the weight reduction of
the motor can't exceed the weight increase of the water-

cooling system (water pump, hose, radiator, water).

In terms of downsizing, we found from our study that

there was not much benefit obtained.

In addition, it was found that the water temperature is
about 55 to 60°C at its optimum temperature from the
viewpoint of volume reduction and weight reduction at

any output.

SUMMARYACONCLUSIONS e

[ ) When using the above air-cooled motor as a base,
when cooling only the motor with water, there is
a benefit for weight reduction as in from a 15kW

level type compared with the air-cooled motor.

*#Including Water-cooling system weight

[ ) Even if you only try to increase the output power
by only cooling the motor with water, it is not

possible to see the benefits of downsizing.

% Including Water-cooling system volume

[ ) The water temperature which is beneficial from
the viewpoint of small size and light weight
is between 55 to 60 degrees (When the air

temperature is 40 degrees).

In terms of weight reduction at the 15kW level, as it is
beneficial to water cool only the motor, water-cooling
is effective for high-powered models when personal

mobility options including motorcycles are electrically
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driven.

On the other hand, it is now found that downsizing
cannot be achieved as a whole only by cooling the motor

with water.

However, as downsizing of the motor alone has been
achieved, there is more benefit for laying out the motor

into the vehicle.

In terms of the adoption or non-adoption of water-
cooling, multifaceted investigation including of
motorcycle layouts in practice is required in addition to

the results of this study.

In future, we will continue studies that include inverters
as well as improving motor cooling performance and

strive to enhance the appeal of electric personal mobility.
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Abstract

Recently the response of the engine speed at starting has more importance than ever for quick start satisfying rider's
needs, as well as exhaust emissions. We have developed a simulation for studying engine and starter specifications,
engine control algorithm and other engine control parameters. This system can be utilized to realize appropriate
starting time by considering air-fuel ratio under various conditions.

This paper addresses what are taken account of in our method. Examples applying this to a conventional motorcycle

engine are shown.

sufficient combustion torque is considered particularly

INTRODUCTION

important; however, if the motor cranking speed is

In recent years, emphasis on fuel economy improvements
has driven a trend toward increasing number of
motorcycle models equipped with idling-stop system.
In such systems, engine speed increase at startup' is
critical to reduce vehicle take-off time at engine restart
and hydrocarbon emissions at startup **. Since multiple
elements, such as combustion, electrical components,
control logic, and decompressors, affect the engine speed
change, coordinated design that satisfies the conditions
required for engine startup, has become increasingly
challenging .

In regard to securing engine speed increase at startup,

the air-fuel ratio control necessary for generating

increased to reduce the time from startup to vehicle
take-off, the time from fuel injection to intake stroke
completion also drops, leading to concerns that there
may not be sufficient fuel vaporization in the inlet ports
under low temperatures, resulting in insufficient cylinder
fuel density and poor engine speed increase or ignition
failure. Unfortunately, there are very few reported
examples to simulate startability that include aspects
such as air-fuel ratio control and electrical components.

A lot of motorcycle engines equip mechanical
decompressor in order to reduce the size and weight of
the starter and battery. It is possible to reduce the drop

in engine speed in the compression stroke by decreasing
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pressure through retarding decompressor operation
during cranking. However, this may lead to poor starting
due to decrease amount of mixture in the cylinder
available at the first combustion, which results in reduced

engine speed increases at the first combustion.

In order to quantitatively understand the complex
relation of each component, we have developed a
simulator to predict engine behavior at start. Relation
between engine speed increase at start and mixture air-

fuel ratio has been also identified experimentally.

In this report we outline the simulator and discuss
examples of improvements to starter motor control and
decompressor specifications that make air-fuel ratio

control enable.

REPRESENTATLONOF
COMBUSTION AT STARTUP

The following two points are given as the main
requirements relating to fuel injection control at engine

startup:

1) To supply sufficient fuel to control the cylinder air-fuel
ratio at the appropriate level for generating sufficient
combustion torque to prevent poor starting and achieve

a reduction in startup time.

2) To reduce excess fuel injection in order to reduce

hydrocarbons and prevent plug fouling.

The fuel vaporization rate depends on the injector
position and direction of injection, as well as the spray
characteristics and temperature of the gas in the intake
port. In particular under cold conditions, the fuel
vaporization rate drops significantly due to decline in
gasoline vapor pressure. This makes it difficult to inject
the amount of fuel necessary to achieve the appropriate
air-fuel ratio in the cylinder until the end of the induction
stroke at the first cycle. As a result, the air-fuel mixture
density may become diluted, leading to insufficient

engine speed increase, and poor starting.

If we then increase the motor cranking speed to shorten

the startup time, the time taken from the commencement
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of startup injection to the end of the intake stroke is
reduced. This causes difficulties in supplying the required
fuel into the cylinder, resulting in potential emission of
unburned gas due to ignition failures or delay of engine

speed increase caused by decrease in combustion torque.

From the above concerns, we have confirmed through
experiments the relationship of fuel spray vaporization
under low engine temperature conditions and cylinder
air-fuel ratio to combustion torque generation. We
have also tried to show importance on the relationship
between fuel injection duration at startup (taking into
account fuel injection specifications and cranking speed)
and cylinder air-fuel mixture density, etc. for the purpose
of determining system feasibility relating to fuel injection

control at startup.

2-1. Method of experiments

The engine speed during the intake stroke of the first
combustion cycle at startup is low, and therefore the
volumetric efficiency is large and there is little residual
burned gas in the cylinder, making this cycle similar
to combustion at full load. Thanks to this, the resulting
torque is large, and the engine, which has a small
moment of inertia about the crankshaft axis, reaches
engine speed close to its idling target. Accordingly, if we
focus on the engine speed increase at startup, it seems
that the combustion torque contribution of the first cycle
is large compared with the cycles that follow. Thus, we
have confirmed the exhaust gas equivalence ratio related
to engine speed increase during first combustion cycle

by changing the first injection duration.

We used an air-cooled two-valve single-cylinder research
engine with displacement of 125[cm?] for the test.
For the running conditions, we altered the ambient
temperature, injection direction, injection timing, and
injector type. The injection point was kept fixed when
the injection direction was changed. The ISC (idle speed
controller) valve opening was fixed at the calibration
value at startup across the entire temperature range, and

the throttle main valve was open assuming idling.

In order to estimate the equivalence ratio in the



Development of Motorcycle Engine Starting System Simulation Considering Air-Fuel Ratio Control

cylinder, HFR500 and NDIR500 was used to measure
the instantaneous THC, CO, and CO2 in the exhaust port
within a cycle (Fig. 1).

Intake
— 0]

Rl

A) Target Area : Valve Face

B) Target Area : Upstream Wall

Fig.2 Overview of fuel injection

2-2. Result of experiments

The relationship between the injection duration and the
engine speed increase at the first combustion is indicated
in Figure 3. The vertical axis A Ne represents the amount
of increase in engine speed over the interval starting at
the compression top dead center until 180 degrees of

crank angle later (Fig. 4).
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Fig.3 Relation between injection duration and ANe
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Fig.4 Definition of ANe

It was found that the injection duration for sufficient
engine speed increase during the first combustion
cycle was highly dependent on the engine temperature.
Moreover, in case of the injection direction aiming at the
upstream wall, significantly longer injection duration was
needed than the cases aiming to the intake valve, so as to

increase engine speed sufficiently.

The engine speed increase with respect to the
equivalence ratio is indicated in Figure 5. The injector
shown as “small SMD” in Figure 5 gives spray with small
SMD (85 — 76 [pm]) and broader spray angle. (22.8 —
25.6 [deg])

In the range where the exhaust gas equivalence ratio
was less than one, the engine speed increase rose as the
exhaust gas equivalence ratio increased. In the range
where the exhaust gas equivalence ratio was one or
more, the engine speed increase barely changed despite
increase in the exhaust gas equivalence ratio. At this
point, injection direction, injection timing, injector type,
and engine temperature caused little difference to the
maximum of engine speed increase during the first
combustion. We have concluded from these data that
the engine speed increase during the first combustion
depends only on the equivalence ratio in the cylinder
under condition of fixed intake throttle. It can be also
stated that the cylinder air-fuel ratio should be set to
the stoichiometry in order to maximize the engine speed
increase at the first combustion as well as to minimize

excessively supplied fuel.
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Engine —
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Fig.5 Relation between equivalence ratio and increase
amount of engine speed

2-3. Fuel transportation model to calculate the
cylinder equivalence ratio at first cycle

Based on the experimental results described in the
previous section, in order to both maximize the engine
speed increase at the first combustion cycle and reduce
excess fuel injection duration at the same time, it was
hypothesized that the injection duration should be set so

that the mixture in the cylinder is stoichiometry.

The fuel spray vaporization and behavior at startup are
modeled bearing in mind the time constraints when
working on startup systems, the engine temperature
range necessary for consideration, and the range of

design specifications.

The amount of evaporation of drop flying in an intake

port is calculated by using the equation (1). 1°

dmd (1
T _AdSh_Pv

o) |
(1_sz) (1)

where, m,; is the mass of drop, A, is the equivalent area
of drop, Sh is Sherwood number, D,; is the diffusion

coefficient, D, is the drop diameter, p, is the density of
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mixture, Y, . is the fuel mass fraction of the atmosphere,
Y, s is the fuel mass fraction of drop surface, and « is an

adjustment factor of evaporation.

It is necessary to know the flight distance of the fuel
drop in order to calculate the flight time of the fuel drop.
The flight distance is defined as from the injection point
to the impingement point to the wall. For obtaining the
above information, we use the three-dimensional shape

of the intake port.

- The fuel spray vaporization during travel
in the intake port is derived as follows from
the vaporization behavior of a single drop (as

described later):

- The air temperature, pressure, and density
surrounding the drop are set as the average value

in the intake port during the injection period.

- The drop temperature is set to equal the engine
environment temperature, and it is postulated that

this would not change while moving.

- For the fuel, data regarding the physical
properties of the fuel consisting of the vapor
pressure at different temperature etc. is set
as the input value to enable simulation of the
fuel vaporization rate based on the change in

temperature.
- The overall spray vaporization rate is calculated
by weighting the appearance frequency distri-
bution of the drop with diameter.

The fuel droplets behavior are postulated as follows:

- Effect of air flow on drop velocity is neglected.

- The drop velocity changes by air drag force. Drop

breakup is discounted.

- 100% of drops impinging on to the wall adhere
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to the wall surface, and fuel vaporization from the

liquid film on the wall is neglected.

- The initial velocity of the drop from the injector

is calculated from the fuel pressure.

- Weighting according to the spray spatial density

distribution obtained from the test rig is applied.

The injection timing which results in an equivalence
ratio of 1 for the different injection directions (Fig.2)
are estimated using the above methods, and the results

compared to the experiment results are shown in Figure 6.

It is found that the injection duration which makes the
cylinder equivalence ratio equal to the theoretical air-
fuel ratio has been predicted to within 20% of that of the
experiment result, with all engine temperature conditions.
Moreover, it is also confirmed that this calculation model
has good predictability regarding injection specifications
which shorten the spray movement distance by orienting

the injection direction towards the wall.

—— experiment
--- calculation

120

100

80

60

40

Injection duration [msec]

Engine temperature [degC]

Fig.6 Relation between engine temperature and injection

duration at stoichiometric air-fuel ratio

STARTUP SYSTEMSIMU-AGION

3-1. Simulation outline

A startup system simulation as shown in Figure 7 was
developed including the fuel transport model introduced
in the previous section. Modeling of the constituent
elements other than the fuel transport model, including
the motor, battery, motor control logic, and friction loss,

will be described in the following section.

Fuel Starter Controller
transport — motor | model
model model

Engine model \

(combustion) Battery

T model
Friction torque
model

Fig.7 Overview of engine start system simulations

3-2. Modeling of each element
3-2-1. Starter motor

A DC brushless motor is used in this case. The motor
control mode, battery voltage, and motor speed are
inputted, and the motor torque and battery current are
outputted. Furthermore, the energizing control method,
rotation direction, and duty value are determined

according to the motor control mode.

The motor torque and motor current are measured in
advance on a stand-alone motor basis, and modeled as a
map depending on the battery voltage and advance angle
(Fig. 8).

Starter motor [electrical
equipment

Ba&éryi '
77777 77777

Fig.8 Model of electrical system

3-2-2. Battery

Battery capacity is estimated based on the voltage drop
curve during high rate discharge measured on a stand-
alone battery basis. A map to show battery capacity is

conducted within the range used during engine start.

3-2-3. Motor control logic

Motor control logic is modeled using MATLAB/Simulink
(Fig. 9). The motor control mode is outputted by
inputting the engine crank angle, engine speed, and

starter switch signal.
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Crank Angle

Crank Angle

CDO——5 Mmode———>(T)
Engine Speed Mmode
starter SW
starter SW

Motor mode

Fig.9 Motor controller model

3-2-4. Engine mechanical friction torque

Modeling has been conducted on an experimental basis
for each part in the engine and auxiliary equipment,
which was used to calculate the total engine friction loss
value before executing the simulation, in turn provided
to the system simulation as a map of friction loss with

respect to engine speed changes and oil temperature.

Making the major engine specifications relating to
friction loss into input values enables consideration of
startability that takes into account changes in friction

loss according to changes in specification.

APPLICATION.EXAMBLES.OF
STARTUP SYSTEM SIMULATION

A startup system simulation was conducted incorporating
the calculation model described before. The examples
introduced here are feasibility study of the engine
startup system with various engine specifications from

the following perspectives.
1. Air-fuel ratio control feasibility

2. Startability

4-1. Consideration of air-fuel ratio control feasibility

The tolerance range of controllable cranking speed
which makes the cylinder equivalence ratio equal to the
theoretical air-fuel ratio during low-temperature startup

was calculated.

Fig.10 depicts the range of the cranking rotational speed
at which the air-fuel ratio control is established. Where,

the value of the vertical axis is normalized with the upper
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limit of cranking speed for air-fuel ratio control at -10

degrees C.

We can see that the cranking speed which generates
sufficient combustion torque at the first combustion
depends on the temperature: it becomes lower as the
temperature decreases. As the spray traveling distance
becomes shorter by changing in the injection direction,
the upper limit of the engine speed at which the air-fuel

ratio is controllable decreases.

In this way, it has been found that the cranking speed at
which air-fuel ratio control at startup is feasible varies
depending on the fuel injection position, direction, intake

port shape layout, and injector specifications.

Range of cranking speed
(Normalized)
w

-10 -5 0 5 10 15 20
Engine temperature [degC]

Fig.10 The range of the cranking rotational speed at
which the air-fuel ratio control is established

4-2, Consideration of engine speed responsiveness at
startup

The next phase of consideration involved securing
engine speed increase at startup from the perspective of

reducing take-off time at engine restart.

The characteristics of the engine speed change at startup

(Fig. 11) are as follows:

- Because the test engine has a small moment of
inertia about the crankshaft axis and is a single-
cylinder unit, it has a big instantaneous drop in
engine speed during the compression stroke (Fig.
11, A). Such large drop in instantaneous engine

speed can cause failure in starting.
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- In order to prevent too big drop of speed,
decompressor is equipped usually for this type
of engines. A problem may occur, when the
decompressor reactivates during the compression
stroke in the second combustion cycle (Fig. 11, B),
due to the engine speed decrease after the engine
speed increase in the first combustion cycle. If
this happen, the decompressor may continue to

activate and cause poor starting.

- Changing the decompressor timing changes
the amount of fresh air in the cylinder used
for combustion, enabling greater engine speed
increase at first combustion and reduction in

startup time.

B

Accelerated by motor Second cycle

TDC

Engine speed

A

First cycle TDC

time

Fig.11 Fluctuation of engine speed at engine start

Based on the above, the calculation results for the
startup time and instantaneous engine speed values
when the decompressor timing (Fig. 12) is changed
are shown in Figure 13. For the decompressor timing,
the decompressor lift curve was kept constant with the
reference to the crank angle for the base model, and only

the decompressor activation angle was changed.

The operating conditions were warm-up restart for full
throttle at an engine temperature of 60°C, and low-

temperature startup at an engine temperature of -5°C.

Concerning about relation between decompression
timing, starting time, and instantaneous engine speed,

simulation results are shown in Figure 13.

Where, the value of the vertical axis is normalized with
the engine starting time at the reference decompression

timing.

The first graph in Figure 13 shows the decompressor
timing advance is effective in reducing the startup time

to reach idling speed in the warm-up restart.

The second graph shows however, too big advance of
decompressor activation causes too low minimum engine
speed during the first cycle, and results in failure of

startup.

The third graph indicates that certain advance is
necessary to avoid reoperation of decompressor during

the second cycle.

Intake
valve lift
Decompression timing

0 _Reference timing

Advance

~~~~~

Exhaust

., valve lift

valve lift [mm]

Crank angle

Fig.12 Timing of decompressor activation
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Fig.13 Relation between decompression timing,
starting time, and instantaneous engine speed
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By this, it was found that it is important for the engine
speed to be within the possible ignition range and for
the decompressor timing setting to be within the range
capable of preventing decompressor reactivation in the
second cycle. This simulation gives estimation of all these
phenomena quantitatively. Thus, we have confirmed
great potential of this simulation to determine the design

specifications considering all these factors.

SUMMARY,

1) It has been confirmed that the injection duration at

startup is to be set so as to realize that the in-cylinder
mixture is stoichiometry in order to both maximize the
engine speed increase and minimize the fuel injection

volume in the first combustion cycle at startup.

2) A fuel transport model capable of calculating the
equivalence ratio in the cylinder has been proposed.
This has been validated by comparing the results with

experimental data.

3) A simulation incorporating such element as the fuel,
motor, battery, and decompressor has been constructed.
An example of investigation of starter motor control to
satisfy the requirements for startability while considering

air-fuel ratio control, has been presented.

4) Based on the above, the startup system simulation we
have developed is expected to be quite effective in the

process of startup system design.
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SMD Sauter Mean Diameter

DC Direct current

SOI  Start timing of Injection
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Study on self-standing motorcycle control mechanism
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Abstract

Theoretical and experimental evaluations have been carried out for the straight-line stability during high-speed in

motorcycles for many years, and have been also applied to actual development.

On the other hand, stability is lost when traveling at extremely low speed, and method of maintaining the stability

has also been studied in recent years. In addition, research on two-wheeled vehicles realizing the standing stability

control by mounting a large-sized gyroscope has been performed. Here, the improvement results for stability at

extremely low speed and standing stability control not by adopting mechanical gyroscope, but by adding flexibility

to the structure of the body, are reported.
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1 i 38 37 Fundamental Research and Observations
Concerning Leaning Multi-Wheel Vehicles

Eiichirou Tsujii Takeshi Toyota
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Abstract

Yamaha Motor Co., Ltd. (hereinafter “Yamaha” ) exhibited the “Tesseract” 4-wheeled motorcycle (Photo 1) at the
Tokyo Motor Show in 2007. Then in 2014, Yamaha began sales of its first Leaning Multi-Wheel (hereinafter “LMW" )
vehicle, the “Tricity” (Photo 2), as a new kind of city commuter model. At the Tokyo Motor Show in 2015, Yamaha dis-
played the “MWT-9” (Photo 3) developed under a “Cornering Master” concept.

Photo 1 Photo 2 Photo 3

Yamaha has a long history of research and development into tilting multi-wheel technology. When the “Passol”
2-wheeled scooter became a big market hit in 1977, Yamaha took the model as a base and has been carrying out
development of motorcycles with two front wheels in secret ever since (Photo 4). This report will introduce Yamaha's
history with tilting vehicles and discuss the LMW prototype (Photo 5) developed as the result of tilting wheel vehicle
R&D work conducted from 2004 to 2012.

Photo 4 Photo 5
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INTRODUYCHON s

The idea of a vehicle with three or more wheels that
could lean through turns with camber thrust had
already been proposed in Germany in the 1930s. Since
then, there have been a variety of similar vehicle pro-
posals over the years, primarily originating in Europe.
The Piaggio MP3 marketed from 2006 can be cited as
the world's first mass-produced tilting multi-wheeled
vehicle. Tilting multi-wheeled vehicles have been sub-
sequently commercialized by Peugeot, Quadro Vehicles,
Yamaha Motor and other manufacturers. In recent
years, these vehicles are steadily becoming more
established as a new form of motorcycle in the world's

markets.

On the other hand, the Tesseract (Photo 1) as well as
the R&D prototype (Photo 5) were developed under the
concept of “Four Wheels but a Motorcycle” as a deeper
study into tilting multi-wheeled vehicle technology. Alt-
hough the prototype has four wheels like an automo-
bile, it features a specially engineered lean mechanism
that achieves zero vehicle roll rigidity, making it a sys-
tem that functions in essentially the same way as a
conventional motorcycle. As such, it has the same basic
vehicle dynamics as a conventional motorcycle and
makes turns with cornering forces based primarily on
camber thrust!". Therefore, the steering operation is
exactly the same as a 2-wheeled motorcycle. However,
due to the increase in the number of wheels, the sus-
pension system and the presence of a lean mechanism,
structurally, it differs greatly from a 2-wheeled motor-
cycle. As a result, the prototype adopts new modes of
motion not present in either 2-wheeled motorcycles
or 4-wheeled automobiles, which give it more complex

vehicle dynamics.

In search of greater knowledge of this previously
unknown field of vehicle geometry and dynamics,
design work based on desktop studies and analysis
were conducted to produce a prototype 4-wheeled

motorcycle.

SPECIFICATIONSANDLEEATURE

Table 1 shows the basic specifications of the prototype

4-wheeled motorcycle.

Table 1 Basic specifications of the 4-wheeled
motorcycle prototype

Ttem Specifications Comments
Suspension Cantilevered leading .
(front) dual-scythe arms Double wishbone
Suspension | Cantilevered trailing (Swingarm)
(rear) arms &

Mechanical balancer
type

Hydraulic roll
feedback control

Hydraulic disc brakes

Brakes for all wheels -
.................................. e R
Engine DOHC, 900cc, - PS: N/f:}/ A

5 valves per cylinder orque-
"""""" Drive | Rear-wheelshaft | Single-index beveled
..... mechanism | drve ) BSA.
Power
..... distribution | MU R LT
Transmission Congfgéelges}l With reverse gear
Vehicle weight N/A -

2-1. Detailed Specifications
2-1-1. Front suspension and the lean mechanism

There are several points crucial to creating a 4-wheeled
motorcycle, which is still just a concept. The most
important point is that the vehicle has zero vehicle roll
rigidity. Achieving this makes the basic vehicle dynam-
ics of a 4-wheeled motorcycle identical to those of a
conventional motorcycle", meaning “it can have four
wheels but still be a motorcycle.” Therefore, zero vehicle
roll rigidity is a key factor for this concept. Furthermore,
setting the track (in mm) will not only determine the
vehicle's basic performance, but will also greatly affect
the specifications of the lean and suspension mecha-
nisms. This is because there is a correlation between
the track corresponding to the required lean angle and
the operating angle of the lean mechanism. The operat-
ing angle of the lean mechanism increases as the track
becomes wider, regardless of the type of suspension and
lean mechanisms used.

In making a 4-wheeled motorcycle, we placed top prior-

ity on retaining the benefits of a motorcycle, like the
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narrow vehicle width, while still adding multiple wheels.
This created the basis for adding the benefits of multiple
wheels while keeping the benefits of a conventional
motorcycle. To accomplish this, a leading arm suspension
was chosen for the front end, and a Yamaha-exclusive
layout called the “leading dual-scythe arm” was designed
to keep vehicle width compact. Figure 1 shows this

layout.

The upright has a shape that suggests the scythe-like
claw of a praying mantis, from which the name “scythe
arm” was derived, and the basic configuration positions
a double wishbone suspension in the leading direction
in order to allow vertical motion. A lean mechanism is
created by using a seesaw-type stabilizer to link the right
and left sides of this double wishbone suspension via
shock absorbers. Figure 2 shows the difference in the
up and down movement between the left and right sides

when leaning.

Y, L e
{‘i“ ol
‘ N
Inside wheel = &
"%

|¥
\ >

Outside wheel \J

Fig.2
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2-1-2. Relationship between the track and the
leading arm operating angle

The suspension and the lean mechanism are very closely
related, in which the suspension can be considered to
be contained inside the lean mechanism. Equation (1)
shows the relationship between the track and the lean
mechanism (here, the operating angle of the arm of the

double wishbone comprising the scythe arm).

(1)
& Arm operating angle Le* Track width
Lzrm: Arm 1ength

Ltr-tane/z}

a=2- asin{
arm

& Lean angle

From this equation, we can see that when the lean angle
and track width increase, so does the required operating
angle of the arm. It can also be seen that altering the
arm length has the opposite effect. For the lean angle,
given that a tilting multi-wheeled vehicle gains cornering
forces based primarily on camber thrust and considering
it to be similar to a conventional motorcycle, it can be
said that optimizing the track width and the arm length

is of great importance.

2-1-3. Examination of the front geometry

The front suspension must be equipped with not only a
lean mechanism, but also a steering mechanism. Obvi-
ously, during operation, the steering mechanism, lean
mechanism and suspension travel must not interfere with
each other. When leaning, the suspension arm oscillates
significantly in a way similar to how a shock absorber
operates. However, with a tilting multi-wheeled vehicle,
it is necessary to generate camber thrust in the tires
by leaning, so preventing large changes in the camber
angle of the inside and outside wheels when leaning is
absolutely essential. Furthermore, if a scrub radius is set,
the scrub radius will differ greatly between the inside
and outside wheels when leaning, adversely affecting

steering torque characteristics.

In the suspension of a 4-wheeled vehicle, in order to
optimize the ground contact surface of the tires while

taking roll center into consideration, it is common to
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vary the length of the upper and lower arms, or vary the
arm installation angle to be approximately equal to the
camber angle. However, based on the aforementioned
leaning characteristics, we set the difference in length
between the upper and lower arms as zero (equal length);
the difference in the arm installation angle in the lateral
direction as zero (both arms are parallel), which means
the camber angle is also approximately zero; the scrub
radius as zero; and the king pin angle as zero. Also, the
height of the LMW vehicle was set under the prerequisite
that the installation angle of the upper and lower arms
in the longitudinal direction under 1G conditions be
parallel. In other words, setting the arm installation angle
to zero minimized changes in the wheelbase of the right
and left wheels and in the rake and trail when in a leaned

state.

Furthermore, it is also important to keep in mind the
Ackermann steering angle, which must be set accord-
ing to the track width. However, because the track on
the prototype is extremely narrow at 180 mm, we set the
Ackermann steering angle to nearly zero and adopted a
vehicle geometry based on a “completely zero alignment

concept” for the suspension and the lean mechanisms.

In the basic geometry, in deriving the rake and trail in
particular and accounting for the fact that there are two
front wheels, we worked from the equation for steering
torque characteristics” for the steering apparatus. As a
result, a geometry different from that of a conventional
motorcycle was computed, i.e., a rake of 15 degrees and
a trail of 62mm. Equation(2) shows the normal trail « ,
during cornering, and Equation (3) shows the steering

torque.

a, = \/(al2 +a,” +ay) ©)

A, =-(Y,pcosp+t, sing)cos (e+u)
A,=[X,rcos(et+p)-pcose+R, sine-a,] cosp-(pcosp+t,)sin(e+u)
as;=Yyrsin(e+u)+[Xpcos(e+w)- p cose+Risine-an-prsin(e+u)]sing

¢ Rake angle p: Pitch angle &: Steering angle

¢ Roll angle d: Offset p: Wheelbase FRr: Front wheel
outer radius R Rear wheel outer radius #: Front tire
cross-section radius ¢: Rear tire cross-section radius
pr+ Front wheel Torus radius p, : Rear wheel Torus radius
Xt Yor: Coordinates of the front wheel ground-contact point

M,=M,, +2M,-2M_ +2M, 3

msg

M,se: Moment due to steering system mass
M. : Moment due to front wheel vertical load
M, : Moment due to front wheel lateral force
M, : Moment due to front wheel camber torque

2-1-4. Rear suspension and the lean mechanism

It is possible for the suspension and lean mechanisms
at the rear to have a simple structure as they do not
require a steering mechanism like the front. The rear
employs the trailing arm (swingarm) commonly used on
motorcycles, and by linking the right and left sides via a
seesaw like the front, zero vehicle roll rigidity is achieved

and leaning became possible.

However, for the shock absorber, taking the overall
vehicle weight into consideration made it possible to
position a single unit on the vehicle body side of the
seesaw. Figure 3 shows the layout. Additionally, as was
done for the front, vehicle height was adjusted and set so
that the arms become parallel under 1G conditions and
the camber angle was set to zero, so that the basic rear

alignment was zero like the front.

2-1-5. Drivetrain

The drive system and delivery of drive force for the left
and right wheels are especially important. Shaft drive
was adopted for the drive system and a limited-slip
differential (LSD) was adopted for drive force delivery.
Although shaft drive has disadvantages in terms of
weight, it has clear advantages over chain drive in terms
of delivering traction and its ease of maintenance. Since
it is basically impossible to ensure straight-line stability

for a vehicle with zero roll rigidity when a wheel on only
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one side is being driven, powering the wheels on both
sides becomes a necessity. Even in the case of narrow
track width, i.e., 180 mm, consideration must be made
for the turning radius difference of the inner wheel when
turning at full lock. Furthermore, when leaning, the angle
of the swingarms for the inside wheel and the outside
wheel differ greatly, creating a difference in the level of
traction between the left and right sides of the vehicle
(Fig. 4).

- ~

Fig.4

Taking these factors into account, the decision was made
to adopt an LSD unit. When cornering, the drive force
from the shaft drive produces different reactive forces for
the inside and outside wheels, and as a result, a moment
that tries to bring the vehicle upright is generated
around the center of gravity. In this way, a roll moment
is generated in the prototype vehicle as it has a front
and rear track. Equation (4) shows this roll moment,
and Figure 5 shows this roll moment and the difference
in ground-contact load between the inside and outside

wheels.
M = (Fout + NOM! + mg) : {(T/Z)_ t}

(4 N, + mg)-{(T)2)+ 1} “

m: Vehicle weight distributed by one rear tire

T: Track

t: Shift in the ground-contact point during banking
N: Ground-contact load due to load shift

F: Ground-contacting load due to anti-squat moment
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RIDING:EV:

3-1. Basicriding

Setting the roll rigidity in particular to zero helped
achieve smooth lean characteristics, and we were able to
ride and corner using the same inputs as a conventional

motorcycle with no unnatural feeling (Photo 6 and 7).

Photo 6

Photo 7

3-2. Riding over uneven road surfaces

Likewise, since zero vehicle roll rigidity provides the
vehicle with balancing dynamics, it is not easily affected
by road surface undulations and a road test proved that
it can ride smoothly over uneven road surfaces at an
angle (Photo 8).

Photo 8
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3-3. Tilt control

Because the LMW vehicle has two wheels on the left and

right sides, a pair of hydraulic cylinders are provided on

the upper portion of the swingarm for each wheel (Fig. 6
and 7).

Fig.7
When riding at a fixed speed, the hydraulic cylinder
rods are stored to enable smooth riding and counteract
any influence on the vehicle's lean. On the other hand,
it was confirmed that when vehicle speed is nearly zero,
the movements of the swingarms can be controlled by
pushing the hydraulic cylinder rods against them, ena-
bling the LMW vehicle to remain upright on its own

based on roll rate feedback control (Photo 9).

CONCLUSIONS s

With this prototype vehicle and its especially narrow
track, adopting zero vehicle roll rigidity and the “com-
pletely zero alignment concept” made it possible
to materialize the concept of “Four Wheels but a

Motorcycle.”

As a result, we were able to verify the potential of an
LMW vehicle, such as tilt control and the ability to ride

smoothly over uneven road surfaces at an angle, through

actual road tests.

On the other hand, though not discussed in this paper,
while the basic vehicle dynamics of this prototype are
the same as those of a conventional motorcycle, the
systems we employed cannot be considered “the same”
as a conventional motorcycle as our prototype uses more
tires, a different type of suspension and a lean mecha-
nism. From this, we can begin to understand that tilting
multi-wheeled vehicles have a unique vibration mode and
values, and we believe there to be a great deal of room

for further research in this area.
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