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FEATURE
Technology Vision: Pursuing Fun and Solving Social Issues to Create Our Future

In 2024, Yamaha Motor refined its Technology Vision, originally established in 2023, to “Pursuing Fun and Solving Social
Issues to Create Our Future.” The Company will realize its corporate mission to be a Kando Creating Company through
the pursuit of fun. In addition, it aims to provide solutions unique to Yamaha Motor and help to solve social issues while
having fun rather than by making solutions to social issues at odds with it. The Company will position human research as
its fundamental research and a guide for new values. It focuses on deep understanding of human beings both as the
core of emotional, or Kando experience and as creators of that experience. It has also identified intelligent systems,
energy management, and software services as new core technologies. By combining these with Yamaha's foundational
technologies, the Company aims to create “Our Future” that benefits not only customers and Yamaha, but also the
natural environments where the products are used.

This issue will introduce various initiatives we are undertaking to realize this Technology Vision.
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Pursuing Fun and Solving Social Issues to Create Our Future

MR EZ

How many years has it been since we were told we were in a “once-in-a-century period of profound
transformation™? It is said that this was first said by President Akio Toyoda of Toyota Motor Corporation
in 2018, so if that is true, it will be six years. Has this period of great change ended in these six years?
We cannot say whether this was a period of change, but drastic changes such as of the environment and
diversifying needs continue. How should we adapt to such a period of time? In addition to shortening
development time to adapt to rapid changes in the environment and expanding the product lineup to meet
diversifying needs, it has recently become necessary to achieve carbon neutrality and comply with various
regulations that are becoming stricter year by year. Do we have too many things to do that we do not
have enough time to conduct R&D to achieve differentiation?

Last year, the Company has renewed the Technology Vision and newly defined three new core
technologies: 1)Intelligent Systems, 2) Software Services, and 3) Energy Management, and added 4) human
research as the foundation to support all of the conventional core technologies. Positioning human
research as our core of the Technology Vision, we aim to maximize human potential. The results of human
research will bring new value to our products and further enhance fun and attachment for users.

I believe that fun and attachment will be more important than ever for Yamaha Motor products in the
future. The technology of internal combustion engines, which are the power source, has reached maturity,
and the performance of electric powertrains has become more standardized, making differentiation with
powertrains difficult. There is a lot of work to be done to adapt to the period of change, but we must
pursue new values such as fun and attachment as differentiating technologies more than ever. To achieve
this, we must improve the efficiency of conventional core technology development, and at the same time,
shift human resources to the development of new core technologies, new value creation, and human
research. We engineers must also change our mindset, and we need to challenge ourselves to acquire the
skills and technologies needed in the future, instead of remaining at our current levels.

Since the founding of the Company, we have always pursued fun based on the concept of a *Kando
Creating Company. Our diverse product lineup includes motorcycles and marine products, as well as
robotics and electrically power assisted bicycles, all designed around fun and solving social issues. This
fun, and solving societal issues, enriches people’s lives, and is a driving force for creating the future.

Our motorcycles are loved by people across the globe. Riding a motorcycle has gone beyond simply being
a method of transportation; it is the experience of feeling the wind and enjoying the freedom. Yamaha'’s
motorcycles offer the ultimate fun to our riders, both in terms of their design and performance. Boats and
personal watercraft also take the fun of leisure activities on the sea and at lakes to another level. We will
continue to pursue fun with the unique style of Yamaha and will continue to take on the challenge of
creating our future while improving and evolving the value we provide to our customers through the
development of new core technologies, the creation of new value, and the results of human research.

*Kando is a Japanese word for the simultaneous feelings of deep satisfaction and intense excitement that we
experience when we encounter something of exceptional value

YAMAHA MOTOR TECHNICAL REVIEW
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Weekends and Detours are Fun! Development of the “PG-1"
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Abstract

The “PG-1", a newly developed model, features a 114 cm? air-cooled, 4-stroke SOHC (Single OverHead Camshaft),

single-cylinder, 2-valve, fuel-injected engine. Designed around the concept of “weekends and detours are fun!”, the

“PG-1” made its debut in 2024, with its launch beginning in Southeast Asian markets, starting in Thailand.

The “PG-1" is a model that combines the ease of handling of a moped with the capabilities of a scrambler, allowing it

to venture onto unpaved roads. It incorporates a variety of features, such as convenience in the city, off-road

capabilities for touring and leisure trips, and a high sense of style, all condensed into one model. The goal was to

introduce the users to a completely new genre of model, unlike anything seen before.
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Development of the “XSR900GP”

Abstract

The second generation of the “XSR900”, developed with the keyword “Racing Heritage,” features an orthodox style

with round headlights and a bar handle. However, it also incorporates a delta box frame (Yamaha’s unique design

concept first used in Grand Prix machines of the 1980s), a passenger seat shaped like a tail cowl, and an elongated

fuel tank, evoking the spirit of past racing scenes. The “XSR900GP”, based on the “XSR900”, is designed as “The

Embodiment of Yamaha Racing History,” equipped with a fairing reminiscent of 1980s Grand Prix machines and

matching performance characteristics.
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I Development of the “F350B” Outboard Motor
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Abstract

In recent years, boats have been getting larger, leading to the expansion of the market for large outboard motors. As
a result, there is a growing demand for a lineup of outboard motors with strong product appeal in this market.
However, due to the recent aggressive strategies of competitors, Yamaha Motor’s (hereafter referred to as “the
Company”)dominance in the large outboard motor segment is gradually being lost. While competitors have expanded
their lineup to include models up to 600 horsepower, accommodating a wide range of boats, the Company has
discontinued the production of the “F350A” in 2019, creating a gap in its lineup at the 350-horsepower level. Due to
the inability to supply 350 horsepower, the Company faces challenges where customers switch to competitors even
in the similar horsepower range.

Given this background, the development of this horsepower range has become urgent. However, this horsepower
range has unique difficulties: V8 engines are too heavy, and V6 engines lack power. Yamaha Motor has attempted this
several times in the past but have given up each time.

Additionally, the performance requirements for outboard motors have changed recently. The market now demands not
only “light and powerful” but also better maneuverability and reduced noise for a more comfortable boating experience.
In this development, the goal was for an early market launch by tuning up the existing “F300F", which is highly rated
for its light weight, high reliability, and maneuverability, to achieve an overwhelmingly light and highly usable 350

hOI‘SBpOWGI‘ range.
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Fishing boat “YFR330”
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Abstract

Fishing boats are a category that continues to show unwavering popularity in the Japanese pleasure boat market.
Yamaha Motor Co., Ltd. (hereinafter Yamaha Motor) has continued to provide attractive products over many years with
a rich lineup and technological development. In particular, the “YFR Series” of saltwater lure fishing models equipped
with outboard motors is the core of the fishing lineup, and with the huge success of the “YFR-24"” and “YFR-272", it
has become a major brand recognized by many fishing fans.

The “YFR330 (hereinafter ‘this model)” is a newly developed boat equipped with our new flagship outboard motor
“F450A” as the largest 30-foot class boat in the “YFR Series”. Until now, there have been very few outboard motor
fishing boats over 30 feet in the domestic market. It was a great challenge to develop a boat that takes greater
advantage of the characteristics of outboard motors and then propose it to the market, but we have been able to
introduce a new product to the market by utilizing the synergy between the fishing boat development know-how we

have built up over the years and advanced technologies such as propulsion systems.
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Fishing boat “YFR330”
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Development of the “DFR Series” Equipped with the “Y-FSH” Steering Assist System
Featuring Boat Position and Direction Holding Function

MHEE \LURE HERBE AEES &R

®

Y-S

680

rpm

(SR <MY

Abstract

Fishing culture is deeply ingrained in Japan, and Yamaha Motor Co., Ltd. (hereinafter referred to as “the Company”)
has long been supported by boat users throughout the country. Among our product lineup, the “DFR Series”, equipped
with a diesel inboard motor, stands as the flagship model for fishing boats. It is widely recognized by many users for
its exceptional navigability and fishing functionality.

In boat fishing, it is essential to drop traps at precise locations, but the boat’s position and direction often shift due to
wind and currents. To maintain the boat’s position and direction at the targeted spot, users must constantly steer and
shift, a complex and cumbersome task requiring frequent adjustments based on the changing wind and currents.

To address this issue, the Company, in collaboration with Toyota Motor Corporation, developed the “Y-FSH” steering
assist system, which uses rapidly advancing electric and automated technology. This system features a function that
maintains the boat’s position and direction, allowing users to focus more on fishing. The Y-FSH system is installed in
all three “DFR” models".

1)“DFR-33"(2017), “DFR-36HT"(2019), “DFR-36FB"(2019)

XLl i+ 37 MRIEASRIBSNZ DY, JALH - I & - TSI
S : .
RTINS SR O B Th -7z,

HAICIE SO SUEDTRSIRASOTED Y~ JEIIEH A =
(AR, 4H) OAR— PR RE DR — L —Y =5 F%
THOTWS, I TE, 70— BV N Z #5389 5 [DFR SV —
AN U UENEE RO BEREIED S EA 52D L—Y—
WILGRHIEND T4 VT R=bDT TG0 T2 T Thb,

A= MO TR TeRA  MHHNT 2L I TEA KD
BNBHY, NG - RO E CHAAL - T ALIZZE L Uil %0 H o
TeRA Y BT T2 R EF I B T2 ITiE L — T —Ic K B

AR, RT3 B EE) - ML Z G L, 12— —
DG ETLLRICHI0ICEATE B DR RE 2 FF D
RS2 AT Y- FSH (T A + T4 >a) 1% S I 2 F B R
24k (LU, hE2) LHFEBIFEL TDFR) 223 7L VIR Ag%
KLz,

1)IDFR-33(2017). DFR-36HTJ (2019). 'DFR-36FB, (2019)

YAMAHA MOTOR TECHNICAL REVIEW 26



A5 (LRI RE E I DIRMTIE AT L TY-FSH) ###LT: DFR ) —X ) DR

Development of the “DFR Series” Equipped with the “Y-FSH” Steering Assist System
Featuring Boat Position and Direction Holding Function
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Development of the “DFR Series” Equipped with the “Y-FSH” Steering Assist System
Featuring Boat Position and Direction Holding Function
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Development of the “DFR Series” Equipped with the “Y-FSH” Steering Assist System
Featuring Boat Position and Direction Holding Function
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Development of the “WaveRunner FX and VX/GP”

Abstract

In recent years, the usage of PWC (Personal Water Craft) has diversified, with an increasing number of customers

focusing on convenience and enjoying music while cruising. As a result, expectations for LCD meters and speakers

have risen. To meet these needs, the 2025 models will feature added functionality in the meters and high-volume,

high-quality speakers in the flagship “FX Series” (hereafter referred to as “FX")and the recreational/performance “VX/

GP Series” (hereafter referred to as “VX/GP”). By collaborating with Yamaha Corporation on the speakers, we aim to

provide customers with additional value through a premium music experience.
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l Development of the “WaveRunner New JetBlaster”

HFIEE BHEYS #SHEN

Abstract

The entry-level model of the watercraft “WaveRunner”, known as the “EX”, was added to the lineup in 2017 as the

new compact platform following the “FX” and “VX series”. Subsequently, in 2019, a lightweight and high-performance

variant “EXR” was introduced as a derivative model, and in 2022, it was upgraded to the “JetBlaster” to enhance

maneuverability by adding a nozzle trim mechanism that allows for adjustments to the watercraft’s position while

navigating. To date, the model has been well received in the market, offering user-friendly features appropriate for an

entry-level model while also delivering sufficient performance and high reliability. However, due to changes in market

trends, a full model change including a platform renewal for the first time in eight years was implemented to further

evolve the fundamental performance and expand design possibilities. This paper introduces the newly transformed

“New JetBlaster series”.
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Development of the “WaveRunner New JetBlaster”
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l “WOLVERINE RMAX4” 2025 Model ROV
B 218 B KEH

fEXR B—

Abstract

The ROV (Recreational Off-Highway Vehicle) market has strong demand across a wide range of applications, including
agricultural work, dairy farming, recreation activities like hunting and trail driving, as well as sports driving,
particularly in North America. Its demand is expected to continue growing in the future. Yamaha Motor Co., Ltd.
(hereafter referred to as “the Company”) has been developing and releasing the “VIKING”, “WOLVERINE”, and “YXZ
series” since 2013 to cover these diverse applications. The Company promotes ROVs under the brand slogan “The
Ultimate Outdoor Adventure Partner” and focuses on helping customers “Realize Your Adventure” through the best
three Cs: Capability, Comfort, and Confidence. The “Wolverine RMAX (hereinafter “RMAX”) series” (‘RMAX2” and
“RMAX4 Compact”) was launched in 2020 for recreational use and received positive feedback from customers. As a
minor change model for 2025, the Company has updated it to enhance functionality and comfort while ensuring
durability. Additionally, the Company has introduced the “‘RMAX4”, which improves rear-seat comfort and off-road
capability on rugged terrains and steep inclines, as a model focused on enhancing Capability and Comfort. Here, the
Company will present the development details of the “RMAX4” along with the improvements incorporated into the
2025 “RMAX series” models. The series is shown in Table 1.
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Introduction of the “RCX3-SMU” Speed Monitoring Unit (Functional Safety Certificated)
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Abstract

Yamaha Motor Co., Ltd.'s Robotics Business Unit (hereafter referred to as “the Company”) has introduced a range of
industrial robots to the market, including SCARA robots developed for the in-house production lines of motorcycles,
single-axis robots, Cartesian robots, and the next-generation transport robot Linear Conveyor Module, which is based
on the concept of “minimizing idle time in transport processes to zero.” These robots have consistently contributed to
the automation of production equipment in various industries, including the assembly of electronic components and
the transportation of automotive parts. In recent years, due to factors such as labor shortages and rising labor costs
across various industries, the demand for automation has rapidly increased, leading to continuous growth in the
demand for industrial robots. Along with this trend, the market’s demand for safety from robot manufacturers has
intensified. In response, the Company is introducing the “RCX3-SMU” Speed Monitoring Unit, the first of Yamaha's
industrial robot products to receive functional safety certification, developed to support the design of production

equipment with enhanced safety features.
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Introduction of the “RCX3-SMU” Speed Monitoring Unit (Functional Safety Certificated)
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Introduction of the “RCX3-SMU” Speed Monitoring Unit (Functional Safety Certificated)
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Domestic Market
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Development of the “PAS CRAIG” Electrically Power Assisted Bicycle for the

Abstract

Sales of electrically power-assisted bicycles are on the rise, with domestic shipments reaching 795,000 units in 2022.

This figure is double that of 2012, and the market is expected to continue expanding in the future. As the market

grows, the demand for electrically power assisted bicycles is also diversifying. In 2023, marking 30 years since the

release of the first “PAS” model, the Company announced the launch of the “PAS CRAIG", designed for urban riders

who prefer a more stylish look. The concept behind the “PAS CRAIG” is to offer a bike that enables riders to ride

smoothly through the city with specs sufficient for urban riding and a sleek, minimalistic design. To achieve this

stylish design, the Company collaborated with a new supplier specializing in the production of steel frames made from

thin pipes, bringing the concept to life.
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Development of the “PAS CRAIG” Electrically Power Assisted Bicycle for the Domestic Market
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Development of the “PAS CRAIG” Electrically Power Assisted Bicycle for the Domestic Market
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Electric Assist Hose Cart (“X-Quicker”) for Firefighting

BB LM, mHEE

Abstract

Yamaha Motor Engineering Co., Ltd. (hereinafter referred to as “the Company”) has been developing and selling

products for firefighting agencies since 1985 to date, starting with the electric hose cart jointly developed with the

Tokyo Fire Department. This range of products includes ride-on electric hose layers, hose carts with handles,

firefighting motorcycles (commonly known as “red bikes”), and lightweight dual-focus portable floodlights, among

others. The electric assist hose cart(product name: “X-Quicker”)introduced in this article is mounted on the rear of a

fire truck (Figure 1). After arriving at the scene, it is used to carry up to 120 kg of equipment, such as fire hoses, and

allow hoses to be extended to the fire source or water supply as part of firefighting operations. This article introduces

the development and features of this product.
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Extending the Range of Driving - Development of “YECVT” for the New-“NMAX”
Bl thie  KIR —# REFF SHE IOMB

2 97 #8 .

KiE EF)

Abstract

Yamaha Motor Co., Ltd. (hereafter referred to as “the Company”) has developed the “NMAX”, a compact premium
scooter, which is favored by many customers for its outstanding design, convenience, and driving performance.
However, the ASEAN (Association of Southeast Asian Nations) region, the Company’s primary market, is rapidly
evolving, making it essential to develop products that adapt to changes such as market maturity, the diversification of
consumer preferences, and increased competition from similar products. As a result, the demand now is for unique
new value, distinct to the Company, in addition to daily-use convenience.

To further enhance the acceleration performance of the new “NMAX” and deliver the added value of riding enjoyment,

the Company developed a new transmission mechanism, “YECVT", by leveraging the electronically controlled YCC-AT

(Yamaha Chip Controlled Automatic Transmission)initially created for the 2007 “Majesty” model.

This paper discusses the features and the structure of YECVT.
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Development of the Evolved Automated Manual Transmission “Y-AMT”
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Abstract

The “YCC-S (Yamaha Chip Controlled Shift)” was commercialized""! from the 2006 “FJR1300AS” model as the world’s
first AMT (Automated Manual Transmission) for motorcycles. Since then, it has undergone refinement, including the
addition of a stop mode that automatically shifts down to first gear when decelerating to a stop, as well as the
integration of an electronic throttle control. This continuous development led to its adoption in the “YXZ1000R SS”
model ROV (Recreational Off-highway Vehicle) ?. Currently, in the motorcycle sector, other companies have also
introduced AMT vehicles, such as those with DCT (Dual Clutch Transmission), leading to an increase in the number
of models available. In the automotive sector, two-pedal vehicles without a clutch pedal are becoming more common,
with some examples showing better acceleration performance than three-pedal vehicles. In this context, the
performance and functionality of the YCC-S has evolved, integrating enhanced sportiness and convenience, and has
been renamed “Y-AMT (Yamaha Automated Manual Transmission)”. This new system has been installed in the 2024
“MT-09 Y-AMT” road sports model.
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- Coupling technology for “land, sea and sky” control and plant models and visualization

YEN HEBL  KH 1BE AE —

Abstract

Model-Based Development (MBD)refers to a method where models that behave in the same way as the real world are
created on a computer, allowing for desk-based verification before producing actual prototypes. By using this
approach, the number of physical prototypes can be reduced, leading to lower development costs and shorter
development periods.

At Yamaha Motor Engineering (hereinafter referred to as “the Company”), the acquisition of MBD technology is being
advanced. This includes not only control and dynamics for mobility across all domains of land, sea, and sky, handled
by the Yamaha Motor Group, but also the development of models capable of calculating disturbances like wind and
tidal currents under environmental conditions. However, one challenge with applying MBD to mobility is that the
simulation results are expressed in numerical form, making it difficult to understand the behavior as an actual
phenomenon. As a unique initiative, the Company has developed a simulation system called the “1D Virtual Viewer,”
which visualizes MBD simulation results as animations of 3D-CAD data, making it easier to understand the behavior
of mobility. This paper will first explain about the MBD technology and the 1D Virtual Viewer that was developed,
using drones as a case study, and then introduce examples of how this technology has been applied to the marine and

land domains.
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Abstract

Yamaha Motor Co., Ltd. (hereafter referred to as “the Company”) has established “Creating Kando*” as its corporate
mission, aiming to realize people’s dreams through wisdom and passion while continuously striving to deliver “the
next Kando.” *Kando is a Japanese word for the simultaneous feelings of deep satisfaction and intense excitement that
we experience when we encounter something of exceptional value. Since 2020, the Creative Center, responsible for
design and branding, has been promoting an open innovation-based research and development initiative called “Town
eMotion,” which aims to enhance the well-being of individuals and society'".

In this initiative, the Company collaborates with various stakeholders from the private sector, government, academia,
and civil society to research and develop mobility solutions and environments that provide the Kando experiences in
line with the Company’s ethos. The Company is challenging itself to materialize new products, systems, and social
values within urban settings.

In the motorcycle market, one of the Company’s main products, there is a growing demand for carbon neutrality,
requiring driving technological developments in electrification and hydrogen utilization, as well as institutional
reforms.

In a diverse and increasingly complex society, sales from single products are on a declining trend, making not only
business scale expansion but also new business creation challenging. Therefore, it is deemed necessary to utilize assets
such as products, services, and human resources that the Company can provide, to create an environment that fosters
open innovation through co-creation with local communities across various businesses and functions, allowing for
autonomous development.

Additionally, as urban environments change, many cities have been accelerating their transition to “walkable cities,”
shifting from car-centric to people-centric street spaces in recent years. These initiatives hold the potential to
bring benefits toward sustainable urban development, such as promoting health through walking and reducing
traffic congestion. Similar advanced initiatives are also being developed within Japan. This report introduces the
background and development of the “Town eMotion” initiative, its systematic approach, and specific examples of its

implementation.
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Abstract

The effect of frame stiffness on motorcycle dynamics was analyzed based on the forces and frame deformation that
occur during running. Focusing on turning, torsional deformation mainly occurs, which is a superposition of the
torsional deformation of the steering head pipe and the torsional deformation of the rear swingarm pivot. At the start
of turning, when high roll acceleration is applied, the torsional deformation of the head pipe occurs first, and the
torsional deformation of the pivot occurs later. The time difference between these deformations is closely related to

the transition of the force component applied to the vehicle. The local deformation of the frame delays the response

of the deformation relative to the force and affects the motorcycle dynamics.
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Abstract

In commercially available electric motorcycles, there is a notable shift in the cooling method, moving from air cooling
to water cooling, and in the winding method, moving from concentrated winding to distributed winding, as the output
increases. This shift occurs around 8 to 10 kW. However, there is a paucity of empirical investigations examining
these combinations to ascertain their optimality.

In order to verify this trend, a verification model has been constructed which allows for the comparison of the
capacity and weight of the motor and cooling system according to the vehicle’s required output and thermal
performance. A comparison and verification of the combinations of winding methods (concentrated winding or
segment conductor distribution winding) and cooling systems (water-cooled or air-cooled) was conducted using the
model that had been constructed.

In the motor designed for this study, when the maximum output of the vehicle was 35 kW or less (European A2
license), the total volume of the motor and cooling system was found to be the smallest for the air-cooled concentrated
winding motor. However, in the 15 kW and above range, it was found that the volume of the water-cooled Segment
conductor (SC) winding motor, including the cooling system (radiator, hoses, pump, reservoir tank, cooling water), was
approximately 110% of the air-cooled concentrated winding motor, and the weight was approximately 65% or less. In
this study, we used a SC winding motor as a type of distributed winding motor for verification. The characteristics of
distributed winding motors include a large number of slots that provide a large contact area with the winding and high
heat dissipation. These characteristics are the same regardless of the type of winding. Therefore, these findings are
generally consistent with the observed trend of an increasing adoption of water-cooled distributed-winding motors in
commercially available electric vehicles (EVs) with a power rating of approximately 10 kW.

8 1 YAMAHA MOTOR TECHNICAL REVIEW



A Study on Optimal Combinations of Winding and Cooling Methods

INTRODUCTION

In power units (PU) for motorcycles, it is important to
achieve a compact and lightweight design. When
downsizing the motor, temperature rise becomes a
problem. Therefore, in order to design a compact and
lightweight motor, it is necessary to design a proper

1 various motor

cooling structure. In the previous study’
cooling methods, including water cooling and air cooling,
were compared. Air cooling provides a simple cooling
system, but there is concern that the cooling capacity
may not be sufficient for high power motors. Water
cooling requires components such as a radiator in
addition to the motor, and the increase in volume and

weight must be considered.

Figure 1 shows the combinations of winding and cooling
methods for each output for EVs currently on the market.
There is a switch between water cooling and air cooling
at around 8 to 10 kW, and there is also a trend for the
winding to switch from concentrated winding to

distributed winding.

Previous research? has shown that water cooling is
effective in achieving downsizing of the motor above
15 kW. However, the previous report focused only on the
concentrated winding and did not mention motors with
SC distributed windings, which have become popular

recently.

Therefore, in this study, we have constructed an
analytical model that allows for a side-by-side comparison
of the motor winding and cooling systems of electric
motorcycles. Using this model, we have organized the
optimal combinations of winding and cooling systems for
each vehicle output, and have confirmed the validity of

the combinations used in commercially available EVs.

for Downsizing Power Units in Motorcycles
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Fig. 1 Winding types and cooling methods

In order to verify the above, two types of motors were
designed: one with a concentrated winding and the other
with a distributed winding. A magnetic field analysis

model was prepared for each motor.

By improving the winding fill factor, the thermal 1 from
the coil to the stator can be reduced, which in turn
reduces the temperature rise®. In the motor
configuration designed in this article, we have employed
a concentrated winding coil utilizing rectangular wire or
a distributed winding with SC, which are believed to
possess a high fill factor and superior heat dissipation

capabilities.

In the thermal design of motors, the losses of each
component vary depending on the operating point of the
output, and the way in which the temperature of each
component rises is also different”. Therefore, in order to
correctly calculate the temperature rise of the motor, it is
necessary to define the operating point of the motor for
each vehicle output, calculate the losses in each part, and

then perform a thermal analysis.

One method of thermal analysis for motors is to calculate
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temperature rise with high accuracy by bidirectionally
coupling magnetic field analysis with thermal and fluid
analysis®. However, in this study, it is necessary to
perform multiple case calculations for motors with
different power and cooling methods, and the calculation
time becomes enormous. One method to reduce the
calculation time is the thermal equivalent circuit network
method. In this method, the thermal resistance and
thermal capacity on the main thermal path are modeled
to estimate the temperature rise of the motor'®. Although
this method is less accurate than thermal fluid analysis, it
is considered accurate enough for the relative
comparisons required in this study. Therefore, in this
study, we attempted to reduce the calculation time by
constructing an equivalent thermal circuit model that
includes the effects of the radiator and driving wind on
motorcycles based on a CFD model” that has been

confirmed to have sufficient accuracy within Yamaha.

MODEL,EORVERIGICATLION

2-1. The Configuration of the Motor

In order to facilitate the verification process, we have
designed a concentrated winding motor and an SC motor,
each of which is intended to be installed in a motorcycle
that is equivalent to a European A1-A2 license. The
concentrated winding motor is a 12-slot, 8-pole Interior
Permanent Magnet Synchronous Motor (IPMSM). The
winding is composed of a rectangular wire. The stator
core is divided at the teeth and each tooth is wound with
an insulating bobbin. This structure increases the space
factor, which increases the adhesion between the coils
and the insulating bobbin and improves the heat

dissipation capacity.

The SC motor has 48 slots and 8 poles and uses rectangular

wires.
The stator outer diameters of the respective motors are
equivalent. Heat is transferred to the case by shrinkage

fitting the stator core to the aluminum case.

For water-cooled motors, cooling channels are provided
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in the aluminum case. In the case of air-cooled motors,
fins are provided on the outer diameter of the aluminum
case (Figure 2). The core length of the motor is adjusted
to achieve the appropriate torque and output
characteristics in accordance with the performance
requirements of the vehicle. In this process, the cross-
sectional shape of the motor remains unchanged, and the
aluminum case, water cooling channels, fins and coils are

extended accordingly (Figure 3).
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Fig. 2 Example of Drawings of Motors
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Fig. 3 Example of Motors with Different Core Lengths

In order to facilitate discussion of motor size in the
following sections, it is necessary to define motor volume.
The calculation of motor volume is performed as a
cylindrical shape. The diameter shall be the outer
diameter of the aluminum housing. In this study, water-
cooled and air-cooled motors will be treated, and the

outer diameters of the water-cooled jacket and air-cooled
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fins will be assumed to be equal. Consequently, the
difference between water-cooled and air-cooled motors
has no effect on the outer diameter of the motor. The
cylinder length shall be equal to the height of the coil.
Since the height of the coil end differs between
concentrated winding and SC, the volume differs even
with the same core length. Therefore, the volume of the

motor to be compared is as shown in Figure 4.

! motor length
[T

motor outer diameter

motor volume

Fig. 4 Definition of motor volume

In an actual motor, there is a shaft and housings at both
ends, but these are considered equal regardless of the
motor type and are not considered in the volume

comparison.

However, the specific heat and thermal resistance of the
shaft and housing are considered in the thermal analysis

described below.

2-2. Cooling Systems

An overview of the cooling system of the water-cooled
electric motorcycle assumed in this study is shown in
Figure 5. In the case of a water-cooled motor, the motor
and inverter have cooling jackets, and the heat is
exchanged with the outside air through a radiator. The
motor cooling jacket is located at the periphery of the
aluminum housing. The outside air is assumed to flow
equally around the radiator and the motor housing at a
flow rate calculated from the vehicle speed and the
vehicle speed utilization ratio. The weight and volume of
the reservoir tank and electric water pump are also

considered components of the cooling system.

for Downsizing Power Units in Motorcycles

Air :>

Radiator

Reservoir tank

Fig. 5 Cooling System of Water-cooled Motorcycle

In the case of air cooling, cooling fins instead of water
jackets must be provided for both the motor and the
inverter. Water cooling systems such as radiators are not
installed in the air-cooled vehicle. Cooling air equivalent
to that of the water-cooled case hits the cooling fins of

the motor housing and exchanges heat.

2-3. Thermal Circuit Model of a Motor

A thermal circuit model of a motor is described. The
motor losses considered are copper loss in the coil, iron
loss in the core, joule loss in the magnet, and friction loss
in the bearing and oil seal. The losses generated in each
part are dissipated to the outside air or cooling water

according to the thermal circuit model shown in Figure 6.
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Fig. 6 Thermal Circuit Model of a Motor
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ANALYSIS,MODEL

3-1. Vehicle Model

In order to identify the optimal combination of winding

and cooling system for each output, it is necessary to
define the performance of the vehicle for each output. In
this study, vehicles with a maximum output of 5 to 35
kW were considered, which corresponds to the European
Al to A2 license range for internal combustion engine
(ICE) vehicles. Previous studies have demonstrated a
correlation between rear wheel output, maximum driving
force, and speed in a typical internal combustion engine
(ICE) motorcycle®. Consequently, the aforementioned
correlation was employed once more to define the
required driving force and maximum speed for each
vehicle with varying power outputs. Figure 7 illustrates
the correlation. For example, a vehicle with a maximum
output of 8 kW requires a driving force of 1029 N and a

maximum speed of 102 km/h.

In the thermal design of motors, it is crucial to consider
not only the maximum output but also the continuous
rated output. However, there is no universally accepted
definition of continuous rated output for. Therefore, in
this study, we defined the thermal performance to be met
as the ability to continuously deliver the maximum power
of the vehicle for 15 minutes at 60% of the maximum

speed of the vehicle, which is assumed to be used

frequently.
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Fig. 7 Correlation between Vehicle Power and Maximum
Driving Force and Speed in ICE Motorcycle

It is assumed that the size of the battery varies with

vehicle output. In particular, the model assumes that the
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DC voltage of a vehicle with a maximum output of 10 kW
is 100 V, and that it increases or decreases linearly with

vehicle output.

3-2. Cooling System Model

The cooling system depicted in Figure 5 as implemented
in each vehicle output in the following manner. The
radiator was designed to have a variable size. The
radiator’s heat dissipation capacity was modeled to be
contingent upon the wind speed and radiator size. The
radiator’s speed utilization factor varies with the vehicle
configuration; however, in this study, it was assumed to
be constant at 0.2. Consequently, the wind speed utilized
by the radiator is contingent upon the vehicle speed at
rated output and the vehicle speed utilization ratio. The
outside air temperature was fixed at 25°C. Figure 8
illustrates the relationship between radiator size, vehicle
speed, and heat dissipation for the radiator model

created.
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Fig. 8 Relationship between Radiator Size, Vehicle Speed,
and Heat Dissipation for the Radiator Model

The following section will discuss the other components
considered in the cooling system. It was assumed that the
electric water pump would be a commercially available
12 W product, regardless of vehicle power, as was done
in previous studies. In the vehicle under study, the flow
rate was assumed to be 5 l/min, as the pump has
sufficient capacity. The volume of the pump is 251 cc,
and its weight is 0.4 kg. The cooling hose utilized for the

vehicle is assumed to be ®22, 400 mm in diameter. The
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total volume of cooling water will vary according to the
size of the motor and the radiator. For water-cooled
vehicles, the volume and weight of these cooling systems

must be considered in addition.

3-3. Magnetic Field Analysis Model

Each loss of the motor at the rated output set by the
vehicle model was calculated using a two-dimensional
magnetic field analysis model. The calculated losses
included AC and DC copper losses, Joule losses of the
magnets, and iron loss. Actual measured values were used
for the mechanical losses of bearings and oil seals. In
order to accurately analyze the losses generated in the
motor, it is necessary to consider that the actual motor
current includes harmonic components due to the pulse
width modulation (PWM) control of the inverter. However,
magnetic field analysis that reproduces PWM control
requires a significant amount of time for computation.
Therefore, in this study, we compared the analysis results
using the ideal sine wave current with those considering
PWM harmonics, and coefficients were calculated for the
effect on loss. Subsequently, the aforementioned
coefficients were applied to the results of the ideal sine
wave analysis in order to achieve a closer approximation
of the actual motor losses. For simplicity, the loss
distribution of each component was not considered, and
each loss was assumed to occur uniformly in each
component of the thermal analysis model. In the 2D
magnetic field analysis, the copper loss at the coil end
cannot be calculated. Consequently, the copper loss at the
coil end was calculated based on the current value and

input to the coil end of the thermal circuit model.

The accuracy of the loss calculations was validated by
comparing the magnetic field analysis model with the
measurement results of the actual equipment. As an
example, Table 1 Comparison of Motor Loss Analysis and
Measurement depicts the analysis results of an SC motor
under specific operational conditions and the measured
efficiency of the actual motor. The discrepancy between
the calculated and measured losses of the actual motor
was approximately 5%, thereby confirming that this

analytical model is sufficiently accurate.

for Downsizing Power Units in Motorcycles

Table 1 Comparison of Motor Loss Analysis and

Measurement
Analyzed Losses [W]
Copper Loss 269.8
Stator Loss 280.2
Rotor Loss 32.6
Magnet Loss 772
Total Loss 659.9 | Measured Motor Loss ‘ 631.7 ‘

3-4. Method for the Design of Motors according to
Vehicle Output

In this study, it is assumed that the motor output
characteristics are adjusted by varying the core length
without changing the motor cross-sectional shape (i.e.,
magnetic circuit) . Therefore, it is necessary to design an
appropriate core length for each vehicle output. The

procedure is described below.

(1) As previously stated in the section on the vehicle
models, the DC voltage, required driving force, and
maximum vehicle speed are determined according to the

vehicle’s maximum output.

(2) The maximum rotational speed of the motor is
considered to be 12,000 rpm or less. This analysis
considers the rotational speed range of bearings and oil
seals typically employed in motors, excluding those with

exceedingly high rotational speeds.

(3) Since the motor cross-section does not change from
the initial design, the minimum motor size (core length)
required to meet the driving force requirements of the
vehicle is determined. The N-T characteristics and
efficiency of this motor are determined by magnetic field

analysis.

(4) The efficiency map of the motor is obtained through
magnetic field analysis. The speed at which the motor can
operate at high efficiency is identified, and this point is
defined as the rated point. In other words, this speed
represents 60% of the vehicle’s maximum speed. This
enables us to posit the vehicle’s reduction ratio. In the

event that the requisite maximum rear-wheel drive force
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cannot be attained at the assumed reduction ratio, it is
necessary to adjust the reduction ratio within the range
where the motor efficiency at the rated point remains
relatively unchanged. Should this prove insufficient to
meet the requisite driving force for the vehicle, it will be

necessary to adjust the dimensions of the motor.

Determine the

maximum power of
the vehicle

Fixed DC voltage,
Torque, Maximum speed.

|

Fixed motor N-T and
highest efficiency point
as a rated point.

l

Fixed reduction ratio of
the vehicle

Calculate the loss

driving force ? at the rated point
NO l
Change the On to Thermal Analysis
reduction ratio

Fig. 9 Motor Design Procedure

A multitude of combinations of motor size and reduction
ratio can be found that satisfy the requirements of the
vehicle. Among these combinations, the configuration that
satisfies the thermal performance requirements at the
rated point and minimizes the total volume of the cooling
system and motor is sought through thermal analysis.
The methodology for identifying the optimal minimum

size will be described in a subsequent section.

3-5. Thermal Analysis Model

The magnetic field analysis model enables the
determination of the motor size and losses during rated
operation. Consequently, the thermal resistance between
the parts in the motor can be calculated based on the
motor’s body size. Furthermore, the heat capacity of each
component and the volume of cooling water can be

determined.
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Thermal analysis was conducted by reproducing the
thermal circuit depicted in Figure 5 and Figure 6 in
JMAG, a magnetic field analysis software. To reduce the
time required for calculations, the analysis was conducted
by combining the FEM analysis in JMAG and the thermal
circuit model. In the FEM analysis, the heat transfer in
the electromagnetic part of the motor that generates the
loss was evaluated. The thermal circuit model reproduced
the heat dissipation to air and other fluids, as well as the
thermal resistance of the contact area of the parts
receiving the heat dissipation. The thermal circuit model
also reproduced the shaft, motor case, cooling jacket, and

vehicle radiator, excluding the electromagnetic parts.
The thermal resistance of each component was
incorporated into the circuit model through the

application of the equivalent thermal conductivity

equation (Figure 10, e.q.(1), e,q.(2)).

Heat flow [W] in parallel direction

2]

Heat flow [W] Aq A Az
in series direction

Fig. 10 Heat flow in series and parallel

¢
Aeq S = _t (1)
v
/’Li
2(Ai- A
Aeq P = ( A ) (2)
Aeq_s : Equivalent Thermal Conductivity in Series
%eq_p : BEquivalent Thermal Conductivity in Parallel
t : Total Thickness
L : Thickness of each Component
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i : Thermal Conductivity of each Component

A : Area in the Direction of Heat Flow

A; : Area of each Component in the Direction of Heat
Flow

The contact area between components is typically
quantified by an index known as contact thermal
resistance. In this model, the calculation was based on
Tachibana’s equation'®, a widely utilized expression for
contact thermal conductance, with adjustments made

based on actual measurements.

| 17x10°  06P 10°%
G+ Sty H  5+6
M Z

3

K : Contact Thermal Conductance [W/(m? -K)]

o1 : Maximum Height of each Part Surface Roughness
[pm]

Jo : Contact Equivalent Length [um]

Af : Fluid Thermal Conductivity [W/(m-K)]

P : Contact Pressure [MPa]

H : Vickers Hardness of the Softer Side[kg/mmz]

C : Correction Factor

The validity of the thermal analysis model was verified by
comparing it with the actual motor. The thermal analysis
model was partially calculated using a thermal circuit,
which resulted in the analyzed temperatures being
volume-averaged temperatures. Conversely, since the
surface temperature of each component was measured in
the experiment, it cannot be directly compared with the
results of this analysis. Consequently, a computational
fluid dynamics (CFD) thermal analysis model” was
employed to assess the thermal circuit model developed
in this study. This validated the efficacy of the thermal
circuit model. Initially, the outcomes of the CFD full
model analysis and the actual machine were compared.
The evaluation conditions are the results of running at a
constant output for one hour at an ambient temperature
of 25 degrees C and natural air cooling. The analysis is

also based on the same conditions.
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Fig. 11 Comparison of CFD Analysis Temperatures
and Experimental Results

Figure 11 shows that the CFD model is sufficiently
accurate, with an error within 10% of the experimental
results. Therefore, the volume-averaged temperatures of
each component were obtained from the CFD model. The
accuracy of the thermal circuit model was confirmed by
comparing the CFD results with the analysis results of the
thermal circuit model used in this study. The results of
the comparison are shown in Figure 12. This result
demonstrates that the thermal circuit model is
sufficiently accurate for relative comparisons of cooling
performance between different motors. The analysis
using the thermal circuit network model is a transient
analysis with 10 seconds per step, and the results shown
are those at the point in time when the same amount of
time has elapsed as in the actual machine evaluation. The
residual value of less than 10 has been set as the

convergence criteria for each step.

40
0

Coil end

Temp. [°C]
(=N
(=}

Stator Core Case Magnet Inner Air

®m Measurement (Surface temp.)
u CFD (Volume Average temp.)
Thermal Circuit Model (Volume Average temp.)

Fig. 12 Comparison of CFD Analysis Temperatures
and Thermal Circuit Model
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The subsequent section of this discussion will examine
the comparative characteristics of motors with distinct
winding configurations and varying core lengths. It is
important to note that concentrated winding and SC have
disparate coil shapes, which consequently affects the
contact area between the coil and the core. The larger the
contact area, the lower the thermal resistance. In general,
SC exhibits a larger contact area between the coil and
core due to the ease of increasing the number of slots,
which results in superior heat dissipation (Figure 13).
Conversely, concentrated winding has smaller coil ends.
Consequently, if the core length is identical to that of the
SC, it can be reduced in size. In the motor under
consideration, the contact area between the coil and core
is 2.3 times larger and the coil end size is 1.2 times
larger than that of the concentrated winding motor. This

value is considered in the present study.

Contact area between coil and core

Fig. 13 Difference in contact area between concentrated
winding and SC

For motors with different core lengths, the thermal
resistance of each part changes as described above. A
motor with a larger core length is capable of more heat
dissipation and has a larger heat capacity, which changes
the temperature rise during vehicle operation. Conversely,
the larger motor volume increases the phase resistance of
the coil, which may result in increased copper loss, and

the larger core volume may increase the iron loss.

The following definitions pertain to other conditions.

For the sake of simplicity, the change in volume of the
gear section due to the reduction ratio is not considered.
Furthermore, the size and mass of the inverter are not
considered, as the focus is on the motor. The water
temperature shall be limited to 60°C. In the case of

water-cooled motors, the inverter is generally water-
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cooled as well. Therefore, the upper water temperature
limit is set in consideration of inverter cooling. The upper
temperature limit for coils and magnets varies depending
on the selection of materials, but in this case, the upper
temperature limit for both is 160°C. If the temperature of
each of the components does not exceed the upper limit,
the motor is deemed to have sufficient thermal rating
capacity. However, if the temperature exceeds the upper
limit, the motor should be enlarged to improve the heat
dissipation capacity, or the radiator size should be
increased to identify the smallest size that can achieve

the rated output.

3-6. Optimization Procedure for each Motor Output
The following procedure outlines the specific
methodology for comparing motor and cooling system
sizes for each output. As previously stated, the design of
the motor should be based on the output to be
considered. The loss of the motor in rated operation is
determined by magnetic field analysis. Given that the size
of the motor is fixed, the thermal resistance and heat
capacity of each component can be obtained. The thermal
analysis model determines the heat dissipation capacity
of the radiator based on the vehicle speed at rated
operation and the radiator size. The considerations thus

determine the conditions for the thermal circuit model.

(1) The motor temperature should be assessed using the

thermal circuit model that has been determined.

(2) If the temperature exceeds the upper limit, the
radiator size should be increased so as to improve the

capacity for heat dissipation.

(3) The thermal analysis should be repeated with the

new model.

(4) If a model is identified within the temperature limit,
the volume and weight of the motor and cooling system

should be calculated.

(5) The motor core length should then be increased. It is

necessary to ascertain whether a combination can be
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achieved with a smaller radiator size due to the increased

heat dissipation capacity of the motor.

(6) The procedure should be repeated (1) to (5) in order
to extract the smallest combination of motor and cooling

system that satisfies the thermal rating.

In the case of air-cooling, there is no radiator, thus the
sole means of increasing the heat dissipation capacity is

to increase the motor size.

Input : Loss of Motor,
Thermal resistance and Specific heat
calculated from motor size

Perform thermal
analysis.
below the
emperature limit?

Perform loss analysis

Increase radiator size

Record the weight and
volume of the motor and
cooling system

YES

Increase Core Lengths

Other types of motors
or Other output power

Fig. 14 Optimization Procedure

ANALYSIS,RESULTS

4-1. Results for Vehicles with a Maximum output of
11 kw

As an example, the results of the study are presented for
a vehicle with a maximum output of 11 kW when an SC
water-cooled motor is applied. The vehicle model is
defined in accordance with the specifications outlined in
Table 2.

for Downsizing Power Units in Motorcycles

Table 2 Specifications of Vehicle with
Maximum output of 11 kW

Max. Power [kKW] 11
Max.Speed [km/h] 113.5
DC voltage [V] 110

Max. Force [N] 1165

The minimum core length required to achieve the desired
vehicle performance was 35 mm. A thermal analysis was
conducted on this motor in conjunction with a radiator of
the smallest size. The results are presented with the core
size held constant and the radiator size increased. The
radiator size is expressed as a percentage of the radiator
size utilized in the ICE 125cc vehicle.

Figure 15 presents the results of the analysis. When the
core length is 35 mm, there is a margin for coil and
magnet temperatures for all radiator sizes. The water
temperature falls below 60°C when the radiator size is
63%. Therefore, when the motor core length is 35 mm,

63 % radiator size is required.

The subsequent step is to ascertain whether the overall
volume and weight can be reduced by increasing the core
length and decreasing the radiator size. This same study
is conducted for a motor with a core length of 40 mm as
for 35 mm. The results indicate that at 40 mm, a radiator
size of 42% is sufficient because the heat dissipation

capacity of the motor has been improved.

140

120

0||||||IIII|||||

Coil Magnet Water

1

Temp. [°C]
2 o ® 2
S & & 3

[ )
S

Stator Rotor

= Core Length Le=35mm
Radiator size Vr=42%

® Lc=40mm
Vr=42%

Lc=35mm
Vr=283%

®Lc=35mm
Vr=63%

Fig. 15 Results of Thermal Analysis on a 11 kW Vehicle

In the context of a typical motorcycle, it is not appropriate
to consider radiators smaller than 42%. Consequently,

the smallest possible combinations are either a 35 mm
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core length with 63% radiator or a 40 mm core length
with 42% radiator. The results of this comparison are

presented in Figure 16.

12

10
|

wm N

= 3 T4
i+, =
=6 23
ey E
Z 4 =
2 1
0 0
Lc=35mm Lc=40mm Lc=35mm Lc=40mm
Vr=63% Vr=42% Vr=63% Vr=42%

= Cooling system weight [kg]
B Motor weight [kg]

m Cooling system volume [L]
B Motor volume [L]

Fig. 16 Comparison of Motors with different Core Lengths

The results indicate that the lightest weight is observed
at a core length of 35 mm, while the smallest volume is
observed at a core length of 40 mm. Similar studies were
conducted with different winding types, cooling methods,

and power outputs.

4-2. Summary of Study Results for each Output

The total weight and volume of the four combinations
were compared: concentrated winding, SC, air-cooled, and
water-cooled. The volume and weight of the water-cooled
SC were used as a reference for relative comparisons of
the other combinations. The volume comparison results

are shown in Figure 17.

130%
120%
110%
100%

90%

Total Volume

80%
70%

60%
0 10 20 30 40

Vehicle Output [kW]

—Water-cooled SC (Reference) ——Air-cooled SC

——Water-cooled Concentrated winding Air-cooled Concentrated winding

Fig. 17 Volume Comparison Results

It was found that air-cooled concentrated winding motors

have the smallest volume in the range of 35 kW or less.
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For motors of 15 kW or more, the volume of water-cooled
SCs is 110% or less of that of air-cooled concentrated

windings, so they can be considered roughly equivalent.

When comparing water-cooled SC motors with water-
cooled concentrated motors, it can be seen that the SC is
superior in terms of miniaturization in almost all areas
except 5kW. In this study, motor cooling is achieved by a
cooling jacket on the outer case of the motor. On the
other hand, concentrated winding motors have higher
thermal resistance than SC due to the difference in
contact area between the coil and the core. Therefore, SC
can cool the motor more efficiently. Although
concentrated winding reduces copper and stator losses
compared to SC, it cannot achieve the miniaturization

effect of water-cooled SC motors.

The number of slots in an SC motor can be increased
more easily. This reduces the eddy current loss generated
in the magnets inside the rotor compared to a
concentrated winding motor. Since the rotor has no
cooling jacket, the temperature rises more easily as the
loss increases. Figure 18 shows the temperature results
for a 5 kW SC water-cooled motor and a concentrated
winding water-cooled motor. The core length of both
motors is 30 mm and the size of the cooler is the same.
The water temperature is almost the same (55-60°C),
but the temperature of each part is higher in the
concentrated winding motor. This indicates that the heat
resistance of the concentrated winding motor is higher.
*The thermal resistance between the housing and the
cooling water is very small for both the concentrated
winding motor and the SC motor, so the temperature of
the housing is mainly affected by the cooling water
temperature. In this result, the water temperature was
slightly lower in the concentrated winding motor, so only

the case temperature was reversed.

Air-cooled SC motors also failed to demonstrate
superiority over other methods. This is probably because
while SCs have excellent heat dissipation characteristics
due to their low thermal resistance from the coil to the

housing, air cooling can only achieve limited heat
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exchange from the housing to the air, so it cannot

demonstrate its heat dissipation performance.
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uSC ®Concentrated winding

Fig. 18 Temperature Comparison between Concentrated
Winding and SC

The next step is to compare the weights. The results are

shown in Figure 19.

In terms of weight, the 5 kW rated unit is slightly
superior to the water-cooled concentrated winding motor.
However, in all other cases, the water-cooled SC motor is
the best. For 10 kW and below, air cooling is superior in
volume, but water cooling is superior in weight. This is
due to the weight density of the motor. The construction
of motors comprises electromagnetic steel and copper,
which have a high weight density. In contrast, water-
cooled systems such as radiators and pumps have a low
weight density. In air-cooled motors, core length is
increased to enhance heat dissipation, which has a
significant impact on weight. In water-cooled motors, the
size of the radiator can be expanded to improve cooling

capacity, thereby reducing weight.
250%
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Fig. 19 Weights Comparison Results
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Finally, the relationship between heat dissipation capacity
and volume or weight is shown in Figure 20 and Figure
21. Figure 20 shows the results of a study on a water-
cooled SC motor with an output of 35 kW. It compares
the effects of increasing the core length and radiator size
to enhance heat dissipation capacity. In both cases, the
temperature decreases with an increase in volume. The
reduction in temperature per volume was validated using

coil temperature as an indicator.

As a result, when comparing the effects of increasing the
length of the motor core and increasing the size of the
radiator, it was found that the effect of reducing the coil
temperature per unit volume was better when the core
length was increased. Figure 21 shows the effect of
temperature reduction in relation to the change in
weight. In terms of weight, the effect of increasing the
size of the radiator is equivalent to increasing the size of
the motor. When cooling the coil temperature, it can be
seen that increasing the contact area with the housing,
which is the main heat sink for the coil, is more effective
in reducing the temperature than increasing the size of
the radiator. This trend is the same for the rotor (Figure
22,23).

On the other hand, Figures 24 and 25 show the
relationship with water temperature. Figure 25 shows
that if you want to reduce the water temperature, it is
much easier to increase the radiator size than to increase

the core length.

Therefore, to reduce the temperature inside the motor, it
is more effective to increase the size of the motor itself,
increase the heat exchange area, and reduce the thermal
resistance, but you must be careful not to increase the
weight. Increasing the size of the radiator is useful for

reducing the water temperature.
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. In order to compare the combination of winding methods
and cooling systems in the output range of European A2
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For the motor we designed this time, we found that the
air-cooled concentrated winding motor had the smallest
' volume when the vehicle output was 35 kW or less. On
the other hand, the water-cooled SC motor was the
lightest in all power ranges. In the 15 kW and above
120 130 140 150 160 170

range, it was found that the water-cooled SC motor was

Rotor Temp. [C] about the same size as the air-cooled concentrated

_=Increase Radiator Size  —e—Increase Core Lengths winding motor, even when the water-cooling system was
Fig. 23 Relationship between Rotor Temperature included.
and Weight
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Therefore, it was suggested that the air-cooled
concentrated winding motor was superior in the range of
15 kW and below, and the water-cooled SC motor was
superior in the range of 15kW and above.

These results are broadly consistent with the trends seen

in commercially available EVs.

In the context of actual vehicle development, it is believed
that the optimal combination may vary depending on the
vehicle’s specific performance requirements, motor
design, and cost considerations. However, the use of this
model has facilitated a more straightforward comparison

of design proposals.

In the field of motorcycle design, it is important to select
the most suitable motor and cooling system for the
intended use. The findings of this research will prove an
effective tool for making such decisions and may be

applied in future vehicle development.
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Evaluation of Operating Characteristics of Adjustable Field Magnetization
PM Motors with 3D Magnetic Path and Asymmetric Magnet Arrangement
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Abstract

This paper describes a three-dimensional structure of an adjustable field magnetization permanent magnet (PM) motor
and a high-power density rotor structure with asymmetric permanent magnet arrangement for both high torque and
high efficiency operation in the high speed and low torque range. 3D-FEA demonstrated that adjustable field

magnetization operation is possible without sacrificing high torque density. Furthermore, load tests have confirmed

that high efficiency characteristics can be achieved at high-speed operation.
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Evaluation of Operating Characteristics of Adjustable Field Magnetization PM Motors
with 3D Magnetic Path and Asymmetric Magnet Arrangement

Zero-sequence winding

Stator frame (Copper)

(845C)

Stator core 1 (30HX1600)
Stator core 2 (30HX1600)

Rotor core 1 (30HX1600)
Rotor core 2 (30HX1600)

Rotor shaft (SCM415)

ermanent Magnet
(NEOREC44DUX)
Armature windings (Copper)

1 Proposed motor model

Zero-sequence flux

Zero-sequence

flux

(b) Magnetic
flux path with F,
(X-Y plane).

(a) 3D magnetic flux
path with F,

X2 Principle of adjustable field

&1 Specifications of proposed motor

8 poles and
Number of pol d slot
umber of poles and slots 48 slots
Armature winding and 8T-2P, star connection,
resistance 0.0209Q

Zero- o
ero-sequence winding and 500T-2P, 8.830)

resistance
Stator frame outer diameter #152mm
Stator outer diameter #140mm
Rotor outer diameter #93mm
Rotor shaft diameter #46mm
Axial length 89mm
Maximum armature current 240Apcak,
and density 24.2A/mm?
Maximum DC link voltage 300V
Maximum zero-sequence 4Aq,
current and density 20.4A/mm?
Maximum speeds 15000r/min

Cooling system

Water cooling
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3 Air gap magnetic flux density vs. FO
under no-load condition
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Evaluation of Operating Characteristics of Adjustable Field Magnetization PM Motors
with 3D Magnetic Path and Asymmetric Magnet Arrangement

Power DC supply 22

K4 Experimental setup
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2 Parameters in the test for measuring induced voltage

From 60 to 240, in

3-phase current
Apeak

increments of 20.

3-phase current
phase angle deg.

From O to 90,
in increments of 10.

Zero—phase current
Adc

0,123, 4

Rotational speed rpm

1000
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X5 Induced voltage vs. FO
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(b) B: Optimum current phase angle [deg.]

Motor Inductance pH

Evaluation of Operating Characteristics of Adjustable Field Magnetization PM Motors
with 3D Magnetic Path and Asymmetric Magnet Arrangement
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(d) Motor inductance vs. 3-phase current.

(6 Results of load tests
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Evaluation of Operating Characteristics of Adjustable Field Magnetization PM Motors
with 3D Magnetic Path and Asymmetric Magnet Arrangement
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Activities for Reducing Initial Market Failures in the Outboard Motors Market
(Power Tilt & Trim)
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Abstract

At Yamaha Motor Co., Ltd.’s (hereinafter referred to as “the Company”) Fukuroi Minami Plant, the manufacturing hub
for large outboard motors, the Company has set a goal of reducing initial market failures. To achieve this, the
Company is implementing activities aimed at enhancing fault detection capabilities, ensuring greater peace of mind
and reliability than ever before. An analysis of market failures by component revealed that the majority were related
to the power tilt and trim (hereinafter “PTT”), with delayed operation times and abnormal noise during operation
being the most common issues. In response, the Company has introduced a PTT operation time inspection device and
an abnormal noise inspection device, both featuring an automatic determination function. These innovations were
implemented without altering the current final inspection process or investing in new equipment. This report will

detail the specifics of this initiative.
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Activities for Reducing Initial Market Failures in the Outboard Motors Market
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- Innovation in MC Assembly: Achieving Levelized and High-Cycle Production
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Abstract

At Yamaha Motor Co., Ltd.’s (hereinafter referred to as “the Company”) motorcycle (MC) assembly plant in Iwata City,
Shizuoka Prefecture, 35 models have traditionally been produced using a conveyor system with four assembly lines.
In response to declining production volumes and increasingly diversified market demands in recent years, the four
assembly lines were consolidated into two. These lines now utilize automated guided vehicles (AGVs) to enable
high-mix, variable-volume production that adapts to market trends. Moreover, models that were previously produced
only once a month must now be produced almost daily to ensure a stable supply of products to the market. To
address this challenge, the Company developed technologies focusing on generalization and setup reforms, enabling
the shift to a high-mix, variable-volume production system. This allows for the production of just one unit at a time,
rather than the conventional 40-unit lot size.

In pursuit of generalization, the traditional process of matching specific tasks to models was rethought, and a new
approach was adopted—designing the production process based on matching man-hours instead. By matching
man-hours, the line balance was optimized, and stable production was achieved with the same number of man-hours
in the assembly line regardless of which model was being produced.

By optimizing man-hour balance, stable production was achieved across all models, regardless of which was being
assembled, while maintaining the same man-hours per assembly line. Any differences in man-hours per model were
controlled through the AGV bypass system.

In terms of setup reform, tasks that were previously performed for every 40 units in lot-size production are now
executed for each individual unit in this high-mix system. To streamline this process, improvements were made in
automation, standardization, and reducing setup times.

This report will introduce the initiatives undertaken for generalization and setup reform.
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Abstract

Platinum (Pt), palladium (Pd), and rhodium (Rh) are used as active substances in exhaust gas purification catalysts for
automobiles. Among these, Rh is an essential element because it efficiently promotes a NOx reduction reaction. On the
other hand, the price of Rh has been rising in recent years. From the perspective of the supply risk of rare resources,
there is an urgent need to develop technologies to replace or reduce the amount of Rh used in catalysts. We focused
on the pseudo-rhodium alloy developed by the ACCEL program of the Japan Science and Technology Agency (JST),
and then investigated the application of the pseudo-rhodium alloy on the catalysts of our motorcycles and also the
degradation process.

A nanosized PdRulr alloy supported on a ceria-zirconia solid solution (PdRulr/CZ) was prepared and assembled into a
motorcycle for emissions measurement. The PdRulr/CZ catalyst with an alloy loading of 4.0 g/L had initial properties
comparable to the Rh supported on a CZ (Rh/CZ) catalyst with a Rh loading of 0.3 g/L, but after degradation
treatment, emissions increased and were inferior to the Rh/CZ. X-ray diffraction and transmission electron microscopy
of the catalyst powder showed that the alloy particles increased in size and underwent phase separation after
degradation treatment. Furthermore, it was confirmed that iridium (Ir) was oxidized during the specimen preparation
process. It is speculated that phase separation proceeds as iridium undergoes repeated oxidation and reduction during
the catalyst production process and exposure to exhaust gases.

We have clarified the degradation process of PdRulr/CZ catalysts and concluded that iridium oxidation is one of the

major factors causing phase separation of the alloy.
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INTRODUCTION

The need to address the issue of air pollution to help
protect the environment and prevent health hazards has
resulted in the introduction of increasingly stringent
emissions regulations covering motorcycles. To purify the
substances covered in these regulations (carbon
monoxide (CO), hydrocarbons (HC), and nitrogen oxides
(NOx)), vehicle exhaust systems are equipped with an
emissions purification catalyst that uses platinum (Pt),
palladium (Pd), and rhodium (Rh) as active substances.
Among these, Rh is indispensable since it is the only
active substance capable of efficiently promoting NOx
reduction reactions. However, faced with rising Rh prices
and the supply risks involved in procuring rare resources,
there is an urgent need to develop technologies to
replace or minimize the amount of Rh used in catalysts.
Therefore, this research focused on the pseudo-rhodium
alloy!"! developed by the ACCEL program of the Japan
Science and Technology Agency (JST). This pseudo-
rhodium alloy is a nanosized Pd-Ru alloy produced
through fusion between Pd and Ru at the atomic level. It
features an electron state similar to Rh and reportedly
achieves superior NOx purification performance to Rh'?.
It has also been reported that adding iridium (Ir) to
create an PdRulr alloy enhances catalytic activity and

restricts phase separation under high temperatures®!.

This paper describes the preparation of a PdRulr/CZ
catalyst consisting of a PdRulr alloy supported on ceria-
zirconia (CZ), an evaluation of its emissions purification
performance, and an investigation of its degradation

process.

MATERIALS,&MELHODS

2-1. Material Preparation
2-1-1. Alloy Composition Samples

Table 1 describes the samples that were produced to study
the optimum alloy composition. These samples were prepared
with the cooperation of Kyoto University using a synthesis
technique that simultaneously generates the alloy in the liquid
phase and sets it on the surface of the CZ support.

Catalysts used for Motorcycles

Table 1 Alloy composition

Alloy concentration composition [at%]
in powder [wt%] Pd Ru Ir
Sample-1 0.71 10.1 51.2 38.7
Sample-2 0.71 23.3 44.1 32.6
Sample-3 0.79 34.6 36.5 28.9
Sample-4 0.78 43.5 30.7 25.8
Sample-5 0.89 61.7 21.1 17.2

2-1-2. Test Specimens (Emissions Measurement)

The PdRulr/CZ used for the emissions evaluation was
synthesized by Furuya Metal Co., Ltd. using this
technique that simultaneously generates the alloy in the
liquid phase and sets it on the surface of the CZ support.
Table 2 describes the details of the composition. Due to
the difficulty of using X-ray diffraction and transmission
electron microscopy (TEM) to measure low loading
concentrations, the powder was prepared with a high
loading concentration of active material. The Rh/CZ
powder that was prepared for comparison was

synthesized by impregnation using a Rh(NO3)3 solution.

Each powder was dispersed in ion-exchanged water,
blended with binder, alumina, CZ, and so on to fabricate
the catalyst slurry. The slurry dipping method was
adopted to coat the slurry onto the metal honeycomb.
The coating amount was then adjusted by air blowing.
The test specimens were then produced by forming
coating layers in a 1-hour baking process at 450°C in air.
For comparison, specimens subjected to degradation
treatment were also prepared. Table 3 lists the
degradation treatment conditions. The heating furnace
temperature was set to achieve a catalyst temperature of

approximately 850°C.

A preliminary study was conducted using model gases to
estimate the amount of alloy and Rh that would result in
similar NOx emissions before degradation treatment. The
PdRulr/CZ catalyst was adjusted to a PdRulr alloy
content of 4.0 g/L. In contrast, the Rh/CZ catalyst was
adjusted to an Ru content of 0.3 g/L.
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Table 2 Alloy loading concentration and
composition of prototype powders

Alloy concentration Alloy composition [at%]

in powder [wt%] Pd Ru Ir

12.58 21.6 382 40.2

Table 3 Degradation treatment conditions

furnace: 805°C

temperature specimen: approx. 850°C
time 5 hours
gas rich | Oz 0.5vol%, CO: 4.0vol%, H,0: 10vol%, N,: balance

composition | jean | 0,: 5.0v0l%, H,0: 10vol%, Ny: balance

fluctuation pattern | rich gas: 30 sec, lean gas: 10 sec

2-2. Evaluation of Catalytic Activity Using Model Gas
To study the alloy composition, the purification
characteristics of the catalysts were evaluated with a
model gas using a SIGU-1000 tester manufactured by
Horiba, Ltd. The catalyst powder was compacted in a
pressing machine and crushed into pellets. These pellets
were then sieved into a size between 0.5 and 1 mm and
the sample amounts were adjusted to create a PdRulr
alloy weight of 2.8 mg. Table 4 lists the pre-treatment

conditions and Table 5 lists the test conditions.

Table 4 Pre-treatment conditions

temperature

(furnace) 750°C
time 2 hours
gas rich | Oz 0.5vol%, CO: 4.0vol%, H,0: 10vol%, N,: balance

composition | jean | 0,: 5.0v0l%, H,0: 10vol%, Ny: balance

fluctuation pattern | rich gas: 30 sec, lean gas: 10 sec

Table 5 Test conditions

start | 170°C

temperature

(furnace) end | 600°C

rate | 20°C/min

COy: 12.12vol%, O,: 0.92vol%, C3He: 0.336v01%,
C3Hg: 0.084vo0l%, CO: 0.92vol%, NO: 0.12vol%,
H,0: 10vol%, N,: balance

gas composition

2-3. Emissions Measurement

The emissions of a motorcycle equipped with a 155 cc

liquid-cooled engine that complies with the Euro 4
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emissions regulations were measured on a chassis
dynamometer (37 kW) manufactured by Ono Sokki Co.,
Ltd.

e Test cycle: Worldwide Harmonized Motorcycle
Emissions Certification Procedure (WMTC) Class 2
Subclass 2-1

MEXA-ONE emissions

measurement system manufactured by Horiba, Ltd.

¢ Emissions measurement:

2-4. Alloy Composition Analysis

The Pd, Ru, and Ir content of the catalyst powder was
measured by high-frequency inductively coupled plasma
emission spectrometry. The catalyst powder was
dissolved and liquified by the alkali fusion method. A
Plasma Quant PQ9000 spectrometer manufactured by
Analytik Jena GmbH & Co. was used to measure the

content by the calibration curve method.

2-5. Specific Surface Area Measurement

The Brunauer-Emmett-Teller (BET) specific surface area
was measured using N, adsorption to compare the
specific surface area of the catalysts before and after the
test. This was accomplished by 1-point BET analysis using
a Flow Sorb II 2300 apparatus manufactured by

Micromeritics Instrument Corp.

2-6. Measurement of Quantity of Adsorbed CO

The quantity of adsorbed CO was measured as an
indicator of the metal surface area of the catalysts. This
was carried out by the CO pulse method using the
R-6015H fully automatic catalytic gas absorption
measuring apparatus manufactured by HEMMI Slide Rule
Co., Ltd. Pretreatment consisted of heat treatment for 15
minutes at 400°C under an O environment, followed by
a helium (He) purge and reduction treatment for 15

minutes at 400°C under a hydrogen gas (Hz) environment.

2-7. TEM Observation

A transmission electron microscope (TEM) manufactured
by JEOL Ltd. was used to observe and identify the state
of the alloy particles supported on the catalysts. The
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JEM-F200 multi-purpose electron microscope and JEM-
ARM3O00F2 atomic resolution analytical microscope were
used to observe the synthesized catalyst powder. After the
degradation treatment, the catalyst powder was observed
at an accelerating voltage of 200 kV using a JEM-2100F
electron microscope. Elemental analysis was performed
using a JED-2300 energy dispersive X-ray spectrometer
(EDX).

2-8. X-Ray Diffraction (XRD) Measurement

The crystalline structure and composition of the alloy
particles were verified by XRD measurement using an
X'Pert PRO MPD X-ray diffractometer manufactured by
Spectris. Copper (Cu) tubes were used as the X-ray source

and CuKa rays were used as a probe X-rays.

RESULTS

3-1. Alloy Composition Study

Five samples were fabricated to evaluate the different
purification characteristics of the alloy compositions.
Figures 1 to 3 show the evaluation results. Sample 2
demonstrated the highest low-temperature activity for the
purification performance of CO, HC, and NO. Sample 2
was fabricated with a Pd:RuIr alloy composition of 2:4:4.
In response, an alloy-loaded powder with the same
composition was produced for emissions measurement

using an actual motorcycle.
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Fig. 1 CO purification characteristics using model gas
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Fig. 3 NOx purification characteristics using model gas

3-2. Emissions Measurement

Figure 4 shows the emissions measurement results using
motorcycles equipped with PdRulr/CZ catalysts. Before
the degradation treatment, the total hydrocarbon (THC)
emissions were higher than the Rh/CZ catalyst. However,
the CO and NOx emissions were the same, confirming the
excellent NOx purification characteristics of a catalyst
with this alloy composition. However, emissions increased
after the degradation treatment and were substantially
worse than the Rh/CZ catalyst, highlighting the fact that
durability will be an issue for practical adoption.

NOx emissions [g/km]
0.08 0.08

0.07 0.07

0.06 0.06

0.05 0.05

004 0.04
4 ¢ 49
& 003 003

0.02 0.02

0.01 0.01

0 0
0.8 0.6 0.4 0.2 0 0 0.05 0.1 0.15 0.2 0.25
CO emissions [g/km] THC emissions [g/km]

OPdRUIF/CZ 4.0g/L ARh/CZ_0.3g/L  ® PdRuIr/CZ_4.0g/L
untreated untreated after degradation treatment

4 Rh/CZ_0.3g/L
after degradation treatment

Fig. 4 Emissions measurement results after test cycle
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3-3. Investigation of Degradation State

The degradation state was investigated to help improve
the durability of the PdRulr/CZ catalyst. It is known that
both Ru and Ir oxidize under high-temperature oxidizing
conditions and evaporate into a gaseous phase. Since the
active material of this catalyst consists of nanoparticles,
this oxidation and evaporation process might occur at
lower temperatures. Therefore, once emissions
measurement was completed, catalyst powder was
extracted from the test specimens after the degradation
treatment, and the Pd, Ru, and Ir content was analyzed
(Fig. 5). The extracted powder was compared with fresh
powder obtained by drying the catalyst slurry. No
changes in the element content were identified after the
degradation treatment, indicating that evaporation of Ru

or Ir had not occurred.

199 1.99 209

139 1.38 1.40

|

Pd Ru Ir
E before emissions measurement

loading concentration [wt%]
w

M after emissions measurement (untreated)
after degradation treatment

Fig. 5 Results of element content analysis

Figure 6 shows the CZ specific surface area measurement
results. These results indicate that the specific surface
area fell due to the heat load applied by the emissions
measurement and degradation treatment, and that the CZ
particles increased in size. However, the specific surface
area of CZ that is not loaded with alloy falls only slightly
after heat treatment for 5 hours at 850°C in air.
Therefore, this drop in specific surface area seems to be
a particular phenomenon caused by the loading of the

alloy onto the CZ.
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Fig. 6 Specific surface area trend

It was estimated that the increase in the size of the
support particles caused the PdRulr alloy particles on the
surface of the CZ to coalesce or sink into the support,
resulting in a lower alloy surface area. Subsequently, the
quantity of adsorbed CO was measured as an indicator of
the alloy surface area (Fig. 7). The quantity of adsorbed
CO fell in the same way as the specific surface area of the
support, also indicating that the alloy surface area
decreased in size. Next, the alloy particles were observed
using TEM. Figure 8 shows observation images of the
catalyst powder after PdRulr alloy loading and Fig. 9
shows element map images. These images show that,
immediately after alloy loading, a PdRulr alloy with a
particle size of several nm was produced. Visual field 1 in
Fig. 8 shows a location at which the alloy particles have
aggregated, whereas visual field 2 shows that this
location also contains areas in which the alloy loading
state is comparatively dispersed. Figure 10 shows the
catalyst powder after degradation treatment. In these
images, particles sized between 10 and 100 nm can be
observed. In addition, superimposed elemental analysis
images show that the composition inside the particles is
not uniform and that phase separation has probably

occurred inside the particles.
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Fig. 8 Appearance of catalyst powder after PdRulr Fig. 10 Element map of alloy particles after degradation
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The phase separation process of the alloy particles was
investigated by XRD. Figure 11 shows the XRD pattern.
Data item 3 shows the diffraction pattern immediately
after PdRulr alloy loading. In addition to the CZ-derived
peak, a broad peak around 40.7° is also present. In
results measured by Kusada et al.®! using synchrotron
radiation (1 = 0.578980 A), the (111) phase of PdRulr
was observed close to 20 = 15°). When the results
measured by Kusada et al. were converted to the
wavelength of the CuKa rays (2 = 1.54060 A) used in this
research, the peak around 40.7° corresponds with the
(111) phase of PdRulr. The synthesis of nanosized PdRulr
alloy can also be recognized from the X-ray diffraction
pattern. Data item 4 is the catalyst powder after a 1-hour
baking process at 450°C in air during the process to
fabricate the specimens for emissions evaluation. The
diffraction peak derived from PdRulr disappears and a
peak derived from IrO, appears. This result suggests that
the Ir in the alloy was oxidized by the baking process,
causing the PdRulr alloy state to break down. In contrast,
after emissions measurement (data item 5) and
degradation treatment (data item 6), the diffraction peak
around 40.7° appears again. At the same time, peaks
derived from IrRu and IrPd also appeared, creating a
mixed condition of PdRulr, IrRu, and IrPd. This is
considered to be the state inside the particles shown in
Fig. 10.
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5. after emission measurement (untreated)
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Fig. 11 X-ray diffraction pattern of catalyst powder
(reference data: only peaks with an intensity ratio
of 20% or higher are shown)
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DISCUSSION

Based on the analysis results described above, the

emissions purification characteristics of the PdRulr/CZ
catalyst fell due to enlargement of the CZ and alloy
particles and phase separation of the alloy. The aim is to
address these issues and realize practical adoption of a

pseudo-rhodium alloy catalyst.

Loading the PdRulr alloy onto the CZ support seems to
facilitate a decrease in the CZ specific surface area. One
possible cause of this issue is the formation of a Ru and
Ir solid solution. Since oxides of Ru and Ir have a lower
melting temperature than CZ, these oxides might act as
sintering aids. Another possible cause is hydrothermal
degradation or the like in the alloy synthesis process.
Continued efforts are required to identify the causes and

study countermeasures.

One of the main causes of alloy particle phase separation
is thought to be changes in the crystalline structure due
to the oxidation and reduction of Ir. The results of this
investigation found that IrO, was being generated easily
at a relatively low temperature of 450°C. The catalyst is
exposed to higher temperature oxidizing and reduction
conditions under the actual exhaust gas environment
generated during riding and the degradation treatment
conditions of this test. The crystalline structure of Ir
undergoes major changes when it transforms to and from
its oxide and metal states. These changes probably
facilitate its transition to more stable IrRu and IrPd
phases. It may be possible to suppress this phase
separation by adopting an element that is less susceptible
to oxidation than Ir, such as Pt. As Ir becomes more
expensive, the switch to a lower cost element would also
be a rational measure in those terms. Studies will be

continued.

CONCLUSIONS

This paper studied the optimum composition for a PdRulr
alloy and evaluated the performance of a PdRulr/CZ

catalyst on an actual motorcycle. Although the test
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confirmed that this catalyst has an excellent NOx
conversion capacity, it also identified an issue related to
durability. The results verified that catalyst degradation
was caused by enlargement of the CZ and alloy particles
and phase separation of the alloy. One of the main cause

of this phase separation is thought to be Ir oxidation.
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Abstract

In recent years, efforts to reduce CO, emissions (carbon neutrality) have accelerated worldwide. In the aluminum
manufacturing industry, CO, emissions can be reduced by switching the raw materials of choice; from virgin ingots to
recycled ingots. However, the possible characteristic change accompanying the usage of impurity-ridden recycled
ingots severely limits its applications, which also limits its potential contribution to carbon neutrality. Determining
how impurity elements present in recycled ingots can affect the function of manufactured components is a necessary
first step towards expanding the usage of recycled ingots.

In this study, we aimed to apply recycled ingots to the monolithic cylinder made of hypereutectic Al-Si alloy and
investigated how impurity elements in recycled ingots affect properties (especially seizure characteristic).

Die-cast cylinders using virgin and recycled ingots were manufactured and their properties were investigated. The
elements that increased in the recycled ingots were Zn, Mn, and Ni. The effects of these elements on the seizure
resistance were confirmed by reciprocating sliding test. In addition, we confirmed the differences in the compounds
formed from metallographic observations and discussed the relationship between these compounds and seizure

resistance using thermodynamic calculation software (Thermo-calc), among other methods.

during the manufacturing stage. The CO; emissions of

INTRODUCTION

recycled aluminum ingots produced from scrap are about

Aluminum is widely used in transportation equipment
and other applications and contributes to improved
energy efficiency and reduced CO; emissions at the usage
stage. However, the excessive amount of energy required
to manufacture virgin aluminum ingots from natural

resources means a high amount of carbon footprint
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3% of those of virgin aluminum ingots, so expanding the
use of recycled ingots can contribute to carbon

neutrality!!.

DiASil Cylinder (die-casting monolithic cylinder) is made

of hypereutectic Al-Si alloy. Primary Si particles with high
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hardness on the cylinder bore surface can improve
resistance against seizure and wear even without cast
iron sleeve, and the sleeveless design can realize excellent
heat dissipation and high strength-to-weight ratio/?/®!,
These characteristics make it an attractive choice to use
in automobile parts, like cylinder blocks for example. To
realize these special characteristics, virgin ingots with few
impurities are used instead of recycled ingots. However,
the actual effects of impurities are currently not well
understood, so clarification of these effects will lead to
the expansion of use of recycled ingots.

This study aims to evaluate the difference in material
property of DiASil Cylinder manufactured using virgin
ingots and recycled ingots (hereafter VC and RC,
respectively). We particularly focused on seizure
resistance property since it is one of the most important
specifications of cylinder blocks. The chemical
composition of each cylinder blocks is shown in Table 1.
These cylinder blocks were T5 heat treated after die-

casting.

Table 1 Chemical composition of cylinder

Chemical Composition (mass%)
Si Cu Mg Fe Zn Mn Ni Sn

VvC 17 42 03 06 0.0 0.0 0.0 0.0
RC 17 43 04 08 1.0 05 0.5 0.1

Sample

EXPERIMENTAL

2-1. Metallography

A cross section near the cylinder bore surface was
prepared and metallography was observed. To confirm
the differences in intermetallic compounds in detail,

analysis was also performed using FE-EPMA.

2-2. Seizure properties of VC and RC

Seizure properties were evaluated by using SRV tester
from Optimol Instruments Priiftechnik GmbH. Figure 1
shows the shape of test specimens. Barrel-shaped test
specimens were prepared from a continuous cast bar
used for a forged piston production. This is made of

Al-12mass%Si-4Cu alloy and given T7 heat treatment. On

Die-cast Cylinders made of Hypereutectic Al-Si Alloy

the surface, Fe-Sn plating was treated. Cylinder test
specimens were cut out of the actual cylinder as shown
in Figure 2 to remain the curved shape and cross-

hatched pattern.

i Rzjis1.0~3.0

®15

22

(a) Barrel-shaped test specimen

R35.0
3

!
T
|
(N Crr —— —
|

- 20 |

(b) Cylinder test specimen
Fig. 1 Geometry of test specimen for SRV test

i.....: Sampling position

Fig. 2 Sampling position of cylinder test specimen

A schematic illustration of SRV tester and an image of
each test specimen contact are shown in Figure 3 and 4.
The barrel-shaped test specimen and the cylinder test
specimen were installed on the upper and lower
specimen holders respectively. The lower specimen
holder was filled with oil enough to entirely immerse the
contact area between each test specimen. The setting
temperature was adjusted so that the oil temperature
could be held at 150 degrees Celsius. After initially

running for 60 seconds with a vertical load of 50N as a

YAMAHA MOTOR TECHNICAL REVIEW 1 22



Effect of Impurity Elements in Recycled Ingots on Seizure Properties of

running-in period, the load was increased to 600N to
cause seizure. During the test, the vertical load, horizontal
stroke, and friction coefficient were monitored by the
equipped sensors. An example of the behavior of stroke
and friction coefficient when seizure occurs is shown in
Figure 5. Distinct peaks were observed shortly after the
60 second mark, and also around the 150 second mark.
The irregular peak at 60 seconds was thought to be
caused by the load being raised to 600N. The irregular
peaks observed at 150 seconds was thought to be the
result of mild adhesion which would eventually develop
into seizure. The seizure occurrence point was considered
to be the point wherein the sudden drop in stroke value
to almost zero and the abrupt increase in friction
coefficient was observed simultaneously. In this example,
the seizure time is 163s. Detailed test conditions are
summarized in Table 2. Each test was conducted 3 times.
(Quality of the cylinder test specimens was assumed to be
no different depending on the sampling position, and

three were used at random from the test specimens in

Load motor
Load sensor

Load axle

Figure 2)

Linear motor | Specimen

holder (Lower)

Friction
sensor |

Fig. 3 Schematic illustration of SRV test

Vertical
load

$

Oscillatio?

Contact at
the center of each test specimen

Fig. 4 Contact area between test specimens
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] |
S | — - : d
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0 0
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Test time (sec)

Fig. 5 An example of SRV test result

Table 2 Detailed condition of reciprocating slide test

Frequency 10Hz
Stroke 2mm
0il SAE 10W-40
Lubrication condition Immersion
Oil temperature 150+5 degree Celsius
Running-in 50N, 60s
Vertical load 600N
Test duration Until seizure (Max 1800s)

RESULTS.AND,DISCUSSION

3-1. Metallography

Figure 6 shows cross section optical microscopy images
of the metallography of the VC and RC. There is no

marked difference in primary Si.

Fig. 6 Metallography of (a) VC (b) RC cross sections

Figure 7 shows the results of intermetallic compounds
analysis by FE-EPMA. Two differences were observed:
first is Cu-based compounds, and second is the shape of
Fe-based compounds. As for the Cu compounds, it is
assumed that not only Al-Cu compounds (considered
CuAly) but also Al-Cu-Ni compounds were precipitated

due to the increase of Ni in the RC. As for the shape of
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the Fe-based compounds, needle-like morphology was
observed in the VC, while a more massive shape was
observed in the RC. A study conducted by Komiyama et
al. reported that the needle-like compounds are thought
to have changed to massive compounds due to the
increase of Mn", and the results of this study are similar
to his findings. Although segregation of Zn contained in
RC was observed, it was detected in both compound and
matrix phases (no blue area), so it is safe to consider that

Zn is mainly solid soluble.

se
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Fig. 7 FE-EPMA analysis results of intermetallic compounds

3-2. Seizure properties

The results of the comparison of seizure occurrence time
in the SRV test are shown in Figure 8. Dots indicate the
results of the three tests, bars indicate the average of the
three tests. Seizure occurrence time includes running-in
time of 60 sec. As can be seen in Figure 8, the RC tended
to take a shorter time to seizure than the VC, suggesting

that the RC may have inferior seizure resistance.
600
500

400

300

Seizure time (sec)

200

100

vC RC

Fig. 8 Seizure occurrence time in SRV test
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3-3. Investigation of the difference in seizure
resistance

To investigate the cause of the difference in seizure
resistance between the VC and RC, the SRV test was
stopped before seizure occurred, and the surface
conditions were compared. The test load was set at
400N, slightly lower than the value in Table 2, and the
test was stopped 10 seconds after reaching 400N. The
timing of the test stops and the behavior of the friction

coefficient for each material at that time are shown in

Figure 9.

0.5 500

Friction coeff(VC)

0.4 ———Friction coeff(RC) 400
B Load
5 03 300
2 z
3 T
2 0.2 200 &
2
39
£ 01 100

0 ]‘ 0

0 30 60 90 120
Test time (sec)

Fig. 9 Test stop timing and friction coefficient

SEM images and EDS mapping images of the suface
observations of barrel-shaped specimens after the test are
shown in Figure 10. Only in the RC, aluminum-based
adhesions that possibly originated from the cylinder
specimen was observed in the center of the sliding area.
Since it can be considered that the presence of this
substance affected the difference in seizure resistance, a
more detailed analysis was conducted. Firstly, quantitative
analysis of adhesion was performed using FE-EPMA. The
results are shown in Table 3. The adhesion contains not
only Al and Si from the cylinder specimen, but also a
large amount of Fe and Sn (about 10 and 6 mass%
respectively). In order to separate whether the large
amounts of Fe and Sn detected were from in the adhesion
itself or whether they originated from the plating of the
barrel-shape specimen below the adhesion, depth
profiling was performed using AES. Fig. 11 shows the
result (elements below 5% are omitted from the graph).

Focusing on the area that seems to indicate the
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composition of adhesion (below in Fig. 11), the amount of
Fe is quite large compared to the amount contained in
the cylinder, and it is inferred that the adhesion is an
alloy formed by the mixture of Al and Fe derived from
the wear debris of the cylinder and barrel-shaped
specimen. This suggests that the temperature of the
sliding surfaces reached or was close to the melting point

of the aluminum alloy.

Secondly, the results of that analysis were compared with
the original composition to consider which components
were affected. The results of the adhesion analysis
include the components of oil residues and barrel-shaped
specimens, so they cannot be simply compared as is.
Therefore, the relative ratio of the amount of each
elements against the amount of Al (how much is the ratio
when the Al content is set to 1) were calculated before
doing the comparison. Table 4 shows the results.
Components that were thought to be derived from oil
residues or barrel-shaped specimen were excluded from
the comparison. It is indicated that the adhesion has a
particularly high ratio of Cu and Ni compared to the

original composition.

From the above results, the following may be considered.
Adhesion, which are thought to affect seizure
resistance, develops from melting due to heat
generated by friction.

Al-Cu-Ni compound contained only in the RC
promote the formation of adhesion.

In other words, the results suggest that adhesion is

generated when the material reaches near the melting

point of the aluminum alloy, and the presence of Al-Cu-Ni
compound may have affected the thermodynamic

properties of the material.
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Table 4 Comparison of adhesion and original composition

The ratio when the Al content is set as 1 (a.u.)
Si Cu Mg Zn Mn Ni

Adhesion | 0.225 0.092 0.007 0.018 0.007 0.014
Original | 0.223 0.057 0.004 0.013 0.007 0.007

3-4. Discussion using thermodynamic calculation

Finally, thermodynamic calculation software (Thermo-
calc) with the TCAL8 Al-alloy database was used to

discuss the previous results. The compositions used in the

———— 300 pm ALK calculations are shown in Table 1. The calculated
(a) vC equilibrium phase at T5 temperature for each material

Fig. 10 Surface observation are shown in Table 5. The VC and RC show differences in
Al;5Si5(FeMn), (=AL15SI2M4) and Al;Cu,Ni (=AL7CU4NI),

Table 3 Chemical composition of adhesion which is consistent with the differences seen in the actual

Al Cu Si Mg Fe 7n Mn observations (Figure 7). Special attention was paid to

5136 | 470 | 1158 | 037 | 1095 | 0.93 0.36 Al;CuysNi, and the changes near the melting point of the

Ni Sn C 0 p S Ca aluminum alloy were calculated. The changes in the
074 | 610 | 682 | 462 | 050 | 062 | 0.36 liquid and Al;CusNi phases at 500-600°C are shown in
(mass%)  Figure 12(a), (b). The Al;CusNi phase of the RC

disappeared around 530-540°C, and the percentage of

100 liquid ph n incr rapidl h m
Adhesion Specimen quid phase tended to increase rapidly at the same

temperature indicated by orange arrow in Fig. 12(a).
Such a rapid increase in the liquid phase is not seen in
the VC. The rapid increase in the liquid phase may
promote the growth of larger wear debris which leads to

the considerable deterioration of seizure resistance.

Atomic concentration(%)

Taken together with the previous experimental results, it

is inferred that this rapid increase in the liquid phase

associated with the melting of Al;Cu,Ni affected the ease

T
0 30 160 90 120 150 180
! . . of adhesion generation, which may have led to the
1 Sputtering time (min)
\V} difference in the seizure resistance.
50
<40 a Table 5 Equilibrium phases at T5
5 Phase VC RC
£ 30
g FCC_Al 71.42% 69.21%
5 DIAMOND_A4 16.37% 16.25%
é AL2CU_C16 7.83% 6.61%
]
< ALIFE2SI2 2.98% 2.97%
Q_ALCUMGSI 1.24% 1.14%
ALI15SI2M4 0.08% 1.67%
0 30 60 90 AL7CU4NI - 1.95%
Sputtering time (min)
(mass%)

Fig. 11 Depth profile
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Fig. 12 The changes in (a) liquid and (b) Al;Cu,4Ni phase

CONCLUSION

In this study, the effects of impurity elements in recycled

ingots on seizure properties of hypereutectic Al-Si alloy

were investigated. The conclusions are as follows.

1. Use of recycled ingots with high Mn and Ni content
allows Al;5Siz(FeMn), and Al;CusNi compounds to
precipitate.

2. The RC may have inferior seizure resistance. Before
seizure occurred, aluminum-based adhesion was
observed only in the RC and this substance affected
the difference in seizure resistance.

3. The adhesion is an alloy formed by the mixture of Al
and Fe derived from the wear debris of the cylinder
and barrel-shaped specimen and has a particularly
high ratio of Cu and Ni compared to the original
composition. Results of Thermo-calc calculations of the
RC showed a rapid increase of percentage of liquid
phase around 530-540°C due to melting of Al;Cu,Ni
phase. Consequently, this led to the development of
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adhesion, which may have affected the seizure

resistance.

To apply recycled ingots to DiASil Cylinder, it is
considered necessary to limit the amount of Ni to prevent

the formation of Al;CusNi.
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Abstract

In recent years, global warming, depletion of fossil fuels, and reducing pollution have become increasingly prominent
issues, resulting in demand for environmentally-friendly two-wheeled vehicles capable of reducing COZ emissions. However,
it remains necessary to meet customers’ expectations by providing smaller drivetrains, lighter vehicles, and support for
long-distance riding, among other characteristics. In the face of this situation, hybrid electric vehicle (HEV) systems are
considered to be the most realistic method for creating environmentally-friendly powertrains and are widely used.

This research introduces a hybrid electric two-wheeled vehicle fitted with an electrical variable transmission (EVT)
system, a completely new type of electrical transmission that meets the aforementioned needs, achieving enhanced fuel
efficiency with a compact drivetrain. The EVT system comprises double rotors installed inside the stator. The hybrid
electric two-wheeled vehicle equipped with the EVT system has the electric drive and regenerative braking functions
of a fully electric vehicle, internal combustion start and power generation functions as an engine generator, and hybrid
power generation functions, including combined power generation and drive through integrated control. The EVT
system also provides boost acceleration functions and direct double rotor connection functions, offering wide-ranging
advantages compared to conventional motorcycles and enabling the provision of new types of distinctive value.

The authors developed a prototype hybrid electric two-wheeled vehicle fitted with this unique EVT electrical transmission.
This article considers its qualities compared to other two-wheeled vehicles and describes the hybrid topology, the
various functions of the EVT, the working principle of the EVT, the EVT configuration and the two-wheeled vehicle
configuration, the prototype EVT machine, the EVT powertrain hybrid control strategy, the hybrid powertrain
development environment, the results of hybrid electric two-wheeled vehicle performance measurements and the

possibilities presented by hybrid electric two-wheeled vehicles.
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INTRODUCTION

In recent years, global warming and the depletion of
fossil fuels have seen growing interest in sustainable,
pollution-free vehicles. Based on agreements such as
those at the UN Climate Change Conference (COP),
regulations to reduce CO, emissions are gathering pace
and research and development into environmental and
fuel-efficient technologies that can satisfy future
automobile and two-wheeled vehicle fuel efficiency
regulations is taking place around the world. In terms of
four-wheeled automobiles, electric and hybrid electric
vehicles are known to be effective ways to accomplish
these tasks. Similarly, improving energy conversion
efficiency is also considered important in the case of
smaller-scale mobility, as typified by two-wheeled

vehicles.

The authors carried out research and development on a
hybrid electric two-wheeled vehicle capable of addressing
three existing customer needs, ensuring sufficient riding
distance, alleviating the inconvenience of insufficient
charging infrastructure and reducing the high cost of
batteries. The authors aimed for high fuel efficiency
targets in order to achieve significant improvements in
fuel efficiency relative to conventional two-wheeled
vehicles, compared to those achieved with two-wheeled

vehicles equipped only with conventional ICEs.

Systems equipped only with conventional ICEs require a
trade-off in terms of reduced acceleration and
maneuverability in order to achieve high fuel efficiency
targets. The authors carried out research and
development on a new powertrain capable of resolving

this trade-off.

In general, fully electric two-wheeled vehicles are often
fitted with expensive batteries, thereby increasing the
cost of the vehicle. Hybrid electric vehicles, on the other
hand, offer a means of propulsion that can lower end
user costs compared to fully electric vehicles because
they minimize use of expensive batteries. However, this

tends to increase costs compared to vehicles equipped
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only with conventional ICE. Hybrid powertrain units used
in standard four-wheeled vehicles up to this point have
tended to be expensive and lead to increases in size and
weight. Against this background, the fitting of relatively
low-cost hybrid electric powertrains to two-wheeled
vehicles was challenging. The authors have developed a
completely new hybrid system that can be fitted on
vehicles from small scooters to two-wheeled vehicles and
surpasses the structure, configuration, functions, and
performance of conventional hybrid systems, together
with a new hybrid electric two-wheeled vehicle fitted with
this system. The hybrid electric two-wheeled vehicle in
this research can achieve both low fuel consumption and
provide new sensations, such as quietness and
acceleration unique to electric vehicles, compared to

conventional vehicles fitted with ICEs.

The authors selected a 125 cc scooter as the subject for

research and development.

One reason for this selection was that, when taken as a
whole, the large scale of global production makes it a
vehicle category connected to a large quantity of carbon
dioxide emissions. This is illustrated by the fact that 5
kW to 15 kW (100 to 200 cc) scooters account for a
large proportion of the total number of two-wheeled
vehicles produced worldwide. As a result, significantly
reducing carbon dioxide emissions in this vehicle
category has the potential to have a major impact on

future global warming.

Another reason behind the vehicle selection was that
installing hybrid system parts in the limited space
available on a small scooter provided an opportunity to
gain an understanding of the potential of EVT systems in
terms of being compact and lightweight. The construction
of hybrid systems requires additional components, such
as drive motors, generators, inverters, and lithium-ion
batteries. The authors believed that installing a hybrid
system on a small scooter with a limited mounting space
with the aim of creating an innovative powertrain had the
potential to enable mitigation of global warming in a

wide range of two-wheeled vehicle categories.
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Innovative compact, lightweight hybrid systems also have
the potential for future application in marine,
agricultural, and general-purpose equipment in addition
to two-wheeled vehicles, supporting further efforts to

reduce global warming.

The base scooter and ICE specifications of the 125 cc
scooter that is the subject of this research are shown in

Figure 1.

For the ICE, a unit-swing type powertrain equipped with
a mass-produced 125 cc forced air-cooled single-cylinder

ICE was used.

> 2 WheelBase ~ Vehicle - cylinder Cooling
Length (mm) Width (mm) | height (mm) G elal (ko) Engine type E method
1820 685 1145 1280 99 4stroke Single air cooling
Displacement Bore Stroke  Compression Max Power Max Torque Max Speed Fuel tank
(cc) (mm) (mm) ratio (kw) (Nm) (rpm) (L)
: 94
124 524 57.9 11 (6500rpm) | (5000rpm) 7500rpm 44

Fig. 1 Base Scooter and ICE Specifications
Used for Research

TWO-WHEELEDLVERICI-E;AND,
HYBRID TOPOLOGIES

T wkwwmﬂ}&w

[oM1C]

[1M1C] [1mM2c] [2M Splitter] [2M0C]

Fig. 2 Hybrid System Topologies
(OM1C: BASE, ICE: Engine, MG: Motor Generator,
M: Traction Motor, C: Clutch, Splitter: Power Splitter)

As shown in Figure 2, there are generally three
topologies of hybrid system. These topologies are: series
topologies (2MOC: series hybrids), parallel topologies
(IMIC, 1M2C: parallel hybrids), and series/parallel
topologies (2M1C: series/parallel switchable hybrids, 2M
Splitter: power split type with mechanical planetary gear
set). Through previous research and development, it is
known that series/parallel topologies generally achieve
the lowest fuel consumption rate over a wide range of
speeds. In addition, series topology hybrids enable

independent drivetrain and ICE operation because they

(Electrical Variable Transmission System)

are not subject to motion condition restrictions related to
mechanical shaft fastening structures. As a result, the ICE
can operate at the most efficient operating points,

thereby increasing drivetrain efficiency.

The authors carried out research and development on a
hybrid powertrain with the objective of creating a two-
wheeled vehicle that consumes as little fuel as possible. A
desk study was conducted by applying the three
aforementioned topologies to five notable types of hybrid
system that have been put into practical use in the
automobile market. Specifically, fuel consumption rates
were examined in World Motorcycle Test Cycle (WMTC)
mode, which is used as an international standard for
motorcycles and includes elements such as starting,
accelerating and stopping, and desk studies covering cost,
vehicle weight with the system equipped and fuel

consumption during high-speed riding were carried out.

Cost, in particular, is a crucial element in enabling more
users to enjoy the same performance and excitement
found with previous two-wheeled vehicles. The price of
lithium batteries continues to rise, meaning that fitting a
battery significantly increases costs. Two-wheeled vehicles
equipped with hybrid systems minimize costs compared
to fully battery-powered two-wheeled vehicles, however,
they have the side effect of emitting greenhouse gases. At
the same time, hybrid electric two-wheeled vehicles can
have significantly smaller battery packs than fully
battery-powered two-wheeled vehicles. In other words,
hybrid electric two-wheeled vehicles can be expected to
offer the market a lower-cost option compared to fully
battery-powered two-wheeled vehicles. Furthermore, two-
wheeled vehicles equipped with hybrid systems are
significantly more efficient than conventional two-
wheeled vehicles because they can operate in both a fully
electric mode and a regenerative mode using the drive

motor.

In addition, vehicle weight with the system equipped is a
crucial design element that affects operability by a
human driver because two-wheeled vehicles maneuver by

tilting left and right. Operational input by shifting body

YAMAHA MOTOR TECHNICAL REVIEW 1 3 O
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weight is generally a characteristic of two-wheeled
vehicles. Unnecessarily increasing the weight of a two-
wheeled vehicle must therefore be avoided wherever
possible because of the impact it has on convenience, the
joy of riding, and human-machine sensibility (technology
that creates joy and excitement for people by integrating
people and machines on a high level). The left-right and
front-rear balance is also important in two-wheeled
vehicles because it is closely related to steering stability.
For this reason, hybrid systems that are as small and light

as possible are desirable.

Fuel efficiency during high-speed riding is an important
element for two-wheeled vehicles because it is required
when they are used as a means of transportation
between cities and for long-distance touring. In addition,
because two-wheeled vehicles are used to travel long
distances, there is also strong demand for long cruising
ranges. Unlike fully electric two-wheeled vehicles, two-
wheeled vehicles with hybrid systems charge the battery
while driving, providing the significant advantage of
making it possible to minimize time lost due to charging

when compared to fully electric vehicles.

WMTC Mode Driving Fuel consumption [km/L]

Good Good
I\ o
.

o
1Mz
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Fuel consumption[km/L]
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M
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Fig. 3 Results of Study on Hybrid Topologies
in Hybrid Electric Two-wheeled Vehicles

The authors carried out evaluation on the base-
specification scooter through numerical calculation and
carried out a desk study on the feasibility of hybrid

systems.

As a result, the characteristics of each hybrid topology
were clarified as shown in Figure 3. The findings shown
in Figure 3 are as follows. The IM1C (cell dynamo-type
mild hybrid electric two-wheeled vehicle) currently on the
market is a direct evolution from a two-wheeled vehicle

equipped with ICE only and, while it offers excellent cost

1 3 1 YAMAHA MOTOR TECHNICAL REVIEW

(Electrical Variable Transmission System)

effectiveness, there is a limit to improvements in fuel
efficiency. The 2MOC (series hybrid) can be considered an
extremely effective hybrid system for two-wheeled
vehicles, especially because it excels in terms of mode
fuel efficiency. This is because the cost is lower than that
of 1IM2C/2M1C/2M power splits and fuel consumption
during mode riding is low. In addition, 2MOC has a
simpler structure than 1M2C/2M1C/2M power splits,
and the generator and drive motor systems are
completely independent. For this reason, there is a strong
possibility that it will be possible to use rear wheel drive
systems with battery-powered electric two-wheeled
vehicles in the future. However, proceeding with the
study while optimizing component specifications using
numerical calculation modeling showed that it was
challenging to improve fuel efficiency during high-speed
driving with this system. Two-wheeled vehicle ICEs are
generally of a high-speed specification, and the rotation
speed of the generator motor and drive motor reaches
6,000 to 10,000 rpm, or more, during high-speed riding.
This is because, in this high rotational speed region, a
field-weakening current (Id) must be applied to the
generator motor and drive motor. Due to this field-
weakening current, it was found that copper loss and iron
loss at high rotational speed reduce powertrain efficiency.
While 2MOC has disadvantages, if it is applied to two-
wheeled vehicles with sufficient understanding of this loss
generation in high-speed regions, it can be considered a
hybrid system with benefits that merit consideration of

future development.

When similar studies were conducted on the other
topologies, IM2C was found to have the same cost as
2MOC, but without excellent mode fuel economy.
However, the high-speed fuel consumption is excellent.
2M1C is upward compatible with 1M2C, but has higher
costs than 1M2C. Of these, 2M Splitter (power split) was
found to be upward compatible with 2ZM1C and achieve
higher performance. However, 2ZM power splits use
planetary gears, making them more expensive and

heavier than 2M1C for two-wheeled vehicles.

As described above, the authors carried out a desk



Hybrid Electric Two-Wheeled Vehicle Fitted with an EVT System

feasibility study, and concluded that the two
specifications shown below are appropriate for hybrid

electric two-wheeled vehicles.

2MOC is compatible with fully-electric vehicles,
making it effective and giving it high future potential.
2M power splits and 2M1C have overall upward
compatibility and high drivetrain efficiency, making

them suitable for two-wheeled vehicles.

In this research and development, powertrain efficiency
was given highest priority, and the 2M Splitter (power
split), was selected. In addition, an EVT system that does
not use a mechanical planetary gearset was selected for
the 2M Splitter (power split). It was determined that EVT
systems have room for growth in terms of improved fuel
efficiency, cost reduction, and weight reduction in

relation to hybrid electric two-wheeled vehicles.

Eliminating mechanical planetary gearsets enables EVTs
to reduce costs and weight compared to 2M Splitters
(power distribution) with mechanical planetary gearsets.
Mechanical friction is also reduced because EVT power
uses magnetic coupling for transmission. In addition, as
is explained in the section on EVT operating principles,
iron loss during operation is also reduced, resulting in
unparalleled high transmission efficiency in the
powertrain. In the feasibility confirmation performed by
the authors, it was determined that EVTs are an
extremely effective hybrid powertrain system for hybrid
electric two-wheeled vehicles, and the authors proceeded

to production.

The authors determined that 2ZMOC was also effective,
and carried out production following evaluation. 2MOC is
a series hybrid system. It was selected because is it
compatible with fully electric two-wheeled vehicles and
drive motors, and can be expected to have possible
applications in a wide range of categories and industrial
fields.

This paper principally contains explanations of the

unique EVT system and comparisons of vehicle

(Electrical Variable Transmission System)

performance against series hybrids. Fuel efficiency was a

particularly important point of comparison.

EVT FUNCTIONS,ONIWOWHEELED
VEHICLES

The electrical variable transmission (EVT) configuration
used as the powertrain system in the hybrid electric two-
wheeled vehicle in the course of this research and

development is shown in Figure 4.

(DSeries Hybrid
ICE emi EM2
llﬂmﬂlﬁl_ ES ﬁ‘ @ Electrical Variable Transmission
Bat *; *.7__' \CE Inner rotor £\ -
mt | e Fmme =
(2A cascade structure Bat ? Outer rotor
Bt Bt #
IcE M
nmmn EM1 g INV1 INV2
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Bat |
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Fig. 4 Electrical Variable Transmission (EVT)
Configuration and Explanation

Between 2004 and 2010, M.J. Hoeijmakers (Delft
University of Technology) and Salem Mourad (TNO,
Business Unit Automotive) conducted basic research on
the working principle and structure of EVTs, and methods
for implementation in vehicles. The basic principles of
EVT are not described in detail in this paper. The
principles of EVT technology are described in cited
references ([1], [2] and [3]). In terms of technology to
improve EVT efficiency, M.J. Hoeijmakers is known to
have a patent (W02012/018253 Al Title: Rotating
Electromechanical Converter (09.02.2012)) whereby a DC
winding wire is mounted on the outer rotor in order to
improve the efficiency and flexibility of the power split
machine. (See Fig. 6 for information regarding the DC

winding.)

Figure 4 is commonly used in understanding the
operating principles of EVT. Figure 4-@ shows a series
hybrid. Figure 4-@ shows a cascade structure. Figure 4-@
has a structure whereby the outer part (EM1) and the
inner part (EM2) from Figure 4-O are cascaded. Figure
4-® shows an EVT. Figure 4-® has a structure that
integrates the outer part (EM1) and inner part (EM2) of
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Figure 4-@. Understanding Figure 4-@, @ and ® in
sequence leads to an understanding of the rationality and
simplicity of the EVT structure. In this research, the
authors shall proceed to provide an explanation based on
the aforementioned research results. The EVT includes a
set of double rotors mounted inside the stator, as shown
in Figure 4-® and Figure 6. In addition to functioning as
a normal electric traction motor, it also functions as a
power splitter and can transmit mechanical power while
changing speed as a continuously variable transmission
from when the vehicle is stopped. The EVT is a power-
split hybrid powertrain that does not have a mechanical
gear train. Hybrid functions that can be achieved with

EVTs are shown in Figure 5.

Figure 5-@ shows how power splitting of engine torque
can be performed as a continuously variable
transmission. Figure 5-@ shows how engine power can
be transmitted as a clutch using magnetic couplings.
Figure 5-@ shows that boost is possible during
acceleration. This also means thermal efficiency can be
improved by using a low-output ICE to increase the load
factor, and the lack of output from a small ICE can be
compensated for. Figure 5-@ shows functions as an
engine generator. Driving energy can also be recovered,
improving powertrain efficiency compared to current
ICEs. The strength of deceleration can also be set to fit
the user’s preference by controlling the regenerative
power, enabling the provision of new value. Figure 5-®
shows that fully-electric driving without emitting exhaust
gas can be achieved. In other words, the brake specific
fuel consumption (BSFC) of the engine is high and the
engine can be stopped completely in low efficiency
regions. Figure 5-® shows that reverse motion is
possible. This offers new value compared to conventional
two-wheeled vehicles. Figure 5-@ shows that the engine
can be reliably started. Figure 5-® shows the richness of
the EVTs functions, and shows that, even if the battery
SOC drops, reversing is possible by using the ICE power.
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Fig. 5 EVT Hybrid Functions
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Fig. 6 Detailed Structural Diagram of Prototype EVT
(A configuration with a DC winding on the outer rotor
section has been adopted in order to improve efficiency
compared to the EVT shown in Figure 4-3.)
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The EVT structure is shown in Figure 6. Inside the air gap
inside the EVT machine, there is an inner rotor with three-
phase windings, which can create a rotating magnetic field.
This can be generated through the mutual relationship
through the electrical (AC current) and the mechanical.
Next, the mechanical rotational speed of the inner rotor is
added as the electrical angular velocity of the AC current.
The permanent magnet ties to follow this rotating magnetic
field, and the outer rotor begins to rotate. The angle
between the magnetic axis of the rotating magnetic field of
the inner rotor and the magnetic axis of the permanent
magnet should be kept constant, and the torque between
the inner rotor and the outer rotor should be the sine of
that angle (normal permanent magnet electric motor
operation). The torque of this air gap acts on the outer
rotor (output shaft) and the inner rotor (input shaft) in the
opposite direction. The same can also be said of the outer
air gap. In that case, a rotating magnetic field is generated
by the stator. The rotational speed can only be controlled

by controlling the stator current frequency.

The following section contains a description of the EVT
magnetic circuit design. The magnetic field lines of the
EVT can be seen in Figure 7. Here, there is no electrical
current in the EVT. The magnetic flux lines are generated
by a permanent magnet (56a in Figure 7). The inner
rotor has high magnetic flux density, and a large number
of magnetic field lines can be seen in a small area. In the
stator, the low number of magnetic flux lines indicates
low magnetic flux density The latter is because most of
the magnetic flux generated by the permanent magnet
flows from one pole of the magnet to the other pole of
the other magnet through the iron of the outer rotor (in
area 62 of Figure 7, the magnetic flux density appears

low based on the plot, but is actually extremely high).

In EVTs, DC winding wires are wound on the outside of the
outer rotor to improve their efficiency. (The DC winding on
the outer rotor section is shown at 60a in Figure 7.) When
this DC winding (field coil 60a in Figure 7) is used and an
appropriate current is applied through flux guide control
(see Figure 8), the magnetic flux flowing through area 62

in Figure 8 instead goes through the stator.

(Electrical Variable Transmission System)

This makes it possible to control the magnetic circuit
route in the EVT magnetic circuit and the extent of the
magnetic flux of the permanent magnet. This can be used
to try and improve efficiency. The following section
explains why EVT is suitable for use in hybrid electric
two-wheeled vehicles, with reference to the

aforementioned EVT magnetic circuit design concept.

Internal combustion engines (ICEs) are attached to the
inner rotor and the wheels are attached to the outer
rotor. The flux guide control through the DC winding
(field coil 60a in Figure 7) described above plays a
functional role in that it helps to minimize loss. A
significant amount of the loss in electric motors comes
from copper loss (related to the required current/amount

of torque) and iron loss (related to speed).

The speed of a vehicle while driving at the vehicle’s
typical cruising speed or on the highway can be
considered to be constant. The ICE normally supplies
mechanical shaft power to the vehicle and provides
rotation (during long-distance driving, etc.) Through
design with an appropriate gear ratio between the vehicle
powertrain and the EVT, the ICE rotational speed (the
inner rotor rotational speed) can be matched to the
rotational speed of the outer rotor, which is rotated
through the gear train from the wheel speed. (The inner
rotor and outer rotor can maintain the same speed

relative to the typical cruising speed of the vehicle. )

Because the rotational speeds of the inner and outer
rotors are the same, the frequency of the magnetic field
in the inner rotor must be zero in order to maintain a
constant angle between the magnetic axis of the
permanent magnet and the magnetic field generated by

the three-phase winding.
Pcopper = IZR = f(T,B)

Pion = f(w,B)

This means that the iron loss in the inner rotor is low.
(The rotation speed w in the formula is low.) Torque for
driving the vehicle is transmitted from the inner rotor to

the outer rotor. Due to the high magnetic field density in
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the inner air gap (high magnetic flux density B in the
formula), it is easy to generate torque to drive the wheels
between the outer and inner rotors. This can be done at
relatively low currents (three-phase winding of the inner
rotor), resulting in low copper loss in the inner rotor. The
field frequency of the stator is high, but the field strength
is extremely low, meaning that the iron loss of the stator
is also low. No drive torque is supplied to the outer rotor
from the stator. For this reason, there is no copper loss in
the stator. In this mode, loss is extremely low when the

vehicle is traveling at a constant speed.

When the vehicle needs to be accelerated (when the vehicle
speed is high or low), a (relatively small) current can be
applied through the DC winding wire of the outer rotor to
create a high-density magnetic field in the outer air gap. In
such cases, high torque from the stator can act on the outer
rotor. The speed also causes the electric field intensity of the
stator to increases, temporarily increasing the iron loss.
Because significant transient acceleration usually occurs
while the vehicle is in motion, these short-time energy losses
are not noticeable over the entire time that the vehicle is
driven. The principle described above is the underlying

reason why this concept is a highly-efficient CVT.

603 Outer

Rotor
Current

Pyon = f(@B)

Fig. 7 Cross section of EVT and Magnetic Field Lines
(DC Winding Current of 0 A)

6 0 a Outer
Rotor
Current

Pion = f(®,B)

Fig. 8 Cross section of EVT and Magnetic Field Lines
(DC Winding Current of 10 A)

1 3 5 YAMAHA MOTOR TECHNICAL REVIEW

(Electrical Variable Transmission System)

Series Hybrid(SHEV) P Energy[W]
NSHEV NSHEV : SHEV Efficiency[-]
il
Pin ' . out

P ] P
An example of SHEV efficiency
Nsuev =

Fig. 9 Path of Power Input from Crankshaft to Series
Hybrid (SHEV) System

EVT(Electrical Variable Transmission)

Saries Fybridiequivalant (ViattWounvertars)
Psugv TISHEV

NEVT :EVT Efficiency[-]

Pirect Niirkct

N N N Ntirect Pairect + Nsuev Psupy

Highly efficient magnetic coupling """ " 1s1FVSHEY
Pin =Puirect + Psuev Pout = Nehain (Nairect Pirect + NsievPsiev)

Piirect Psiipy
P =i Tdire FNSHEV = b, i = * P:
ot =|Tlchain (Tdirect Prr s Ponew T TSHEV pr— por)|* P = NET Py,
An example of EVT efficiency
v L
O e o

Direct Coupling efficiency SHEV efficiency

chain efficiency
nsuev = 0.7

Terain =097, | Ntrees =098

direct coupling rate SHEV rate
Py
~09

P Energylw]
7 Efficiency[-]

Fig. 10 Path of Power Input from Crankshaft to EVT
System

The power path in the series hybrid (SHEV) is shown in
Figure 9. The SHEV drives tires via an ICE, a generator, a
generator inverter, a drive motor inverter, a drive motor,
and gears. If the efficiency in this process is 5sugy, then
P,.: (output energy) is equal to nsgmy multiplied by Pin
(input energy).

The power path of the EVT is shown in Figure 10. The
power input to the EVT from the EVT crankshaft is
transmitted to the output shaft through two paths. One is
the direct path that rotates the outer rotor through the
magnetic flux generated from the inner rotor. The other
is the electrical path, which is transmitted to the stator
through the inverter and rotates the outer rotor with the
electromagnetic force generated from the stator winding.
The latter is less efficient due to the intermediary power
conversion. In theory, the closer the input rotational
speed and the output rotational speed are, the more
dominant the direct power flow through the first path
becomes, increasing efficiency. Accordingly, the setting of
the point where the input and output rotation speeds

synchronize is an extremely important consideration.
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In the EVT, the input energy, P;, from the ICE is split into
a direct path, Py, and a path via the SHEV, Psygy. If the
respective efficiencies are 74« and nsggy, then the energy
after merging is obtained by adding #4ir. multiplied by
Pdirect to nsypy multiplied by Psygy.

In this report, the authors adopted the mechanical
structure shown in Figure 16, so when the result is
multiplied by the chain efficiency, the output energy, P,

is obtained as shown in the formula in Figure 10.

Arranging these two formulas results in the formula at
the bottom of Figure 10, where the red frame indicates

the respective efficiencies.

For example, as shown in Figure 29, when the vehicle is
running at a speed of 70 km/h, the efficiency of the
SHEV is about 0.7.

With regards to EVT efficiency, if a chain efficiency of
0.97, direct coupling efficiency of 0.98, direct coupling
rate of 0.9, SHEV efficiency of 0.7 and SHEV rate of 0.1
are used as general values, the EVT efficiency will be
about 0.92.

This is why the EVT is so efficient.

In the vehicle that is the subject of this research, the
extremely high transmission efficiency in a wide range of
driving regions that characterizes the EVT system was
achieved through comprehensive consideration of the
electrical and mechanical design, and optimizing the design

in consideration of the vehicle drive system as a whole.

INTRODUCTIONOREVIRMACHINE
FOR TWO-WHEELED VEHICLES

An external view of the EVT machine is shown in Figure 11.

In order to achieve the side-mounted EVT layout for the
two-wheeled vehicle EVT powertrain shown in Chapter 6,
the EVT machine was given an extremely thin, disc-like

design. In addition, because the EVT comprises a two-

(Electrical Variable Transmission System)

rotor structure, a cantilever bearing structure was
adopted for the outer rotor. In order to supply power to
the DC winding section of the outer rotor and the three-
phase winding section of the inner rotor, a new
technology whereby a slip ring is placed inside the inner
rotor was developed. For the bearing structure, a new
single-sided bearing structure that ensures durability

against engine vibration was designed.

Fig. 11 EVT Machine (An angle sensor is visible in
the center of the cylinder side, but this may be
eliminated to achieve a sensorless design. )

Components associated with the EVT system, such as the
inverter and battery system, were specially designed. Air
cooling was used to cool the EVT machine, and a
dynamic thermal model was created in advance to
establish specifications appropriate for the vehicle in
terms of aspects such as thermal design. Specifically, a
heat management system that can fully withstand the
challenging thermal conditions of uphill driving with two
riders was achieved. Electromagnetic field analysis using
the finite element method was also carried out in order

to realize the performance of the EVT machine.

This section presents the results of single unit

performance tests using the EVT.

Based on the references used for this paper, in an EVT
system, varying the DC winding (field coil) current
depending on the vehicle’s driving state can be used to
achieve points of high-efficiency operation. The variable
characteristics of each rotor constant depending on the

winding (field coil) current are shown below.

The counter electromotive force characteristics of the

inner rotor in the prototype are shown in Figure 12.
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The horizontal axis indicates the DC winding (field coil)
current, and the vertical axis indicates the counter

electromotive force of the inner rotor.

This shows that the counter electromotive force is being
varied and controlled by the field coil current from the
DC winding (field coil).

EVT:R1(inner Rotor) Field
vs Field Current

Flux p1 (V/Hz)
\\

5 =448 2. 41 0 & 2 3
Lielg (A)

Fig. 12 Counter Electromotive Force
Characteristics of Inner Rotor

The counter electromotive force characteristics of the

stator are shown in Figure 13.

The horizontal axis indicates the DC winding (field coil)
current, and the vertical axis indicates the counter

electromotive force of the stator.

The counter electromotive force is being controlled by

the field coil current from the DC winding (field coil).

EVT:S-stator Field
vs Field Current
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Fig. 13 Counter Electromotive Force
Characteristics of Stator

The TPA (torque constant: torque per ampere) of the

outer air gap is shown in Figure 14.
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Fig. 14 Torque Constant Characteristics of Stator

For the main electrical components, based on the results
of an on-desk configuration study, the authors designed
and defined specifications that would maximize energy
conversion efficiency in advance, then determined the
motor drive method and switching elements that would
maximize efficiency and carried out prototyping. In the
EVT system, because driving force is transmitted from the
inner rotor to the outer rotor through a magnetic path,
the load on the inverter is reduced to approximately 2/3
that of series hybrids (2MOC). This is another respect in
which the EVT can be considered a more efficient system
than series hybrids. As a result, because the heat
generation of the inverter is also reduced, the inverter

can be made more compact.

CONFIGURATIONOREN;
POWERTRAIN FOR
TWO-WHEELED VEHICLES

The authors created several feasibility study examples of
ICE, EVT, reducer, and power transmission layout (chain,
etc.) configurations that can be mounted on a two-

wheeled vehicle.

Simple diagrams of EVTs that can be fitted to a two-
wheeled vehicle are shown in Figure 15. A, B and C are
layouts in which the ICE and EVT are connected directly.
This side-mounted EVT layout has the advantage of
locating the EVT on the crankshaft, enabling the
reduction between the ICE and the EVT to be omitted.
Not only does this reduce costs, it also eliminates the

mechanical loss associated with this reduction.
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In types A and B, the drive chain is positioned on the left
side of the vehicle. The difference between A and B is the

final reducer.

Layout C features a reduction (chain line) on the outer
periphery of the section connecting to the ICE and EVT.
This has the advantage of achieving the most compact
width among A, B and C, typical layouts with high

transmission efficiency.

T

A B

Fig. 15 Two-wheeled Vehicle-mountable EVT Layouts

In addition, the specifications of C can be adapted to
conventional scooters with minimal design changes to the
structure of the engine section and the reducer around
the rear tire. In summary, C provides a layout that is both
highly efficient and compact while also enabling easy
mounting of an EVT onto an existing scooter with a

proven track record in the market.

D shows a back-mount type layout in which the EVT is
placed behind the ICE. This has the advantages of being
narrower than A, B, and C, and making it easy to
maintain the left-right balance. However, D also has
disadvantages compared to the other layouts. The
addition of a reducer and power transmission elements
between the ICE and EVT mean that total transmission
efficiency is slightly reduced and the number of
peripheral parts increases. Nevertheless, the fact that D
has the narrowest layout provides significant ergonomic
benefits when it is used in two-wheeled vehicles, and it
can therefore be considered suitable for use in two-

wheeled vehicle design despite its disadvantages.

Based on the results of the above feasibility assessment,
the authors decided to adopt layout C for the 125 cc

scooter when installing the EVT system.
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EVT.POWERTRAINEOR
TWO-WHEELED VEHICLES

In this hybrid electric two-wheeled vehicle, a
configuration whereby the inner rotor of the EVT
machine is connected on the same axis as the engine was
adopted. In addition, the outer rotor was connected by a
chain through the gear train and is configured to
transmit power to the rear wheel. Instead of a large
battery, this system featured energy replenishment
through the charging functions of a high-efficiency
generator using a high-response gasoline internal
combustion engine for two-wheeled vehicles. The EVT
powertrain unit was designed with ease of assembly in
mind, and the EVT machine and drive unit could be easily
bolted together without changing the design of the mass-
produced air-cooled 125 cc scooter engine or mass-

produced frame.

Fig. 16 Cross Section of Two-wheeled Vehicle
EVT Powertrain Unit

A cross section of the powertrain is shown in Figure 16.
In hybrid systems other than EVT systems, the generator
and drive motor comprise separate motor components.
With the EVT machine, however, integrating components
through the two-rotor structure made it possible to
concentrate the weight balance of the two-wheeled
vehicle around the engine. The result was a vehicle with
a weight balance that did not differ significantly from

that of a conventional vehicle.
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After considering the aforementioned hybrid function in
the EVT system, the rate of regenerative braking, the rate
of regenerative charging, the battery discharge rate, the
depth of discharge, the number of engine starts, and
tolerances, the authors’ design calculations found the
minimum lithium-ion battery capacity to be approximately
0.1 kWh. This is a low capacity compared to non-EVT
hybrid systems. This being the case, one helmet can be
stored under the seat, and mounting space comparable to
that of a conventional scooter can be secured. A
numerical feasibility study by the authors found that, in
principle, EVT systems can operate without any lithium-
ion battery capacity. (Condenser only.) This is because the
EVT can generate its own power and operate the clutch
using only energy from its own power generation. In such
cases, it has been found to operate as a highly-efficient
transmission that does not use expensive, heavy and
bulky lithium-ion batteries. In this way, unlike other
hybrid systems, the EVT can minimize the space required
for batteries. In the course of this research and
development, the lithium-ion battery capacity was set at
0.5 kWh for the purposes of investigating appeal and
new experiences as a two-wheeled vehicle and in

consideration of battery availability.

Figure 17 shows the prototype battery system used in
the prototype vehicle. In this system, the energy input/
output power and its rate and frequency in the hybrid
was calculated in advance, and batteries of different
capacities and types were designed and prototyped. In
the prototype, lithium titanate was used for the negative
electrodes to ensure long life, high input/output, and

stability.

Fig. 17 Example of Prototype Battery
(Voltage: 48 V, Capacity: 0.5 kWh)
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The reduction ratio specifications the EVT-equipped two-
wheeled vehicle were designed to improve fuel efficiency
in consideration of the characteristics of the EVT
machine. Specifically, in consideration of market surveys
of scooter usage, the two-wheeled vehicle’s reduction
ratio specifications were designed such that the inner and
outer rotors of the EVT have synchronous rotation speeds
in the low-speed driving range frequently used in urban
areas (20-40 km/h) and in the high-speed driving range
used in suburban areas (70-90 km/h). The best fuel
efficiency can be achieved by increasing the frequency
direct magnetic coupling between the engine and the rear
wheel. Consideration was given not only to improving
fuel efficiency when driving in WMTC mode, but also to

improving practical fuel efficiency for users.

EVT POWERTRAINCONLROL
STRATEGY

In the two-wheeled hybrid electric vehicle fitted with an
EVT system, in order to enable application to a wide
range of hybrid systems, power generation control
technology, driving control, and energy management
control were constructed into extremely simple and
versatile mechanisms. A data flow diagram (DFD) of the

hybrid system is shown in Figure 18.

The structural layout and basic operating mechanisms of
the EVT vehicle system are shown in the component

diagram in Figure 19.

A vehicle control unit (VCU) has the role of controlling
the vehicle (driving control, energy control, arbitration
control and fail safe control). A motor control unit (MCU)
has the role of controlling drive torque. A generator
control unit (GCU) has the role of controlling the amount
of power generation. A battery management system

(BMS) monitors the state of the battery.

In the operation of this system, the VCU receives the
rider’s accelerator position and power information from
the MCU, GCU, and BMS.
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First, the power generation control technology features a
high-efficiency power generation control strategy that
significantly improves fuel efficiency through significant
changes to the engine operating point range compared to
that of conventional two-wheeled vehicles during power
generation. The core means to achieve a highly-efficient
hybrid system is to perform power generation control as
efficiently as possible relative to the electric power

required for driving.

Through accurate control of the rotation speed of the
directly-connected inner rotor relative to the engine
torque controlled by the electronic throttle valve, it is
possible to follow the optimal fuel consumption line and

achieve highly-efficient power generation control.

The input/output performance of lithium-ion batteries,
engine generators, and drive motor components changes
depending on temperature, including when operating in
high-temperature and low-temperature environments.
This is an important factor with regards to the
requirements for a hybrid system containing lithium-ion

batteries.

This time, the authors constructed a robust system that
can obtain optimum output across a wide temperature
range by performing arbitration control (Figure 18)
based on state of function (SOF) information regarding

the temperature of each component.

In addition, by implementing control that maintains drive
output by obtaining output from the engine, the authors
have built a system that guarantees performance even
when the output that can be taken from the battery is

reduced at high or low temperatures.

Accelerator position
Vehiclespeed | YU Driviog

_ | Driving | power Driving
— Energy (O control * PO MCU
Mol powrec Geneation power
T SOt Abitration

(Generation. ‘Throttle
System start-stop control |— ETV
BMU
Fail safe control — BMU

Fig. 18 Data Flow Diagram (DFD) of Hybrid System
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Fig. 19 EVT Vehicle System Component Layout

Brake Specific Fuel Consumption(BSFC)

N Highest
Efficiency Line

BMEP [kPa]
[g/kWh]

ICE rotation speed [rpm]

Fig. 20 Brake Specific Fuel Consumption (BSFC) MAP
and Highest Efficiency Line Tracking Control

Figure 20 shows the relationship between the fuel
consumption rate and engine output. The yellow line
indicates the operating points at which fuel consumption
is minimized relative to the required engine output.
Comparing the history of operating points during WMTC
mode driving between existing two-wheeled vehicles (red)
and the EVT system (blue), it can be seen that the EVT
system follows the highest efficiency line and generates
electricity with high efficiency. In conventional two-
wheeled vehicles and some hybrid systems, there were
cases where it was not possible to perform control to
track the highest efficiency line because factors such as
mechanical constraints relative to the vehicle speed and
required driving force restricted the engine rotation
speed. The line of operation is particularly inefficient for

ICEs at low rotation speeds.

In the EVT system, the two-rotor structure means there

YAMAHA MOTOR TECHNICAL REVIEW 1 40



Hybrid Electric Two-Wheeled Vehicle Fitted with an EVT System

are no similar mechanical constraints, making it possible

to follow the highest efficiency line.

In terms of the engine sound design, which is a desirable
characteristic particular to users of two-wheeled vehicles,
control that increases the engine speed as obediently as
possible to the power requested by the rider was
implemented with the aim of achieving a natural audible
sensation and pulsing sensation without discomfort
across low- to high-speed regions. The image of a sports

motorcycle was a particularly prominent influence.

When the vehicle is running at low speeds, power
generation by the engine is stopped, which improved
driving efficiency at low speeds by enabling EV-only
driving with power supplied from the battery.

In terms of driving control, the rear tire was controlled to
provide a natural-feeling riding that responds to the

rider’s intentions.

With conventional scooters, there is a long response time
between the rider opening the throttle and the vehicle
gaining acceleration. Users who prefer sporty driving
tend to feel that this response in conventional vehicles is

poor.

The EV system is a strong hybrid. It is fitted with a large
motor that achieves the sharp acceleration unique to
electric vehicles in a wide range of speed regions. Due to
the two-rotor structure of the EVT, the motor on the
outer rotor side has a large outer diameter and can
increase the output. In other words, the EVT can achieve

more powerful drive torque than non-EVT hybrids.

The regeneration function was used to provide the rider
with a new experience. The one-throttle operation
function enables the rider to adjust their speed by
operating the throttle only, without using the brake lever.
This provides enjoyable riding and a new feeling not

found with conventional scooters.

Finally, in terms of energy management control,
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appropriate integrated control of energy flow arbitration
is applied to optimize energy distribution in response to
the power requested by the rider, in consideration of the

operating state of the engine, EVT machine, and battery.

Three basic energy management control modes were set
for operating the EVT system, and a strategy of
performing energy management control according to the
operating state of the powertrain was adopted. A basic
example of the area logic for EV driving modes and HEV
driving modes is shown in Figure 21. P’ in the diagram
indicates the required value for generator generated
power. No. I indicates the EV driving mode, and No. II
indicates the HEV driving mode. The required power
generation depending on the remaining battery was
defined.

This formula has been included in the diagram for

reference purposes.

No. IIT is configured to stop charging when the lithium-
ion battery becomes fully charged in situations such as
long downhill sections and discharge regenerative power

using the engine as a load.

This made it possible to achieve highly-efficient,
optimized energy management and arbitration, even
when freely generating driving force in real time
according to the driving conditions of the two-wheeled

vehicle. The modes are described below.

(1. EV driving mode]
Requirement: Drive is provided using battery power
only.
(DThe two-wheeled vehicle is fully electric.
@During deceleration, regenerative deceleration

energy is recovered with the lithium-ion battery.

Reason: Fuel efficiency is improved by refraining from
running the generator and engine when there is
leeway in the SOC.

(1. HEV driving mode]
Requirement: When the SOC is low, the power

generated exceeds the traction motor’s required
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output [W], and when the SOC is high, the power

generated is less than the motor’s required output

[W].

(UThe engine power is driven via a magnetic coupling.
Drive is provided using electricity generated by the
engine.

(@Drive is provided by the power generated by the
engine, and the surplus is charged to the lithium
battery.

(®Used as a boost mode, using both power generated
by the engine and power from the lithium battery to
accelerate.

Reason: To stabilize the SOC and reduce battery

deterioration and to enable control with a low-

capacity battery.
(III. SHEV (energy consumption) mode]

Requirement: Charges the battery with regenerative

power. If the battery cannot be charged, power is

consumed by running the engine as a load. (Activated
with battery overcharge prevention.)

Reason: To prevent battery deterioration and

overcharging while avoiding reducing vehicle braking

force as much as possible

Prw Rear WheelADrive Power
é( Energy management control area ’> MAX
Power

/ P* = Generator Generated Power (Boost)
I .P* = Prw—Pbatt(SOC) ---(HEV Driving) —]

Poatt( 596)
= /,/‘ battery

S charge
/ Impossible
area

- Prcemax

battery
discharge
Impossible i
area

P* =0 --(EV Driving)

u— > SOC (%)
0 M. P* = (PRRW + PSoFin)
<Constraint>
0 > P*

J Maximum
braking Power

PRaw

Fig. 21 Basic Example of Hybrid Driving
(Energy Management Block)

EVT POWERT.RAIN,DEVELORMENT
ENVIRONMENT

This section describes the environment and processes in

which EVT system development took place.

In the course of this research and development, the

(Electrical Variable Transmission System)

powertrain (the engine, battery, and electric drive unit) is
more complex than a conventional engine system. For
this reason, in moving forward with the project, research
and development was carried out in a time-efficient
manner, using digital technology to determine
performance trends during the initial stages without

manufacturing physical equipment.

In the case of four-wheeled vehicles, SILS, HILS, and
Virtual Reality Bench (VRS bench) are known methods
used for verification. With two-wheeled vehicles, however,
the power train itself is extremely small, and motion
systems must have low inertia and high responsiveness.
In the past, it had been difficult to apply VRS bench,
which is a simulator based on four-wheel vehicles, to the

development of hybrid electric two-wheeled vehicles.

As a result, the authors carried out independent
development of a dedicated VRS bench system exclusively
for hybrid electric two-wheeled vehicles in parallel with
their research and development on the EVT powertrain
system. This VRS bench, comprises the actual
components of the powertrain for the hybrid electric two-
wheeled vehicle subject to evaluation and a low-inertia
motor with a uniquely designed low-inertia, high-

response dynamo function.

Specifically, the authors designed a 10kW high-
performance IPM motor system that matches the
prototype hybrid system as a bench measurement

system.

By coordinating the VRS control and the prototype hybrid
control within the same control unit, control safety
relative to normal four-wheel or two-wheel VRS benches

was ensured.

In addition, unifying the system enabled the realization of

an accurate, low-delay energy measurement environment.

The authors constructed a new bench measurement
system that can realize appropriate failure processing

even in limit tests of prototype hybrid systems.
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This vehicle simulator can reproduce specific vehicle
driving conditions that based on assumed vehicle
behavior by applying a model that virtually reproduces

the dynamics of the vehicle.

Through this, it was possible to achieve modeling and
system identification regarding the dynamic
characteristics the powertrain fitted with a SHEV and an
EVT system and implement a theoretical approach to

control and compatibility design through front loading.

This made it possible to perform verification relating to
evaluation and compatibility processes, which were
previously performed on finished vehicles, from the initial
stages, including steady and transient states. This
succeeded in significantly shortening the evaluation test
period and improving efficiency in the development of

the hybrid electric two-wheeled vehicle.

Images of the exterior of the dedicated VRS bench system
for hybrid electric two-wheeled vehicles is shown in

Figure 22 for reference.

Fig. 22 EVT VRS Bench System

This VRS bench was used to identify the mechanism by
which mechanism net mean effective pressure (NMEP) is

consumed during driving.

This is essential in order to investigate ways to improve

the mode fuel efficiency as presented in this report.
For reference, Figure 23 shows NMEP distribution
destinations in series hybrids (SHEV) studied using

simulation.

In the WMTC mode driving speed range, friction mean
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effective pressure (FMEP) and running load resistance are
the dominant NMEP distribution destinations, and

electronic transmission loss is about 20-25%.

Although no detailed explanation is given in this report,
similar studies and verifications were also conducted for
existing CVT transmissions and EVT transmissions. In the
electronic transmissions, in addition to improved
mechanical transmission efficiency, the control strategy
for the hybrid system was created after comprehensive
organization of fuel efficiency improvement, including

control using regeneration.

In addition, the accuracy of the results shown in the
comparison of Target and Measurement in Chapter 10
was ensured by feeding the data obtained on the VRS
bench back to the desktop simulation and performing

analysis that included the chassis test results.

Net Mean Effective Pressure (NMEP) distribution breakdown
for 2-wheel vehicle series hybrids
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Fig. 23 Net Mean Effective Pressure (NMEP) Distribution
Destinations in Series Hybrids (SHEV)

HYBRID,ELECTRIGEWOWHEELED
VEHICLE PERFORMANCE AND FUEL
CONSUMPTION MEASUREMENT
RESULTS

This section describes the results of fuel consumption
and performance measurement on the prototype hybrid
electric scooter created in the course of this research and

development.

Figure 24 shows a comparison of vehicle weight, fuel

consumption measurement results, and acceleration time
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for the series hybrid-equipped vehicle constructed for this

research and development and the EVT-equipped vehicle.

The prototype vehicle is fitted with the components
required to construct a hybrid system without changing
the main engine components or vehicle frame of the
existing scooter. In this case, changing the 125 cc
scooter to a hybrid system increases vehicle weight by a

maximum of approximately 30 kg.

In this study, measurement of fuel consumption in WMTC
mode was the first priority when carrying out research
and development. For this reason, the acceleration
performance target was the same as the BASE vehicle.
This is the reason why the O to 20 m acceleration times
shown in Figure 24 are more or less in equilibrium
across all three vehicle types. However, relative to ICE
vehicles, the two types of hybrid electric two-wheeled
vehicle can generate torque from low vehicle speeds
through electrical responses and do not require time to
engage the clutch. It is therefore conceivable that
acceleration time can be easily improved by rewriting

driving control compared to CVT vehicles with engines.

As a result, it can be seen that EVT vehicles offer
improvements in acceleration time compared to other

vehicles.

The authors intend to continue investigating acceleration

performance and to report on this in a subsequent paper.

Measurement ‘

Vehicle weight ‘ Transmission

(kg) type Motorlvee Fuel comsumption Acceleration time |
! thniLy (02om)fsect |
v Dual Rotor WMTC mode full regeneration
@mspiter) | 125 (8P48S) 84.9 263
| (distibuted winding) | (Target85.2) |
| Electric 1PM (8P125) WMTC mode ful regeneration
Series Hybrid ¥ 81.1
(2moC) 128 (mﬁ:’:'"es;':jﬁ"g) "~ Regeneration equivalent o ICE Brake 2.77)
Mechanical NA 62.2 277
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Fig. 24 Comparison of Vehicle Weight, Fuel Consumption
Measurement Results and Acceleration Time
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Fig. 26 Exterior View of Vehicle Fitted with Series Hybrid

In this research and development, WMTC mode running
tests were conducted to confirm the fuel consumption
rate of the two types of hybrid vehicle (Figure 25 and

Figure 26) for which effectiveness had been confirmed.

Figure 27 shows the WMTC mode driving pattern for this

test.

The upper section of Figure 27 shows the WMTC mode

vehicle speed.

The lower section of Figure 27 is an enlarged view of the
0 to 600 second portion during WMTC mode driving,
showing the operation results of the hybrid control

strategy.

The upper half of the lower diagram in Figure 27 shows
the vehicle drive control. In terms of vehicle drive control,
the EVT components adopt a control strategy that
regenerates power in accordance with the rider’s target
driving speed. In addition, in this research and
development, drive control was set up to recover as much

regenerative energy as possible.
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The lower half of the diagram in Figure 27 shows the
energy management control strategy by indicating pure

electric driving and hybrid driving.

A control strategy that uses electric driving in the low-
speed range where the load is light, and transitions to

hybrid driving in the high-load range was adopted.

From the above results, it can be seen that hybrid
operation strategy was properly realized through
automatic control. Specifications equivalent to existing
mass-produced models were applied for the engine

control used in this research.

WMTC Class1 Driving Mode

Vehicle Speed [km/sec]

[ 200 400 600 800 1000 1200 1400 1600 1800

Driving time [sec]

Drive control: R&8 power running / Regenerative
o ! d a0

Energy management control: Gfeen EV / Yellow HEV

Drive control and Energy management strategy

Fig. 27 Top Diagram: WMTC (Worldwide-harmonized
Motorcycle Test Cycle Mode) part1 Reduced Bottom
Diagram: Hybrid Driving Strategy (Drive Control
and Energy Management)

Next, Figure 28 shows the WMTC mode driving fuel

efficiency results.

Weak series hybrid system regeneration is a
configuration that performs regeneration equivalent to
the engine brake of the base CVT vehicle, and strong
regeneration is a configuration that recovers as much
regenerative energy as possible throughout the WMTC

mode.

The EVT uses a configuration that recovers as much
regenerative energy as much as possible throughout the
WMTC mode.
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In research and development relating to the EVT, the
target fuel efficiency was 85.2 km/L in WMTC mode, a
37% improvement in fuel efficiency compared to the base
vehicle. As shown in Figure 28, it was confirmed that the
actual prototype vehicle achieved mode fuel consumption
of 84.9 km/L. This means that, not only did the EVT
powertrain system of the prototype vehicle improve fuel
efficiency by approximately 37% compared to the base
vehicle, this highly-efficient system was shown to surpass
the series hybrid system that was researched and

developed at the same time.

The transmission efficiency relative to speed for the two

hybrid systems is shown in Figure 29.

The transmission efficiency was calculated using the 5suzy
parameter shown in Figure 9 and the 5gyr parameter

shown in FigurelO.

Based on the measurement results, it was found that the
EVT system had higher efficiency than the series hybrid

across all regions.

The EVT’s inner and outer rotors are designed to have
synchronous rotation speeds in the low-speed driving
range (20-40km/h), which is frequently used in urban
areas, and in the high-speed driving range (70-90km/h),
which is frequently used in suburban areas. As a result, it

was confirmed that the EVT efficiency is high.

Furthermore, in the low-speed driving range, where the
relative contribution of mechanical loss is large, the
maximum efficiency was at 40 km/h, and the EVT was
found to have higher efficiency than the SHEV. (Figure.
29)

As mentioned in Chapter 9, series hybrid system losses
are 20-25% relative to NMEP.

Since the EVT transmission efficiency is about 15%
higher than that of the series hybrid system, the EVT
system improves fuel consumption by about 5%

compared to that of the series hybrid system.
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Fig. 28 Fuel Consumption Comparison
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Fig. 29 Transmission System Efficiency Comparison
(Series Hybrid (SHEV) and Electrical Variable Transmission
(EVT)) (Measured with VRS Bench System)

At this stage, further improvements to efficiency merit

consideration.

In this test, a control method whereby the EVT’s inner
rotor tracks the ICE’s highest efficiency line was used for
the power generation function. Based on this, it may be
possible to further improve fuel efficiency by optimizing
the power generation function on both the ICE's highest

efficiency line and the EVT’s efficiency map.

In addition, the efficiency of the EVT powertrain system can
be further improved by bringing the two rotors closer to
synchronous rotation when in WMTC mode (see Figure 20
and Figure 30). As shown in Figure 30, preliminary test
results indicate that optimizing the EVT powertrain system
setup in this way can improve system efficiency at 30 to 60
km/h by approximately 5 to 10%. Based on these results,
WMTC mode driving fuel consumption of 91.2 km/L (a 47%
improvement in fuel consumption compared to the base
vehicle (see Figure 31)) would be expected, meaning and

further improvements in fuel consumption can be achieved.

(Electrical Variable Transmission System)
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Fig. 30 Transmission Efficiency Improvement when ICE
and EVT Efficiency Characteristics are Considered
(Measured with VRS Bench System)
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Fig. 31 Fuel Consumption Comparison
(Base Vehicle, Series Hybrid (SHEV) and EVT)

In the course of this research and development, mass-
produced engines were used, no improvements were
made to mechanical components, and fuel consumption
studies were carried out using conventional mass-
produced air-cooled single-cylinder ICEs. However,
improvement in the efficiency of the engine itself is also
a highly significant factor, and it goes without saying that
applying fuel efficiency improvements to the engine used
in this research can lead to even greater improvements in

fuel efficiency.

Although not described in this report, changing from an
air-cooled engine to a water-cooled engine is widely
known to improve fuel efficiency. If the ICE were to be
water-cooled, it may be possible to achieve fuel
consumption of 100 km/L or more. In summary, the use
of hybrid electric two-wheeled vehicles can make it
possible to satisfy the conflicting requirements of

environmental performance in terms of fuel efficiency
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and elements that make two-wheeled vehicles enjoyable
to ride, such as acceleration performance. Hybrid electric
two-wheeled vehicles make it possible to achieve
improved environmental performance, new sensations
and enjoyable riding particular to electric vehicles, and
long-distance cruising with large energy storage
particular to ICEs. Reporting on exhaust gas is not carried
out in this report. Hybrid systems have the advantage of
enabling ideal driving conditions to be maintained by
using a large motor in the engine to change the
operating point. At the same time, adaptation including
engine control elements such as engine and catalyst
warming control, change of mind and evaporative control

is needed, meaning that thorough examination is required.

The authors intend to report on this in a subsequent

paper.

I¥!  POSSIBILITIES,EORHYBRID,ELECIRIC
TWO-WHEELED VEHICLES

This two-rotor technology is compact because the
generator and drive motors are integrated, making it
effective for use in two-wheeled vehicles with strict

component mounting requirements.

However, with regards to increased mass due to
hybridization, it will be necessary to carry out sufficient
preliminary verification of the front-rear and left-right
balance, which are design conditions particular to two-
wheeled vehicles, and the impact of additional mass on

vehicle behavior.

This section describes an example of study based on the
aforementioned approach. Specifically, it is possible to
expand application of the EVT machine from the small
scooter category to the motorcycle category while
maintaining the same outer diameter. This is achieved by
changing the overall length of the EVT machine.
According to on desk calculations by the authors, the EVT
machine mechanical shaft output can be improved from
10 kW to 30 kW equivalent by changing the EVT
machine voltage from 48 V to 96 V.
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At present, while the availability of space to store the
lithium-ion battery, which is an important component
separate from the EVT machine, remains to be confirmed
before a maximum output of 30 kW can be achieved, the
authors consider this to be a possibility. In this regard, a
lithium-ion battery that can be laid out three-
dimensionally to fit the narrow mounting space on two-
wheeled vehicles is desirable. The mounting position
must also be selected after considering future

improvements in lithium-ion battery performance.

In another study of specifications conducted by the
authors, in which the EVT system functions were limited,
preliminary studies showed that an EVT’s magnetic
coupling torque is sufficient for operation without using
lithium-ion batteries, which are expensive, bulky, and
heavy. In such cases, the fact that no lithium-ion battery
is required would make the EVT system smaller and
lighter. In this system that limits the functions of the EVT
according to the purpose, while limitations include the
difficulty of achieving electric driving and boost modes, it
is known that ICE driving efficiency can be improved, and
that fuel consumption and acceleration performance can
be improved compared to conventional vehicles by

combining idling stop and regeneration functions.

Below are examples of a hybrid electric two-wheeled
vehicles fitted with powertrains featuring the EVT system
with an output equivalent to 30 kW envisaged by the

authors earlier in this paper (see Figure 32 and Figure 33).

Fig. 32 Example of Side-mounted EVT (30 kW)
on Large Scooter

According to the authors’ configuration study, it is
possible to generate a maximum output of 30 kW, which

exceeds that of the conventional two-wheeled vehicle
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category, while reducing greenhouse gases by combining
a high-output EVT system with an ICE of 15 to 20 kW.

Fig. 33 Example of Rear-mounted EVT (30 kW) on
Motorcycle (Example of back mounting:
EVT mounted behind ICE)

As described above, based on the authors’ study, EVT
machines can be easily scaled to changes in the
mechanical shaft output of the two-wheeled vehicle and
can be expected to improve output by increasing
voltages. In other words, application in a wide range of
two-wheeled vehicle categories may be possible.
Prototype EVTs up to 180 kW already exist for four-
wheeled vehicles, and the authors believe that there are

wide-ranging potential future applications.

CONCLUSION

The basic principle of the EVT system is based on a
power transmission (F. Porsche) invented in 1909. (See
Figure 34.)

In research and development on new hybrid systems, in
contrast to previous two-wheeled vehicle development
mainly focused on the mechanical domain, the authors
took on the challenge of innovating to create value by
reaffirming electrical machinery technology built 110
years ago and combining it with modern advancements.
By taking on this challenge, the authors were able to put
forward a hybrid electric two-wheeled vehicle that can
play a part in environmental protection measures and

provide value for new users.

By adopting the EVT system for two-wheeled vehicles, the
authors were able to improve power performance,
environmental performance, and drivability, which were

considered to be mutually exclusive in conventional two-

(Electrical Variable Transmission System)

wheeled vehicles, in accordance with their respective
requirements. This has shown that hybrid electric two-

wheeled vehicles equipped with EVTs are highly effective.

In the two-wheeled vehicle category, the use of highly-
efficient strong hybrids, as typified by hybrid electric
two-wheeled vehicles with EVTs, will make it easier to
comply with future laws and regulations, as has been

shown in the realm of four-wheeled vehicles.

With two types of hybrid system with different
mechanical structures as the subject, the authors posited
and constructed a platform hybrid system control that
can flexibly respond to different hybrid topologies. This
makes it possible to flexibly meet diverse performance,
appearance, and design requirements for two-wheeled

vehicles.

Moving forward, there is an urgent need to protect the
environment and build a sustainable society for future
generations. Use of fossil fuels must be reduced. In recent
years, there has also been a shift towards synthetic fuels,
with the aim of realizing a more sustainable society. It is
hoped that hybrid electric motorcycles that adopt the EVT
system used in the course of this research and
development will be able to provide customers with the
same enjoyable riding they have experienced up to now

while also significantly improving fuel efficiency.
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Fig. 34 Two-rotor Transmission Invented in 1909 (F. Porsche)

YAMAHA MOTOR TECHNICAL REVIEW 148



Hybrid Electric Two-Wheeled Vehicle Fitted with an EVT System
(Electrical Variable Transmission System)

REFERENCES s—

[1] Kruse, R, Mourad, S., Foster, D., and Hoeijmakers,
M.J., “Concept and Functionalities of the Electric Variable
Transmission,” in 15th Aachener Kolloquium - Automobile
and Engine Technology, October 9-11, 2006, 1387-1398,
https://martinhoeijmakers.nl/pubs/.

[2] Hoeijmakers, M.]J. and Ferreira, J.A,, “The Electrical
Variable Transmission,” in Conference Record of the 2004
IEEE Industry Applications Conference 39th IAS Annual
Meeting, Seattle, WA, October 3-7, 2004, 04IAS70P7.

[3] Hoeijmakers, M.J. and Rondel, M., “The Electrical
Variable Transmission in a City Bus,” in Proceedings
2004 35th IEEE Power Electronics Specialist Conference,
Aachen, Germany, June 20-25, 2004, 2773-2778

[4] Verbelen, F., Lhomme, W., Vinot, E., Stuyts, J. et
al, “Comparison of an Optimized Electrical Variable
Transmission with the Toyota Hybrid System,” Applied
Energy 278: 115616.

[5] Druant, J., De Belie, F., Sergeant, P., and Melkebeek,
J., “Power Flow in an Induction Machine Based Electrical
Variable Transmission,” in 2016 International Symposium
on Power Electronics, Electrical Drives, Automation and
Motion (SPEEDAM).

[6] Druant, J., Vansompel, H., De Belie, F., Melkebeek, J. et
al., “Torque Analysis on a Double Rotor Electrical Variable
Transmission with Hybrid Excitation,” Applied Energy
278 (2020): 115616.

mEE

HH Fig =HE

Hideki Furuta Jun Yoshida
EURLEES B URLEEN
FfibFE RS FfibFE RS
il AT LR il AT LR

149 YAMAHA MOTOR TECHNICAL REVIEW



RUDHIDRL TPAS) H RIVERGTT 518D
N RRMEEREHEN
Kansei Design Technology to Design a Comfortable “PAS” Saddle

A AEE DB RF IR BE Rz HEEE
PH N FES BEE— FEEKX

12 iy 5/ 3 .

W5
AR O = — XD LRI, BRI LT DR & 7R EDREMEMMAA EREN B XS0 B & OB G D
BTSN RF IR ORERDROEN TV D, TOMETHIET B728, AT TR, BE 7 A NHIEHOY RV 24

W= — ORKS GEHBE I, EITERBI R EDE L COB A REMEAVRIB S N Tz, Fo, B EZ 9 % 7= dIC R Bk A
FEGIBDIRTE DT I DEL Tz, Z ORGSR T3 5 72dIcld, P22, ki, BHAE, A Vol F %%
T 2ENH B LMD ST, S, i Ul 2 — W — @ e UTHGEZ1 10, IS B b B T M O R G T i1k 7z
RERL TS,

Abstract

In recent years, the diversification of consumer needs has led to an increased emphasis on affective values, such as
“comfort,” in products. This has created a demand for the development of design techniques that cater to consumer
preferences regarding affective values. To address this issue, this study focuses on the saddle of electrically power
assisted bicycles and derives factors from user attributes that contribute to the presence or absence of preferences,
as well as the differences observed. The analysis reveals that there are differences in riding comfort preferences,
which may be influenced by factors such as the user’s physique, exercise habits, and riding environment. Additionally,
factors necessary for predicting affective values were examined based on pressure distribution in the seating area. The
findings indicate that, to predict affective values, it is essential to consider factors such as gender differences,
physique, riding position, and tolerable pressure. Moving forwards, the study aims to validate the derived user

attributes and develop design methods for affective values that align with preferences.
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A Study on Motorcycle Riding Training
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Abstract

When analyzing the vehicle motion of a two-wheeled vehicle, there are general methods of directly measuring and
analyzing necessary information available. But, it often requires man-hours to mount sensors on the vehicle. Therefore,
we have created a method that indirectly enables the motion analysis of “driving, stopping, and turning” from the
minimum necessary information without the need for spending man-hours on the measurement itself. Using a small
GPS data logger that can be easily mounted on a vehicle, the position and velocity, which are the basics of object
motion, can be measured, and the longitudinal and lateral acceleration can be estimated. As an example, this method
was applied to motorcycle riding training. A riding method that reduces the level of difficulty and makes more simpler
to operate was introduced. Indicators were set to clarify the elements that instructors use to judge skill, and training
was carried out in stages. This article introduces one example of an initiative in which the use of measurement data

improved communication between the rider and the instructor, making training more effective.
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Kando could be evoked by a transition in emotional state
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Abstract

This study examined the effect of transition in emotion on ‘Kando.” Two different pictures were used to evoke emotion

(s), and the participants rated the second picture using the Kando Reaction Scale. The results showed that the

transition between emotions, rather than a single emotion, could evoke Kando.
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