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Concepts, Pleasure & Trust, Appeal + Ties
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Yamaha Motor continues to launch new models onto global markets through its planning, development, and
production. We estimate that 60% of the 250 models incorporated into the 2013-2015 Medium-term plan
will be released by the end of 2014.

As each model speaks directly to the market and the customer with its unique style of YAMAHA, 1 feel that our
intent is starting to be conveyed well. In terms of marketing, we are not just repeating what we have done in
the past. We are now seeing systems that reflect the utmost of our ideals by implementing models that portray
the very essence of “working diligently to levels above and beyond everyone's expectations.”

I can really feel our company slogan Revs Your Heart gaining momentum throughout our markets.

Products are the ultimate medium for brand expression. The engineering excellence in our products comes
from continually perfecting and maximizing the unique style of YAMAHA through the process of planning,
development, production, and sales. Remaining faithful to this concept represents the effort we put in to
keeping ahead of other manufacturers. What the unique style of YAMAHA really means is engineering
excellence based on our many ideals, concepts, and the thorough implementation of them.

Over the last two-years we have been inwardly and outwardly promoting our 3 + 1 YAMAHA uniqueness to
the customer as well as inside Yamaha Motor itself.

The first of these is Innovative Concepts. Through the continued improvement of Yamaha Motor's power
source, chassis and hull platforms, and the optimum control technology used in them, we have been offering
original product concepts (innovation) based on new combinations of these elements. We will therefore
continue to create value through new innovation while researching observations of the market and the
customer both now and into the future.

The second is Superior Technology. We at Yamaha Motor continue to endeavor to realize concepts that
work to exceed customer expectations by further perfecting our core technical capabilities of namely, highly
functional, low weight, low fuel consumption and compactness. We also aim to entwine sensitivity and
theory into our technology. Our challenge both now and into the future, is to aim at higher targets in order to
maximize customer pleasure and trust through focusing on the trustworthiness of our core technologies.

The third is Design. Since its founding, Yamaha Motor has worked to gain high customer satisfaction from
global markets through placing importance on design character, offering cutting-edge coloring, attention to
detail, and innovative creativity. Both now and into the future, through attractive images, shapes, and coloring,
we will work at honing our refined dynamism in order to further brighten up our brand.

The fourth is Ties. Our efforts continue to create a strong bond with the customer through perseverance both
in the regions and locales. Our work at Yamaha Motor is to continue to provide the customer with a lifelong
service that brings excitement and the ultimate experience to them starting from before purchase, at point of
sale, and comprehensive after sales service.

Simplifying these four ideals into expressions, we can use the words Concepts, Pleasure & Trust, Appeal + Ties.
These expressions using characters from the Japanese language provide deep and beautiful meaning to the
reader. They also directly relate to the effort that is put into all of our products.

This concept of the unique style of YAMAHA becomes evident when portrayed by these expressions and
represents the passion that we have for our work.

YAMAHA MOTOR TECHNICAL REVIEW
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The Development of TRICITY
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Abstract

Compact two-wheel automatic commuters are becoming popular in cities throughout Europe, Japan and the ASEAN
region owing to the fuss-free nature of the versatile personal vehicles.

Recent years have seen growth in awareness of the need for compact vehicles in cities prone to traffic congestion
around the world. In addition, interest in compact personal commuters has also reached new levels due to economic
and environmental reasons. This has set the stage for an influx of interest from 4-wheel users, generating movement
toward creation of an entirely new category.

TRICITY, Yamaha Motor’s first LMW (Leaning Multi Wheel), proposes the kind of new-value concept required to

create our long-term vision, a “personal mobility frontier”. We developed this product for global roll out to Europe,

Japan and the ASEAN region from the outset.

In this report, we introduce the technological themes behind the development of our first Leaning Multi Wheel.
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SDS (Shift Dampener System) Outboard Propeller Development
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Abstract

In recent years, although Yamaha Motor Co. Ltd., has gained traction continuing with a line of larger outboard motors
mainly in the North American market, other companies have followed suit which has created significant competition.
In this environment, we released the world’s largest outboard motor ahead of the competition in 2007, the F350A(V8
5330 cm®)configured with an upsized lower unit accompanied by a larger propeller. The F350A provided a significant
increase in inertia mass with components such as the propeller boss (cylindrical section) and blades which were the
largest available for any outboard motor. However with the increase in size, there was also a loud shift-shock sound
on engagement which was virtually incomparable to any other outboard available. This led to a steady rise in com-
plaints from the market soon after production began and we had to take urgent action to deal with the problem.

To deal with this issue, it was considered that any major changes to the engine or lower unit would be problematic
as the model was already on sale, so it was decided to take the course of developing a propeller that could be directly
exchanged in the market. In this report, we will introduce the SDS (Shift Dampener System), developed for decreasing

excessive shift shock sound levels.
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SDS (Shift Dampener System) Outboard Propeller Development
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Linear Conveyor Module LCM100 -Industrial Conveyor Device
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Abstract

The Yamaha Motor Co., Ltd. IM Business Unit (hereafter, The Company), started manufacturing robots for industrial
use following the development of its SCARA Robot “CAME” designed for in-house motorcycle manufacturing facilities
in 1979. From there, including SCARA, came the development of a range of robots with single-axles, cartesian coor-
dinate, and parallel links as the company continued to roll-out production machinery in order to assist its factories in
their automation.

In terms of Monozukuri (craftsmanship), these robots are generally used in auto-assembly lines within the factories
to produce products where there are repetitious movements in product manufacturing i.e. “parts supply,” “fitting
parts onto products,” and the “conveyance to the next process.” Within these areas, there are many conveyor belt
uses where there is a “conveyance to the next process,” or where “conveyance” or “conveyance within a process” is
required.

The linear conveyor module has been developed in order to offer flexible operation from its linear motor and module
structure in order for a new type of conveyance between processes at considerable speeds, and by utilizing a diverse
range of movements via its servo control. In this chapter we find out the background to the linear conveyor module

and its features.
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Rapid Software Development for Autonomous Vehicle ECUs

BHAY waEE

Abstract

Yamaha Motor has been conducting research on autonomous vehicles that carry out outdoor surveying and monitor-
ing work in place of humans (Yamaha Motor Technical Review, 2008-12 No.44, pg. 49, 2013 No.49, pg. 39). This

autonomous vehicle control system comprises of an autonomous control PC that carries out host control (i.e. autono-

mous controls), and multiple ECUs (Electronic Control Unit) that control components such as throttle, brake and actua-

tor based on the instruction given by the PC (see figure 1).

In autonomous vehicles research, many hours are spent on building and evaluating ECU software. For this reason,

reducing the ECU software development time would be key to improving the development speed of autonomous vehi-

cles.

This report introduces fast and efficient development technology of ECU software for the purpose of reducing the

development time of autonomous vehicles.
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Development of Lithium-ion Secondary Battery Cell using Water-based Electrode
Slurry
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Abstract

In recent years, electrification has been implemented in a wide range of vehicles due to aspects such as reducing the
environmental impact and energy-related issues of the future. In the midst of this phenomenon, lithium-ion secondary
batteries have been gaining attention thanks to their compact size and lighter weight.

Figure 1 shows the principle of a lithium-ion battery where lithium cobalt oxide (LiCoOz2) is used as the positive elec-
trode, and graphite (C) as the negative electrode. Lithium-ion batteries can charge and discharge when lithium ions
move between cathode and anode.

Currently, the mainstream method is to use organic solvent for the cathode slurry (= coating) of lithium-ion second-
ary batteries, where polyvinylidene difluoride (hereinafter PVdF) is used as the binder to bond the materials, and
N-Methyl-2-pyrrolidone (hereinafter NMP) is used as the solvent. With the anode, on the other hand, it is standard to
use styrene-butadiene rubber (hereinafter SBR) — which is a water-based dispersion type binder - and to use water
slurry as the solvent. The industrial use of NMP has been restricted in a variety of ways, and there is thus a need for a
cathode manufacturing process that has less environmental impact. At Yamaha Motor we devised a method where the
water-based dispersion type binder and water (hereinafter water-based slurry) are used as the binder-solvent for the
cathode slurry instead of PVdF-NMP. As a result, we have achieved a lithium-ion secondary battery cell with ultra-low

heat generation not seen previously, that has low environmental impact during the manufacturing process.
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Development of Compact Enclosed Die Set
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Abstract

In recent years, motorcycle and automotive engines are becoming more compact and high performance due to
downsizing in order to improve fuel efficiency and respond to environmental concerns. For this reason, iron forging
components must be made more lightweight and compact while being stronger. In addition, its material cost must be
reduced by creating forging mold technology that are as close to the completed component as possible (hereinafter
near net shape).

Yamaha Motor Engineering Co., Ltd. is carrying out development of a die set mold which compensates for the process
accuracy of a forging mold while retaining the metal mold by utilizing a sheet metal press molding technology.

In this instance, we have developed a compact die set where near net shape components for motorcycles can be
forged using standard press machines. This enabled the expansion of the manufacturing process globally whilst con-

trolling equipment investment.
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Abstract

The market demand for motorcycles in Vietnam reached approximately 2,800,000 units 2013, with the scooters

(including AT commuters) becoming around 40% of the market or 1,100,000 units. Yamaha Motor has gained traction

in the scooter market in Vietnam with such models as the 102cc Cuxi, 113cc Nozza, and the 125cc Luvias.

To allow even further traction in Vietnam, we now have a new model that combines the development of a next genera-

tion engine, the air cooled four stroke 125cc FI CVT engine, that blends excellent ride-ability, fuel economy and envi-

ronmental performance, with a body equipped with front/rear 12 inch wheels and an attractive, sophisticated design.
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2015 YZF-R1 Supersport Motorcycle
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YZF-R1

Abstract

YZF-RTM

It was 1998 when the first YZF-R1 was released. Powered by a high-output engine housed in a compact frame, it was

developed based on the concept of being “the fastest on secondary roads.” 17 years on, the 2015 YZF-R1 has been

completely refreshed. This eighth-generation model will take on the circuits - it will become a “vehicle to dominate

the competition.”
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2015 YZF-R1 Supersport Motorcycle
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Abstract

The TRICITY is a 125cc city commuter with automatic transmission, featuring a double front wheel configuration. The

model was developed to create a new commuter market, and is one of a group of products realizing Yamaha Motor’s

long-term vision of the “Personal Mobility Frontier.” The design intended for a “stylish and popular shape” to visually

represent the nimbleness and sporty ride of TRICITY. By combining easy handling and stability with functionality and

performance the aim is to deliver a new type of fun.
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Off-road Police Motorcycle for Disaster Response — XT250P
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Abstract

Yamaha Motor Engineering Co., Ltd. (hereinafter The Company) has been carrying out product planning and develop-
ment of special equipment vehicles (hereinafter special vehicles), such as police motorcycles, training vehicles, and
firefighting motorcycles.

Fire-related equipment such as firefighting motorcycles are utilized within Japan, and police motorcycles are mainly
utilized overseas. Through these products, The Company has been providing an assuring and comfortable environ-
ment to people across the globe.

Special vehicles differ from general-purpose vehicles as the needs vary from customer to customer. Even when dis-
cussing police motorcycles, the required specifications may differ depending on the context. The key to planning,
designing and developing special vehicles is to understand the requests and needs of customers based on their specifi-
cations along with market information, to develop a plan that matches the customer’s purpose and usage, and realize
this plan to create the final product.

This report will introduce XT250, an off-road police motorcycle for disaster response, while discussing the key points

for developing special vehicles.
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Off-road Police Motorcycle for Disaster Response — XT250P
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Off-road Police Motorcycle for Disaster Response — XT250P
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Off-road Police Motorcycle for Disaster Response — XT250P
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Fishing Boat DFR, DFR-FB

Bz

Abstract

Yamaha Motor Co. Ltd commenced sale of the SR-X and YF-24 in 2011, promoting the functionality and design of the
square bow in fishing boats. The positive feedback we have received from customers makes us confident that we have
provided new value.

On the other hand, our lineup of fishing boats that are over 35 feet are derived from utility boats, and differ in capac-
ity, functionality and exterior appearance (Figure 1).

For this reason, we developed a 36-foot boat as a top-of-the-range fishing boat model with square bow.
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Fishing Boat DFR, DFR-FB
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The 2015 VX/VXR in pursuit of true Yamaha-ness
FLEEX LFEE HTHEHR
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Abstract

Personal Water Craft (hereafter PWC) are now essential summer leisure products. In this edition we introduce the full
model makeover of the very popular VX and VXR, which were upgraded in order to suit customer needs for greater
convenience and more comfort from a new design.

Sold since 2005, the VX is available at an affordable price and is easy to ride for first time users with its capacity and
functionality. This model has been developed to suit a variety of situations where customers spend time together
around the water as a family, and can appreciate its comfort and convenience. While the VXR utilizes many of the
same parts as the VX, it has achieved a top-class performance in the industry. The performance is optimized for com-
fortable high-speeds in single riding situations.

The design includes additional chrome ornaments on its sides, along with featuring key lines from front to back. The
new RiDE system (see later for details) that uses electronic control for a more intuitive neutral and forward/reverse
operation has been implemented, replacing the mechanically-operated shift mechanism for forward and reverse move-
ment used to date.

This publication introduces everything about the new 2015 VX and VXR models.
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PTT Platform Model for Outboard Motors (F115)
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Abstract

Yamaha Motor Hydraulic System Co., Ltd. (hereafter YHS]J) supplies electro-hydraulic cylinder parts such as those
used in the power tilt of outboard motors, as well as hydraulic products such as shock absorbers for two- and four-
wheelers to companies including Yamaha Motor Co., Ltd., Ohlins Racing AB, and others.

Fitted on more than an 80% of Yamaha Motor outboards, YHS]'s power tilt line up is designed to meet cost and func-
tion requirements, such as the POWER TILT (PT) which provides basic tilt functionality for small outboard motors (for
raising the outboard above the waterline), the POWER TILT & TRIM (PTT) focusing on trim functionality for medium-
sized outboard motors (for propeller drive angle adjustment), and the three cylinder PTT unit for large outboard
motors (Figure 1).

In recent years we have worked on customer acquisition, putting energy into one aspect of business strategy: further
business growth. To achieve this, we have cut production costs dramatically by introducing a single cylinder (Figure
2) PTT unit for an 115hp outboard motor, where three cylinders were previously required to satisfy performance

requirements. This unit is the first step in our platform strategy, a concept that will also be introduced here.
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Abstract

PASPW 1= FODBH

PAS PW Unit Development

Since its development and sales began as a world first in 1993, the PAS electrically power assisted bicycle has contin-

ued to evolve based on its original development concept of “giving top priority to human sensibilities” .

By generating new demand, such as models that can take two infant passengers at one time, the domestic electrically

power assisted bicycle market has broadened. The European markets have also followed an upward trend over the

last few years reaching a scale of over 850,000 units in 2012 as shown in figure 1.

This paper looks at the development of the high-capacity,

compact and light-weight OEM drive unit designed to meet

the regulations and culture of European markets that differ to Japan (Figure 2).
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2015 model ROV VIKING VI

2015 €7V ROV VIKING VI
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Abstract

The North American ROV (Recreational Off-Highway Vehicle) market has a demand in the scale of 200,000 units per

year, and is expected to grow further in the future. They are used in a variety of scenes, from commercial purposes

such as farming, to recreational fields such as hunting. In order to cover this expansive range, we have developed and

launched VIKING last year (2013).

In recent years, there is an increasing need for wanting more passenger capacity, both in farming use (to transfer

people) and in recreational use such as hunting. In addition, in recreational use, there is an increasing need for travel-

ing more comfortably and enjoyably. To respond to these needs, we have developed a six-seater VIKING VI to provide

more passenger capacity than VIKING (2014 model) while optimizing drivability, comfort and practicality. This report

introduces the development of VIKING VL.
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2015 model ROV VIKING VI

YMMC Product Development —[F]

Todd Booth (i)

YMMC (Yamaha Motor Manufacturing Corporation)
PD (Product Development)

<Message from YMMC-PD>

Following the plan to release one new ROV each year for
the next five years, YMC and YMMC partnered to release
the second ROV, Viking VI. On June 5, 2014, Viking VI
was introduced with great acceptance at Austin Texas
Dealer Meeting in the heart of the Multi-passenger ROV
market.

More than simply extending the 3-person Viking by
800mm and adding additional seating, Viking VI required
considerable development to ensure comfort, functionality
and terrainability. At the dealer meeting demo drive
event, all drivers and passengers remarked that although
the vehicle is large, it is just as maneuverable in tight
conditions as Viking and comfort and confidence is very
good no matter what seating position a person is in.

YMC and YMMC are true partners in Yamaha's five-year
ROV plan. With each new ROV release, anticipation

grows for the release of exciting future ROVs.
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Abstract
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0T91 Unmanned Compact Electric Boat

In recent years, unmanned vehicles such as multicopters have been utilized in a wide range of industries. Yamaha

Motor Co., Ltd. ranks amongst companies active in developing an unmanned vehicle business, focusing primarily on

industrial-use unmanned helicopters for crop dusting. As a part of efforts in this field, Yamaha Motor has developed

the OT91 unmanned electric boat, a compact craft optimized for remote or automated navigation on calm waters. This

unmanned boat will be utilized primarily for monitoring and observation/surveying as a means of verifying operations

for new business creation. In addition, it also serves as a platform for research and development of vessel control.

This report gives an outline of the OT91 unmanned electric boat and introduces examples of its use.
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Electric Hose Layer
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Abstract

Yamaha Motor Engineering Co., Ltd. have been developing and selling products for fire services since the sales in
1985 of an electric hose layer (a piece of equipment that lays fire hose from a fire truck to the site of fire), designed to
be fitted onto fire trucks. Some of the products we have launched include the manual hose car, firefighting motorcycle
(called ‘red motorcycle’ in Japan), and a lightweight portable bifocal floodlight.

The electric hose layer introduced in this report is the only electric hose layer produced in Japan that allows the oper-
ator to drive the vehicle while standing, and it is praised for its ability to allow firefighters to focus on extinguishing
fires by reducing the burden placed on the firefighters themselves.

Since the release of the first version in 1992, we have been making slight modifications while retaining its basic speci-
fications. However, we have been given a request in recent years from fire service representatives to provide a more
powerful version. In addition, we have also considered requests we received from interviews being carried out since
2010 to modify controllability for the latest update. This report will introduce the overview of the update and its fea-

tures.
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Small Outboard Motors: Aluminum Parts Cost Cutting Initiatives
- High Quality, Highly Efficient Cutting Processes Based on Theoretical Values -
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Abstract

Recent years have seen diversification in customer needs including diversifying marine leisure activities (driven by
rapid growth in BRICS economies), environmental compliance (primarily in North America), and strong 2-stroke
engine demand in Asia and Africa. Yamaha Motor’s outboard products are popular with a wide range of customers
thanks to our varied product range that caters to these diverse needs. From a manufacturing perspective however,
diversity had led to demand for high-level processing technology capable of prompt and flexible response to
manufacturing requirements for varied and versatile products, and in recent years, demand for international
competitiveness (particularly cost competitiveness) as well.

The cylinder liner part at the focus of this initiative is a critical part that is exposed to high temperatures as it slides
with the pistons. In general, dedicated boring machinery with high shaft rigidity is used for this process, but this is
expensive and lacks versatility. With this initiative, we have realized high precision and highly efficient cutting with a
versatile low-cost machine, by applying stable limit theory to “tool selection methods for equipment/cutting tools etc.”

and “parameter setting methods such as cutting conditions.”
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Abstract

This paper reports a methodology to estimate combustion pattern and emission by predictive simple simulation
with good accuracy on various conditions of PFI engine. 3D-CFD cord VECTIS has been applied for this simulation,
its settings and methods are as follows. RANS equation with liner k-epsilon model has been used as the turbulence
model. Turbulent burning velocity equation contains not only turbulent velocity term but also laminar burning
velocity term. For ignition model, we use a predictive model called DPIK. We iterate cycle calculation until wallfilm
behavior is stabilized to get the reasonable mixture formation. We have applied this methodology to 125cc engine
of motorcycle. As a result, we have obtained heat release curve and pressure curve with good accuracy on various
operating conditions such as engine speed, engine load, air fuel ratio, wall temperature, and spray direction. CO and
NOx calculated simultaneously have also been acceptable. CO formation is based on chemical equilibrium, and NOx
formation is based on the extended Zeldovich mechanism. Using these results obtained by this methodology, optimal

air-fuel distribution that affects heat release pattern and emission formation is suggested.

INTRODUCEION

Motorcycle is an important means of transportation for
people in many nations and regions, so its improvement
for high efficiency and low emission is demanded very

much.

But the engine of motorcycle has many limitations about

cost and space, compared to automobile.

Currently, development of computer and investigation of

engine logics will make determination of engine design

by 3D simulation possible. By using simulation, one
can save cost, time, and labor such as trial and error in
experiment. And also effective development is expected by
visualization of cause and effect that cannot be measured.
Practical examples of simulation have been reported such
as consideration of optimal engine layout of DI engine[”,
estimation of combustion and unburned HC by own
detailed flamelet model”, etc. And also we can find some
reports of prediction of cyclic variation by LES.
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Motorcycle has many engine types and also each one
has special layout of parts such as intake pipe, fuel
supply, etc. so the development of optimal options is
needed for each of them in limited time. Therefore,
simulation for motorcycle demands simpleness to obtain
a result in short time, and enough accuracy on various
conditions. And for PFI engine that is becoming more
common for motorcycle, simulating wallfilm behavior
in intake parts is important to estimate the reasonable
air-fuel distribution that affects heat release pattern
There

are some experimental reports about wallfilm for PFI

and emission formation in an engine cylinder.

engine, such as measurement of wallfilm thickness on

the intake port wall®, observation of spray and wallfilm
behavior in a simple test rig[4'6], and so on. They help

not only understanding of experimental logics but also

improvement of simulation.

We have developed methodology to estimate combustion
pattern and emission by predictive simple simulation
with good accuracy on various conditions of PFI engine.
As a result, we have confirmed its accuracy by calculated
parameters such as heat release curve, pressure curve,
and emission formation of CO and NOx on some
operating conditions of 125cc single cylinder engine
that is global major product because of its good balance
between power, simplicity, and cost. We introduce this

methodology in this paper.

SIMULATION,MODEL
2-1. FLOW

To obtain an individual result in a case in short time, the

RANS equation with liner k-epsilon turbulence model has
been used in our simulation. Flow distribution is affected
by mesh size. Finer mesh makes results more accurate
and independent from mesh size, but calculation time
longer. We had compared simulated flow with PIV and
LDA results, and then we decided mesh size as fine as we

cannot expect more improvement with finer mesh.

2-2. SPRAY

DDM is used to represent spray behavior. Rosin-Rammler
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distribution is used as the initial droplet size distribution
of the injected spray. Quantitative droplet distribution
in the spray corn is represented by the normal
distribution. Both distributions are validated with the

experimental data of LDSA measurement.

Fuel property is one of the most important factors
to deal with fuel behavior. Gasoline contains a lot of
components, therefore it takes too much time to solve
behavior of all components individually in simulation. In
the other hand, property of the fuel changes according
to the evaporation because lighter components tend
to evaporate earlier and heavier components remain
longer. So we assume rather simple multi-component
fuel model. This model approximates the fractional
boiling of the real multi-component fuels through
the variation of the mean molecular weight of the
evaporating fuel during the evaporation process based
on the fuel distillation data. Characters of gasoline, such
as viscosity, specific heat capacity, etc. are determined
based on the instantaneous molecular weight. Distillation
curve of gasoline at atmospheric pressure shown in Fig.1
has been determined by validation with experimental
data. Fig.2 shows modeled molecular weight change
of gasoline. Using this model, behavior of gasoline is

estimated reasonably.
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Figure 1: Distillation curve of gasoline
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Figure 2: Modeled molecular weight change of gasoline
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In order to simulate fuel wallfilm in operation, we
iterate cycle calculation until wallfilm behavior is
stabilized(Fig.3). In this way, we can obtain reasonable

air-fuel distribution in engine steady state.

-
!

Hhr_"} Lo
:"'-';..-:r

LT
Multi-cycle calculation
Engine cychs

Figure 3: Methodology of steady state wallfilm modeling

Walifdm maks

2-3. INITIAL AND BOUNDARY CONDITION

For initial and boundary conditions, we have applied
1D simulation results. Its air and fuel mass that flowed
into cylinder, and pressure histories have been adjusted
to experimental results to evaluate reproducibility
of 3D simulation precisely. As a result of multi-cycle
calculations, error of air and fuel mass that flowed into

cylinder model has been less than 1% from experiment.

2-4. FLAME PROPAGATION

Flamelet model is applied to flame structure. Turbulent
burning velocity in our model contains not only turbulent
velocity term but also laminar burning velocity term to
represent the effect of fuel and residual gas distribution
in an engine cylinder. Turbulent burning velocity equation

is given by

S, =8, (1+4-u") (1)

Where S; is the laminar burning velocity, u’ is the
turbulent velocity, A and B are adjustment factors. These
factors have been validated by comparison of the heat
release rate obtained by simulation with experimental

data. A simple predictive model called DPIK" is used

as ignition model. This simulates thermal expansion of
flame kernel considering gas condition (laminar burning
velocity, and turbulent velocity) until it reaches the order
of integral length scale. This model is independent from

mesh size.

CONFIGURATION,MODELING

We applied this simulation to 125cc single cylinder

engine. Its specifications are in tablel. The geometry
modeled contains configuration from throttle valve to
outlet of exhaust port. One of the issues to consider is
the direction of spark plug, location of side electrode. It
is not usually controlled in the manufacturing process.
We have checked its effects on combustion. Fig.5
shows simulated flame kernel expansion in each spark
plug direction as shown in Fig.4 on a same operating
condition. Side electrode of spark plug absorbs flame
kernel energy, thus avoid kernel expansion. It also
changes flow distribution in the cylinder. These effects
appear notably in this simulation that outputs ensemble-

averaged results by 1 cycle calculation.

So we have compared this with experiment under a
typical partial load condition to investigate its effect level
of this engine. 500 cycles experiments were done 3 times
for each plug direction in a condition of Casel (IMEP
CoV 1%) is shown in table2. Fig.6 shows the deviations
of 0-10% burn duration from a result of plug direction
Odeg in each direction of experiment and simulation.
According to this result, we think the effects of plug
direction in experiment are small enough to be ignored.
We think that this difference is because the tiny velocity-
distribution around the plug that cannot be simulated
occurs in experiment. In reality, the transportation and
expansion of small flame kernel is sensitively affected by
velocity field with small scale near the spark plug. The
velocity fluctuates between each cycle. This causes
cycle-variation of flame propagation. Heat release
obtained by averaging the data in many cycles, therefore,
is the cycle-average of flame propagation fluctuated
by the velocity. On the other hand, velocity with small scale
in simulation is treated as turbulence which has no direction.
Velocity near the spark plug, affected by the location of the side
electrode, determines the direction of propagation. Therefore
the location of the side electrode is more directly affected to the
heat release.

As a result, we have decided to remove side electrode model

in simulation, and fixed some calculation parameters. But this
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comparison between experiment and simulation showed some
correlations. So there is a possibility that we can decide optimal
plug direction by this simulation.

Table 1: Engine specification

-Berlke. & Valve. Singbe Cylinder, AlrCouled

intake port wall are mainly intended to confirm
reproducibility of simulation in conditions that much
wallfilm is generated. Configurations of injection are
shown in Fig.7. Ignition timing is set as MBT in each

condition.

Figure 4: Spark plug(side electrode) directions
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Figure 5: Simulated flame expansion
(effect of plug direction)

B
£
§ o feest
% e —
g a b S
& 4
Eoa
E 4
18
&5 o oy W F T N
Direcbon of spark plug
Figure 6: Deviation of burn duration from plug direction
Odeg

OPERATING,CONDITIONS

As shown in table2, we have applied this simulation to

8 operating conditions to check how it behaves with
different engine speed, engine load, air fuel ratio, wall
temperature, and spray direction. The conditions of

cooler wall temperature and spray direction toward
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“‘5"*:::"-" Table 2: Engine operating conditions
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Figure 7: Configuration of injection

RESULTS

5-1. FLOW & SPRAY

Accuracy of simulated wallfilm was confirmed by some
ways. Fig.8 shows comparison of wallfilm behavior between
simulation and experiment observed by borescope in
Case3(spray toward port-wall). Two position markers in
both simulation and experimental images indicate the same
location on each image. Methodology of the experiment

was described more in detail in . The order of the cycle

indicates the number of the cycle from the start of the
injection after motoring operation. All images are at the IVC
timing after injection. The measured temperature of walls
in a steady state have been applied to ones of simulation.

At 1% cycle, thin wallfilm are distributed from the joint

to before lower marker in experiment. Similar wallfilm

can be seen in simulation result. Wallfilm reaches valve
after some cycles in both simulation and experiment. The

cycle is 4™ in simulation, though 8" in experiment. This

means that wallfilm in simulation expands a little faster
than that of experiment. We think that is because the effect
of wall surface roughness is not well simulated. However,
this simulation seemed to be able to estimate steady state

wallfilm distribution in comparison of wet area.
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To confirm validity of air-fuel distribution in the cylinder, . R o e
fuel concentration near the spark plug has been M - Evparmmant m':""="m
. . . ps . i . i — AF S
measured by infrared laser absorption method. Fig.9 |
I -
shows equivalence ratio histories around spark plug in L) e
. 1 ] _._H\‘- - _‘;I_,_fh

the Casel and Case8. Experimental results are ensemble- L

} o I AN | of
averages of 200 cycles. In both cases, mixture is rich just ot Crwi g e A TOHD o

after the overlap TDC, and it becomes lean during the

intake stroke. It becomes near stoichiometry after BDC.

This trend can be seen in simulation and experiment,

though there are discrepancies quantitatively. Therefore,

we think simulated air-fuel distributions are reasonable, I e,

LY E -] B
[ W o Cramd, drgyin gt TOCY CTRL

while it still needs more effort to better simulate.

Figure 9: Equivalence ratio histories at spark plug

5-2. COMBUSTION
Fig.10(a)(b) shows calculated(by same adjustment factor)

and measured heat release rates and pressure curves
in the all cases. And Fig.11 shows correlations of those
heat release. Experimental results are cycle-averages
of 500 cycles. Initial flame propagations have been
estimated with good accuracy, and the errors of 0-10%
burn duration are less than +=10% in the all cases. In
cases of road load conditions (Casel~Case6), main heat
release and pressure curves have also been estimated
with good accuracy, so one can see this simulation is
applicable to various engine conditions. On the other
hands, in cases of full load conditions (Case7 and Case8),
heat release continues longer especially at later part
in simulation than in experiment. One of the reasons
explain this result is turbulence under WOT condition
is smaller in simulation than in experiment, and then
turbulent burning velocity become lower. Other factors
such as distribution of A/F, that of temperature, and that
of residual gas may not be the reason because they are
almost homogeneous in this condition(Fig.12). So we
have to consider about introduction of other turbulence

model, or build some equations to avoid getting this

error. Anyway, we have confirmed this predictive

Figure 8: Comparisons of wallfilm behavior

simulation can estimate heat release pattern and
pressure curve with good accuracy on various engine

conditions.
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Figure 10(a): Comparisons of heat release & pressure curves
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Figure 11: Correlations between experiment and simulation
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Figure 12: Comparison of A/F distribution at TDC

5-3. EMISSION

During combustion simulation, CO and NOx are
calculated simultaneously. CO formation is modeled very
simply based on chemical equilibrium during combustion
in each cell. NOx formation is modeled based on the well-

known extended Zeldovich mechanism.

We have confirmed reproducibility of CO and NOx
calculated by these simulation models. First, heat release
pattern has been suited to experiment as much as possible
by changing adjustment factors of burning velocity in each
case. As a result, emissions obtained are shown in Fig.13
and Fig.14. Experimental results are engine out emission
in front of the catalyst, and simulation results are their
fractions in the cylinder at the end of heat release. We
assume oxidation reaction of products after heat release
in the cylinder negligible in the experiment. Comparison
of CO concentration shows good accuracy even with
chemical equilibrium. This indicates CO formation is able
with depends on average A/F. Average of absolute errors
was 0.3vol%. Comparison of NOx concentration also
shows tendency of each experimental result. Average of
absolute errors was 610volppm. NOx formation is mainly
determined by A/F and temperature distribution, and their
history because the reaction rate is slower than the change
of the physical condition. As well-known, more lean A/F
and higher temperature cause more NOx formation. One
can see the example of that tendency between results of
Casel, Case2, and Case6, assuming that those internal
gas are homogeneous. In the same A/F conditions, lower
NOx formed in Case2 than in Casel because of its lower
temperature condition, and more NOx formed in Case6
than in Caselbecause of its higher temperature condition

caused by higher heat release.
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Figure 14: Comparisons of NOx fractions

5-4. CONSIDERATION OF INTERNAL GAS
DISTRIBUTION TO AFFECT THE NOx FORMATION

Using these simulation results, effects of internal
gas distribution on emission formation of NOx is
discussed. Fig.15 shows distributions of NOx, A/F, and
temperature in the Casel at 15degATDC. We can see the
temperature dependence of NOx(lower NOx fraction at
lower temperature) at many places such as area A. But
some area shows few NOx fraction at high temperature
because of rich A/F such as area B. In order to evaluate
more quantitatively though simply, their contributions

are evaluated by initial NOx(NO) formation speed '*!

based on Zeldovich mechanism, given by

exp(_ 63—,090)[02 ]O'S[Nz] 2)

d[NO] 6x10"
dt T

Fig.16 shows initial NO formation speed in the case
of Octane. [Oz] and [Nz] are calculated by chemical
equilibrium. According to this, lean A/F causes high
formation speed in a same temperature. In adiabatic
temperature indicated by broken line, NO formation
speed become fastest around stoichiometric condition.
Actually, partly maximum temperature depends on
not only A/F but also initial condition and combustion
pattern. Using these properties of NO formation, we can

expect to reduce NOx formation by some approaches.

Figure 15: NOx,A/F,Temperature distributions in Case1

(15degATDC)
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Figure 16: Initial NO formation speed

SUMMARY,//CONCLUSIONS

We have developed a methodology of predictive simple

simulation of in-cylinder phenomena, heat release and
exhaust emission generation for PFI engine development.
We have applied this methodology to air-cooled 125cc
single cylinder engine and obtained conclusions as

below:

@ Combustion pattern by simulation shows good
accuracy in various operating conditions such
as engine speed, engine load, air fuel ratio, wall

temperature, and spray direction.

@ Concentration of CO and NOx emission calculated
are also simulated accurately under the condition

heat release pattern is accurate.

@ Using these simulation results, effective air-fuel

distribution to reduce NOx is suggested.
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DEFINITIONS/ABBREVIATIONS s

DI: Direct Injection

HC: Hydrocarbons

LES: Large Eddy Simulation

PFI: Port Fuel Injection

CO: Carbon monoxide

NOx: Nitrogen Oxide

RANS: Reynolds-Averaged Navier-Stokes
PIV: Particle Image Velocimetry

LDA: Laser Doppler Anemometer

DDM: Discrete Droplet Model

LDSA: Laser Diffraction Spray Analyzer
DPIK: Discrete Particle Ignition Kernel
IMEP: Indicated Mean Effective Pressure
CoV: Coefficient of Variance

MBT: Minimum spark advance for Best Torque
IVC: Intake Valve Close

TDC: Top Dead Center

BDC: Bottom Dead Center

CTDC: Compression TDC

OLTDC: Over Lap TDC

WOT: Wide Open Throttle

A/F: Air/Fuel

ATDC: After TDC

NO: Nitric Oxide
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Abstract

This study deals with reduced-order modeling of intake air dynamics in single-cylinder four-stroke naturally-
aspirated spark-ignited engines without surge tanks. It provides an approximate calculation method for embedded
micro computers to estimate intake manifold pressures in real time. The calculation method is also applicable to
multi-cylinder engines with individual throttle bodies since the engines can be equated with parallelization of the
single-cylinder engines. In this paper, we illustrate the intake air dynamics, describe a method to estimate the intake

manifold pressures, and show experimental results of the method.

INTRODUCTION
1-1. BACKGROUND

This paper proposes a real-time calculation method for

engines estimate the intake manifold pressures from air

mass flows through throttle valves, next they calculate

automotive embedded computers to estimate transient
responses of intake manifold pressures in motorcycle
engines: single-cylinder four-stroke engines or multi-
cylinder four-stroke engines equipped with individual
throttle bodies (Fig. 1-left). The paper starts from
calculation methods to estimate intake manifold pressures
of four-wheel automotive engines [1,2,3,4] (Fig. 1-right),

and modifies them for motorcycle engines.

The intake manifold pressures are vital to control
air-fuel ratios in port-injection gasoline engines; the
pressures are strongly associated with masses of intake
air sucked into cylinders, and moreover, they determine
injection amounts per unit time of injectors. For example,

usual electronic control units of four-wheel automotive
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the required fuel amounts from the estimated intake
manifold pressures, and finally they compute the
injection times from the required fuel amounts. In short,
estimating the pressure, the control units compensate
differences between the air masses through the throttle

valves and the air masses sucked into the cylinders.

rd

Figure 1: A common motorcycle engine with
individual throttle bodies (left) and a common four-
wheel automotive engine with a single throttle body
(right).
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There are three big differences between motorcycle
engines and four-wheel automotive engines (Fig. 1). The
differences disallow us to estimate the intake manifold
pressures in the motorcycle engines by utilizing the
estimation methods for the four-wheel automotive
engines [1,2,3,4].

@ Motorcycle engines are rarely equipped with surge
tanks between their throttle valves and intake
valves. Hence, their intake manifold volumes are
often smaller than their swept volumes. On the
other hand, four-wheel automotive engines usually
have surge tanks, therefore, their intake manifold
volumes are much larger than their swept volumes.

@® Each cylinder has its own throttle valve in
motorcycle engines. Thus, the air flow through the
throttle valve changes during one engine cycle. On
the other hand, common four-wheel automotive
engines are even-firing single-throttle engines. In
such an engine, the air flow through the throttle
valve is continuous and smooth since any of its
cylinders are in their intake strokes.

@ Equivalent moments of inertia about crank shafts
of motorcycle engines are much smaller than
those of four-wheel automotive engines. Therefore,
engine rotational velocities of motorcycle engines
increase or decrease much more sharply than those
of four-wheel automotive engines. Especially in
single-cylinder motorcycle engines, their rotational
velocities are perturbed significantly during engine

cycles.

The widely-used estimation methods [1,2,3,4,5]
assume that the intake air flows are independent from
crank angles of the engines. This assumption is validated
by the above-mentioned characteristics of the four-wheel
automotive engines. However, the intake air flows in the
motorcycle engines depend strongly on crank angles;
the intake manifold pressures decrease quickly in intake
strokes and increase slowly in other strokes. Such
pressure changes are caused by the characteristics of
the motorcycle engines, and they preclude applications
of the estimation methods for the four-wheel automotive

engines.

Remark that we can estimate the air flows from the first-
principle simulations [6,7]. However, such simulations
require too rich computational resource for automotive
embedded computers to calculate them in real time.
To compute the air flows in real time, it is required
to replace the physical principles with statistical

approximations.

1-2. KEY POINTS

This paper derives a simple computational model of the

intake air dynamics from a view point of enthalpy flows.

The followings are the differences from the conventional

estimation methods [1,2,3,4] and the first-principle

simulations [5,6]. They are key points to simplify the
computational model of the intake air dynamics.

1. This paper exploits structures inherent in typical
motorcycle engines: small ratios of their intake
manifold volumes to their swept volumes, large
ratios of opening areas of their intake valves to
their combustion chamber volumes, and so on.
Due to these structures, the intake manifolds and
cylinders reach states of thermodynamic equilibria
in negligibly short times.

2. We focus on factors of importance for air-fuel ratio
controls: (1) the intake manifold pressures from
the intake valve closing (IVC) timings to the intake
valve opening (IVO) timings, (2) the intake manifold
pressures at the IVC timings, and (3) residual gas
densities at the exhaust valve closing (EVC) timings.
Factors other than those listed above (e.g. the
intake manifold pressures during periods of valve
overlaps) are of secondary importance.

3. Periods of valve overlaps are approximated by
zeros in the computational model. Instead, amounts
of residual gas and shortcut gas are estimated by
using look-up tables which are experimentally
calibrated.

4. Intake pulsations are calculated independently from
the air flows, and they are modeled as damping
oscillations with four parameters: interval, damping
coefficient, initial amplitude, and initial phase.
These parameters are determined from look-up

tables which are adjusted experimentally.
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5. Changes of engine rotational velocities are predicted
from cylinder pressures, inertia torques, back
torques, and frictions. The prediction compensates
sharp increase or decrease of the engine rotational

velocities.

Compared to the estimation methods [1,2,3,4], the
proposed method requires richer computational resource
to calculate the air flow and the engine rotational
velocity. Nevertheless, it keeps feasibility of real-time

computing due to the above-mentioned simplifications.

1-3. APPLICATIONS

The proposed method is of service to the following

technical areas:

@® The method can be utilized as a soft-sensor of
the intake manifold pressure. Some of low cost
motorcycles with fuel injection systems equip only
throttle position sensors, and they equip neither
intake manifold pressure sensors nor air flow
sensors. Since the intake manifold pressures are
vital for the fuel injection controls, the proposed
method is useful for such motorcycles.

® Combining the method with a prediction method of
a throttle position provides a predictive value of the
intake manifold pressure, which is informative for
computation of asynchronous injection. Especially
for motorcycles with electronic throttle control
systems, the predictive value can be accurately
calculated by exploiting response lags of the throttle
controls.

@® The method increases accuracy of backfire
detection. Even weak backfires are detectable by
comparison of measured intake manifold pressures
with estimated intake manifold pressures. In
particular, the method is suitable for the backfire
detection under unstationary driving conditions
since it is applicable to estimation of transient

intake manifold pressures.

1-4. ORGANIZATION
Chapter "FLOWS AND STAGNATION" gives a mathe-

matical description of flows and stagnation in the intake
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manifolds. Chapter "AIR MODEL" illustrates the intake air
model. Chapter "CALIBRATION OF AIR MODEL" sketches
how to adjust our method. Chapter "EXPERIMENTAL
RESULTS" shows our results of experiments. The final

chapter concludes the paper.

FLOWS.AND,STAGNATION

This chapter provides mathematical descriptions on
flows and stagnation illustrated in Fig. 2. In the figure,
the index 2 denotes a throttle valve, and the indices 1

and 3 denote its upstream and downstream, respectively.

2-1. SUBSONIC FLOW

Consider an enthalpy balance along a diabatic subsonic

flow from the upstream to the throttle valve:
Kk P 1 1

1[v)2 vy |2
2\c| Tk=1in " 2\c| ”

where C is a discharge coefficient, k is a specific heat

K P2

K—1r,

ratio, v is a flow velocity, P is a static pressure, and r is a
density. In the above equation, the discharge coefficient
indicates the enthalpy balance. If the flow is lossless, then

the coefficient is equal to the unity.
Next, let S; and S, denote a cross-sectional area of

the upstream and a valve-opening area of the throttle,

respectively. From the equation of continuity, we have

517'1171 = 527"2172 .

Moreover, modeling the diabatic flow as a polytropic

Py [\
P \n

with n denoting the polytropic index. Various thermo-

process, we get

dynamical processes can be represented by the
polytropic process; an isobaric process by n =0, an
isothermal process by n = 1, an isentropic process by
n = k , and an isochoric process by n = o . In case of
an adiabatic expansion process, n = k if all of its

internal energy is converted to a work, 1< n< k ifa
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Figure 2: The flows and stagnation in the intake system.

part of its internal energy is converted to a work,
and n = 1 if none of its internal energy is converted to

a work.

2-2. CHOKED FLOW

The flow is caused by propagation of the pressure
difference, but the propagation velocity cannot exceed
the sonic velocity. Therefore, the mass flow rate
becomes saturated, that is "choked", when the flow

velocity reaches the propagation velocity.

Let y = P,/P.. Then, solving the equations in the

previous section, we can see that the mass flow rate is

saturated when VY satisfies

O:

n—1 522 Ll n+1 1
SIS SHRTEREIN

Let ¥* denote the solution of the above equation.
Then, ¥" corresponds to the critical pressure ratio;
if P,/ Py > y*, the flow is subsonic, otherwise, it is
choked. On the assumption that S,/S; = O, the solution

can be approximated by

The mass flow rate of the choked flow is equal to
that of the saturated subsonic flow. Hence, it is given by

solving the following equations:

1(v)\2 kK P 1fvs)2 Kk [Ps
2\C +K*17"1_2(: e rg)’

Sirvy = Sarsvs,

P [rg|"
P \n )’

Ps= y'P

where Pg,71g,and vg denote the static pressure, density,

and velocity of the saturated subsonic flow, respectively.

2-3. STAGNATION OF SUBSONIC FLOW

When the subsonic flow stagnates in the intake manifold,

the enthalpy balance is described by

1 2 K P2 K P3
vy +

2

1
= §U§+

k—1m Kk—1ry’

And, the equation of the continuity is given by

E(V37‘3) = S313U3 = Spnevp

with V3 being a volume of the stagnation region.

Moreover, the energy of the stagnation region changes as

d 1 PV, dW_ ].2 K PZ S
de\e—1373 " a ~ 2v2+)c—1r2 2revz -

In the above equation, W denotes a work of the piston

(Fig. 2). The above equation means that a change rate of
the energy of the stagnation region is equal to the

enthalpy of the flow per unit time.

2-4. STAGNATION OF CHOKED FLOW

The equations in the previous section are not true for
the choked flow since the pressure P, and density 77

have no relation to the mass flow rate in the choked
flow. Instead, from conservation of mass and energy

along the choked flow, it follows that.

at (V37‘3) = Sprsvs,

d 1 PV dW_ 12 K PS S
de\e —1373 " de ~ 2% T k1) TS

AIR MODEL

This chapter derives a computational model of the intake

air flow illustrated in Fig. 3. The model is called "air
model," which is composed of the following subsystems
(Fig. 4).
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Figure 3: The intake system of a single-cylinder engine.
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Figure 4: The block diagram of the air model.

1

3-1. PISTON MOTION

Let x denote the piston position and 6 do the crank
angle. They are set to zeros at the compression TDC. The
positive directions of the Xx-axis and 6-axis are the same
as the direction in which the crank rotates forward. For
simplicity, we assume that the crankshaft offset and
piston offset are negligibly small. Then, the piston
position x and the piston velocity X are given by

o 11— sinoz )« L1 —cose)
X = £ 4—%5111 +E Coso) ,

dx do| £ sinf cos@ o . 0
x|l T + 5 sin
1 -5 (sing)2
4102

where £ is the length of the connecting rod and £ is

the length of the stroke.

3-2. INTAKE MANIFOLD PRESSURE

In this section, the indices 1, 2, and 3 indicate the air

cleaner, throttle valve, and intake manifold, respectively.

3-2-1. From IVC Timing to IVO Timing

If the flow through the throttle valve is subsonic, we have
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1 141 2 K Pl_ 1 1) 2 K Pg
2\C k—1r 2\C Kk—1nry’
Sinvy = Saravz,

Py [t
P\ )

1 2 K P2 1 2 K P3
2U2+K—1r2_ 273 Kk—1ry’

dt(V3r3) = S3r3vz = Sarpvz,

d 1 Pva| = 12 K PZS
dele—1"373 2v2+}c—1r2 2T2ve -

From the above six equations, we can calculate vy,
V2, V3, P, 12, P3, and 74, given Py, 11, Sy, S, S3, 1, K,
and V3

If the flow through the throttle valve is choked, then
the flow is derived from the following equations:
1 2 Kk P 1 2 Kk Ps
Kk—1 e !

V1

C

Vs

c

2 Tk—1n 2

Sinvy = Sprsvs,

P (rg\"
P T1)
Ps=y'P,

d
&(V3r3) = Spryvs,

d 1 Paval = 12 K PSS
de\e —1 373 ~ 2vS+K—1rS 275¥s

where the suffix 's' corresponds to a boundary state
between the subsonic flow and choked flow. Solving the
above six equations, we obtain v, vg, P, 73, P3,

and r3, given Py, 11, S1, Sp, n, k, and Vs,

3-2-2. At IVO Timing

For computational simplicity, the air model computes
the intake manifold pressure as if the period of the valve
overlap were zero, that is, as if the EVC timing were
located at the IVO timing. For further simplicity, the air
model assumes that the gases in the intake manifold and

the cylinder reach a state of thermodynamic equilibrium
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Figure 5: The approximate equilibrium at the IVO timing.

at the IVO timing (Fig. 5). These simplifications reduce
the estimation accuracy from the IVO timing to the
actual EVC timing. However, by artificially adjusting the
cylinder pressure and density just before the IVO timing,
the air model can recover the accuracy after the actual
EVC timing.

Consider a situation just before the IVO timing. Let Pj3,
13, and V3 denote the intake manifold pressure, density,
and volume, respectively. Similarly, let Py, 14, and
denote the cylinder pressure, density, and volume,
respectively. If the intake manifold and the cylinder reach
a state of thermodynamic equilibrium at the moment of

the IVO timing, we have

P3 V3 + P4 V4
m = V3 + V4
_ 3 V3 + V4
Tm = V3 + V4
Vm = V3 + V4

where the suffix “m' represents a unified region of the
intake manifold and the cylinder. The pressure P; and
density r, are calibrated so that the estimation accuracy

recovers after the actual EVC timing.

Remark that the above adjustments are validated by
characteristic structures of the motorcycle engines:

@ Because of a small ratio of the intake manifold to
the stroke volume, the residual gas diffused in the
intake manifold is scavenged in the intake stroke
and it does not remain after the intake stroke.

@® Due to a large ratio of the opening area of the
intake valve to the combustion chamber volume, the
unified region reaches the equilibrium before the
EVC timing.

In return for the computational simplicity, the
estimation accuracy is reduced during the period of the
valve overlap. The estimation accuracy can be improved
by computing gas transfers during the period [8,9,10].
However, this paper places the computational simplicity
ahead of the estimation accuracy and tolerates the
estimation error. This is because the proposed method
is designed to the air-fuel ratio control, which is not

sensitive to the estimation error during the period.

3-2-3. From IVO Timing to Next IVC Timing

On the assumption that a flow through the intake valve
is lossless, this paper treats the intake manifold and the

cylinder as a unified region.

Let S, be the cross-sectional area of the cylinder and
Vrpc be the combustion chamber volume. Then, the

volume of the unified region is given by

Vm = V3+ VTDC+ S4x.

When the flow is subsonic, it follows that

1{v,\2 Kk P 1[v,\2 K P,
2\ C +K—1T1_2C +K—1r2'
S§i1vy = Sp1av;,,
P, (rz)”
Pl_ r/
1, k P, 1, K By
— + —_ = = + —_
2"z k—1r 2 Vm k—1nr,’
d
& VnTm| = SBrmvm = SZrZVZs
d( 1 dv,, 1, K P,
& umVm + Pm¥= évz + mg 527”2172-

And, when the flow is choked, then
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2 K PS
+ —,
K*ITS

Us

c

2 K Pl_l
+K*1Z_§

517‘11]1 = 527‘3‘175 ,

Ps (rg\*
Pl_(ﬁ
Ps= y'Py,
d
&(erm) = Sprsvs,
d ) dy, (1 K PS)
— PoVi | + Pn—= = | 508 = s :
e\ —1 m/m| ¥ fm7q 2vS+K—lrS 21svs

3-2-4. Superposition of Intake Pulsation

The intake pulsation occurs by the water hammer effect
and air column resonance. It can be modeled as a
damping oscillation; its interval is derived from the sonic
velocity and a distance from the air cleaner to the intake
valve, its amplitude is proportional to the mass flow rate
in the last cycle, and its damping time constant depends
on a viscosity resistance of the gas. Let tpyc denote the
IVC timing, and Ap, 7, wp, and 6, denote the initial
amplitude, damping time constant, angular velocity, and

initial phase angle, respectively. Then, we have
Pp = Ape_(t_tIVC)/Tp Sin(a)p(t _tIVC) + 9]3) .

The air model computes the above equation separately
from the intake air flow described in the previous
sections, and superposes it to the intake manifold

pressure, that is,
P;= P+ B,
from the IVC timing to the IVO timing, and
Bo=Pn+ P
from the IVO timing to the next IVC timing. The
superposed pressures P3 and P, are the estimated intake

manifold pressures of the air model (Fig. 4).

CALIBRATION,ORKAIRMODEL:

This chapter sketches how to calibrate behaviors of the

air model. The behavior is determined by several

parameters, which are divided into two groups. The first
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group consists of individually identified parameters and
the second group is composed of parameters which are
calibrated so that the air model fits the real intake
system. The first group includes the discharge co-
efficient C , the cross-sectional area Sy, and so on. The
second group comprises the polytropic index n, the
cylinder pressure and density at the IVO timing, and the
parameters of the intake pulsation. This chapter explains

how to calibrate the parameters of the second group.

4-1. POLYTROPIC INDEX

The polytropic index n corresponds to friction losses
and thermal exchanges along the flow. The polytropic
index can be identified from a differential value of the

intake manifold pressure.

Physically, the differential value of the intake manifold
pressure is monotonically increasing with respect to
the polytropic index. Using the monotonicity, the index
is adjusted so that the differential value of the intake
manifold pressure of the air model is equal to that of the
real engine. The index can be usually represented by a
multivariable function of the opening area of the throttle

valve and the temperature of the intake manifold.

4-2. PRESSURE AND DENSITY AT IVO
The cylinder pressure and density just before the IVO

timing compensates the valve overlap and the exhaust

pulsation. Their adjustments are based on the following

monotonicity.

@ The average of the intake manifold pressure through
the intake stroke is monotonically increasing with
respect to the cylinder pressure just before the IVO
timing.

@® The amount of decrease in the intake manifold
pressure through the intake stroke is monotonically
decreasing with respect to the cylinder density just
before the IVO timing.

The parameters depend strongly on the mass of the

intake air in the last cycle, the elapsed time from the last

EVC timing, and so on.
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Table 1: Summary of Experiment

Wk e b2y Brackew 42 198 Sor]] paee g linades®,
o] phsae sl

T A sl = B0 OVTTY ] 0 o]

(LT Tig o ® W) = 1238l oy "Bl

lrpupraless  BA1] the srunk shaf
biirhiiling B Snane ol e i mrywie )

v 0ot ], 008 Mol Cinslommet Wbt

Fngurs:

A |

Femp

4-3. INTAKE PULSATION

Since the intake pulsation is triggered by the water hammer
effect, the initial amplitude and the initial phase angle
are functions of the mass flow rate at the last IVC timing.
Moreover, the damping time constant and the angular

velocity are functions of a temperature of the intake air.

EXPERIMENTALL,RESULTS

In Table 1, our experimental conditions are summarized.

Figures 6 and 7 compare the intake manifold pressures
of the air model and the real engine. The thick lines
and the thin lines are the estimated intake manifold
pressures and the measured intake manifold pressures,
respectively. Moreover, the dashed lines represent their

throttle valve positions.

Figure 6 plots the intake manifold pressures in a
stationary operation where the engine rotational velocity
was 4000 [rpm] and the throttle angle was 15 [deg].
Figure 7-top shows transient responses of the pressures
when the throttle valve was opened rapidly from 7 to 70
[deg], and Fig. 7-bottom shows those when the throttle
valve was closed rapidly from 50 to 7 [deg]. In any of
these cases, the air model estimated the intake manifold
pressures with a margin of error of plus or minus five
percentage points except for the periods of the valve

overlaps.

CONCLUSION

This paper describes the simplified calculation method

for embedded computers to estimate the intake manifold

pressure in real time. The method is derived from the

thermodynamic equations and statistical models of the
intake air dynamics. In the experiments, the estimation
errors were less than five percentage points except for

the periods of the valve overlaps.

Continued studies are required in order to improve the
accuracy during the periods of the valve overlaps. The
problem is a trade-off between computational complexity

and gained benefits.

T T
Crenk Anghrideg]

Figure 6: The stationary response at 4000[rpm].
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Figure 7: The transient responses around 4000[rpm].
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