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ABSTRACT

Honda has been conducting research on biped walking humanoid robots as a challenge toward a new field of mobility.
This paper discusses ASIMO, the Advanced Step in Innovative MObility devel oped as aresult of our effortsin thisfield. Our
target in this development was arobot that could co-exist with humans and that could actually be useful to humans. Thistarget
was achieved through the development of aminimally sized robot (height: 1200 mm, weight: 43 kg) that could conform to a
real living environment. Also, by further fostering past research we were able to advance the functionality of the robot. In
particular, by adding “ free walking technology,” which includes predictive control technology, to the existing walking stability

control, we were able to achieve a biped robot that can move more smoothly and continuously.

1. Introduction

Since 1986, Honda has been engaged in research on a
humanoid robot that would generate new value to human
society through coexistence and useful cooperation with
human beings. Honda' s aim has been to develop a robot
that would be able to function in people’s living spaces, as
part of its program to create innovative mobility. In the
course of that research, we obtained gait datafrom an analysis
of human walking, and made use of designs for actuators
and mechanisms for bipedal walking, control processes for
bipedal walking, and other such technologies to create our
P2 prototype cordless biped humanoid robot.® The first
such robot in the world, the P2, was announced in 1996. In
1997, after studying the place of the humanoid robot in the
human life environment and in society, we further completed
the P3 prototype model, which is closer to human size.

At the end of October 2000, we brought out the humanoid
robot ASIMO (Fig. 1). Thisisof the minimum size suited
to the human life environment (1200 mmin height, 43kgin
weight), and our goa was both to further develop the above
technol ogies and to make arobot that could actually perform
useful functionsin close association with people. ASIMO,
which stands for Advanced Step in Innovative MObility, is
the collective name for Honda s humanoid robots. Herewe
will introduce ASIMO’s specifications and the walking
technology that givesit the capability for smooth, continuous
motion.
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Fig. 1

Humanoid Robot ASIMO
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2. Development concept

This project has engaged in research and development
of new technologiesfor the practical application of ASIMO,
and particularly the resolution of technical issues in the
following three areas:

(1) Compactness and light weight

(2) Advanced arm and hand functions

(3) Enhanced intelligent walking

Size and weight are the most important factorsin having
arobot function in close association with peoplein their life
environment. It will be necessary to seek greater
compactness and lighter weight relative to the previous P3
in order for ASIMO to demonstrate its practicality in the
human life environment.

It will also be necessary to expand the compact robot’s
range of arm motion in order to minimize limitations on its
range of activities. In addition, we will have to develop
simple mechanisms to make hands capable of grasping
objects gently with uniform force.

In order for ASIMO to work in collaboration with
humans, we must al so devel op walking functionsand control
that enable smoothness of movement in addition to stability
in walking. This will be crucial in achieving practical
application.

3. Main specifications

3.1 Size

The objective in fabricating the previous P3 prototype
was to create a humanoid robot equivalent in size to an
adult human. With ASIMO, however, we sought to
determine what size arobot should be to actually be useful
in the human life environment. The point was for ASIMO
not simply to move and transport objects, but also to be of a
size suited to its environment. Therefore, we studied the
vertical height of arm extension and the squatting position
intermsof enabling accessto items such as doorknobs, light
switches, electric outlets, and other such items in the life
environment, as shown in Fig. 2. We also determined the
elbow and shoulder locationsfor ASIMO fromwork posture
at desks and workbenches that we ordinarily use.

ASIMO was given ashoulder height of 910 mm when it
stands erect. That location served as the criterion for an
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Coffee Table 500
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Outlet 210
Stairs 180

Fig. 2 Life environment and working space

upper working space that extends to a height of 1290 mm
with ASIMO’ s arms extended above, and a lower working
space that allows ASIMO to work below while crouching.
As shown in Fig. 3, the legs had to be 610 mm in length
from the hip joint down in order to enable the robot to go up
and down stairs. The results of this study led us to make
ASIMO 1200 mm in height. The robot’s width was set at
450 mm and its depth at 440 mm in consideration of its
passage through narrow corridors and doorways. Table 1
compares these sizes with those of the P3. Assigning these
dimensions also made the robot more approachable and
allows easier communication with it when we are seated on
chairs.
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Table 1 Size of ASIMO/P3

ASIMO P3
Height (mm) 1200 1600
Width (mm) 450 600
Depth (mm) 440 555
Weight (kg) 43 130

3.2 Weight

As shown in Fig. 4, we reduced ASIMO'’s bulk and
weight relative to the P3, which was 1600 mm in height and
130 kg in weight. Where a weight of 54kg would have
followed proportionately from the reduction in bulk, we
pressed to make ASIMO lighter by another 20% and
achieved aweight of 43 kg. The frame utilizes magnesium
alloy materialsin an H-shaped cross-sectional structure made
up of three-sided elements. The thin-wall casting method
was used for the 1.5-mm thick basic structure. Theelectrical
equipment, control units, and so on were al so made compact
and lightweight by means of optimum design. This robot
weighs approximately twice as much as the 22-23 kg of a
human being of the same height, but it can be transported by
two adullts.
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Fig. 4 Weight reduction

3.3 Joint structure

Thestructure of thejointswas determined with reference
to the human skeletal structure, while maintaining simplicity
and basic movement functions. Fig. 5 shows the joint
structures and degrees of freedom. The legs are similar to
those of the previous P3 robot in that the ankle, knee, and
hip joint structures have six degrees of freedom, and they
are of course capable of walking aswell as such actions as
going up and down stairs and striding over obstacles. The
hands, which can open and closetheir fivefingers, have one
degree of freedom. The arms are constructed to have five
degrees of freedom in the shoulder, elbow, and wrist joints
to alow free positioning of handheld implements. The head
is constructed with two degrees of freedom to give it the
ability to nod.

Head Arm
Neck joint Shoulder joint
(UID, RT) 2 DOF (F/B, U/D, RT) 3 DOF
Elbow joint
(F/B) 1 DOF
Leg Wrist joint
R 1 DOF
Hip joint Bk (RM °©
(F/B, LIR,RT) 3 DOF 5 DOF x 2 arms = 10 DOF
Knee joint
(F/B) 1 DOF Hand
Ankle joint 5 fingers
(F/B, LIR) 2 DOF (Grasping) 1 DOF
6 DOF x 2 legs = 12 DOF 1 DOF x 2 hands = 2 DOF

Fig. 5 Joint structure and DOF (Degree of Freedom)

3.4 Arm and hand functions

Study of the work posture of a 1200-mm high robot
showed that movements at a high workbench resulted in a
posture that brings the elbow joint immediately beside the
shoulder joint, as shown in Fig. 6. With this kind of
movement, the direction of axial rotation of the shoulder
joint and of the elbow joint arein a straight line. This can
cause points where their directions of movement overlap,
thusrestricting the degree of freedom. In order to avoid this
limitation, the shoulder joint was built to tilt upward at an
angle of 20°, which allows the arm a greater range of
movement. As aresult, ASIMO can work with its elbow
raised as high as 105°, giving it the same working area as
the 1600-mm tall P3.

The hand is configured so the five fingers are actuated
by pulling a single wire. This makes both grasping and
opening movements possible. When therobot startsto grasp
an object, onefinger will stop onthat spot as soon asit comes
in contact with the object and the remaining fingers then
come in contact with it one after the other in an enfolding
movement. In other words, the hand is capable of grasping
objects gently with uniform force. The simplicity of the
mechanism also improvesits access in confined spaces.

Range of restricted
operating freedom
(P3)

Range of restricted
operating freedom
(ASIMO)

Height 900mm I (=

(Doorknob)
Height 700mm
(Table)

““Shoulder joint
mounting angle: 20°

Earlier P3
Range of movement

ASIMO
Range of movement

Fig. 6 Range of arm movement

3.5 Operating method

The previous P3 was operated entirely from a
workstation. In addition to that method, ASIMO utilizes
another, portable remote controller, as shown in Fig. 7, to
achieve more intuitive, direct operation.

The use of the workstation as in the past allows startup
and standard movements to be carried out automatically.
The use of a portable controller makes it possible for the
robot to easily perform flexible walking (forward, reverse,
sideways, diagonal, turning) . Stored movements (grasping
with the hand, waving both hands, waving goodbye,
responding with a bow, etc.) can be selected and executed
by pressing a button on the portable controller.

3.6 Walking method
Aswill bediscussed in detail inthe next section, ASIMO
hasrealized aflexible walking technol ogy that incorporates
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Fig. 7 Operation system
Table 2 Specifications for ASIMO
Height 1200mm
Weight 43kg
Walking speed 0~ 1.6km/h

Walking cycle

Cycle adjustable, Stride adjustable

Grasping force

0.5kg/hand (5-finger hand)

Actuator

Servomotor + Harmonic speed reducer + Drive unit

Control unit

Walk/Operating control unit, Wireless transmission unit

Sensors | Foot

6-Axis foot area sensor

Torso

Gyroscope & acceleration sensor

Power section

38.4V/10AH (Ni-NH)

Operating section | Workstation or portable controller

predictive movement control. Thisisin addition to thewalk
stabilizing control that was developed in previous research.
The new technology has made it possible for ASIMO to
change its walking pattern continuously and freely at any
moment.

The main specifications of ASIMO described above are
shown together in Table 2.

4. Walking technology

4.1 Walk stabilization

When humans are on the point of falling over while
walking or standing erect, they (a) push down forcefully on
the ground with one part of the sole of thefoot, and if that is
not enough to hold them up, they (b) change the way they
are moving or take a step forward to try and recover their
posture. These human movementscan beanayzed according
to the study of dynamics asfollows:

The point where the line of action for the combined
gravity and inertiaforces intersects with the ground surface
is termed the zero moment point (ZMP).@® On the other
hand, the point where the ground reaction force operatesis
known as the central point of the ground reaction force (C-
ATGRF). Basically, robots generate their desired walking
pattern from that dynamic model using their CPUs, and they
walk by making their joints track through the resulting
pattern. The ZMP of the desired walking pattern is called
the desired ZMP.

While an actua robot is walking in a desirable manner,
the line of action of the desired combination of gravity and
inertia forces and the line of action of the actual ground
reaction force coincide. However, when the robot steps on
an uneven ground surface, for example, the lines of action
diverge. Then, as shown in Fig. 8, the robot becomes
unbalanced and atipping moment isimposed. Thistipping
moment isroughly proportional to the discrepancy between
the desired ZMP and the central point of the actual reaction
force. In other words, the discrepancy between the desired
ZMPand the central point of theactua ground reaction force
is the greatest cause for loss of balance. The walk
stabilization control used in the P2 and P3 instead restored

Tipping moment
—_

Desired
inertia

force Desiled gravity force

Desired
total

inertia
force

reaction
force

Desired ZMP +—|C-ATGRF
Distance between desired ZMP and C-ATGRF

Fig. 8 Unbalance of the legged robot
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the posture when the robot | ost balance and was on the point
of falling over by actively controlling that discrepancy.
Ground reaction force control, desired ZM P control and foot
landing position control, which are the key technologiesin
posture stabilizing control, will be discussed below.
4.1.1 Ground reaction force control

Not only does the ground reaction force control absorb
unevennessin the ground, but it also acts by controlling the
force with which the robot presses the sole of its foot down
when it is on the point of falling over. Thus it can be
considered a kind of active suspension. In concrete terms,
the robot usesthe 6-axisforce sensor in each ankle to detect
the central point of the actual reaction force. While doing
this, it changesthe positions and the attitudes of the front of
thefeet, rotating them around the central point of the desired
ZMP, in order to control the correct location of the central
point of the actual ground reaction force and thus keep a
balanced posture. On the kind of unfamiliar upward slope
shownin Fig. 9, for example, the central point of the actual
ground reaction force shifts toward the front of the feet.
However, the ground reaction force control function raises
the fronts of the feet dlightly to return the central point of
the actual ground reaction force to the desired ZMP. When
both feet are touching the ground on an unfamiliar upward
slope as shown in Fig. 10, the ground reaction force in the
forward foot increases and that in the rear foot decreases so

Desired
inertia

force Desired gravity force

Desired
total

inertia
force

Rotation{-

=

Desired ZMP = C-ATGRF

reaction
force

Fig. 9 Compliant motion during single support phase

Desired
inertia
force Desired gravity force

Desired
total
inertia

Up

Desired ZMP ‘<—>‘ C-ATGRF
Distance between desired ZMP and C-ATGRF

Fig. 10 Compliant motion during double support phase

that the central point of the actual reaction force ends up
shifting forward. The control function then raises the front
of the leading foot and lowers the front of the rear foot in
order to rotate the fronts of the feet around the desired ZMP
and in this way bring the discrepancy back to zero. In
addition to making movements that absorb the influence of
such unevennessin the ground, the control function also acts
when the robot tipsforward for somereason, by shifting the
central point of the actual ground reaction forceto befarther
forward than the desired ZMPin order to generate aposture-
restoring force. However, the central point of the actual
ground reaction force cannot go beyond the area where the
soles of the feet are touching the ground. Therefore there
arelimitsto the posture-restoring force, and if the robot tilts
very far, it will fal over.
4.1.2 Desired ZMP control

The desired ZMP control operates when the robot tilts
significantly to prevent it from falling over. If therobot is
in danger of falling forward, for example, the desired ZMP
control accelerates the upper body trajectory of the desired
walking pattern more strongly forward than the ideal
trgjectory, as shown in Fig. 11. As a result, the desired
ZMP is shifted to the rear of the central point of the actual
ground reaction force so that a force is applied to tilt the
robot backward and the postureisrestored. In other words,
the control restores the robot’s posture by deliberately
unbalancing the desired walking pattern.

Restoring moment

Stronger acceleration
Desired
inertia

reaction
force

. ®
Modified
desired ZMP F—»‘ C-ATGRF (= Original desired ZMP)

Distance between modified desired ZMP and C-ATGRF

Fig. 11 Model ZMP control

4.1.3 Foot landing position control

The operation of the desired ZMP control causes the
desired position of the upper body to be accelerated more
forcefully forward and so to be displaced. When this
happens, and the next step is taken with the stride length
that was originally ideal, the feet end up being left behind
by the upper body. The foot landing position control then
operates to correct the stride length in order to bring the
upper body and the feet back into an ideal spatial
configuration.
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4.2 Enhanced intelligent walking

The previous method for generating the robot walking
pattern involved designing several dozen kinds of basic
walking patterns offline and having the robot memorize them
astime-seriesdata. The combination of these data (weighted
averages) would then be used to generate flexible walking
patterns. Thereare, however, severa drawbacksarising from
thisprinciple, such as: (a) therobot must cometo atemporary
stop while making the transition from straight-ahead walking
toaturn; (b) itsturningwalk isflat-footed; and (c) itislimited
to several kinds of walking cycles. These drawbacks were
resolved in ASIM O by the development of anew predictive
movement control technology that seeks to improve the
intelligence of walking.

Let us take the example of a continuous transition from
straight-ahead walking to turning. Asshown in Fig. 12, it
is necessary to shift the center of gravity toward the inside
of the turnin order to balance the centrifugal force. When
ASIMO makes the transition from straight-ahead walking
to aturn, predictive calculations are made starting before
the turn to determine the optimum shift of the center of
gravity at every instant while generating a walking pattern
inreal time.

In this way, the previous walk stabilizing control is
augmented by incorporating additional predictive movement
control to form a new flexible walking technology.
Realization of thistechnology has madeit possibleto change
the robot’ swalking pattern smoothly, freely, and flexibly at
any moment without first coming to a stop.
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Fig. 12 Center-of-gravity shift when cornering

5. Conclusion

The development of ASIMO realized significant
advances in compactness and lighter weight by means of
our reassessment of dedicated electrical equipment designs
and structures. The newly developed walking technology
asogaveit the capability for walking flexibly. For thefuture,
we are planning to make further improvements in
compactness and motor functions for a robot that will be
useful in our life environments, and we will also promote
development of advanced intelligence for a robot that can
perform avariety of tasks.

We wish to express our gratitude to the many people
here and elsewhere who cooperated with us in numerous
and important ways on bringing this robot to completion.
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Styling Design of the Humanoid Robot ASIMO

Akio KOIKE* Takeshi KOSHIISHI*

ABSTRACT

The Honda humanoid robot ASIMO was devel oped as achallenge to create robots with ahigher level of mobility than has
existed before. For thefirst, the automotive styling divisiontook part in thisproject fromtheinitial planning stages. Furthermore,
this humanoid robot is a product in a brand new category that does not have an established market. We proceeded in our
development with our own unique proposals while at the same time we listened to the opinions of people, both inside and
outside Honda, in order to determine our styling direction. Also, as ASIMO is ahumanoid robot comprised of amultitude of
moving elements, we made maximum use of computer technology from the initial stages of development. We were able to
simulate, for example, walking motions with computer graphics to achieve an overall balance between styling and structure.
By adding automoative styling experience to the robotic development cultivated to date, and by including new styling methods,
we achieved a unique sense of value as well as familiarity and friendliness with the ASIMO styling.

1. Introduction

No commercial market for humanoid robots hasyet been
established. However, the development of many robotswere
announced at the end of the 20th century, prominent among
them the AIBO® in the entertainment sector, re-igniting the
dream of coexisting with robots. Honda has been moving
forward with research on humanoid robots since 1986 as
part of its program for innovative mobility (mobile
equipment). The styling design division first joined this
development effort in connection with the P2 (Fig. 1), which
was announced in 1996. The Honda humanoid robot,
including its styling, is gradually gaining the awareness of
society at large, and the styling design is also becoming an
extremely important element of the project in addition to
the worl d-class technol ogies involved.

Honda's objective from the beginning has been to
develop a humanoid robot (Fig. 1) that would coexist and
collaborate with human beings and serve a useful function
in society. The thinking was that in order for it to actualy
become useful, the robot should more easily blend into
society, so it was necessary to give it a greater sense of
friendly appeal with people. Development of ASIMO®
accordingly proceeded with the goals of further advanced
innovativeness and approachability. ASIMO is the new

* Wako R&D Center

general namethat Hondais applying to its humanoid robots,
and at the sametimewe have also designed it asalogo (Fig.
2) that expressesthe creation of new value, which isthe key
ASIMO concept. This represents one further step in laying
the groundwork for Honda' s challenging project of taking
the humanoid robot out of the laboratory and positioning it
asanew industrial product accepted by the world at large.

Industrial products developed during the 20th century,
as typified by the automobile, evolved through the pursuit
of such qualitiesasefficiency. Inthe 21st century, the robot
will attain amuch greater presence with human beings, and
itwill require new criteriafor value. Thismotivated research
for the appearance of humanoid robots created by Honda.
This paper introduces the ASIMO styling design
development effort and the techniques we employed, which
included making the greatest possible use of computer
technology, in the course of that effort.

2. Styling design concept

Thegoal for ASIMO wasfor it to be agentle companion
for peoplethat hasa real practical use. Thebasic conceptual
approach to the styling design, therefore, was “to make a
humanoid robot, which embodiesthe dream-like mobility,
agentler and closer presence.”
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Fig. 1 The Honda Humanoid Robots

Left: ASIMO (2000), Center: P3 (1997), Right: P2 (1996)
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Fig. 2 ASIMO Logo styling design

One answer to achieving a mobility that is suited to
coexisting with human beingsin their life environment isto
givethe humanoid robot aform closeto that of human beings.
Therabot should be able to go wherever people can go, and
it should also embody possibilities that transcend time and
space. Such ahumanoid robot will, of course, be equipped
with the same motor functions as humans, but the eventual
goal isfor it to surpass human capabilities.

Although the external styling design takes the human
form as a motif, opinions differ on whether it is most
appropriate for the robot to be given a realistic human
appearance. It should go without saying that human beings
should remain in the dominant role. The relationship
between human beings and humanoid robots, which are
machines, must remain comfortable, without being either
too close or too distant.

With ASIMO, our basic approach was to avoid a rote
anthropomorphism while creating asmooth and simpleform
that emphasizes a sense of integration and that avoids any
superficial features. Thisapproach would utilizethe styling
approach we had cultivated in our work on automobiles and
makeit part of the mobility design. We also eliminated any
intimidating or fearsome aspects, and pursued a styling
design for a cheerful, enjoyable approachability that would
be acceptable to anybody.

3. Styling design development

3.1 Preliminary studies

Before beginning the ASIMO styling design, we
examined its size and proportions from the perspective of
friendly appeal, which is one of the ASIMO concepts. In
light of that data, we also used computer graphics (CG) to
create walking animations in order to develop preliminary
design proposals.
3.1.1 Size

Asshown in Fig. 3, we built mockups that more or less
replicated Honda's previous humanoid robot, the P3, in
reduced scale, and studied their fit and feel in actual living
spaces. We also took accessibility to the environment and
functionality into consideration, and settled on a height of
120 cm®@ to give asense of approachability within ahuman
living space. Inaddition, the selection of thissize eliminated
any potential intimidation that might be caused by the robot
when in motion.
3.1.2 Proportions

The proportions were studied in two ways. One method
wasto try changing the overall balanceusing CG. The other
method was to try different sizes of heads on the mockups.
The P3, which is 160 cm high overall, is close to the ideal
proportion of eight head-lengthsfor overall height, but when

- 8-
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the mockup modeled on it was reduced in size, the
proportions did not seem quite right. However, when only
the size of the head was changed to create a body with a
height of approximately six head-lengths, the result gave a
sense of approachability. The proportions were ultimately
those of an elementary school first or second-grader. The
importance of proportions was confirmed in the course of
studiesusing 3-dimensional modelsas mockups, in addition
tothisstudy of synthesized images made using CG, asshown
in Fig. 4.
3.1.3 Preliminary styling proposals

The P2 and P3 models were a devel opment of Honda' s
image of a humanoid robot, which was clean and simple
and built on the previous astronaut image (Fig. 5). Based
on this styling design, a walking animation (Fig. 6) was
created by CG using P3 behavior data. This allowed
visualization of the possibility, though only as a screen
image, of a compact robot walking together with the P3.

3.2 Idea development

The styling concepts from the preliminary studies and
the previous data on proportions were used as the basis for
hand-drawn or CG image ideas developed by a number of
stylists (Fig. 7). The proposals in CG form were not only
realistic with static views, but they could also be presented
in motion. These images therefore carried considerable
persuasive force and had an impact even at the initia stage
of development.

3.3 Transitional proposals for mockups

Styling proposal A, shownin Fig. 8, addressed theissue
of friendly appeal, which was a mgjor issue in the initial
planning. By contrast, styling proposal B, shownin Fig. 9,
went in a more neutral, simple direction. These proposals
were put together, and both were taken to the next step of
mockup model creation (Fig. 10). Theaimsof proposals A
and B are as shown below.

Aims of styling proposal A:

 Presentation of a cheerful, enjoyable atmosphere that
would be acceptable to anybody

» Embody the motif of a child that expresses cuteness,
buoyancy, and a sense of future potential

» Create a facial expression to allow eye contact and
enhance communicative qualities

Aims of styling proposal B:

* Instantly recognizable asbeing inthe Hondahumanoid
robot lineage

* A senseof unlimited application possibilitiesembodied
in asimple, neutral image

* Pursuit of the functional beauty of a machine

3.4 Styling design clinic

Obvioudly, as a completely new product, the humanoid
robot does not yet have an established market. Therefore,
image surveys were conducted concerning ways it would
be used in the market, and styling design clinics were also
conducted to hear views inside and outside the company.

Models of both styling proposalswere built as 1:1 mockups,
and CG walking animationswere presented. Thefollowing
results were obtained:

Resactions to styling proposal A:

» Very cute, approachable, and good communicative
quality

+ Distinctive mascot-like character means reactions are
swayed by personal taste

* Possibility that itsimage and uses will be limited

* Image as the Honda humanoid robot is weak

» Seemsto contradict the typical robot image

Styling proposal A will work best when the product use

and purpose are narrowed down.

Resactions to styling proposal B:

» Cutedespitehaving anindustrial design (ID) look, and
it has a strong sense of friendly appeal

» Acceptable to many people, and conveys good basic
quality

» Gives a feeling of embodying implicit potential and
universal use

» Anyone who looks at it will recognize it as Honda's
humanoid robot

» Hasafully realized robot quality

Styling proposal B is acceptable to many people, and it

quickly conveys the image of a Honda humanoid robot.

3.5 Final styling proposal

Opinions diverged regarding styling proposals A and B.
Overdll, however, avigorousdiscussion was carried out that
gave arenewed sense of the heightened attention directed at
humanoid robots. With regard to styling proposa B, in
particular, the opinion that “it is a cute humanoid robot
despite its industrial design (ID) approach,” made a strong
impression. We confirmed that the goal of friendly appeal
could befully realized by size, proportions, and simplefacial
structure even without making an overt point of the robot’s
approachability.

In addition, the kinds of TV commercials and events
shown in Fig. 12 provided opportunities to display the P3
to many more people. The image of the Honda humanoid
robot was in the process of taking shape. Given these
circumstances, among other factors, the styling was
converging on styling proposal B and we reached the point
of thefinal proposal. The course of eventsisshown in Fig.
13.

3.6 Development of variations

The styling design clinics were aso used as an avenue
for future studiesregarding diverse needs. Thefinal proposal
was set as the basic model. This effectively alowed the
possi bility for abroad variety of choicesthat could be offered
by changing the head design and the color coordination
without altering the basic body. Thus, variationsof the model
were built by the methods shown in Fig. 14.

The styling design development of ASIMO took place
as described above. The characteristic design features are
shown in Fig. 15.
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Styling Design of the Humanoid Robot ASIMO

Image
not displayed
for copyright

reasons.
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Fig. 10 Proposal A, Proposal B (Mockup) Fig. 11 Proposal A, Proposal B (CG animation) Fig. 12 P3 image
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Fig. 13 Styling design process

Fig. 14 Variations of the final styling design  Left: Face and color variation model, Center: Basic model, Right: Color variation model
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Styling Design of the Humanoid Robot ASIMO

4. Styling design utilizing computer technology

Themajor differencein construction between ahumanoid
robot and an automobile, as shown in Fig. 16, is that the
robot has more observable complex movable parts. An
automobile receives its basic character through packaging
design. The surrounding body is designed to be
aerodynamic, and the overall automobile is expressed as a
basically monolithic mass. Moreover, the constituent
elementsarenot very different, and thereisalimited number
of openings used for access. The movement of doors and
other partsisin two dimensions, and in general, parts with
different shapes are only rarely built up from elements in
ways that involve complex movements.

~ ‘(,,. s
< "("‘,_ > /
%

as

LR

| S—_— o

Fig. 16 Movable parts in the humanoid robot

In contrast, the humanoid robot has multiple movable
parts. (The ASIMO body has 26 degrees of freedom.) The
styling design had to establish the mechanisms and the
overall form while envisioning the diverse states of these
many movableparts. Inthissense, too, it had already become
too cumbersome to provide adequate simulation by means
of hand-drawn sketches alone. For this project, the stylists
themselves used computers directly to carry out the styling
design, and doing this yielded significant results under the
four headings below:

(1) Increased speed and accuracy through coordination with
engineering design

(2) Styling design that takes dynamic states into
consideration

(3) Effective presentation

(4) Smooth transition to 3-dimensional form

4.1 Increased speed and accuracy through coordination

with engineering design

The styling designers received study data provided by
the engineering designers. They then used Alias software,
which has seen widespread use in automobile design, to
deveoptheir stylingideasintheform of 3D datawhiletaking
engineering design requirements into consideration.

The engineering designers, on the other hand, received
3D datafrom the stylists at an early stage and used CATIA
to design structures and mechanisms. Thismadeit possible

for themto incorporate styling design at the stage when they
are engineering the skeletal structure, something that used
to be more difficult to do.

As shown in Fig. 17, the styling designers and
engineering designers proceeded with devel opment through
the shared language of data. This made the exchange of
information smoother and served to raise development
efficiency. Asaresult, there was an increase in speed and
accuracy in the move toward project completion while
compatibility was maintained between styling design and
mechanisms.

Engineer,"CATIA" |

| Designer " Alias"

Fig. 17 Digital styling design

Fig. 18 contrasts wire-frame data, a CG image, and an
actual robot. The styling design processisnot simply about
creating shapesandideas. Itisvital that the styling reflect a
variety of requirements while creating a ssimulation of the
final form. Asshown clearly inthisfigure, wewere ableto
represent a finished form realistically and very accurately
from theinitial stage by developing a data-centered styling
design in coordination with the engineering designers.

4.2 Styling design that takes dynamic states into
consideration

Asmentioned earlier, the humanoid robot requiresstyling
design that takesinto consideration not only its static states,
of course, but also its moving states. Up to the P3, styling
designers and engineering designers had no technique for
confirming moving states until the actual robot was
completed and walking. Styling design of ASIMO
proceeded while also making use of computers to envision
therobot’ smoving states. Thisdesign work was carried out
in ways that made the robot’s posture when walking, in
particular, more easily visible. The walking posture is not
subject to improvement by styling design alone. However,
as shown in Fig. 19, we worked out ways in the styling
design to use shape processing on every part possible, in
other words, to draw in the chin, to straighten the back, to
throw out the chest, to minimize the bend in the knees, and
so on. Theengineering designer in charge of robot behavior
also wrote a program to make the robot walk more
energetically and with better posture. Itispossibleto verify
that the ASIMO walking postureisimproved relative to the
P3.
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ASIMO

Dynamic robot walking styling design

- 14 —



Styling Design of the Humanoid Robot ASIMO

4.3 Effective presentation

A three-dimensional image projector used by automobile
designers to check their data was used to project CG images
of ASIMO. We thus verified images of walking and other
behavior in nearly life size. As a result, it became apparent
that the walk lacked sufficient energy, so that program was
improved and in the actual robot we achieved an ASIMO
that has a cute, energetic walk. Such applications of CG
made it possible to expose problems at an early stage.

Fig. 20 shows ASIMO’s distinctive bowing gesture. For
this, too, we used the CG image on the left to generate the
proposal, and it was reflected in the gesture performed by
the actual robot, as shown on the right.

We also created images of different uses for ASIMO in
many different settings (Fig. 21). This allowed us to give

D &=
= i

- T a o

A N

~
Fig. 20 Dynamic robot bowing styling design

more effective presentations. These same images ended up
being used at the time of the public announcement with only
some partial adjustments being made.

There was not enough time for taking photographs and
creating printed press materials for use when the public
announcement was made. However, use of CG screen
images made it possible to handle Web pages, technical
information, press materials, advertisement formats for use
in sales promotion (Fig. 22), presentations at exhibition sites
(Fig. 23), and other media presentations, in a short time
frame.

4.4 Smooth transition to 3-dimensional form

As explained above, this project used CG for styling
development methods that yielded many results. Ultimately,
however, the final styling verification has to be done with
full-scale models that provide a sense of size and presence
so that the styling designs can be judged by their immediate
impact. The last stage in creating a 3-dimensional form also
involves final finishing work done by a seasoned hand.
Those measurement data are reflected in the final data. At
the present time, therefore, the creation of 3-dimensional
models is an essential process.

The fabrication of clay models like those well-known in
automobile design development took place up to the
development of the P3. With the ASIMO development,
however, verification of the shape was done on the CG screen
and with mockup models, and the result was fed back to
generate data for the following process. The humanoid robot
design project required prompt and flexible responses to
engineering design changes and the study of designs in
motion. Therefore this method is more efficient.

Image not displayed for copyright reasons.

Fig. 21

Fig. 22 Advertisement format

Image movie
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Fig. 25 Rapid prototyping (SLA)

In the interest of making mockup models lighter and
easier to fabricate, different fabrication methods were
assigned to different parts. The main body was made by
working resin with amilling machine. The head, arms, legs
and other such hollow, enclosure-like sections, as shownin
Fig. 24, were fabricated by the fused deposition method
(FDM), which involves lamination of melted ABS.
Stereolithography (Apparatus) (SLA), asshownin Fig. 25,
involvesdirecting alaser beam onto liquid resin that hardens
when exposed to ultraviolet light in order to build up the
part by lamination. These and other such methods were
combined for greater efficiency and speed.

5. Summary

From the initial stages of the ASIMO styling design
development project, we utilized the maximum extent of
computer technology. The design data was generated by
building on styling image proposals. Thefinal verification
was also carried out using 3-dimensional 1:1 mockups. In
thisway, the advantages of both digital and analog methods
were used effectively together to further the project. Asa
result, ahigh-order of compatibility was maintained between
styling design and mechanisms, and we were ableto realize
theinitial aim of amore familiar, approachable design that
has anovel sense of value.

6. Conclusion

L et us share something that happened at astyling design
clinic. Thinking nothing of it, during the clinic, we casually
removed the head from the mockup so it could be studied,
when, al of a sudden, one of the participants screamed in
shock. This illustrates the anomalous character of the
humanoid robot, which hasthe form of ahuman being even
thoughitisamachine. Humanoid robots should be designed
not just because such robotswould be handy to have around,
but because their presence strikesachord in the human spirit.
The humanoid robot is assigned parameters that cover a
broadened deep range. Clearly, it is expected to become
something more than the typical industrial product of the
20th century. Born at the end of the 19th century, the
automobile underwent striking development asavehiclethat
isuseful to people. 1t may be that the humanoid robot, like
the automobile of the past, will have both successes and
failures, bringing both joy and sadness as it evolves.
Nevertheless, we are committed to this development effort,
and we realize as we proceed that the creator’'s
responsibilities are by far greater when the product is such
afamiliar presence in people’slives.
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Introduction of new technologies

Development of the 2001 Year Model Civic
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ABSTRACT

In developing the new model Civic, high performance targets were set for comfort, efficiency, and style based on the
overall concept of a“comfortablelife,” aswell as for collision safety, driving stability, and noise and vibration. The engine
and chassis have acompact design to ensure awide cabin space relative to the vehicle' s outer dimensions, and aflat floor was
achieved with a centralized under-floor layout for the exhaust and fuel systems, thus achieving a “comfortable space.” In
addition excellent fuel economy of 19.4 km/L in the 10-15 mode was achieved, and the Civic also obtained J-LEV certification.
Further, the high performance targets were achieved in the areas of driving stability, noise and vibration performance, and

collision safety performance.

1. Introduction

Since the first generation of the nameplate, Honda's
concept for the Civic has been “an advanced compact car
for the people.”

Twenty-eight years after the first Civic was introduced,
many changesin society have resulted in numerous changes
intherole of the automobile. Aswelook toward the future,
we must ask ourselves: What will constitute “ advanced?’
What will signify “performance for the people?’

While passenger vehiclesin general have not changed
much over the past 10 years, anew type of vehicle, the sport-
utility vehicle (Light Truck), has gained much popularity.
Wedecided that thistrend signified agrowing desire among
the car-buying public for a more comfortable, useful
automobile that was suited to their lifestyle.

Wetherefore constructed a concept that focused on what
wasessential inalifestyle-oriented vehicle; whichisdifferent
than asport-utility vehiclethat offers performance that goes
beyond what is needed in everyday life. In addition, we
continued to focus on collision safety performance.

2. Concept and development objectives

One conclusion reached by our development team was
that consumer values were changing toward an emphasis
not on the specific pluses and minuses of a given product,

* Honda R&D Europe (UK) Ltd.
** Tochigi R&D Center

but on whether the product improved on€e’s overall quality
of life. This includes consideration of the utility of the
product. Therefore, we established the concept of a
“comfortable life” as one of our main ams. In terms of
achieving this aim, we realized that a car should provide
“comfort,” “efficiency,” and “stylishness’ as indicated in
Fig. 1.

COMFORTABLE LIFE
STYLISH

——COMFORT

EFFICIENCY

Fig. 1 Product concept
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« Comfort: We decided that the car should be spacious
enough for four adultsto relax in comfort, adegree of
roominess not previously available in earlier cars of
this class. We also sought to achieve afull flat floor
and avisually pleasing space.

» Efficiency: We wanted to make the external
dimensions as compact as possible. In order to
reconcilethisgoal with our aim for aspaciousinterior,
we created a new layout for the engine compartment.

Wealso established afuel economy target of 19.4 km/L,
which exceeds the standard of 1.5L for this class.

* Stylishness: We sought to achieve asporty styling that
would identify the car as a passenger vehicle, and not
asaminivan or aLight Truck.

In regard to safety performance, we sought to achieve a
high level of safety performance through many objectives,
including but not limited to the following:

* Further advances to our pedestrian injury reduction

technology.

 Achieving afour-star EU-NCAP rating.

« Satisfying internal safety requirements for car to car
frontal collisions with a two-ton passenger vehicle.

3. Package Layout

In configuring the package layout, we sought to achieve
both a spaciousness that surpassed that of other passenger
vehicles, aswell as acomfortable driving position.

We developed an efficient package layout that would
accommodate four adults comfortably even though the body
of the vehicle is compact. By saving space in the engine
compartment and reducing the amount of space occupied
by the rear suspension, we were able to extend the spacing
between the front and rear seats by 70 mm while reducing
the exterior length by 165 mm (compared with the earlier
Civic Ferio), as shown in Fig. 2.

In addition to enlarging the luggage capacity to a level
that iseguivalent to or better than that of competitor vehicles
in Europe, our effortsto reduce the amount of space occupied
by the rear suspension resulted in awidening of the distance
between the wheel wells by 142 mm and a further reducing
of the protrusions into the luggage space, which improved
the utility of thisarea.

In order to enhance visibility and to makeit easier to get
in and out of the vehicle, we raised the seats by 50 mm
compared with the earlier Civic Ferio. However, the seats

New Civic

Previous Civic Ferio

Boot capacity

/ 370 Litre |

1495 (+105)

. NO TUNNEL W}~

2680 (+60)
4285 (-165)
Unit: mm

Fig. 2 Package layout

are till 40 to 120 mm lower than those in a Light Truck,
allowing us to retain a passenger vehicle-like driving
position.

We kept the floor at the same height asin earlier model
Civicsand eliminated thefloor tunnel, allowing usto achieve
the world’ s lowest flat floor. In order to take advantage of
the flat floor, we incorporated the dashboard-mounted
gearshift and adopted a foot-pedal parking brake.
Furthermore, we raised the ceiling in the passenger
compartment by 90 mm in order to make movement inside
the compartment easier. As aresult, it is possible to walk
between the left and right seats and between the front and
back seats. The flat floor and the higher ceiling also
contribute to the increased leg and head room.

4. Engine

4.1 Development aims
In order to achieve some of the development concepts
established for the new Civic, we re-examined the
powertrain, starting with its basic framework. Basing our
efforts on a compact design suited for the vehicle package,
we decided to try to improve fuel economy by improving
combustion and reducing friction in the engine and by
improving the efficiency of the CVT. We also decided to
try to reduce emissions by adopting alean NOx catalyst and
by enhancing the exhaust system.
Our specific engine development targetswere asfollows:
» To achievethe best fuel economy in the class of mass
market vehiclesin Japan.
» To achieve low emissions (JLEV) for al grades of
2001model year Civics.
(acquire JLEV certification).
» To develop acompact design that is 10% smaller than
the 2000 mode! Civic.
» To achieve high responsiveness within the range of
normal operation.

4.2 Engine overview and major specifications

Fig. 3 shows the engine, and Table 1 lists the major
specifications. We made many changesin the layout of the
intake system to produce a more compact design, including
changing the positions of the components, making associated
enhancements in the cylinder block, and adopting a plastic
intake manifold. Furthermore, we placed theair cleaner and
the intake resonator chamber above the engine and

Fig. 3 View of 2001 model year lean-burn engine
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Table 1 Engine specifications

Engine code D15B
Cylinder configuration

In-line 4-cylinder

Bore x stroke (mm) 75 x 84.5
Displacement (cm?®) 1493
Compression ratio 10.2:1
Valve train SOHC VTEC
Number of valves 4 per cylinder

) In. 30
Valve diameter (mm)

Ex. 26

Fuel supply system Programed fuel injection

Ignition system Programed ignition
77 /5800

139/4200

Max. power (KW/rpm)

Max. torque (N-m/rpm)

80

70
60 1160
50 1140

40 1120

Torque (N-m)

30 1100

Output power (kW)

20

10} 1

O 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000
Engine speed (rpm)

Fig. 4 Engine performance

transmission in order to make the powertrain, as a whole,
more compact, while simultaneously allowing us to
modularize the design.

Many of the componentsin the engine have been newly
designed. For example, the design of the combustion
chamber configuration was changed by modifying the shape
of the piston crown and various partswere modified to reduce
friction in each area and to reduce emissions.

Fig. 4 showsthe engine performance curve. The output
characteristicsare set with an emphasis on low-speed torque
in accordancewith control of thegear ratiointhe CVT. The
result is a balance between high fuel economy and linear
driveability within the range of normal operation.

4.3 Higher Fuel Economy Technology

In the course of developing our higher fuel economy
technology, we set high objectives for ourselvesin regards
to the engine, the CV T, and body, as shown in Fig. 5, and
we achieved a fuel economy of 19.4 km/L.
4.3.1 Positioning of mode fuel economy

Fig. 6 shows the relationship between vehicle weight
and 10-15 mode fuel economy. In general, a vehicle

2001 model year Civic

19.4km/L
Body technologies
5.3%
+12.8% CVT 2%
Engine
5.5%
17.2km/L

1999 model year Civic

1.5L lean-burn CVT

Fig. 5 Ratio of contribution to 10-15 mode fuel
economy improvements

22
g
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g % 2001Civic lean-burn o o b———
o | O Direct injection o o
< 12 A Lean-burn o ¢
S O Stoichiometric
10 ) ‘

900 1000 1100 1200 1300 1400
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Fig. 6 Relationship between vehicle weight
and 10-15 mode fuel economy in
production gasoline-fueled vehicles

equipped with alean-burn engine achieves 10% better fuel
economy then a vehicle equipped with a conventional
stoichiometric air-fuel ratio engine, while avehicle equipped
with a direct injection (DI) engine achieves an additional
8% improvement in fuel economy. However, a Civic
equipped with our newly developed |ean-burn engine
achieves an 8 to 12% improvement in fuel economy over a
vehicle equipped with a DI engine.
4.3.2 Means of improving engine combustion through
intake port and combustion chamber design

In order to stabilize and combust the lean air-fuel mixture
that flowsinto thecylinder, it isnecessary to create an easily
ignitable air-fuel mixture in the vicinity of the spark plug
and then rapidly spread the combustion to the surrounding
lean mixture. In order to accomplish this, it is necessary to
generate agood balance of swirling and tumbling within the
cylinder. The swirl intake port that we developed for this
engine produces a stronger tumble component than the
conventional port shape. Asshown in Fig. 7, the shape of
the intake port that we developed produces a swirl ratio of
2.6, atumble ratio of 2.0 and a swirl slope [apha] of 37
degrees. In experimental results with 1.0L to 1.8L lean-
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3.0
Y 2001 model year Civic
A 1999 model year Civic
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Swirl ratio

Fig. 7 Relationship between swirl and tumble
intensity

burn engines, this swirl slope demonstrated a good
correlation with the lean-limit characteristics, and served as
avalid metric of intake port shape designs.

Along with flow within the cylinder, the build up of the
air-fuel mixture within the cylinder is also an important
element of lean combustion. We ran acomputer simulation
of thedistribution of the air-fuel mixturewithin the cylinder
for different types of intake port shapes. The conditionsfor
our calculationswere an averageair-fuel ratio A/F of 22 (air
surplusfactor: 1.5), and afuel injection timing of 40 degrees
after the intake TDC. Fig. 8 shows the air-fuel mixture
distribution within the cylinder at 40 degrees before
compression TDC, which correspondsto theignition timing
inan actual engine. The picturesin Fig. 8 depict horizontal
and vertical cross sections in the vicinity of the center
electrode of the ignition plug. Compared with the earlier
port, the new port builds up the dense air-fuel mixtureinthe
region of the center electrode of the plug. Asshownin Fig.
9, good correlation was achieved with our test results for

P intake = 48kPa .
Rich NN Tl | ean
A/F (averaged) = 22 ¢

Crank angle = 40deg BTDC.

Intake port | 1999 model year type 2001 model year type

Horizontal

. u
Vertical e EX \IN
plane

Fig. 8 Effect of intake port shape on in-cylinder
A/F distribution

15
g
o 1999 model year intake port
I
=10r /
© Driveability limit
c [ —t " -
i)
8 5}
g 2001
8 model year,
0 intake port
14 16 18 20 22 24 26 28

AIF

Fig. 9 Comparison of lean-limit characteristics
according to intake port shape

improved lean-limit combustion characteristics.

We aso ran simulations and tests on the shape of the
combustion chamber. Based on these tests, we selected a
bowl-shaped piston crown and we optimized the cylinder
head clearance to thereby further improve output.

4.3.3 Reducing friction

In order toimprovefuel economy, itisnot only important
toimprove combustion, it isalso important to reducefriction.

We adopted the following friction reduction
technologies:

* Micro-dimple (MD) processing in the pistons.

» Low-tension piston rings.

* Reduction of the crank pin width.

Piston skirt MD processing creates small dimpleson the
piston skirt surface by shooting roughly spherical ceramic
beads (with an average diameter of 40 mm) at the piston
sKirt surface at speeds of up to 100 m/s. We were able to
confirm that thisenhancesthe ail film retention performance
between the piston and the cylinder, resulting in a reduced
piston friction loss and an increased seizure load limit.

In addition to theselow friction technol ogi es, we adopted
other technologies, including aroller cam follower, reducing
theload on the valve spring, and using low-viscosity engine
oil (OW-20/SJGF2). As aresult, we were able to reduce
friction inthe engine asawhole by 12% compared to earlier
models.

434CVT

TheCVT enablesdrivingin thelow end fuel consumption
ratio (Brake Specific Fuel Consumption: BSFC) range of
the engine, which is suitable for improved fuel economy.
Honda has been mass producing CVTs for the Civic since
1996. In the new Civic model, we attempted to improve
transmission efficiency for the new powertrain by improving
the CVT oil pressure control system and reducing side
pressure on the belt.

Fig. 10 shows a comparison of the driving range of the
newly developed CV T versusthe 4AT. Theengineoperating
rangeis kept in the low rpm range and controlled to operate
in the low BSFC range.
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Min. BSFC

Engine output power

Engine speed

Fig. 10 Comparison of 10-15 mode driving range

4.4 Low emission technology

When we examined the emission system, we decided to
set our emission target at JLEV designation, which means
emissionsmust be no more than 50% of Japan’ srequirements
for the year 2000.
4.4.1 Exhaust system

Fig. 11 shows the exhaust system for this engine. In
order to assure conversion performance in the cold and
stoichiometric ranges, we positioned a three-way catalyst
(TWC) inthe close-coupled exhaust manifold; and, in order
to assure NOx reduction in the lean-burn region, we applied
an under floor NOx adsorption reduction type TWC.

_Di-rm)&'?
Under floor lean NOx @}e“‘&ﬁ
9/—4 UEGO sensor

catalyst
'\' 2 (LAF sensor)

w— Close coupled

TWC catalyst

,{&;} “0—— Oxygen sensor

Fig. 11

Layout of NOx adsorption reduction type
three way catalyst system

4.4.2 Multi-hole injector

We adopted a four-hole multi-hole type injector for the
fuel injector valve. Thistype of injector reducesthe amount
of gasoline that adheresto the intake port when the spray is
atomized, which resulted in a14% decreasein hydrocarbons
(HC) during a cold start, as shown in Fig. 12. This also
allowed usto maketheinjector valve 33% smaller and 65%
lighter .

| -14%
m
2]
@
<
o
A=)
o
T
|_
Pintle injector Multi-hole injector
Fig. 12 LA-4 cold transient mode emission

100 2000 year emission regulation standard 40
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Fig. 13 11 mode emission

4.4.3 Actual emission levels achieved

In addition to thelow-emission technol ogiesthat we have
described up to this point, we al so sought to optimize engine
control when switching from lean-burn to a stoichiometric
air-fuel ratio, and in the EGR range. This alowed us to
attainthe high fuel economy of 19.4 km/L inthe 10-15 mode
while also achieving JLEV designation.

5. Transmission

We established two types of transmission concepts, the
CVT and the 4AT. We then developed transmissions with
excellent environmental performance (i.e. efficiency) and
feeling in accordance with each concept.

In the CVT, the advantages of smooth shifting through
hydraulic control of the launch clutch system and
modifications of the oil pressure control system contributed
to our achievement of the high fuel economy of 19.4 km/L.
In addition, by combining this transmission with an engine
that provides excellent torque at low speeds, we were able
to attain linear characteristicsin the power delivery resulting
in smooth driving and atighter acceleration fedling.

The 4AT ranges from 1.4L (EU specifications) to 1.7L/
4WD. We were able to improve fuel economy without
sacrificing driveability by adding a special linear solenoid
for lockup control and along torsion damper spring system.
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5.1CVT

It ispossibleto obtain the optimum gear ratio at all times
with the CVT due to the continuoudly variable system of a
metallic belt and two pulleysasshownin Fig. 14. Combined
with thelow losslaunch clutch system, the CV T contributes
to the high fuel economy of the Civic. We also reviewed
each part of the oil pressure control system, further refining
how the engine and the transmission work together, which
resulted in further improvementsin fuel economy.

By adoptingasmall linear solenoid valve, an oil pressure
feedback type pulley pressure control valve, and a 3-way
ON/OFF solenoid, we increased the precision of the pulley
clamp pressure, and reduced the loss due to the belt-pulley
interaction. This, in turn, reduces oil pump loss, thanks to
theimproved precision of the pulley pressure when shifting,
especially in the neutral hydraulic pressure range.

Fig. 14 CVT (Honda MutiMatic)

2001 model year Civic 2000 model year Civic

Accelerator pedal on Accelerator pedal on

[o))

2 = Y — %

[S]

< Time P || Time 3
Accelerator pedal off Accelerator pedal off

g —

o \ -\_

3 \% %

8 Time 3 | Time —
Fig. 15 Improvement of CVT shifting feel

(Linear vehicle speed (V) - engine
speed (Ne) feel)

We optimized the CVT’ s ratio transition response, the
AMSS (Acceleration Map Select System) response range,
and the CVT’s ratio transition control by increasing the
number of downhill mapsfor the PROSMATEC (described
below). Then, by combining this CVT with a new engine
that provides excellent torque at low speeds, we produced
the linear response shown in Fig. 15, achieving a feeling
that more closely matches the human senses.

5.2 4AT

We achieved a balance between driveability and fuel
economy by incorporating the active L/C system (Active
Lock-up Clutch System) inthefully electronically controlled
4-speed AT.

Thelong torsion damper that we adopted in the lock-up
clutch dampenstorque fluctuationsfrom the engine, resulting
in areduction in vibration and an expansion of the lock-up
region. Wewerealso ableto reduce il pressurefluctuations
by adopting a special linear solenoid for the lock-up clutch.
In addition, in the acceleration range, the system
appropriately controls the lock-up feedback control in
accordance with the engine torque and driving conditions,
thus improving fuel economy without sacrificing
driveability.

5.3 Hill climb and descent

We adopted PROSMATEC in both the CVT and the
electronically controlled four-speed AT. Asshown in Fig.
16, the PROSMATEC system evaluates the driving
conditions on the basis of the throttle opening, the rate of
acceleration, etc., and optimizes the shifting timing
accordingly. This system providesfor smoother driving by
suppressing unnecessary shifting when going uphill, and
optimally controlling engine braking when going downhill.

With

PROSMATEC ™3 mum—m— e il 3 S-> 2 -3 - S—
With conventional

automatic ABIBARIR AU T S

transmission

) L= |||

)

Downhill
Example of shifting pattern
PROSMATEC :

PROgressive Shift schedule MAnagement TEChnology

Fig. 16 Image of shifting pattern with PROSMATEC

6. Chassis

6.1 Decreasing the engine room size

For the front suspension, we adopted anewly devel oped
strut system (Fig. 17) that is more compact and beneficial
when shortening the nose of thecar. Furthermore, as shown
in Fig. 18, the modularized engine design allowed us to
place the steering gearbox in ahigher position that provides
more clearance, which in turn alowed us to position the
engine farther back. The placement of the steering gearbox

- 22 _



Development of the 2001 Year Model Civic

Front toe control link McPherson strut
suspension

Fig. 17

-

« <>

High-mounted
P steering gearbox

Fig. 18

Fig. 19

Flat floor package

also permitted us to smoothly link the left and right side
frames, allowing for the efficient absorption of energy from
collisions. Asaresult of al of these modifications, wewere
able to shorten the nose of the vehicle considerably.

6.2 Rear floor centralized layout for a flat floor
Intypical automobiledesign, the vehicle exhaust system

is routed through a center tunnel in the vehicle floor.

However, inthe new Civic, the exhaust systemispositioned

under the right side of the floor, and the prechamber is
positioned adjacent to thefuel tank. Thisplacement allowed
us to achieve a full flat floor with no floor tunnel. For the
50-liter fuel tank, we adopted aresin mold that afforded us
great flexibility in shaping the tank. Furthermore, we also
made efficient use of the space under the floor, by, for
example, placing the canister behind the fuel tank.

For therear suspension, we adopted the newly-devel oped
doublewishbone suspension shownin Fig. 20. By reducing
the front-to-back length of the suspension, compared to the
previous Civic model design, and by positioning the rear
seat farther back, we were able to enlarge the cabin. In
addition, by locating the springs and dampers under thefloor,
we were able to minimize protrusions into the luggage
compartment, resulting in more luggage space.

Fig. 20 Rear reactive link double wishbone
suspension

6.3 Suspension
6.3.1 Toe control characteristics

AsshowninFig. 21, thelong tierodsthat originate near
the center of the vehicle are the component of the front
suspension that allowed us to minimize and straighten the
toe angle change throughout the wheel stroke, providing
stability at high speeds and linear handling.

bump

Conventional
strut suspension

out

Civic

Conventional double

reb[  \wishbone suspension

Fig. 21  Straightening the front suspension toe curve
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6.3.2 Brake force steering stabilization

We adopted a reactive link that provides toe-in
performance, which iseffectively brakeforce steering, during
braking. By allowing the flexing of the reactive link when
brake force is generated, and as the compliance bushing
(whichispositioned at an angle) isdisplacedindirection A,
as shown in Fig. 22, the trailing arm gets pulled in the toe-
in direction, producing the appropriate toe-in characteristics
and providing brake stability.
6.3.3 Rear ground contact rigidity

Wewere ableto attain ahigh rear suspension rigidity by
achieving high rigidity in the rear bushings, hub bearings,
and trailing arms, in addition to the high-stiffnessbody. By
making the car solidly rigid against lateral forces and
enabling the full performance of the front and rear
suspensions, wewere ableto achievetightnessand stability.
6.3.4. Roll posture

Wereviewed theroll center height and the front-to-back
balance of the roll theoretical arm length according to the
suspension geometry, and assured a front-down roll axis.
We were able to optimize the roll posture by linearly
increasing the turning pitch angle as the turning lateral
acceleration increases during cornering.

6.4 Steering
We decided to use the low power |oss Electronic Power
Steering (EPS). By adopting thesmall and lightweight pinion

Brake force

< Front

Displacement in
the brake force

toe-in direction Flexed

Rotating axis )
of trailing arm :?nekaCtlve

Fig. 22 Characteristic of the rear suspension

under braking

Fig. 23 EPS (Electrical Power Steering)

shaft assist type shown in Fig. 23, we achieved better fuel
economy. We set the EPS control with an emphasis on
enhancing the feeling of direct control while cornering and
a feeling of stability at high speeds. By increasing the
steering gear ratio, we achieved quicker handling, and
enhanced control at lower speeds. By tuning the front
compliance bushing characteristics and by mounting the
steering gearbox in ahigher position, werefined thealigning
torque rigidity. In thisway we were able to find a balance
between optimizing the change in vehicle posture according
to the steering angle at high speeds and achieving a high
ratio, allowing us to achieve steering with alinear fedl.

6.5 Braking

When we set the brake pedal ratio and the master power
characteristics, we were aiming for braking that feels solid
at low foot pressures. Wemade ABS, EBD and brake assist
standard equipment on all models. ABS is the four-wheel
antilock braking system and EBD is the Electronically
controlled Braking force Distribution system; which controls
the distribution of the braking force to the front and rear
wheels when the brakes are applied, as shown in Fig. 24.
Brake assist supplementsthe foot pressure that is applied to
the brake in an emergency braking situation, as shown in
Fig. 25.

Brake force
distribution
with EBD

Ideal distribution
at heavy load

Ideal distribution

at light load Increase of brake

force by EBD

distribution
(Constant)

Front brake force ————p

Rear brake force ——Jp
1
?

Fig. 24 Characteristic of EBD (Electronic Brake
force Distribution)

With brake assist =
\ _ e ¥ Without
High deceleration R brake assist
range
= | \ Get bigger brake
[} [ force using less
=
1) pedal force
a | Usual range
9]
£
<
S
5
=
>
(@]

Input (Pedal force) ———p

Fig. 25 Characteristic of brake assist
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Added stiffener
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link stiffness
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Thick and large roof arch of
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Improvement of cross
member link stiffness

i Do
.l

Direct link with rear frame

Large-sized
cross member

Link with rear frame

Fig. 26

7. Body

7.1 High-stiffness body

As shown in Fig. 26, we constructed a strong body
framework based on the newly developed platform by
enlarging the cross sections of each component, adding
stiffeners, strengthening joints, etc. Furthermore, we
enhanced the stiffness of the body by reinforcing the
bulkhead, reinforcing the damper housing in thefront section,
reinforcing the housing between the left and right dampers
and reinforcing the rear end of the frame, for example. As

Torsional stiffness Bending stiffness

Dynamic
stiffness

\__Front lateral stiffness Rear lateral stiffness )

Fig. 27 High-stiffness body analysis

High-stiffness body construction

shownin Fig. 27, theresult of al of thisreinforcement was
an 80% increase in torsional stiffness compared to earlier
models, as well as increases in front lateral stiffness and
rear lateral stiffness.

7.2 NV performance

Based on a high-precision body structure that provided
high stiffness and high energy absorption, we took stepsto
remedy the sources of noise and vibration and their
transmission pathsthoroughly. We were ableto effectively
reduce transmitted noise without increasing the total weight

Formed melt sheet
on front floor

Formed melt sheet
on middle floor

Melt sheet
on rear floor

Heat-hardening
resin sheet

onfrontfloor  \elt sheet around % \

wheel housing M it sheet
elt shee

around tire pan

Fig. 28 Application of damping material

- 25—



Honda R&D Technical Review

Vol.13 No.1 (April 2001)

of damping material while still expanding the surface area
over which the damping material is applied and by using it
in combination with sound absorbing material. Furthermore,
by effectively using soundproofing and sound absorbing
material s el sewhere throughout the vehicle, wewere ableto
gresatly reduceroad noise and vibration from theengine. Fig.
28 showsthelocations where damping material isused, and
Fig. 29 showsthelocationswhere soundproofing and sound
absorbing materials are used.

As shown in Fig. 30, we placed the engine mounts in
the optimal locations on the main inertial axis, and we
adopted liquid sealed type mountsfor the transmission mount
and theengine side mount. Wea so reduced thetransmission
of vibration by using aluminum high-rigidity brackets, etc.,
thereby greatly suppressing vibration from the engine to
achieve amore comfortable ride.

Opening trim seal

Double lipped door molding
* Trunk side lining with cotton felt

i L Trunk floor mat with cotton felt
Carpet with rubber sheet and PET felt
Cover with PET felt under instrument panel

Other applications
®Roof lining with PET felt ~ ® Inner dashboard insulator
@ Outer dashboard insulator ® Front fender bulkhead structure
®Hood insulator

Fig. 29 Application of soundproofing/sound absorbing
material

I Liquid-seal transmission mount

Aluminium high-rigidity bracket
Aluminium bracket, front stopper
Synthetic resin bracket rear mount

Cradle subframe

Liquid-seal side mount

Fig. 30

Layout of engine mounts

7.3 Collision Safety Performance

As shown in Fig. 31, we decided on a front frame
structure that effectively distributes and absorbs impact
energy through an energy absorbing side-frame combined
with acradle-shaped sub-frame, and afloor construction that
distributes impact from the sub-frame in three directions.
In addition, by using high tensile strength steel for over 57%
of the body components, we were able to produce a high
energy absorbing structure.

Infull frontal crashes, which tested theimpact absorption
of the design, as well as in frontal offset crashes, which
further tested the protection of the passenger compartment,
our design performed well in terms of reducing dummy
measured injury assessment reference values and in
minimizing deformation of the cabin. As a result, we
achieved abody design that met our internal standard for a
55 km/hfull frontal crash and a64 km/h frontal offset crash.
The body also passed tests for 55 km/h side crashes and 50
km/h rear-end crashes.

In addition, based on our analysis of collision statistics,
we established a target collision of “a 50% frontal offset
crash with apassenger vehiclein thetwo ton classwith both
vehiclestravelingat 50 km/h.” Thanksto the efficient energy
absorption and strong body construction, our design cleared
thistarget.

High tensile strength
steel using area
for shell

ffective dispersion
of impact energy
from front-sideframe

Cradle g
subframe

Fig. 31 High-efficiency energy absorbing shell

Table 2 Honda’'s G-CON technology
and NCAP requirements

G-CON: Crash-impact control technology
to reduce the occupants’ injuries

55 km/h 64 km/h Frontal
Frontal crash test offset crash test
Scon o o
NgiP o Under review
e .
NELAJ\P Under review o

NCAP: New Car Assessment Program
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Table 2 shows acomparison of our own targets and the
New Car Assessment Program in various regions. Fig. 32
shows the results of a car-to-car frontal offset crash.

AsshowninFig. 33, thesides of theroof of the passenger
compartment and theinside of each pillar contain animpact
absorbing material designed to lessen the severity of head
injuries by absorbing the impact of a person’s head in the
event of acollision.

Fig. 32 Car-to-car crash test (Right: Civic)

@ B-B'/Roof side section
Inner panel

@ A-A/Front pillar section

QOuter Front windshield

=" Inner panel

Impact
absorbing by rib

Roof lining

Impact-absorbing

by O-flex

Fig. 33 Reducing the degree of injury to the head

Impact absorbing wiper pivots

Impact absorbing hood

Impact absorbing hood hinges

Impact absorbing front bumper

Impact absorbing front fenders

7.4 Pedestrian injury reducing construction

We adopted an impact absorbing construction for the
hood, hood hinges, wiper pivots, front fenders, and eventhe
front bumper in order to lessen the severity of not only head
injuriesin the event of acollision with apedestrian, but also
to expand the area of injury reduction to include the legs.

8. Conclusion

In the course of developing the new Civic, we set high
performance targets in terms of comfort, efficiency, and
stylishness, all geared towardsthe concept of a“comfortable
life,” as well as for collision safety, driving stability, and
noise and vibration.

Asaresult, we were able to achieve the compact size of
a small passenger car, best-in-class fuel economy, and
comfortable handling. We were also able to achieve a
comfortable interior not found in previous passenger cars.
Fig. 35 shows the special shape of this vehicle, which

Fig. 34 Pedestrian injury reducing body
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characterizes the balance between the compact size and
comfort, a shape that says that this is a new design.In
addition, the low, flat floor demonstrates the emphasis that
we placed on “peopl€e”’ in our design efforts.

Furthermore, the performance targets were achieved in
the areas of collision safety performance, driving stability,
and noise and vibration.

The completion of thisdesign was made possible through
the cooperation of many people, both inside Honda and
outside Honda. We wish to express our appreciation for
their hard work.
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Introduction of new technologies

Development of the New Civic Suspension

Toshiya Hasegawa* Noriaki Wada*

ABSTRACT

New front and rear suspensions have been developed for the new Civic to achieve a highly efficient package layout and
good vehicle dynamic performance. Thereduced front overhang of 60mm, collision safety target and linear front suspension
toe curve are achieved by adopting a strut suspension with a steering gearbox that is mounted 250mm higher than the usual
strut suspension. The increased rear luggage room width of 142mm and linear rear suspension toe curve are achieved by
adopting an in-wheel double wishbone suspension with a lowered rear damper position. By having these suspension
characteristics, the new Civic has enhanced handling and riding comfort performance over the previous Civic.

1. Introduction

Since the development of the original Honda Civic in
1972, Honda' s engineers have sought to continueto devel op
highly efficient package layouts that embody the concept of
“Maximum passenger space, minimum mechanical space,”
whileal so providing animble, sporty rideworthy of the Civic
name. The success of these efforts can be measured by the
fact that the Civicisheld in high regard by customersin 140
countries around the world.

In order to advance these characteristics even further in
the new seventh generation Civic, basic development work
focused not only on establishing a stylish design and
excellent safety and environmental performance, but also
on the following two concepts:

e Smart utility:

Maximizing space and facilitating the use of that space

* Smart driving:

Ensuring excellent handling and stability, as well as a
smooth ride

In order to realize these goals, new front and rear
suspensions were devel oped that achieved the dual aims of
a highly efficient package layout and outstanding handling
and stability coupled with a smooth ride.

2. Development aims

Becausethe Civicismanufacturedin at least 12 countries
around theworld, it has traditionally been necessary during
the course of development to consider local parts
procurement and the production capabilities of each of the
manufacturing centers. However, during the devel opment
of these new suspensions, thefollowing two goals, involving
elements of product appeal that concern customersdirectly,
were given priority:

* Tochigi R&D Center

(1) The suspensions should be compact enough to achieve
the highly efficient package layout that is demanded in
next-generation passenger vehicles. Reducing the height
of the front suspension increases the flexibility of the
hood design. Furthermore, widening thelateral distance
of the suspensionwhilelimiting itssizein thelongitudinal
direction would result in a compact design that ensures
enough body frame layout space to achieve collision
safety performance.

Minimizing the encroachment of the rear suspension on

the rear luggage compartment would maximize trunk

room, while aso providing space for a large-capacity
fuel tank and an exhaust prechamber.

(2) The suspensions should provide excellent handling and

stability as well asthe comfortable ride that is essential
in a next-generation passenger vehicle.
Specifically, both the force steer and the longitudinal
compliance characteristics for both the front and rear
suspensions were balanced in the course of optimizing
the suspension geometry and the spring/damper
performance. Thiswasdonein order to achieve adegree
of handling and stability aswell as smoothnessthat goes
beyond what has previously been seen in mass
production vehicles.

In order to achieve these goals in the new Civic, a
McPherson strut suspension was adopted for the front
suspension and a double wishbone suspension was adopted
for the rear suspension.

3. Structural features

3.1 Front suspension

As shown in Fig. 1, the basic structure of the front
suspensionisthat of aM cPherson strut suspension. However,
the steering gearbox is now positioned about 250mm higher
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\ .% ¢ Steering gearbox

Steering tie Rod
Front strut
damper

Front
knuckle

stabilizer

Compliance

bush Front
lower arm

Fig. 1  Front suspension

than in the previous models, where it is roughly the same
height as the normal front wheel center. This was done for
the two purposes described below.

(1) Reducing the length of the nose

In the case of atypical strut suspension, because thetip
of the steering tie rod must be positioned near the rearmost
portion of the inside of the wheel in order to provide
articulation space, the steering gearbox and the tie rod are
positioned at roughly the same height as the center of the
whesl.

In addition, The area of the transmission with the
maximum outer diameter roughly matches this height.
Therefore, if this design, wherein the transmission and the
steering box are positioned in a straight line, were used in
the new Civic there would be less crush space in the
longitudinal direction in regard to a frontal collision.
Therefore, if this design were used additional crush space
would be needed in the nose of the new Civic.

However, in the case of the new Civic, in which the
gearbox is positioned at a higher level, the gearbox moves
into the space between the intake manifold and the
transmissionintheevent of afront-end collision. Thismeans
that, in theevent of afrontal collision, theareaof thevehicle
at issue can be reduced in the longitudinal direction,
allowing for good collision performance. As aresult, the
new Civic was able to clear strict development standards
for both the full frontal and frontal offset collisions, while
till allowing the nose to be shortened by 60mm compared
to previous Civics, as shown in Fig. 2.

In addition, because the use of struts allowed usto move
thedampersfarther outside than was possiblewith thedouble
wishbone suspension used in earlier Civics, it was possible
to extend the space between the left and right suspensions
by 80mm at the height of the side frame. This, in turn,
permitted greater flexibility in the cross-section design of
the side frame, which also helped to reach collision
performance targets.

(2) Making the toe curve linear

The linearity of the toe curve is one parameter of the
suspension characteristics that is extremely important in
achieving linear handling. In the case of a typical strut

-

The nose has been -—"":'_-::-::; - FSteering position
shortened by 60 nlmJ._ o s of New Civic
-
4 /
f// o
£ h A
P \ 250 mm
— W
\ | a
\ |

Conventional
steering
gearbox

Fig. 2 Position of steering gear box

% +80 mm

»

Fig. 3 Front suspension width and side frame

suspension, the ideal method for making the toe curve more
linear is to place the lower arm at the same height as the
steering gearbox. In afront-wheel drive vehicle, however,
the presence of the drive shaft restricts the placement of the
lower arm. Thisinevitably results in the toe change curve
having a“C" shape.

The layout in the new Civic, in which the gearbox is
placed in ahigher position, hasacenter takeoff construction
inwhich thejoint on the gearbox side of thetierod iscentered
on the gearbox. By extending the length of the tie rod by
about 220mm, it was possible to achieve a toe curve with
linearity approaching that of a double wishbone suspension
within the range of normal usage (Fig. 4).

Intermsof theactual construction, thetierod arm, which
isnormally part of the knuckle, was welded to the center of
the damper.

More leg room was created for the front seat passengers
by moving the lower arm compliance bushing from its
position behind the front axle in earlier Civicsto aposition
infront of thefront axle. In addition, by setting the bushing
characteristics so that there are different spring rates in
different directions, it was possible to optimize both the
steering characteristicswhen lateral forcesand braking forces
are input, as well as the compliance characteristics in the
longitudinal direction, balancing asmooth ridewith handling
and stahility.
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Suspension stroke
100 EBU P

80
Previous/GOE*

Civic

Fig. 4 Front suspension toe curve

In the front damper mount shown in Fig. 5, designing
the damping force input to go through the bushing and
adopting a construction that directs the spring and bump
stopper input loads directly to the body resulted inincreased
flexibility in setting the bushing characteristics, and madeit
possi bleto optimize the bushing spring rate for the damping
force input from the damper.

For thefront lower arm, awelded construction of stamped
componentswith aclosed cross section was adopted in order
to reduce the weight while maintaining stiffness.

Damping force input

Bump stopper

load input Spring

load input

Fig. 5 Front damper mount rubber construction

3.2 Rear suspension
The last three generations of the Civic have utilized a
double-wishbone suspension for enhanced handling and
stability aswell asacomfortableride. The damper mounts,
however, encroach on the passenger compartment, and were
adrawback from the standpoint of expanding thetrunk space.
In order to retain the handling and stability aswell asthe

ride of the earlier Civics, the double wishbone suspensionis
still used in the new Civic, as shown in Fig. 6. However,
because it was important to minimize the extent to which
the suspension components encroach on the trunk space,
considerable effort was devoted to determining how to lower
the suspension components and move them asfar outside as
possible

Rear stabilizer

\g Upper arm
'Ar
-‘;- ‘_- /

Rear
knuckle

Trailing
arm bushing __
Trailing arm

Fig. 6 Rear suspension

By using an in-wheel double-wishbone suspension, in
which the upper arm, which was positioned adjacent to the
tirein earlier models, is now positioned inside the wheel, it
was possible to reduce the overall height of the suspension.
In addition, by changing the damper mount base to a deep
draw shape and lowering the surface at which it mounts on
the body while keeping it roughly perpendicular to theinner
face of thetire, it was possible to extend the distance between
the damper mounts by 142mm when compared with earlier
Civics, asshowninFig. 7. Thisresultedina40-literincrease
in trunk capacity versus earlier models, and also helped to
make the trunk space amore useful shape.

Thetoe curve characteristic when braking forceisinput
isavery important characteristic of asuspension in regards
to maintaining stability whileavehicleisbeing driven. The
new rear suspension is constructed so that it allows the toe

+142 mm

Fig. 7 Rear suspension and rear damper width
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control arm to flex longitudinally. The spring rate in the
direction of the articulation axis of the bushing at the end of
the arm can be set to a softer level, while the characteristics
in the perpendicular direction can be simultaneously setto a
stiffer level. Doing so provided enough space for the
compliance stroke in the longitudinal direction, and, by
displacing the end of the trailing arm at an inward angle
when braking force is input, also provided stability when
the brakes were applied with the tires turned severely in the
“toe-in” direction. These concepts areillustrated in Fig. 8.

By changing the mechanical compliance anglefrom 0.5
degreesto 4.4 degrees as shown in Fig. 9, it was possible to
achieve areduction in harshness, especially when thevehicle
drives over alarge bump.

Toe-in direction

Trailing *7 . J:_‘_‘iF-:-:-f
------- i

arm bushing -

Bushing movement " .

direction g
Trailing arm ’
articulation axis

Toe control arm

Fig. 8 Rear suspension toe curve
with brake force applied

Previous Civic : 0.5 deg

New Civic : 4.4 deg

y -

Fig. 9 Mechanical compliance angle

A straight and pipe cross section construction for the
upper arm was applied in order to maintain the camber
stiffness. This in combination with an optimized bushing
spring rate, resulted in a more responsive rear suspension
during turns.

Regarding the camber stiffness of the suspension, full
consideration was given to the bushing construction (linking
the knuckle and the trailing arm), the spring rate, and the
articulation axis angle setting when the placement of the
bushing axis was determined. Asshownin Fig. 10, it was
possibleto achieve alinear toe curve, while at the sametime
enhancing the lateral force stiffness by 22% compared to
earlier Civics, as shown in Fig. 11.

This construction can also be adapted to the rear
suspension of afour-wheel drivevehiclesimply by changing
therear knuckle. Inaddition, thetrailing armitself does not

Suspension stroke
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Fig. 10 Rear suspension toe curve

Front Rear

High

Lateral force stiffness

Previous Civic New Civic

Fig. 11 Suspension lateral stiffness at tire contact
point

have a typical press weld construction. Instead, it is
constructed by bending pipes, thereby achieving areduction
in weight.

4. Achieved performance

Some representative vehicle characteristics that were
achieved by adopting the suspension described in the
previous sections are described below.

4.1 Handling and stability
(1) Steering fed

In previous Civics, although the steering had a high
response to the initial steering input, turning the steering
wheel further produced a response that was less than the
initial response, resulting in not as much linearity in the feel
of the steering. Inthe new Civic, by tuning the strut damper
stiffness and the characteristics of each bushing, including
the steering mount bushing, it was possible to optimize the
aligning torque stiffness, resulting in a more linear
relationship between the yaw rate change and the steering
angle as shown in Fig. 12.
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Fig. 12 Steer angle and yaw rate change
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Fig. 14 Steering response

(2) Linear response characteristics

Achieving linear vehicle response requires minimizing
the phase delay between the yaw rate and the lateral
acceleration during steering. During the development of
the new Civic suspension, it was found that by ensuring the
camber stiffness of the rear suspension and by controlling
the front to rear ratio of the theoretical roll arm length, it
was possibleto reduce the phase del ay between theyaw rate
and the lateral acceleration as shown in Fig. 13, and to
increase the yaw natural frequency while maintaining an
appropriate level of yaw gain, as shown in Fig. 14. Asa
result, it was possibleto achievelinear response and stability
during normal driving over arange of steering inputs.
(3) Turning roll axis

By controlling the theoretical roll arm length of thefront
and rear suspension and revising the setting of theroll center
height in order to gradually reduce the pitch angle of the car
body in turns as shownin Fig. 15, it was possible to hasten
the onset of cornering power of the rear tires, achieving a
more comfortable roll feel.
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4.2 Ride

Adding the elemental technologies described herein
increased the flexibility when setting a smooth vertical
movement in the suspension by increasing the margin for
the handling range. In addition, by optimizing the
compliance bushing spring rate characteristicsand enhancing
the mechanical complianceangle, it was possibleto achieve
aride quality that far surpasses other carsin the same class.

Fig. 16 showsthe overall ride quality on the horizontal
axis, and the harshnessrating (which reflectstheride quality
when driving over abump) on the vertical axis.

5. Conclusions

New front and rear suspensions that meet objectivesfor
the new Civic package layout and vehicle performance have
been developed.

By adopting a strut suspension system in the front with
the position of the steering gearbox raised by approximately
250mm versus the earlier suspension, and an in-wheel
double-wishbone suspension with a toe angle control
function in the rear, it was possible to achieve a highly
efficient package layout while also achieving outstanding
vehicle performance.
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Introduction of new technologies

Automation of Mode Driving Operation
for Exhaust Gas Measurement

Y oshiharu ABE* Y oshihiko KOBAY ASHI**

ABSTRACT

Mode driving is being automated using automati ¢ driving units (robots) with the aim of reducing the number of man-hours
needed for the measurement of automobile exhaust gases. Automation using robots offers significant advantages, particularly
in high-altitude exhaust gas emissions tests, as it liberates workers from harsh working environments.

This system makes it possible to fully automate all work procedures by constructing automatic cooling fan start/stop
systems and automatic hood opening/closing systems, which wereissuesfor full automation with robotic driving under high-
atitude conditions. In addition, vehicle speed trace accuracy relative to changesin atmospheric pressureinside thetest chamber
equivalent to that for driving with a human driver was realized by using separate accel eration parameters for low- and high-
atitude conditions and optimizing the control parameters. These changes made it possible to reduce the number of staff and
time required for tests and to eliminate tasks in harsh working environments.

1. Introduction

Automobiles are used in a variety of different
environments. Conseguently, the measurements made to
quantify an automobile's impact on the environment are
required by regulation to be conducted under a diverse set
of modes and environmental conditions. The number of
verification tests needed to satisfy these regulationsis also
increasing. Thus, thereisagrowing demand for automation
of exhaust gas emissions and fuel economy testing in order
to reduce the man-hours expended to handle the increasing
numbers of these tests.

The demand for automationisof coursein part for labor-
saving reasons. However, automation is also instrumental
in eliminating the need for workers to work in the harsh
working conditions involved in working in environmental
chambers under such conditions as low temperature, solar
radiation and negative pressure and in improving the
reproducibility of driving results. Great strides have been
made recently in the development of technol ogiesrelated to
automation. The use of an automated driving device (robot)
instead of ahuman being to drive test carsis one extremely
effective method of automation. This device is commonly
used for vehicle engine endurancetesting. Itisalso used for
exhaust gas emissionsand fuel economy testing of carswith
their air conditioning running. Testing with the air
conditioning running takes place in atest room under very
harsh working conditions. The temperature is maintained
at the very hot temperature of 35°C, with the additional use

* Tochigi R&D Center
** PSG Corporation

of solar radiation devices to simulate the environment of a
mid-summer day in California

The high-altitude exhaust gas emissions test (high-
altitude test), conducted at the equivalent of a 1600 m
elevation, requires a greater expenditure of man-hours than
thelow-altitude exhaust gasemissionstest (low-dtitudetest).

The purpose of conventional devices was for the robot
to drive in place of a human during driving modes. It was
not envisioned that the robot would replace humans when
conducting operations other than driving. Consequently,
such a device would not provide sufficient advantages for
usein high-altitudetests. Thereasonisthat, although humans
can easily enter the test room to perform such actions as
opening and closing the hood and operating the engine
cooling fan during the low-altitude test, this is not the case
during high-altitudetests. Therobotsarenot ableto perform
these operations, and humans cannot enter and leave thetest
room easily due to the need to acclimatize to the pressure
change each time. Thus, there has been no particular benefit
in using robots for those tests.

Theauthors have applied the use of robotsto high-altitude
testing, and improved the device to fully realize automated
testing. This paper introduces the improved device and the
robot’ s high-altitude driving performance.

2. Development aims and target requirements

The high-altitude tests conducted at the equivalent of
1600 m elevation require more man-hours than the low-
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altitude tests. Therefore, we studied methods of replacing

human operators with robotsin order to improve efficiency

of high-altitude test operations and minimize the labor

burden. The robots, however, were constructed to replace

only the driving function. In the past, the operators of the

negative-pressure test room operated the vehicle, turned off

the cooling fan, and opened and closed the hood. Therefore,

the aim cannot be achieved by robots that simply replace

the operatorsfor the driving mode alone. Automating these

operationswould achievethe objective of raising operational

efficiency and reducing the labor burden.
Thefundamental requirements came under thefollowing

four headings:

(1) Thedeviceiscapable of conducting testsin conformance
with formal test methods as prescribed by regulation.

(2) When using the LA4 mode, the robot driving
performance is equa in low-atitude and high-altitude
testing. In addition, both humans and robots are able to
follow the same vehicle speeds.

(3) Action to avoid danger is to be taken in the case of
emergency.

(4) For practical purposes, thedeviceisgenerally applicable
to al vehicles, not just to certain ones.
The issues that needed to be resolved came under the

following four headings:

(2) Opening and closing the hood and turning the cooling
fan on and off in a negative-pressure environment

(2) Conforming to differences in throttle opening when
driving in low-altitude and high-altitude tests

(3) Setting robot driving performance to be on a par with
human performance

(4) Detecting malfunctions and avoiding danger when
malfunctions occur

3. Overview

The conditions were set with the negative-pressure test
room at the equivalent of an atitude of 1600 m as the
standard. The temperature in the test room is adjusted to
within 25°C+2°C, and the humidity to within 50%x10%.
The double roller chassis dynamometer is used.

The control unit for the robot is installed in the control
room, with only the mechanical unit installed in the vehicle.
Thismechanical unit is constructed presupposing use under
other environmental conditions, with a heater warming unit
to make it capable of trouble-free operation even when left
at temperatures as low as —25°C. The mechanical unit is
shown in Fig. 1, and installed in avehicle as shown in Fig.
2.

The previous method of conducting tests with human
driversrequired two peoplein the test room and two others
in the control room for safety reasons. This was done so
that an extraperson would be availableto helpif thedriver's
physical condition deteriorated in the negative pressure
environment. Two people would be present in the control
room so that one person could enter the test room to helpin
case of an emergency, while the other person could operate
the equipment. When testing with a robot, the test room is
unmanned, and one person is sufficient in the control room
because of no possible human emergenciesin thetest room.

Fig. 2 Mechanical unit with vehicle

It requires some time for human beings to acclimatize
their bodies to the pressure when going from the control
room into the test room under negative-pressure conditions.
Consequently, entering and leaving the negative-pressure
test room takes 12 minutes each way. This 12 minutesis
required at an altitude of 1600 m, and still higher elevations
require correspondingly longer times. This situation is
outlinedinFig. 3 and Fig. 4. Thisrequirement for additional
time and personnel increased the required man-hours before
testing was automated.

A U.S. model ULEV Accord with an automatic
transmission was used as the test vehicle.

The matter of selecting astandard for therobot operating
accuracy was a subject for discussion. The driving style

Ready
Move to test room : l
(2 operators) PR )

|n
' |:> LA4 test  ..5Lmin;
LA4test | 5imin |
+

Ready

Move from test room: 1omin :
(2 operators) : !

v
End

Fig. 3 High altitude test schedule
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Fig. 4 Test room layout

was eventually based on adriver with three or more years of
experience in testing. However, there are individual
differencesin driving according to thedriver. Somedrivers
follow the benchmark speed exactly while others
continuously predict the future and smoothly follow the
preceding vehicle. Therefore, an ordinary driving stylewas
selected as the standard.

4. |ssue-resolution measures

4.1 Issue 1: Changing of the device

Thehigh-atitude testing requiresthe engineto be stopped
for a 10-minute period (soak), which is an obstacle in the
conventional test system. The LA4 mode shown in Fig. 5
hasthree driving modes: cold transition (CT), cold stabilized
(CS), and hot transition (HT). A soak is mandated between
the CS and HT modes. At the start of the soak period, the
engineisstopped, the hood is closed, and the engine cooling
fanisturned off. When the soak ends, the engineis started,
the hood is opened, and the engine cooling fan is turned on.

These operations were conventionally carried out by the
driver, which meansthat the high-altitude test as conducted
previously could not be performed unmanned.

Fig. 6 shows a comparison between the measurements
of exhaust gas emissions with the hood open and closed
during the soak period in the LA4 mode. When thehood is
open, the NOx emissions tend to increase. This meansthat
the NOx emissionsva ueswill end up differing during formal
tests. This happens because the temperature changesin the
catalyst and the exhaust pipe.

An even greater difference than that occurring due to
the hood being opened and closed appears in the exhaust
gas emissions when the engine cooling fan is not turned off
during the soak. This occurs because the engine cooling
wind blows directly on the exhaust pipe as far back as the
catalyst; thus lowering the catalyst temperature.

As the opened and closed condition of the hood has a
significant effect on exhaust gas emissions, full automation
by robot cannot be achieved unless this operation is also
included as part of the automated test procedure. The

NOx (HT)
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Fig. 6 Comparison of emissions with the hood open
and closed (LA4 HT)
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required operation is opening and closing the hood during
the soak. Therefore, a wire rope was attached to the front
edge of the hood, and a reel was installed at the ceiling to
reel theropein and out and thereby raise and lower the hood.
Thisdeviceis shown in Fig. 7. The device was taught the
hood open position in advance, and an upper torque limit
was set in order to prevent the vehicleitself from being lifted
up in the case of amalfunction.

The switch for the engine cooling fan is mounted in the
test room. Therefore abranch extension of the switch tothe
robot was installed to synchronize switching the fan on and
off with the robot operation. The device for opening and
closing the hood was linked to the robot in the same way.

e 2

Fig. 7 Automatic hood open-close system

4.2 Issue 2: Differing air densities due to altitude

Differing air densities at low and high altitudes mean
that the throttle opening will be significantly different even
for identical driving operations. The robot is programmed
with astandard accel eration valuethat isbased ontheengine
output and throttle opening. If the vehicleis accelerated at
high altitude using the standard throttle opening for low
altitude, the desired accel eration will not be obtained because
the lower air density reduces engine output (acceleration).
In order to obtain the same acceleration at a high altitude,
the throttle must be set to open farther than at low altitudes.
Using the standard low-altitude acceleration value at ahigh
dtitude will have anegativeimpact on driving performance
and exhaust gas emissions values because efforts to follow
the set vehicle speed will be impeded.

Itisnecessary, therefore, to teach the device the separate
throttle openings for low and high altitudesin advance, and
to managethe low-altitude and high-altitude data separately.
This method eliminated the difference in exhaust gas
emissions figures between low and high altitudes that
occurred with the robot driving.

Fig. 8 presents comparisons for fuel economy at low
atitude and high altitude and fuel economy with human and
robot vehicle operation. The discrepancies that arise from
the differenceswhen operating at low and high dtitudeswere
studied with reference to differences in fuel economy.
However, the differences between resultswith human drivers
and robot driverswere extremely small at both low and high

Low (170m)  750mmHg
FE High (1600m) 625mmHg

28

275
O Human

M Robot

27

FE (mile/gal)

26.5

26

N _T

25
Low High
Altitude

Fig. 8 Comparison of low and high altitude FE
for human and robot vehicle operation

altitudes. Thisconfirmed that the device posesno difficulties
from the standpoint of practical application.

4.3 Issue 3: Individual variations in following set vehicle
speeds due to drivers

Individual variations in following the set vehicle speed
occur with different drivers. The regulations prescribe a
certain acceptable margin with respect to the standard speed,
so that following a speed within that range poses no
difficulty. However, variationsin vehicle speed trace affect
exhaust gas emissionsand fuel economy, making it necessary
to impose some kind of driving standards. Consequently,
the standard sel ected specifiesadriver who hasthree or more
years of experience in testing and the ability to follow the
set vehicle speed. Operation of the throttle is an important
element in the ability to follow a set vehicle speed. Driver
throttle operations can be grouped under three general types.

The standard of a driver who has ordinary speed trace
abilities will be defined here as the standard trace. When
following the vehicle speed, some drivers will be slow and
others will be quick in operating the throttle relative to the
deviation between the target vehicle speed and the current
target vehicle speed. The former type will be defined here
astheslow trace, thelatter asthe quick trace, and thetypein
between those two as the standard trace.

We decided to set the robot to have vehicle speed trace
abilitiesequivaent to the standard trace. The speedfollowing
control constant for the throttle was adjusted accordingly.

The details of the adjustment are explained here. When
the control constant causes a sluggish response to keeping
the target speed within the acceptable margin of the vehicle
speed range, driving with that control constant constitutes
theslow trace setting. Conversely, when the control constant
causes a sensitive response that very quickly brings the
vehicleto thetarget speed, driving with that control constant
constitutesthe quick trace setting. The control constant that
lies between those two constitutes the standard trace setting.
The standard vehicle speed prescribed by the test method is
defined asthe trigger speed. Fig. 9 shows a comparison of
different vehicle-speed trace performance. Thisis a
comparison of vehicle-speed trace performance within the
55 to 65-second period of LA4 mode initiation. The line
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that shows relatively little variation from the trigger speed
representsthequick trace. For further comparison of throttle
operation, Fig. 10 showstheintake manifold pressure. Itis
apparent that frequent application of thethrottlefor the quick
trace isawasteful activity. The slow trace performs future
projection for driving with as little throttle application as
possible, so there is less waste in throttle operation.
Consequently, for the purposes of speed trace performance
and throttle operation, the standard trace was set between
those two, and it was decided to use the standard tracein the
standard control constant for robot operation.

Fig. 11 presents the relationship between vehicle speed
trace performance and exhaust gas emissions figures.

Vehicle speed trace performance has little effect on
exhaust gas emissions figures. In terms of fuel economy,
quick trace causes a 0.6% degeneration, but standard trace
produced stable results for both fuel economy and exhaust
gas emissions.

The control constants we determined were also used for
verification with vehiclesother than the Accord. Theresults
showed that the requirement for vehicle speed following was
satisfied using the determined control constants.

Thefollowing vehicleswere confirmed to raise no issues
when tested with this control constant:

(1) NSX with asix-speed transmission (MT and AT)

(2) Legend with afour-speed transmission (AT)

(3) S2000 with asix-speed transmission (M T), also verified
using the push-button starter

(4) Civicwith afive-speed transmission (MT and AT), also
continuoudly variable transmission (CVT)

(5) Insight (hybrid vehicle) with a five-speed transmission

(MT and AT), alsowith CVT
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4.4 Issue 4: Countermeasures for malfunctions

The device is intended for use in unmanned testing in
the test room. It is necessary, therefore, to install monitors
to detect tire blowouts or other vehicle malfunctions that
may occur. Consequently, vehicle position monitoring
sensors were installed to monitor vehicle behavior in the
vertical and longitudinal directionsfor malfunctions. Engine
speed is aso monitored, and malfunctions are identified by
the engine stopping or exceeding a set speed. The control
room is notified by an alarm when a malfunction occurs,
and an emergency stop function is activated to prevent
accidents.

5. Effects

5.1 Eliminating highly burdensome work

The use of rabots to replace the workers who drive and
manage operations in the negative-pressure test room has
eliminated the need for those workers to conduct testsin an
environment that imposes a heavy work burden. Making
the transition to a high atitude in a short time can have a
negative effect on the human body. Engine devel opershave
been requesting the elimination of testing that required them
to enter the negative-pressure environment of the test room.

5.2 Labor savings

Safety measures for high-altitude testing formerly
required the presence of two workersin the negative-pressure
test room and two workers in the control room, so that the
work standards mandated four workers in al. The use of
robot driving, however, has made it possible for a single
worker to conduct tests. A single test can now achieve a
personnel reduction of three workers.

5.3 Time savings

It previously required atotal of 24 minutesfor the tester
to enter and | eave thetest roomin order to makethetransition
from low-dltitude to high-altitude testing. Elimination of
the need for this time has made it possible to cut the time
needed by 30%. There was no way to reduce the time
required to enter and leave the negative-pressure test room
by ingenuity or effort, but automation has made it possible
to increase the number of tests conducted in one day.

5.4 Other effects

Advances madein exhaust gas purification performance
in recent years have narrowed the difference between
concentrations of emissionsin the atmosphere and in exhaust
gas. A major part of total exhaust gas emissions across the
measurement modes is now made up of the highly-
concentrated emissions that occur in launches immediately
after engine start-up, before the catalyst is activated.
Automated testing by robot provides superior reproducibility
of driving immediately after engine start-up. This has
improved the accuracy of exhaust gas emissions
measurement and enhanced the value of the data.

6. Conclusion

The replacement of drivers by arobot for high-altitude

testing and automation of the operations of opening and
closing the hood and turning the cooling fan on and off have
eliminated the need for human labor in negative-pressure
environments. The device deals with driving performance
by changing between low-altitude and high-atitude data,
and achieved vehicle-speed trace performance by optimizing
the control constant. Test results have shown that there is
no difference between manned and unmanned testing.

Consequently, the device has enabl ed the elimination of
workersfrom work that imposesaheavy burden. It provides
labor savings and time savings, which has significantly
improved operational efficiency. This has also brought
improved reproducibility of exhaust gas emissions and fuel
economy and enhanced the value of measurement data. For
the future, we intend to develop further expanded
applications for improving test efficiency and for testing
under even harsher environmental conditions.
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Technical paper

Study on the Generation Mechanism of Backfires

Shinji SAITO* Masaya ADACHI*

ABSTRACT

In motorcycle engines, backfires can become an issue with increased cylinder bore size. It has been thought that backfires
are caused by an extraignition at an overlapping top dead center or by backflowsinto combustion chamber of high temperature
exhaust gasduring exhaust stroke. Asaresult of taking pressure measurementsinside the combustion chamber, at theinlet and
exhaust ports, and of observing the inside of the combustion chamber with a high speed CCD camera, it was found that an
extremely slow-burning cycle exists which continuously burns during the exhaust stroke. Further, it was confirmed that the
extremely slow-burning cycle caused the fresh air-fuel mixture introduced in the subsequent intake stroke to ignite thus
generating backfires. This paper providesan overview of the investigation and describes some of the factorsthat influencethe

extremely slow burning cycle.

1. Introduction

Backfires occur as an explosive ignition sound from an
engineintake port when thethrottleis opened suddenly. This
poses concerns in terms of product appeal. However, the
present fact isthat there has not been any theoretical analysis
of the backfire generation mechanism to date.

Up to now, the source of the ignition for backfires had
been identified as the ignition occurring during an overlap
at top dead center (ignition spark during overlap), or asthe
high-temperature burned gas flowing back into the
combustion chamber due to an exhaust pressure wave from
another cylinder. However, therewere caseswhen abackfire
occurred even when these factorshad been eliminated. This
project took pressure measurements in each relevant part
during backfires and observed theinside of acylinder using
ahigh-speed camera. Herewereport the results, which show
that there are sources of ignitions for backfires other than
ignition sparks during overlap, or the backflow of burned
gas.

2. Test equipment

2.1 Engine control device
Table 1 presents the main specifications for the engine
being tested. Thisresearch utilized a996-cm?® V-typetwin-
cylinder (longitudinal cylinder arrangement) engine. The
tests were conducted primarily on the back cylinder.
Backfiresoccurred most frequently when thethrottlewas

* Asaka R&D Center

Table 1 Major specifications of test engine A
Engine type 4-stroke V-90° twin cylinder
Cooling type Liquid-cooled
Bore x stroke 98 x 66
Compression ratio 9.4
Valve train DOHC 4-valve
Maximum power (KW/r/min) 77.3/9000
Maximum torque (Nm/r/min) 93.1/7000
Ignition timing 15° (BTDC)

opened up suddenly while reducing speed under a no-load
condition. Backfire tests of all kinds used to be conducted
by manually operating thethrottle, but this caused variations
inthefrequency of occurrence and was also not very precise.
For this research, therefore, the device indicated in the
diagram at the top of Fig. 1 was fabricated and used for
testing.

This device monitors the engine speed, and when
revolutionsfall below aset value, it triggersamagnetic valve
that operates an air cylinder. As shown at the bottom of
Fig. 1, this device is made to open the throttle a specified
amount (6th) for aspecifiedtime (T1). Thedevicerepeatedly
snaps the throttle with the engine under no load conditions,
a specified number of times. The relationship between the
engine speed and throttle opening during actual operationis
shown at the bottom of Fig. 1.
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Fig. 1 Backfire test device

2.2 Pressure sensor installation position

V arious pressure measurementswere conducted in order
to clarify the backfire generation mechanism. Fig. 2 shows
the names and installation positions of each pressure sensor
used. A Kistler 5053C pressure sensor was used to measure
combustion pressure, and Toyoda PM S-5 pressure sensors
were used to measure intake and exhaust port pressure. In
order to measure cylinder pressure accurately in thevicinity
of bottom dead center, aToyoda PM S-5 pressure sensor was
al so attached to the cylinder wall at alocation 35 mm below
the deck surface, which corresponds to a 95° crank angle
from the top dead center position.

PMS-5

PMS-5 (TOYODA)
(TOYODA) e

5053C
(KISTLER)

Fig. 2 Installation positions of pressure sensors

3. Backfire generation circumstances

3.1 Conditions for backfire generation

Empiricaly, it is known that backfires occurred more
frequently when the throttle was opened suddenly on an
enginerunning at low speeds. Thisisthought to be because
combustion is unstable when the engineisunder alow load.
The conditions for backfire can be summarized as follows:

» Theengineisalarge-bore engine.

» Backfires occur after operation under low load

conditions, at low speeds.
» Thethrottle is operated with a small opening.
» Thethrottle valve is opened suddenly.

3.2 Conditions most conducive to backfire generation
The test engine described in section 2.1 was set to the

conditionsshownin Table 2, and the conditions under which

backfire occurred most frequently were confirmed.

Table 2 Operating conditions

Item Operating conditions

Engine speed at

start of operation (rpm) 1300, 1500, 1700, 2000, 2400

Throttle opening (%) 5, 10, 15, 18, 20, 22, 30

0.14,0.17,0.18, 0.20

Operating time (sec)

The conditions were set as follows:

(1) Backfire generation frequency was measured while
changing the engine speed at which the throttle was
opened (Fig. 3).

(2) Selecting the engine speed at which backfires occurred
most frequently, backfire generation frequency was
measured while changing the throttle opening (Fig. 4).

(3) Selecting the engine speed and throttle opening at which
backfires occurred most frequently, backfire generation
frequency was measured while changing the throttle
operation time (Fig. 5).

20

Throttle opening : 23%
T1:0.17sec

16

12

Backfire generation frequency (%)

0
1000 1400 1800 2200 2600 3000

Engine speed at beginning of throttle valve opening (rpm)

Fig. 3 Backfire generation map
(Changing engine speed)
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Fig. 5 Backfire generation map (Changing T1)

Theresultsof tests conducted under the above conditions
showed that backfires occurred most frequently when the
test engine was running at 1500 rpm at the time the throttle
started to be opened, the throttle was opened 20%, and
remained open for 0.17 sec. Thistest engine was adjusted
to idle at a speed of 1200 rpm, so it is apparent that 1500
rpm was slightly higher than itsidle speed. We a'so found
that backfire generation frequency changed relatively little
when the throttle was opened 15% or more.

Engine speed : 1500rpm |
Throttle opening : 20%

14 - T1:0.17sec —
Inlet distance
—

Frequency (%)

650 600 550 500 450 400 350 300 250 200 150 100 50
Crank angle BTDC (deg)

Fig. 6 Throttle opening timing

3.3 Influence of throttle open timing

The rel ationship between backfire generation frequency
and throttle open timing is shown in Fig. 6. It is apparent
that backfire frequency islower when the throttle is opened
while the inlet valve is open. This was because the lag in
fuel that isgenerally said to follow theinflow of air became
more marked and the air-fuel ratio shifted toward the lean
sidewhen thethrottle valve was opened whiletheinlet valve
was open, thus making it less likely that backfires would
occur.

4. Results of pressure measurements of each
part during backfire

4.1 Pressure at the time of backfire generation

The pressure waveforms for each part during backfire
occurrence are shown in Fig. 7.

With the throttle fully closed (the blue line in the lower
graph), the engine speed decreases (thered linein the lower
graph), then the throttle opens in the vicinity of 1500 rpm.
Immediately after that, the pressure in the intake port (the
green line in the upper graph) and the pressure inside the
cylinder (the red line in the upper graph) both rise, and
backfiring takesplace. Therisein pressure can aso be seen
with the Kistler pressure sensor, though the waveform peaks
are lower because the measurement range is different.

The exhaust port pressure wave (the orange line in the
upper graph) shows no change in the vicinity of the overlap
at thetop dead center immediately before the backfire occurs.
Thisshowsthat the backfireisnot generated by theinfluence
of an exhaust pressure wave from another cylinder, as had
previously been thought.

Ordinarily, operation under a no-load condition at a
decreasing speed causes amisfiring cycle. In the case of a
misfiring cycle, the condition approaches adiabatic
compression and adiabatic expansion. Therefore, the
pressurein the cylinder at theinstant when the exhaust valve

— Inlet port = Side of sleeve
~ Exhaust port ~— Top
e Inlet valve open Exhaust valve open
= Combustion pressure g
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Fig. 7 Pressure of each part when a backfire is
generated
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opens becomes generally equal to the pressure at the start of
the compression stroke before that, as shown in the upper
graph in Fig. 8. In the case of an ordinary slow-burning
cycle, therewill be pressure of 100 kPaor moreat theinstant
when the exhaust valve opens, as shown in the lower graph
inFig. 8.

Consider the cycle before backfireoccursin Fig. 7. This
may at first appear to be amisfiring cycle, but the cylinder
pressure (section of graph indicated by the arrow) at the
instant when the exhaust valve opensis clearly higher than
thecylinder pressure at the start of the previous compression
stroke, showing that thisis not amisfiring cycle. However,
the pressure is not as high as it is in a usual slow-burning
cycle. Inother words, this can be understood asan extremely
slow-burning cycle that is close to being a misfiring cycle.
For the purposes of this research, we decided to term this
kind of cycle where combustion occurs so slowly an
extremely slow-burning cycle.
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Fig. 8 Pressure of each part during a usual slow-
burning cycle and during a cycle when a
misfire is generated

4.2 P-V diagram

The P-V diagram for an extremely slow-burning cycle
measured using a DS-0928 Ver. 3.58 combustion analyzer
made by Ono Sokki Co., Ltd. is shown in Fig. 9. The
cylinder pressure rises during the latter part of the intake
stroke, and backfiring occurs. Consider the transitional
portion of this cycle from the combustion to the exhaust
stroke (the circled section of thegraph). Immediately before
the exhaust stroke, the cylinder pressure does not change
even though the exhaust valve is open.

1000 ¢
T
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=
()
. 100;
a ®
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o There is no increase )
Compression
or decrease near
bottom dead center.
10 1 PR T T T T W | i 13 1 1 1.3
10 100 1000
Volume (cm?3)
Fig. 9 P-V Diagram (Extremely slow-burning cycle)

Let uscomparethisagain withausua dow-burning cycle
and amisfiring cycle. Asshowninthebottom graphinFig.
10, during ausual slow-burning cycle, the cylinder pressure
drops toward atmospheric pressure when the exhaust valve
opens because combustion is taking place. Also, as shown
in the upper graph in Fig. 10, pressure is negative at the
start of compression during the misfiring cycle, so the
cylinder pressure is aso negative immediately before the
exhaust valve opens. When the exhaust valve opens up, the
cylinder pressure rises toward atmospheric pressure. The
extremely slow-burning cycle does neither of the above.

The extremely slow-burning cycle, therefore, can be
described as a cycle in which the cylinder pressure neither
increases nor decreases during the time before and after the
exhaust valve opens. Thereason for thisisthat itisacycle
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Fig. 10 P-V Diagram (Misfiring and usual slow-
burning cycle)
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in which the slow burning is made even slower, and
combustion continues to take place even when the exhaust
valve opens.

The extremely slow-burning cycle can be understood as
aphenomenon that occurs during the state of transition from
the misfiring cycle to the slow-burning cycle. Asshownin
Fig. 11, reducing volumetric efficiency generally causesthe
burning velocity in the usual combustion cycleto gradualy
grow slower, until ultimately it becomes a misfiring cycle.
When there is a transition from a no-load condition at
decreasing engine speed toidle, the situationisreversed. In
other words, atransition takes place from amisfiring cycle
to a slow-burning cycle. At this time, the misfiring cycle
does not suddenly become a slow-burning cycle. Rather,
the extremely sl ow-burning cycle can be understood to occur
as an intermediate condition between amisfiring cycle and
a slow-burning cycle. The rate of heat release in this
extremely slow-burning cycle amounted to 140-160 J.

Idle
MIS Extremely STE Usual
firing slow burn burn
Volumetric efficiency .
_Low High
Fig. 11 Location of extremely slow burning cycle

5. Observations of the inside of the cylinder

Examination of the cycles immediately preceding the
cycleinwhich backfire occurred showed that these were all
extremely slow-burning cycles. This suggested that the
extremely slow-burning cyclewasthe source of ignition for
backfires. We hypothesized that an extremely slow-burning
cycle has such aslow burning velocity that it does not finish
combustion during the combustion stroke, and so its
combustion continuesinto the exhaust stroke. Backfirescan
be considered to take place when theinl et valve opensduring
the latter part of the exhaust stroke, and the new air-fuel
mixture enters the hot cylinder where it undergoes
combustion, so that the backfire occurs during the intake
stroke.

The continuation of combustion during the exhaust stroke
can be confirmed by measuring the cylinder temperature
difference between cases when extremely slow-burning
cycles occur and when they do not. However, it has been
difficult to measure such temperatures accurately under the
high-temperature, high-pressure conditions inside the
cylinder, and moreover within a period of just several
milliseconds. Consequently, visual observation inside the
cylinder was implemented.

A hole 10 mm in diameter was opened in the side wall
of the test engine combustion chamber to mount an
endoscope made by AVL List GmbH. Thetop illustration
of Fig. 12 showsthe area of observation in the combustion
chamber. The sectorial portion of the green lines in this

Inlet Exhaust
valve valve

End scope
Ignition
plug

Inlet valve

Exhaust
valve

Fig. 12

Observation area in cylinder

figure is the observation area. The bottom illustration of
Fig. 12 presents a schematic view of the combustion
chamber interior as observed through the endoscope.

A C5836-60 image intensifier made by Hamamatsu
PhotonicsK.K. wasattached to the rear end of the endoscope,
and the images were recorded using a Kodak EKTAPRO
HSmotion analyzer model 4540, whichisahigh-speed CCD
camera. This was used to photograph the continuous
seguence of phenomenaoccurring from when the extremely
dow-burning cycle began to after the backfire took place.
The recording rate was 4500 frames per second. Fig. 13
presentsimagesrecorded at approximately every 30° of crank
angle. Thefiguresinsidetheseimages show the crank angle.
Although the original images are monochrome, the images
in Fig. 13 have been put through a process of coloration
based on differences in luminance.

Here, it can be seen how ignition begins from the spark
plug at 15° before top dead center, and how the flame then
spreads after top dead center. Approximately 130° after top
dead center, the exhaust valve starts to open, but this can
only be verified on the images at points past 180° after top
dead center. After this, combustion continues during the
exhaust stroke, or in other words, combustion continueseven
though the exhaust valve is open. The images show that
combustion then continues up to theintake stroke. Theinlet
valve opensin the vicinity of 30° after top dead center and
combustion begins in the area of the inlet valve, and
backfiring takes place.
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90.2

Note: Values in photos indicate the crank angle (deg).

Fig. 13 Photographs of burning in cylinder
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It can be seen that intense combustion is occurring
especially inthevicinity of 120° after top dead center. Then,
the backfiring ends and the transition from the intake to the
compression stroke takes place. Next, combustion again
takes place during the compression stroke after apoint around
300° after top dead center has been passed. A bright burning
condition similar to diffusive combustion occursin the area
around top dead center, then combustion stops after top dead
center. Theignitiontiming is15° beforethetop dead center,
which means that thisis not ignited by the spark plug. The
image also suggests that ignition is not from the ignition
plug.

We reason that this phenomenon occurs as described
below. Since backfiring occursduring theintake stroke, the
temperatureinside the cylinder rises at the end of the intake
stroke, when the compression stroke begins. As a result,
self-ignition takes place during the compression stroke and
combustion begins.

Therefore, observation of conditionsinside the cylinder
when backfiring occurs led to the determination that the
sourceof ignition for backfiresisan extremely slow-burning
cycleinwhich combustion continues even during the exhaust
stroke.

6. Relationship between the extremely slow-
burning cycle and backfires

The results of the investigation into the relationship
between backfire generation frequency and extremely slow-
burning cycle occurrence frequency are shown in Fig. 14.
The backfire test device described earlier was used to snap
the throttle approximately 250 times with the engine under
no load. The frequency of backfire generation and the
frequency of extremely slow-burning cycles occurring
immediately before the throttle was opened were both
measured. Thistest wascarried out atotal of six times, with
the air-fuel ratio being changed across the range of 9.5 -
13.0.

21 ---- S, L Engine Speed : 1500rpm
' Throttle opening : 20%
‘0 T1:0.17sec

0 10 20 30 40
Extremely slow-burning cycle generation
frequency (%)

Backfire generation frequency (%)

Fig. 14 Relationship between the extremely slow-
burning cycle and backfiring

This revealed that a proportional relationship generally
exists between the frequency of occurrence of backfiresand
of extremely slow-burning cycles. The slopes of these
straight lines are about 0.25 and 1 or less, which indicates
that there are cycles in which backfire generation will not
occur even when cycles of extremely slow burning do occur.
This is thought to be because the extremely slow-burning
cycles, of course, have variations of the combustion itself,
and also because the frequency of occurrence varies with
the timing of inlet and throttle valve opening.

6.1 Cases of other test engines

The relationship between backfire generation frequency
and extremely slow-burning cycle occurrence frequency was
confirmed using adifferent test engine. Table 3 showsthe
main specifications for that engine, which is designated
engine B, while the test engine described up to thistimeis
designated engine A. Fig. 15 presents the relationship
between backfires and extremely slow-burning cyclesusing
the same axes asin Fig. 14.

A proportiona relationship also exists between backfires
and extremely slow-burning cyclesin test engine B, and it
lies generally along the same straight line as for engine A.
The fact that two engines with these widely varying
specifications show generally the sametendency can betaken
to suggest that similar tendencies are also to be found in
other engines.

Table 3 Major specifications of test engine B
Engine type 4-stroke single cylinder
Cooling type Air-cooled
Bore x stroke 100 x 82
Compression ratio 8.3
Valve train SOHC 4-valve
Maximum power (KW/rpm) 28.1/5750
Maximum torque (Nm/rpm) 52.3/4500
Ignition timing 8° (BTDC)
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Fig. 15 Relationship between the extremely slow-
burning cycle and backfiring with a

different test engine
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6.2 Factors affecting extremely slow-burning cycles

Factors that affect burning velocity include the air-fuel
ratio, compression ratio, squish area, and swirl ratio. Tests
were conducted of the rel ationship between extremely slow-
burning cycles and backfires with different values for these
four items. TheresultsareshowninFig. 16. Itisapparent
that, in general, changes to specifications that increase
burning velocity cause a reduction in the frequency of
extremely slow-burning cycle occurrence, which resultsin
a corresponding reduction in the frequency of backfire
generation. Even in such cases, a proportional relation
continued to exist between the frequency of occurrence of
backfires and of extremely slow-burning cycles.

Engine speed : 1500rpm

10 Throttle opening : 20%
. +|T1:0.17sec
Compression ratio * :
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Backfire generation frequency (%)
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Extremely slow-burning cycle generation
frequency (%)

Fig. 16 Factors affecting extremely slow-burning cycles

7. Conclusion

We have analyzed the mechanism of backfire generation,
for which no systematic analysis had been previously
conducted. Asaresult, we have determined that other causes
for backfire generation exist in addition to those considered
in the past. The conclusions reached through this research
are summarized below:

(1) Extremely slow-burning cycles occur while reducing
engine speed under ano-load condition, and combustion
continuesin these cycles even during the exhaust stroke.

(2) Backfires occur with extremely slow-burning cycles
acting as a source of ignition.

(3) Combustion by self-ignition take place during the
compression stroke immediately following backfire
generation.

(4) The occurrence of extremely slow-burning cycles can
be reduced by increasing burning velocity.
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Development of an On-Board System for the Simultaneous
Analysis of Tailpipe Exhaust and Ambient Air
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ABSTRACT

An on-board sampling and analysis system has been devel oped, capable of measuring on-road emissions at extremely low
levels. Ambient air quality can also be monitored and compared to tail pipe emission levelsin real time during actual roadway
driving. ThisFTIR-based system can measure several chemical species, including HC, NOx, and CO. Hardware and software
were devel oped to facilitate the monitoring of target species at concentration levels below 1ppm, in the harsh environment of
an on-road vehicle. Countermeasureswere required to mitigate or eliminate the effects of chemical interferences and vehicle
motion. Algorithms were developed to calculate results on amass basis (g/mi), thereby allowing such data to be acquired in
real-world conditions outside alaboratory environment. This system has been used in the devel opment of near-zero-emission
vehicletechnology; it has allowed instant assessment of vehicle software tuning during actual roadway driving. Itiscurrently
being used to determine the trueimpact of various advanced-technol ogy vehicle classes upon the environment. Inthiscapacity
the system is performing adual role as an on-board analyzer and also as a high-sensitivity ambient air monitoring station.

1. Introduction

1.1 Background

Tailpipe emission rates are commonly determined by
operating avehicle on achassis dynamometer under strictly
controlled, reproducible conditions. For example, the US
FTP-75 emission test cycle is used in Californiato assign
emission categories; i.e,, LEV, ULEV, etc. However, to
achieve a more complete assessment of a vehicle's impact
upon the environment, laboratory testing must be augmented
by evaluating real-world emission performance. This had
previously been attempted by mounting bulky measurement
equipment in avehicle, or by towing such equipment behind
in atrailer. The performance of the vehicle was thereby
altered, and true real-world emission data could not be
collected. Furthermore, instrument calibration and data
reduction were complicated, dueto the use of severa discrete
measurement devices, each with its own sample inlet, data
format, sampling rate, etc.

A new concept was therefore required to address these
issues. Tothisend, arelatively compact, integrated on-board
sampling/analysis system has been developed. Thissystem
can measure the concentration of several chemical species
from the tailpipe exhaust and ambient air simultaneoudly,
whilethe vehicleisdriven on the highway. In addition, the
system can be easily modified to function as a stationary,

* HondaR&D Americas, Inc.
** Tochigi R&D Center

highly sensitive air monitoring station.

This system has been used in the development of
advanced low-emission vehicle technology, and to confirm
the robustness of such technology under varying driving
conditions on actual city roadways®. The data from this
on-board analysis system can also be used to devel op better
estimates of advanced-technology emission system
inventories for usein air quality simulation studies.

1.2 Objectives
Advancements in emission control technology have led
to the development of vehicles with progressively lower
tailpipe emission levels; in some cases, the concentration
of criteriapollutants approaches zero. Therefore, the target
for this project was set to these “near-zero” concentration
levels. These concentrations are similar in magnitude to
those encountered in ambient air. The following
requirements were placed upon the development of this
system:
+ Target components = NMHC, NO,, and CO
» Limit of detection (LOD) near 0.1 ppm, with acceptable
accuracy and precision
* Minimal weight burden on vehicle
* Robust and verifiable
* Integrated system with real-time data acquisition and

display
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1.3 Choice of analytic technique

Given the requirements above, it was decided to use
Fourier Transform Infrared Spectroscopy (FTIR) asthebasis
for this on-road analyzer. Acquiring data with a single
system would facilitate synchronization with engine
parameter data (simultaneously recorded on a separate
computer). Fieldwork logisticswould be simplified because
an FTIR requires no daily calibration per se. As an added
benefit for future research, FTIR data can be re-processed
to reveal concentration data of other components. (Thisis
possible because the spectrum recorded by the FTIR contains
concentration information for all infrared-sensitive
components.) However, the use of this technique presented
some special challenges:
*  Spectral interference (primarily from H,0 and CO,)
« Signal-to-noise ratio affected by external vibration and

instrument orientation
e Demanding accuracy and L OD requirements
* Responsetime

Other single-system approachesthat were considered for
thisproject included non-dispersive IR, high-resolution mass
spectrometry, and gas chromatography - mass spectrometry.
These were rejected due to sensitivity, size, and response
time considerations, respectively.

2. Experimental
2.1 System overview

The initial test platform chosen for this project was a
prototypeHondaZLEV (Zero Level Emission Vehicle). The

2 FTIR

spectrometers

Touch-screen
display

(combined data)

exhaust emissions from this gasoline-powered vehicle are
lessthan /10 ULEV levels®. Anoverview of the sampling
and measurement systemsis shown in Figure 1. Intakeair
was sampled from the front of the vehicle, and an exhaust
sample wastaken viaaheated lineinserted into the tail pipe.
The samples were drawn through a water-removal system
by a dual-head pump, and then directly into the gas cells of
twin FTIR spectrometers. System power was supplied
through a DC-AC inverter from three nickel-metal hydride
battery cells. Resultswere processed by two networked 400
MHz computers, and combined onto a single touch-screen
flat panel display.

2.2 FTIR principles

In infrared gas analysis, IR light is passed through a
sampleinagascell. Some of theinfrared light is absorbed
by the sample and someispassed through. The measurement
of these absorbed and transmitted wavelengths of infrared
light constitute an infrared spectrum; see Figure 2. Since
no two chemical species have the same infrared spectrum,
the spectrum serves as afingerprint for identifying different
gas componentsin the sample. Theintensity of theinfrared
absorption indicates the quantity of the component in the
sample.

Unlikedispersive IR spectrometers, an FTIR instrument
can acquire an entire spectrum in less than one second; i.e.,
it can record al frequencies simultaneously in this time.
FTIR uses an interferometer with a moving mirror to
modulate the light by phase, producing an interferogram.
This interferogram is then Fourier transformed, thereby

Drying system

Pumps
(sample and
purge)

Ambient air
intake

Exhaust
intake
NiMH batteries (heated)
& inverter

(a) Overview

-
(b) FTIRs in rear seat

(c) Trunk area

Fig. 1 On-board sampling/analysis system
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Fig. 2 Principle of infrared spectroscopy

producing the sample infrared spectrum in frequency or
wavenumbers (cm').

The infrared spectra were analyzed using a “classical”
least squares (CLS) pattern recognition algorithm®. This
datareduction technique compares spectra of reference gases
to sample spectra, determining adegree of fit of thereference
gas spectrato the sample spectrum. The degreeof fitisthen
reported as a concentration.

2.3 Gas cell

One of the key components of an FTIR systemisthegas
cell. Thesengitivity of theinstrument isdirectly proportional
to the amount of samplethat isexposed to theinfrared beam.
FTIR gas cells typically use the White optical design, in
which multiple internal reflections occur. The cell is
classified based upon the total “path length” of these
reflections. For example, the gas cell chosen for this work
was less than 50cm in length, yet had a path length of 10m.

Initially, a2m path length gas cell was evaluated for this
application, due to its favorable size and weight
characteristics. It quickly became clear that the 2-meter cell
would not achieve the target noise level, and therefore the
required LOD could not be attained. Acceptableresultswere
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Fig. 3 Effect of gas cell path length upon
measurement precision

obtained upon switching to a 10-meter cell; Figure 3 shows
the improvement in sensitivity. The strong infrared
absorption bands from (exhaust) water became a problem
with the increase in path length, as discussed later in this
paper. The longer sample mixing time resulting from the
10m cell’ slarger internal volumewas also of some concern,
but thefinal system provided adequate temporal resolution.
The 10m cells can clearly be seen in Figure 1b.

2.4 Calibration

The initial calibration of an FTIR gas analyzer is
performed similarly to that for a non-dispersive infrared or
achemiluminescent analyzer. Inthiscase, spectraof single-
component reference gases (in a nitrogen matrix) were
acquired, and the resulting patterns used in a CL S spectra
data analysis. The absorbance response of areference gas
coupled with its concentration determined the calibration.
A sequence of concentration steps was added in order to
calculate anon-linear correction, when necessary.

A different approach was required for the calibration of
the non-methane hydrocarbon component. Instead of using
reference spectrafor the individual hydrocarbon species, it
was desirable to use a spectrum of arepresentative mixture
of hydrocarbonsasthereference gasinthe CLS dataanaysis.
The mixture used to calibrate the FTIR analyzer was a bag
sample of engine exhaust from a prototype ULEV sampled
during thefirst 30 seconds after acold start. A concentration
for the non-methane hydrocarbon component in the bag
sample was assighed using careful bench FID and gas
chromatography analyses.

2.5 Sample treatment

Exhaust gas from gasoline-powered internal combustion
engines contains roughly 10 to 15 mole% CO, and H,O.
Both pose interference challenges for the FTIR analysis.
Dilution was never considered; the resulting sensitivity loss
would have been unacceptable for this project. The CO,
problem was mitigated by the careful choice of analytic
regions in the spectra, aided by the 0.5 cm spectral
resolution. However, the H,O spectral features proved too
pervasive (Figure 4); a similar countermeasure was
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Fig. 4 Effect of water upon exhaust spectrum
Note that water occludes the spectra of
many target species

precluded. Consequently, various techniques were tried to
removethewater from both the ambient and tail pipe samples.
A technique using an ice-chilled aluminum heat exchanger,
water trap, and desiccants efficiently removed thewater. As
expected, NO, was unfortunately removed with equal
efficiency.  Studies with NO, CO, and C,H, (propane)
indicated no lossin thiswater-removal system. Sinceactual
exhaust gas contains virtually no propane, a 15-component
hydrocarbon mixture was also tested. Analysis by gas
chromatography® revealed that substantial hydrocarbon
losseswere occurring asearly as C,, necessitating the search
for adifferent drying technology. (Data are shown later.)

A drying system based on the polymer Nafion® was
assembled for evaluation. Nafion has a Teflon® backbone,
with periodic side chains of perflourated ether terminating
in a sulfonic acid group. These acid groups form “ionic
channels’ that extend through the walls of the Nafion tubing.
Each sulfonic acid group can absorb up to 13 molecules of
water. Assuming the partial pressure of water in the sample
exceeds that external to the Nafion tube, water molecules
will travel along the ionic channels and be released outside
the tubing. This mechanism is selective for water; the only
(potential) exhaust species that could experience some loss
are acohols, ketones, and ammonia.

For this application, multi-tube Nafion dryers
manufactured by Perma Pure Incorporated were selected for
use, after comparison to a single-tube configuration. This
dryer consisted of a bundle of 0.76mm (OD) Nafion tubes
contained within an aluminum shell. Fittings near each end
of the shell permitted a purge gas to flow countercurrent to
the sample; Figure 5. Two dryersin series were used for
both of the sampling systems.

The exhaust sample was heated (70°C) from thetail pipe
through half of the first dryer. There were two reasons for
this: (1) the interaction of liquid water with Nafion is
endothermic, and leads to a cascade failure reaction.
Therefore the exhaust gas must be kept above the dew point
temperature until most of the water has been removed. (2)
Theinitial water absorption and transport by Nafion proceed
as a First Order Kinetic reaction, in which absorption
becomes more rapid with increasing temperature®.

The second dryer for each sample stream was blanketed
with ice water. The purpose here was to coax more of the
retained water from the sulfonic acid groups, since this

WET DRY

SAMPLE | © SAMPLE
INLET TLET
WET Nafion tubes Header ou
PURGE
OUTLET

View with Nafion tubes
partially removed

Fig. 5 Concept of Nafion-based sample drying

residual water becomes the limiting factor after the initial
First Order reaction. Leckrone, et a, haverecently quantified
this effect®.

The ultimate performance of the Nafion dryers is
dependent upon the partial pressure of water in the purge
gas. Dry nitrogen was considered for this application, but
theweight and safety ramificationsof carrying acompressed
gas on board a passenger vehicle precluded this choice.
Ambient air would normally have an insufficient dew point
for this application. However, good results were obtained
by pulling ambient air through a specially constructed
dehydrating system with a vacuum pump. The resulting
negative pressure in the dryer shell lowered the partial
pressure of the water in the treated ambient purge gasto an
acceptablelevel. Thewater content of the exhaust gassample
was decreased to below 100ppm using this technique,
equivalent to a 99.9% reduction.

A comparison of the Nafion-based dryer performance
with that of previous dryer versions can be seen in Figure
6. The 15-component hydrocarbon mixture was passed
through agiven drying systemat 7 L/min, and collected into
Tedlar® bags. These bags were subsequently analyzed on a
gas chromatograph, and the resulting concentrations
compared to thelabel values. The Nafion system produced
acceptableresultsfor al components, with only adlight (4%)
loss for a C, aromatic.

- ﬁ \/\
80%

\ \

60%

% recovered

40% | —ice bath+2desiccants \

20% 1 — ice bath-new design

— Nafion

0%

Fig. 6 Comparison of drying system performance,
in terms of hydrocarbon recovery.
(Gas chromatography data)
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A moreseveretest of thedrying system was performed®?,
in which CO, (11.5%) and H,O vapor (10%) were injected
into the reference gas streams. As previously noted, these
compounds are a potential source of interference for FTIR,
and are present in exhaust gas at approximately these
concentration levels. In addition to the 15-component
hydrocarbon mixture, CO and NO reference gasses were
used for this study. The gas chromatography results shown
in Figure 7a indicate good recovery for the individual
hydrocarbons in the mixture; even when the sample matrix
includes CO, and H,O, there was no preferentia loss of
hydrocarbon species. (The datahave been corrected for the
effect of dilution, and propane was omitted due to
contamination.) Figure 7b indicatesthe same good recovery
performance for CO and NO. It isimportant to notein this
figure that the FTIR system was used to measure the
recovery. Therefore, these results also demonstrate the
accuracy of the on-board FTIR system, including the ability
to measurethefull range of hydrocarbon speciesencountered
in vehicle exhaust. This level of accuracy was attained
despite the presence of CO, and H,O in the sample gases,
indicating that interference from these compounds had
successfully been avoided.

2.6 System environment

FTIR instrumentation is basically designed for use on a
vibration-freelaboratory benchin acontrolled environment.
Relocating such instrumentationto theinterior of apassenger
vehicle is challenging, given the unpredictable dynamics
resulting from road surfaceirregularitiesand vehicle motion.
One of the initial concerns was the effect of the vehicle
acceleration force vector upon the interferometer (moving
mirror) component of the FTIR. Nicolet suggested that this
force should be perpendicular to the motion of the mirror;
(Figure 8). Thisconfiguration did in fact prove to be best,
although the mirror was still subjected to coaxial forces
during vehicle turning maneuvers.

O Cylinder Label
O GC analysis before FTIR

The main area of concern was the unpredictable
mechanical vibration and shock transmitted to the FTIR as
the vehicle encountered imperfections in the road surface.
An attempt was made to characterize these forces through
the use of an accelerometer, but the test results only
confirmed our prediction that the vibration frequenciesvaried
widely. Several studies were performed involving
dampening systems, changes in FTIR location, etc. The
final conclusion was that the FTIRs were best isolated by
simply placing them on the rear seat of the vehicle. Asan
added benefit, placing the FTIRs side-by-side on the rear
seat exposed them to an identical environment, and the
instrument electronics could be kept within the specified
temperature range.

Finally, each FTIR received someinternal modifications;
refer to Figure 8. For example, the laser and IR source
were secured more firmly to prevent movement.

Motion of moving mirror

Interferometer

IR Source

Gas Cell

Acceleration and deceleration forces

Detector

Fig. 8 Overhead view of FTIR interior

OCylinder Label
OFTIR (sample as-is)

B GC Analysis after FTIR

30+ BFTIR (sample + H20 & CO2)

20

10 1

(a) Individual hydrocarbons

\@\Q’ *\Q,oe’ && O,Z,«\Q' NMHC  CO (ppm) NO (ppm
O RN (PpmC) x10)
N
of
Nk

(b) Recovery as
measured by
FTIR system

Fig. 7 Component recovery through final version of drying system
Sample injected with CO, and H,O.
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3. Results and Discussion

3.1 System specifications
The final system specifications were as follows.
Information isshown for asingle sampling/analysis system.

Analytic system
FTIR base unit : Nicolet model Protégé™ 460

Detector : MCT, LN, cooled
Spectral resolution : 0.5 cn?
Gascdll : 10m path

Sample conditions: 70°C, 93kPa (absolute)
Sampleflow rate: 12 L/min (max)

Scans/sample: 2 complete

Drying system

Nafion dryer : 0.76mm (OD) tube bundle
Purgegas: dehydrated ambient air under

negative pressure

3.2 System validation

In addition to the previously mentioned accuracy
confirmation, numerous other validation studies were
performed. A typical example can be seenin Figure 9. In
this case, sensitive bench instruments in use as ambient air
analyzers were used for reference. Actual exhaust gas
samples were analyzed in addition to reference gases. In
the case of the reference gases, the on-board FTIR results
were also compared to the gas cylinder [abel concentrations.
To prepare the exhaust samples, aZLEV-class vehicle was
started under cold conditions, whileadlipstream of undiluted
exhaust gaswas pumped into alarge Tedlar bag. Ascanbe
seeninFigure 9, the FTIR system compared very favorably
with the bench analyzers for the exhaust samples and gas
mixtures.

3.3 On-road results

Following an on-road test program in Los Angeles, the
system was sent to Japan to evaluate its performance in the
Tokyo area. A representative example from the Tokyo
testing isshownin Figure 10. Roadway (ambient) pollutant
concentrations were found to be roughly similar to those
measured in the Los Angelesarea. Traffic conditions were
typically stop-and-go, aternating with cruise periods.

During the course of testing, severe conditions were
sometimes encountered in which the roadway pollutant
concentrations of CO and NMHC were an order of
magnitude greater than those shown in Figure 10. Long
tunnelsin the Tokyo area and highly congested traffic near
Detroit are examples of these conditions. Ascanbeseenin
Figure 11, the ZLEV test platform was unaffected by this
severe ambient air quality.

Thedatashownin Figures 10 and 11 are not smoothed,
other than two-scan averaging performed by the FTIRs. This
produced an approximate two-second sampling ratefor this
dataset. The detection limit for all target compounds was
approximately 0.1 ppm for such on-road testing. For this
road test, NO, remained below the detection limit for both
sample streams; the observed NO, concentrations resulted
from NO alone. In the rare cases where NO, concentrations
over 5 ppm were measured in the ambient sample during
road tests, NO, was found to contribute approximately 20%
tothetotal NO, value. Thisratioissimilar to that expected
in diesel vehicle exhaust®.

3.4 Off-road measurement of ambient air

As part of a cooperative research program with the
University of Riverside, a project was initiated which
required the measurement of ambient air quality at various

CcO NO NMHC
BOn-Board FTIR mBench NDIR ® Label B On-Board FTIR @ Bench Chemilum. ® Label B On-Board FTIR ®mBench FID ®Label
30 10 12
25 Bag samples| Reference gases Bag samples | Reference gases 10 Bag samples  |Reference gases
y 8
c 20 1 . 6 o 8 1
s 151 S E 61
a 2 4 g
101 41
0 0 04
ZLEV#1 ZLEV#2 StdC Std A ZLEV#1 ZLEV#2 StdD StdE StdA ZLEV#1 ZLEV#2 StdC Std A

Fig. 9 Comparison of on-board analyzer and bench instrumentation
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Fig. 10 Tokyo on-road test results.

ZLEV with on-board analyzer
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Fig. 11 Detroit on-road test results, severe traffic congestion
ZLEV with on-board analyzer
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Fig. 12 Real-time ambient air measurement

Shopping mall parking area, Azuza,
California

sitesin the Los Angeles area. The on-board FTIR system
was recruited for this work. In this case, the system was
optimized for stationary, ambient-only measurement, and
was installed into a Honda Odyssey van. The Odyssey’s
GPS-based navigation system was used to record thelocation
of each test site. The ambient measurements were made in
areas away from theroadway, where pollutant concentrations
had become equilibrated and/or mixed. This permitted the
collected FTIR spectrato be averaged over alonger period;
in this case 15-second averages were performed before the
data point was recorded. These longer sampling intervals
in a non-moving platform allowed for excellent signal-to-
noise ratios, with a corresponding decrease in the limit of
detection. Figure 12 indicatesthat even challenging species
such as NO, (NO and NO,) could be clearly measured in
sub-ppm concentrations. (The variance in NO observed in
this figure is due to actual changes in ambient
concentrations.) Subsequent calibration work performed with
reference gases demonstrated that NO could be measured
well below 0.1 ppm under these conditions.

3.5 Calculation of mass-based results

All data discussed to this point have been in terms of
concentration, (e.g. ppm). If the tailpipe flow rate were
known, the concentration data could be converted to mass
results, (e.g., grams), by the following equation:

M=D [ Cyx Vit

Where, for each component:

M = cumulative mass

D = density

C, = concentration at timet

V, = volumetric flow rate at timet

In reality, the conversion to mass-based results is
somewhat more complex. Inadditiontotheflow rate, sample
delay time and instrument response characteristics must be
considered. These steps are outlined bel ow.

Flow rate determination. Measuring the tailpipe flow
rate on a moving vehicle is a challenge. The concept of
add-on flow measurement devices was discarded for this
work, due to accuracy and size considerations. Instead, an
estimate of the flow rate was determined by using datafrom
the vehicle’ sECU (engine control unit) to cal cul ate the fuel
usage rate. Examples of data extracted from the ECU for
this purpose included fuel injector pulse duration, engine
speed, and air/fuel ratio. Given that vehicle constants (such
as exhaust system dimensions) and fuel composition were
known, a sufficiently accurate estimate of the tailpipe flow
rate could be calculated. Comparison with external methods
of flow measurement, such as the CO, tracer technique,
confirmed the accuracy of this method.

Sample delay time. The next step wasto align thisflow
measurement with the FTIR’ s concentration measurement.
The delay time between the sampling point and the
instrument was determined experimentally with pulsed
injection of reference gases. The previous equation was
modified to include this delay time, designated d:

M =D [ Gy %V dt

Instrument response. The FTIR gascell hasavolume of
2L, and thesampleflow rateisabout 6 to 12 L/min with this
system. Therefore, the concentration data resulting from
fast changes in pollutant concentrations will appear
somewhat smoothed, due to this relatively slow response
time. To address this response characteristic, the datawere
processed using a“well-mixed flow cell” model; see Figure
13. Thefina equation shown in this figure was utilized to
estimate the actual inlet concentration of the FTIR gas cell
prior to mixing. Theeffect of the delay time and instrument
response correction can be seen in Figure 14, in which a
very good comparison has been achieved with dynamometer
output during an FTP cycle.

Comparison with dynamometer CV Sresults. Asafinal
validation of the techniques described above, testing was
performed at UC-Riverside in which the FTIR system was
run concurrent with standard dynamometer methods over
various cycles. To ensure that sufficient pollutant
concentration were produced to facilitate this comparison,
the FTIR system was moved from the ZLEV platform into
anLEV Accord. Figure 15 showstheresultsfrom thethird
phase of aUnifiedtest cycle, (similartoan FTPcycle). These
datarepresent the average of three separateruns. Thegrams/
mile of CO, NO,, and NMHC were in good agreement
between the FTIR-based system and the UCR CV S system.
Results from CO, and CH, (not shown) were also good.
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g, Cin

q,C

Where:
g = flow rate through cell
V = cell volume
T = residence time = V/q
Cin = input concentration
C = cell concentration

Mass Balance:
M = CV = mass in cell
dM/dt =qCin - qC
d(CV)/dt=qCin - qC
(V/q) x dC/dt =Ci, - C
txdC/dt=Ci,-C

Cin=C + 1 x dC/dt

Fig. 13 FTIR gas cell mixing model;
Determination of input concentration

200

------- Raw FTIR NO
175 —— Processed FTIR NO—
—— Dyno Bench NOx

=
al
o

[y
N
a1

NO, NOx (ppm)
=
o
o

50 / ';
AV RA i

15:53 15:54 15:55 1556

Time

Fig. 14 Comparison of on-board FTIR system with
dynamometer bench analyzer during FTP
Vehicle = ZLEV

This was generaly the case for al of the test cycles and
phases, although NMHC results were occasionally in
relatively poor agreement. The FTIR calibration was
subsequently confirmed over the range of concentrations
encountered during thesetests. Therefore, the deviation was
likely attributable to another source, such as CVS
contamination.

4. Conclusion

An on-board analyzer system has been developed,
capable of measuring exhaust species from advanced-
technology vehiclesin real time. Accuracy was validated
through laboratory studies, and overall performance was
confirmed through on-road data collection.

| B FTIR system
B Dyno CVS

O B N W b OO0 OO N 00 ©
y

NMHC mg/mi

NOXx g/mi x 100 COx g/mi x 10

Fig. 15 Mass-based comparison of on-board FTIR
system with dynamometer CVS.
LEV vehicle, 3 phase of Unified Cycle.

Therefore, it is now possible to measure exhaust and
ambient speciesin units of grams/mile during actual highway
driving, with accuracy equivalent to that of dynamometer
CVS data. Several chemical species can be measured
simultaneously, in addition to the standard criteriapol lutants.
Some examples of new technologies and techniques
developed during this project :

» Various techniques associated with the installation of a
complex sampling/analysis system into a passenger
vehicle, including el ectricity management and vibration
mitigation.

* Analytic methods that attenuate FTIR spectral
interference, including a unique calibration method for
NMHC.

* A new sample treatment technique. The water content
of exhaust gas can be reduced by 99.9%, with no loss of
criteria pollutants.

* Custom software for real-time, simultaneous display of
tail pipe and ambient data.

» Algorithms allowing the calculation of mass-based
results.

This on-board analyzer is now in use as a development
tool for advanced emission-control systems. It has also
proven effective asamobile air quality monitoring station.
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Technical paper

Computer-aided Engineering Technique for the
Reduction of Exhaust System Noise and Back Pressure

Satoshi WATANABE* Tsuyoshi ISHIT* Hidekazu AKIY AMA*

ABSTRACT

A technique has been established for predicting the effects of changing cold end parts in an exhaust system on engine
output and exhaust discharge noise. This technique enables the sharing of such parameters as velocity and pressure dueto the
application of flow analysis and acoustic analysis. One-dimensional compressible fluid analysis was used to predict engine
output, and avalue derived by steady flow analysis using the three-dimensional finite volume method (FVM) was introduced
for the effective flow area, which is one of the parameters. Further, it was clarified that exhaust discharge noise is determined
by the sum of pulsating noise and flow generated noise. The pulsating noise was predicted by the application of acoustic
analysisusing thethree-dimensional finite el ement method (FEM). For the FEM input boundary conditions, precision verification
was carried out using both pressure fluctuation values derived by compressible fluid analysis and measured values from an
actual vehicle, while velocity derivable by steady flow analysis was introduced as a parameter for flow-generated noise
prediction. Asaresult, it was possible to predict the variations of engine output caused by changesin the exhaust system with
an accuracy of £2%, and to predict exhaust discharge noise within £2 dB. Thishas made it possibleto optimize muffler design
by implementing three-dimensional computer-aided design (CAD) modeling to evaluate parts performance from the initial

layout investigation stages.

1. Introduction

In conventional exhaust development, one of the main
issues has been how to determine specifications so that the
high-level balance required between the opposing
requirementsfor high performance engineresponse and high
muffling performance is achieved.

In recent years, there has been an increasing demand for
the development of computer-aided Engineering (CAE)
technology that can evaluate the function and performance
of a3D CAD modedl intheearly stagesof development before
prototype parts are made.

This report gives details of the calculation method
developed to meet the above needs for both acoustic and
flow engineering. The method utilizes the finite element
method (FEM) and computational fluid dynamics (CFD),
etc.

2. Analysis Method

The analysisflow for exhaust noise analysis and engine
output analysis is given in Fig. 1. The details of the

* Tochigi R&D Center

procedure are givenin later sections. Theaim of this project
was to bring the accuracy of analysis up to a level where
exhaust system performance can be evaluated without having
to create prototype parts. The range for changes to parts
handled by this project is highlighted by diagonal linesin
Figure 1. These parts are positioned after the catalytic
converter in the muffler system and are called the “ cold end
exhaust”.

Accordingly, both the calculated and actual values for
the area immediately behind the catalytic converter were
used for the physical values of pressure, velocity,
temperature, etc., which are the analysis input conditions.
Then, by varying the muffler system characteristics it was
possible to study what effects the changes have on exhaust
discharge noise, and on engine output.

3. Steady Flow Analysis

The genera-purpose VECTIS code was used in the 3D
steady flow analysis.

In terms of methods for digitization, the FVM (finite
volume method) was employed for the flow parts, and the
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Fig. 1 Flowchart of analysis
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Fig. 2 Steady flow analysis model

Fig. 3 Comparison model types

SIMPLE method was applied for the velocity and pressure
location calculations. The standard k - € model was used as
the turbulence model.

The analysis model used for verifications — an exhaust
system with a pre-muffler and main muffler placed along
the exhaust pipe—isshown in Fig. 2.

Fig. 3 shows a comparison of the main muffler
configurations applied for this verification. Fig. 4 showsa
representative FVM mesh model (a) and velocity analysis
example (b).

Boundary conditions were set as follows: pressure was
provided at theinlet (1 to 6 kPa), the air was released at the
outlet, and the temperature was anormal 27°C @,

Q=sk | @
Q: steady flow amount
S outlet section area
AP: pressure difference
C. loss coefficient
k:  flow rate coefficient

(@) FVM mesh model (b) FVM analysis results

Fig. 4 Example of FVM mesh and analysis results
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Thefollowing itemswere kept in mind when improving
the accuracy of the steady flow analysis.

() Method for modeling the air release area

(1) Small shapes (punched holes)

(111) Method for stabilizing digitalization

(IV) Dependency of mesh size

Fig. 5 gives the results of comparison between steady
flow rate analysis as determined by Equation (1), and the
measured values for aflow rate test piece.

Thereisacorrelation between the values, and cal culation
accuracy shows the favorable result of no more than 2%
error.

=
h L
% 20 L/sec |type o /
E A //
2 type B
(0] /
£ y —
=)
S type
S ——"wpey
//%
/ —=— Experiment
— Calculation
1 2 3 4 5 6

Back pressure (kPa)

Fig. 5 Comparison of experiment and
calculation results

4. Volumetric Efficiency Analysis

1D transient compression flow simulation was used for
volumetric efficiency calculations.

Here, flow lossin the muffler can be converted, as shown
in Fig. 6, into a single uniform pipe loss. The effective
flow area (Z), which is required for volumetric efficiency
analysis, was determined using Equation (2) and the flow
rate (Q) determined in the aforementioned steady flow
analysis.

Z=Q-p/2AP )

Z: effectiveflow area
Q steady flow amount
AP: pressure difference
p: density

=>

Fig. 6 Conversion of loss coefficients

Also, pipelength and muffler capacity were used for 3D
modeling values. Fig. 7 gives an example of one
dimensional volumetric efficiency anaysis.

P.=27-NT/(60x1000) (KW) €)

T=K-n Ny -1, Vg (N-m) 4)

P_. engine output

N_: rpm

T: torque

k: coefficient

n,: thermal efficiency
7. mechanical efficiency
n,: volumetric efficiency
Vi

cylinder capacity
Engine
Intake g‘ Hotend .
h “IT 7T exhaust |
R N .
8 |15 Converter
oz 81242 o] \ |
2 9 16 19 v
o 7IL348,1 72 0Ri22 11310 na 3
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Fig. 7 One dimensional volumetric efficiency model

Fig. 8 shows a comparison between engine output and
torque analysis results determined from Equations (3) and
(4) and the results of measurements from engine bench
testing.

There is a correlation between measured values and
calculated values, and error is 2% or less. Thus, analysis
accuracy is sufficient.
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— Calculation
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Fig. 8 Comparison of experiment and calculation
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5. Exhaust Noise Analysis

5.1 Causes of Exhaust Discharge Noise

Exhaust discharge noise, asshownin Fig. 9, iscomprised
of pulsating noise (composed of basic order and harmonic
components), resonance noise (due to the operation of
amplitude within the exhaust pipe), and flow noise (from
fluid motion).

A 4-cylinder engine was used in this project, and the
effect of changes in muffler characteristics (structure and
layout) on exhaust discharge noise pressure was verified
through test and cal culation results.

. Pulsating noise

Flow generated noise
., 7000

2|
~ | (rpm)
SPL;
. /1000
0 1 2
Frequency (kHz)
Fig. 9 Exhaust noise components

5.2 Analysis of Attenuation Amount using Acoustic
Theory

5.2.1 Attenuation Amount Characteristics

First, verifications were carried out of the acoustic
characteristics in a state where exhaust flow factors are
eliminated. This was done by comparing actual
measurementstaken at normal temperature using an acoustic
vibration tester and the results of calculations using FEM.

The general-purpose code SY SNOISE was used for the
3D acoustic flow analysis. Fig. 10 showstheanalysismodel
and the corresponding FEM mesh model.

Thefollowing itemswere kept in mind when improving
the accuracy of the attenuation analysis.

()  Wall surface boundary condition settings

(I1)  Sound absorbing material characteristics

(1) Small shapes (interference hole, gaps with mating

parts)
(IV) Release area boundary conditions
(V) Dependency of mesh size

Fig. 10 Analysis model and mesh model

Fig. 11 gives an example of acoustic pressure mode
analysis results. Equations (5) and (6) were used for
attenuation amount calculations .

X(p) = Hg(p) - He(p) - F(p) )
IF(p)|

ATT =20LOG ———
X(p) ©

That is, the response X (p) to acoustic vibration input F(p)
could be calculated from the exhaust pipe release end
transmission function H_(p), and the transmission function
H_(p) that is determined by multiple physical property values
and structures. H_(p) was calculated using the boundary
element method, and H_(p) using the finite element method.

&7

X(p)

F(p)

&7

Fig. 11  Acoustic pressure mode (45Hz)

Fig. 12 shows the comparison between the attenuation
amount measured using an acoustic vibration tester and the
calculated results. Theresultsare extremely accurate, within
+2 dB, in the 0 to 500 Hz range.

B N
au /mj\\v / f \'\
adBMAVa
V Lo |

' . — Calculation
I I I
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Attenuation (dB)

Fig. 12 Comparison of attenuation

5.2.2 Transmission Characteristics with Consideration
of Heat and Exhaust Flow

When the engine is operating, the exhaust pipe is under
high-pressure exhaust gas flow and high- temperature
conditions of use, as shownin Fig. 13. Also, it is necessary
to consider velocity and temperature parameters when
analyzing pulsating noise.

In order to resolve the transient response problem
concerning what kind of effect velocity and temperature have
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7o

= abrupt acceleration
| — gradual acceleration
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(a) Temperature of muffler

(b) Velocity of tail pipe

Fig. 13 Temperature and velocity measurements

on acoustic characteristics, the authors adopted the following
equation of motion (7) ©.

[MI{x(O} + [RI{x(®} + [KI{x(©O} ={f(#)} (7)

[M]: rigidity matrix

[R]: attenuation matrix
[K]: mass matrix

{x}: displacement vector
{f}: vibration force vector

Heretheright half of the formulaisthe vel ocity function,
and the sound velocity and density corresponding to
temperature changes are given as variables for each matrix.
By introducing the solution of this equation of motion into
the attenuation equation, it was possible to calculate the
transmission function giving full consideration to velocity
and temperature. Verifications were implemented,
comparing the above results with measurement resultsfrom
avehicle chassis dynamo (Fig. 14).

The patterns used for the accuracy verification are
recorded in Table 1.

In Pattern 1, the test vehicle' senginewasturned off with
the tires rotating in order to minimize temperature
dependency. Fig. 15 shows a comparison of transmission
function calculation results (2™ order) with changes only to
the flow velocity parameter.

In Pattern 2, the test vehicle was in a working engine -
throttle off mode in order to minimize the velocity
dependency. Fig. 16 shows a comparison of transmission
function calculation results (2™ order) with changes only to
the temperature parameter.

Extremely high accuracy was obtained for both Patterns
1 and 2. Thus, it was proven that acoustic characteristics
under changing temperature or velocity conditions can be
determined using Equation (7).

P2 Pout

Fig. 14 Chassis dynamo test

Table 1 Comparison patterns

Pattern Pattern 1 Pattern 2
Vehicle Motori Working engine
test mode otoring & throttle off
Calculation Change velocity Change temperature
condition parameter only parameter only

J‘ 2nd order

A
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Fig. 15 Comparison of transfer functions
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Fig. 16 Comparison of transfer functions

5.3 Pulsating Noise Analysis

Inactual exhaust discharge noiseanalysis, it isnecessary
to consider both temperature and velocity parameters
simultaneously.

A comparative verification of pul sating noise basic order
with muffler a used in flow analysis was implemented in
the abrupt acceleration mode.

Equation (7) was employed when calculating both
temperature and vel ocity astransient response problems. The
results of comparisons with the spectrum calculated from
vehicle exhaust noisetests and with 2™ to 8" order pul sating
noise are shown in Fig. 17 and Fig. 18, respectively.
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The differences in both are greater with the higher
frequencies. However, it is possible to obtain sufficiently
accurate results when carrying out performance evaluation
of parts without making prototype parts.

Using Equations (8) and (9), the exhaust pul sating noise
overall value is calculated from two inlet boundary
conditions: (1) pressure P1, determined in volumetric
efficiency analysis; and, (2) pressure P2, measuredin vehicle
chassis testing.

X(pn) = Hyr(pn) - HL(P) - F(py) ©)
SPL. = 200G Xl(op“) | )

F(p): input sound pressure (exhaust source
noise)

X(p): response sound pressure (exhaust
discharge noise)

H, ;(p): temperature, velocity transmission

function
P, minimum audible sound pressure
n: rpm

H (p): distance attenuation

} 1008 | 3000rpm
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Fig. 17 Comparison of frequency spectrums
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Fig. 18 Comparison of sound pressure levels

Highly accurate analysis results were obtained, with the
accuracy of theresultsfor (1) being £2 dB and (2) being +5
dB, as shown in Fig. 19.

Theabove areresultswithamuffler system that considers
fully maintaining exhaust pipe diameter and generating a
relatively small flow noise. It was thus judged possible to
calculate exhaust discharge noise with this sort of exhaust
system by adding a spectrum for each engine speed.

' type o

A I

10dB O.A Flat

\

AN /@ﬁ

- SANARY
n
— Experiment

—— Calculation (Inlet boundary condition = P1)
—— Calculation (Inlet boundary condition = P2)

I I I I I I
1000 2000 3000 4000 5000 6000
Engine speed (rpm)

Fig. 19 Comparison of sound pressure levels

5.4 Flow Noise Analysis

With actual exhaust systems (Fig. 24 and 25 show types
b and g), it isnot uncommon for some portion of the exhaust
pipeto be narrow in order to maintain attenuation mainly in
the low frequency range. In these cases, it can be seen that
the effect of the flow noise on the exhaust discharge noise
grows larger as the pipe becomes narrower.

Generally speaking, flow noises are turbulent noises
generated from eddies or impactswhen high vel ocity exhaust
gas flow passes through the muffler, and jet noises are
generated when exhaust gasses are released from the end of
thetailpipe. (SeeFig. 20.) Thefrequency of the noise covers
awide range like white noise, but the flow velocity effect is
mainly on the high frequency side.

Turbulence noise

Jet noise

Fig. 20 Exhaust gas flow noise
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Theauthorsthen made prototypeswith narrower internal
muffler parts and tailpipes. They then established
relationships between engine speed and velocity (Fig. 21)
as well as engine speed and exhaust noise (flow noise)
without pulsating noise components (Fig. 22) with
measurement data, and calculated flow analysis.

From these results it was determined that velocity and
flow noise have almost linear characteristics with engine
speed. Accordingly, by eliminating the engine speed
component, it is possible to judge that velocity and flow
noise have a proportional relationship, as expressed in
Equation (10) (Fig. 23).

SPL =n10logV + m (10)

— type B experiment
— type y experiment

A T
50m/sec
v

O
A(.’C/TP O]
M
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o type B calculation
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Fig. 21 Relationship between velocity and
engine speed
— type B experiment
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| —~
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Engine speed (rpm)

Fig. 22 Relationship between sound pressure level
and engine speed
4
10dB Q“E
A ~7
-
o
0 ﬁ 50m/sec
Velocity
Fig. 23 Relationship between sound pressure level

and engine speed

5.5 Exhaust Noise Analysis

Based on the above, exhaust noise can be calculated by
adding pul sating noise and flow noise, as shown in Equation
(12).

PL= 20LOGT +Y (n10logV +m) (11)

| X(p) |
0
Next, comparing exhaust noise analysisresultsto exhaust
noise measurementsfor type b and g mufflers as determined
from Equation (11), as shown in Fig. 24 and Fig. 25, the
authors found that the results were very uniform.

type

A ] I
10dB O.A Flat

<]
///4
V% \// Ne~4

— Experiment
— — Calculation (no flow noise) —
— Calculation (flow noise)

I I I I
1000 2000 3000 4000 5000 6000
Engine speed (rpm)

SPL

Fig. 24 Comparison of sound pressure levels (type R)

type y

A ] I
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S

]

SPL
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— — Calculation (no flow noise) —
— Calculation (flow noise)

I I I I
1000 2000 3000 4000 5000 6000
Engine speed (rpm)

Fig. 25 Comparison of sound pressure levels (type g)
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6. Examples of Applications to Muffler
Development

As aresult of the methods above, the effects that the
cold end parts of the exhaust system have on engine output
and exhaust discharge noise have become clear. Further, it
is now possible to make optimization studies of muffler
design based on analysis of this mechanism.

That isto say, in the prevention of flow noise and back
pressure rise, etc. the basic task is to reduce velocity.
However, in addition it is very important to prevent flow
separation @,

Conventionally, it was most effective to make separation
visible and take countermeasuresto prevent it. However, as
shown in Fig. 26, the physical flow phenomena in CFD
analysis results are very uniform. Thus, flow noise can be
reduced and the flow rate improved by changing the shape
of pressureloss areas without actually producing any parts.

Therefore by utilizing the analysistechnology described
thus far, the authors examined to what degree it would be
possible to make the muffler smaller and lighter, and to
reduce the exhaust discharge noise.

The assumption here was that the muffler layout within
the exhaust system and the back pressure characteristics
would remain unchanged.

Theresultsaregivenin Table 2. To summarize, through
the analysis of the mechanisms involved in the exhaust
system acoustic characteristics and the fluid characteristics,
it is possible to develop amuffler that is small, lightweight,
and (as shown in Fig. 27) has areduced exhaust discharge
noise. Thistechnology was applied to the 2001 Civic.

===

Fig. 26 Comparison of flow visualization
and calculation
Table 2 Comparison of exhaust systems
Base exhaust Modified exhaust
system system

Muffler

volume rate 1 0.762
Muffler

weight rate 1 0.742
Exhaust )
noise Fig.27
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Fig. 27 Comparison of exhaust noise

7. Summary

Aiming for highly accurate predictive technology for
exhaust system parts using CAE the following conclusions
were reached.

(2) It is possible to convert even mufflers with complex
internal structuresinto straight pipeswith aset diameter,
by calculating the loss coefficient from the flow rate
determined through 3D steady flow analysis.

(2) Engineoutput can be calculated with very high accuracy
(x2%) by looking at the muffler as a straight pipe as
stated above, and then applying 1D volumetric efficiency
analysis.

(3) In order to improve the accuracy of pulsating noise
analysis, it is very important to determine acoustic
rigidity, attenuation, and mass matrixeswhile giving full
consideration to temperature parameters, and to define
acoustic vibration vectors which introduce velocity.

(4) 1t was learned that flow generated noise is composed of
turbulence noise generated internally inthe muffler, etc.,
and jet noise generated at the tail pipe outlet. Thissound
pressure has a proportional relationship to velocity.

(5) It is possible to calculate exhaust discharge noise with
the extremely high accuracy of £2dB, by adding together
pulsating noise and flow noise.

Also, it has become possible to develop an exhaust system
that has a high-level balance, by analyzing the
characteristic factors that affect exhaust discharge noise
and engine output.
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Technical paper

Air Quality and Emission Control Strategy Evaluation
Software BRIDGE PROGRAM

David DEWITT* Y oshiaki MATSUZONO**

ABSTRACT

Anoriginal softwaretool, BRIDGE PROGRAM, has been developed to simplify the evaluation of emission control strategies
for improving air quality. Itis particularly effective for in-house evaluation of emission inventory reductions and air quality
impactsasaresult of introducing innovative, low emission technologies. The software usesaRelational Database M anagement
System (RDBMS) to manage and modify the large emission data sets that characterize specific regions. Mobile, stationary,
and biogenic emission rates can be scaled up or down, individually or by groups of source categories. The software automatically
generates compatible files of gridded emissions for photochemical models used by regulatory agencies. This software has
been used to modify emission inventoriesin regions of the United States and Japan. This paper describes the methodology

and utility of the new software.

1. Introduction

Thereisagrowing interest around the world for regions
with poor air quality to search for pollution control strategies
that will reduce emission inventories and achieve healthful
air. Theseregions, typically urban or influenced by nearby
urban emissions, have emission inventories that are
dominated by mobile sources. Asaresult, strict regulations
have been directed toward the drastic reduction of mobile
emissions, particularly light-duty vehicles (LDV). Using
theemissioninventory of California s South Coast Air Basin
(SCAB) as an example, reductions of roughly 80% total
organics gases and 60% oxides of nitrogen are required to
attain the National Ambient Air Quality Standard (NAAQS)
for ozone. These are enormous reductions that will require
implementing a host of clean technology solutions across
al industries, not just from the mobile sector.

Honda has responded to the strict regulations by
researching and developing many clean technologies,
including clean gasoline powered vehicles, dternativefueled
vehicles such as natural gas and pure electric vehicles, as
well asfuel cell vehicles. Until now, Honda has lacked the
internal capability to evaluate the air quality impacts of the
most promising clean technologies introductions. It would
be advantageous to have the in-house ability to evaluate the
emission and air quality benefits of these vehicles before or
during the early research phase. This capability would
provide insight for determining the most effective direction

* HondaR&D Americas, Inc.
** Tochigi R&D Center

for development or future research. This type of early
indication of emission benefit could also be valuable for
scientific discussions with regulatory agencies or other
interested groups.

Mathematical models are commonly used to describethe
chemical and physical processes within the atmosphere
during the assessment of emission reductions on regional
air quality®. These models require comprehensive
meteorological and emissions data that are spatially and
temporally allocated. To accurately represent an emission
control strategy, baseline emission data should be modified
at the disaggregate level.

An effective software system, BRIDGE PROGRAM, has
been established to “bridge” the gaps between agency-
supplied emissions data, emission control strategies, and
advanced photochemical air quality models. The
methodology is based on applying control factors to the
baseline emission contributions of carbon monoxide (CO),
oxidesof nitrogen (NOx), sulfur oxides (SOx), total organic
gases (TOG), and particulate matter (PM). The emission
rates from individual or groups of emitting source classes
can be scaled up or down to represent the target emission
rates. The hourly gridded emission files required for
photochemical models are automatically generated.

The system described in this paper has the structure to
activate a sophisticated mechanism for designing emission
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control strategiesfor not only the transportation industry but
for other industriesaswell. This software tool can assistin
finding the technology combinations to clean our air.

2. Description of the Evaluation Model System

The system design for applying a relational database
management system (RDBMS) to evaluate air quality
emission control strategies is shown in Fig. 1. All of the
input and output dataflow isconducted through the RDBMSS.
Air quality data, chemical mechanisms, and baseline
emissions of mobile, stationary, and biogenic sources are
loaded into the database. Tables are created to store the
dataand linksare established to form relationships. A control
strategy Graphical User Interface (GUI) allowsnovice users
to communicate with the database and easily modify any
emission source type. The database can be interrogated
directly with Structured Query Language (SQL) scripts to
extract information and return custom reports for inventory
analysis?. The hourly gridded emission files required by
regulatory and research photochemical models, specifically
the Urban Airshed Modd® (UAM CB-IV) and the Cdlifornia
Institute of Technology Model®-® (CIT), are automatically
generated.

It was important to select a commercially available
RDBMS that could be easily adapted and widely used®.
Oracle8 was selected although early development was
concurrently performed in Microsoft SQL Server. The
RDBMS has the capability to easily manipulate, display,
and analyze large and diverse data sets.

3. Mechanism to Identify Source Types

Reflecting the introduction of a new technology or a
proposed regulatory standard into an emission inventory
requires the ability to identify the appropriate source types
for modification. The Source Classification Code (SCC)
was selected asthe mechanism to identify sourcetypes. The
U.S. Environmental Protection Agency, California Air
Resources Board (CARB), and the South Coast Air Quality
Management District (SCAQMD) support the SCC usage.

Air Quality Data
Baseline Emissions
Chemical Mechanisms

r -
| Relational Database | Custom
| Management System I Reports
| I =

Control | |

Strategy | ) |

Interface | Linked L,
I Tables | "
I | Gridded  Air Quality
| : Emission  Models
be—— Files * UAM

«CIT

Fig. 1 The system design and data flow

Many countries interested in improving air quality look to
these agencies for guidance. The SCC is an 8-digit code
dividedinto four parts (X-XX-XXX-XX), which correspond
to the four hierarchical levels of source description as
illustrated in Fig. 2. Specifying afull 8-digit code uses all
four levelsand completely describesaparticular sourcetype.
Not specifying the deeper levels will lead to increased
groupingsof industries and eventually will describethe most
genera categories.

All of the emission entries in the database are obtained
from local and government agencies and contain key fields
for values of SCC, CO, NOx, SOx, TOG, and PM®™. The
SCC provided alogical meansto apply control factorsacross
entire industries or specific processes, which realistically
simulates the implementation of a new regulation or
technology. Severa of the tables created in the RDBMS
include a common column, like the SCC column. These
types of recurring columns weave rel ationships throughout
the RDBMS®. Countries or regions that have not yet
assembled or are beginning to assemble an emission
inventory can adopt the SCC or design a suitable source
identification scheme®: @9, Consultants or “think tank”
groups may be utilized as an alternative means of generating
emission inventory estimatesin countries where thistype of
datais not publicly disclosed.

4. Designing an Emission Control Strategy

An emission control strategy is a plan to reduce the
emissions from targeted source types in order to attain a
desired emissioninventory level, typically described in units
of tons/day. Usually the inventory goals are set to achieve
air quality standards, like ozone attainment. Designing an
effective control strategy typically requires an understanding
of therelative emission contributionsfrom the various active
sources within aregion. The powerful tools accompanying
arelationa database allow the user to query the enormous
emission datafiles. Ad hoc queries can be rapidly scripted

X - XX - XXX -XX
General Major Product, Particular

Category Industry  Material, Emitting
or Fuel Process

External Combustion Boiler Used
Internal Combustion Engine

Industrial Processes

Petroleum / Solvent Evap

Waste Disposal
MACT Sources
California Codes (1-99999)

30609903 - Petrol Indry, Refng, Natural Gas, Incinerator

Fig. 2 The structure and tree diagram representation
of the eight-digit, four-tier Source
Classification Code
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and refined for successive interrogation of the database.
Information can be extracted to expose leading candidate
sources for emission reduction. Knowledge of reactivity
and ozoneforming potentia areinsightful for choosing some
sources over others but is not mandatory because this
information isincorporated into the photochemical models.
These mathematical models describe the chemical and
physical processes within the atmosphere and predict the
pollutant concentrations, which can be plotted and animated
for easier comprehension.

A GUI was created to simplify the most common tasks
during the process of modifying an emissioninventory. GUIs
are valuable tools to facilitate communication between the
database and non-expert users. Experts can always
communicate with the database directly by using SQL. Fig.
3 shows the general GUI for selecting an episode date,
defining the spatial and temporal range, and choosing the
appropriate format for the gridded emission filesasrequired
by air quality models.

The domain size can be customized to represent the
region of interest as shown by the GUI in Fig. 4. Offsets
are available to align the corner of the inventory data so it
coincides with the domain representation of the ensuing
photochemical air quality model. Thisisaparticularly useful
feature when studying new regions.

The SCC button in Fig. 3 will launch the SCC GUI
shown in Fig. 5. The left-hand column of Fig. 5 contains
theentirelist of over 2000 unique SCCs. Thistree diagram
can be expanded or collapsed to expose any specific source
type. An entire branch of sources within the tree diagram
can be selected by marking the box at the most general level.
Any source can be deselected by marking it again.

Once a source type has been selected, it is added to a
summarized list on theright-hand side of Fig. 5. Thesources
inthislist are available for emission modification. Control
factors can be applied to CO, NOx, SOx, TOG, and PM
emissions. A unity factor represents no change to the
baseline emission rate. A factor less than unity represents
an emission reduction while factors greater than unity
represent emission increases.

The example in the summary list of Fig. 5 shows three
different SCCswill be used to reduce emissions from ON-
ROAD VEHICLES. Emissionratesfor CO, NOx, and TOG
will be significantly reduced to reflect a clean fleet
technology. This is evident because the emission control
factors, or coefficients, have been set to values much less
than unity. The control factor values are determined by the
relative contribution of the new emission rates compared to
the existing baseline fleet emission rates that are stored in
the database®?-3. The user must also consider the number
of vehicles or market penetration when modifying emissions
from ON-ROAD VEHICLES.

After applying control factorsto the selected sourcesthe
user returns to the general GUI, Fig. 3, and executes the

data manipulation with the query button. The database
appliesthe new emission ratesto each spatial location where
that specific sourcetypeisactivewithintheregion. Emission
files are automatically gridded into cells as a function of
time and space for use in regulatory or research air quality
models. Fig. 6 showsemissioninventoriesfor Japan’ sKanto
region and the United States' South Coast Air Basin.
Because most of the steps in the process of designing an
emission control strategy have been automated, theinfluence
of human error hasbeen minimized. Thisprocessof creating
control strategies would continue until the results of the
emission reductions and air quality simulation successfully
met a predetermined criteria.

.—-Bridge Query
Connaction Infi
Data Source Mame: Usemame: Password:
|[None] 3 !hudge | “““““““
Emissions Model
IV Grid: & O  UAM " Other... ‘
- Query Information
Dates 26 g 1387 = scC
23
How: [ =] — | E4

........................

s I_jI—J [

i Output
Filename: - 5 [C:\Dutput\Honda_Technology
File Type: € Unis & PC I MAC ™ Wide format
Elapsed time: 00:00:00 p
E stimated time required: 105541 Quey | Eat |
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Fig. 3 The general GUI simplifies common tasks
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Fig. 5 The SCC GUI allows the user to select individual or groups of SCCs and apply control factors
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Fig. 6 An example of hourly emission inventories for
Japan’s Kanto region and U.S. SCAB

5. Conclusion

An original and effective software tool has been
developed to simplify the evaluation of emission control
strategiesfor improving air quality. Mobile, stationary, and

biogenic emissioninventories are quickly modified to reflect
the introduction of innovative, low emission technologies.
Control factors are applied to an emitting source class to
alter emission contributions of CO, NOx, SOx, TOG and
PM. The hourly gridded emission files required for
photochemical modelsare automatically generated. Thetool
givesHondathein-house capability to evaluatethe emission
and air quality benefits of vehicle technologies before or
during the early research phase, which can provide insight
for determining the most effective direction for research and
development.
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Development of an Ultra Flat Torque Converter by Applying
Three-dimensional Computational Fluid Dynamics
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ABSTRACT

A method has been created to optimize design parameters using three-dimensional CFD to analyze the internal flow
condition of aflat torque converter, and one-dimensional angular momentum theory. This method has been used to design a
torus and blade configuration which reduces flow loss, and to optimi ze the specifications of the stator, which hasagreat affect
ontorque capacity characteristics. Thishasallowed the development of the thinnest ultraflat mass production torque converter

in the world without sacrificing torque converter performance.

1. Introduction

The trend toward increased steps in automatic
transmissions (AT) and continuoudly variabletransmissions
(CVT) withtheaim of improving comfort and fuel economy
has accelerated in recent years. The development of an ultra
flat torque converter that is thin and which delivers high
performance is essential to meeting these demands.

Regarding analysis of the internal flow condition of
torque converters, actual measurements of internal pressure
and flow distributions around the stator®@ and the results
of characteristic predictions using three-dimensional
computational fluid dynamics (CFD)® have been reported
thus far. However, in order to develop an ultra flat torque
converter, it was necessary to analyze factors causing
performance deterioration when thetorus sectionisflattened
and the stator is made thinner, and to find a way to shorten
the development period for verifying the design parameters.

This study created a method for verifying design
parameters that is based on analysis of the interna flow
condition of aflat torque converter using three-dimensional
viscous CFD and one-dimensional angular momentum
theory. This method was then used to design a torus and
blade configuration that reduces flow loss and to optimize
theflat stator specifications. Thismadeit possibleto develop
the world’s thinnest ultra flat torque converter. A 15%
reduction in the axial dimension and a 3% improvement in
transfer efficiency compared to the conventional Honda 2-
liter engine class torque converter was achieved without
sacrificing torque converter performance.

*Tochigi R&D Center

2. Development Issues

When attempting to design a flat torque converter, the
main design restrictions are on flattening the torus section
and making a thinner stator, which are known to influence
torque converter performance as follows.

(1) Hattening the torus section causes the torque capacity
characteristics and the transfer efficiency to drop.

(2) Making the stator thinner creates torque capacity
characteristics with peaks.

Of these, (1) influences the fuel economy, and (2)
influences the drivability of avehicle at launch by creating
adiscrepancy between the enginetorque characteristicsand
the torque absorption characteristics of thetorque converter.

3. Development Targets

The following development targets were set in
consideration of the above technical issues and the need to
shorten the overall AT axia dimension.

* Toachievetorque capacity characteristicsand atransfer

efficiency equal or superior to the current model.

 To reduce the overall torque converter width by 15%

compared to the current model.

To achieve these targets it was necessary to analyze
factors causing and quantitatively evaluate changesintorque
converter performance caused by flattening thetorus section
and using a thin stator. Therefore, the following torque
converter tests and three-dimensional viscous CFD were
performed. The CFD tool used was ageneral-purpose code,
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Fig. 1 Restrictions on the design process

which applied the finite volume method for digitizing, the
CFD turbulence kinematic model was applied asthe standard
k - € model, and the SIMPL E method was used asthe analytic
agorithm.

4. Effects of Flattening the Torus Section

4.1 Confirmation of Torque Converter Performance

Torque converter performance was confirmed using
torque converters having the same design parameters of flow
channel area, blade angle, number of blades, biasangle, and
blade inlet/outlet radius, with the only difference being the
torus section flatness ratio. Table 1 shows the main torque
converter specifications and test conditions. Fig. 2 shows
the torque converter characteristic measurements. Note that
Type A and Type B in Table 1 were designed based on
conventional design methods®, and that the Type A torque
converter is currently used in 2-liter engine class vehicles.

As shown in Fig. 2, the transmission capacity factor ©
and thetorqueratio K decrease for al speeds. The transfer
efficiency was also confirmed to drop by approximately 7%
as the torus section flatness ratio decreased from 84% to
75%.

4.2 Analysis of Flow Conditions inside the Torque
Converter by Computational Fluid Dynamics (CFD)
It is known that the turbulence kinematic energy «
determined by solving the two-formulax - € model can be
applied to predict separation flow and secondary flow, the
factors which degrade flow performance, in other fluid
devices. These predictions are accurate to a degree
appropriate for practical application. Therefore, the
turbulence kinematic energy x at the speed ratio e = 0.8,
which occurs frequently while driving, was calculated for
the Type A and B torque converters shown in Table 1 in
order to analyzefactors causing and quantitatively evaluate
changes in characteristics due to flattening. The calculation
resultsshownin Fig. 3 confirmed local risesin theturbulence
kinematic energy valuewhen theflatnessratio was decreased
from 84% to 75%.

Table 1 Torque converter specifications and test

conditions
Type A Type B

Hydraulic diameter (mm) 232
Number of Impeller 27
blades Turbine 23

Stator 15
Flattening rate (%) 84 75
Stator blade width (mm) 135
Rotation speed of input shaft (rpm) 2500
ATF temperature (°C) 85

— : Flattening rate 84%

---------- : Flattening rate 75%
| ! L

0 0.2 0.4 0.6 0.8 1
Speed ratio (e)

Torque capacity factor (x 10° Nm/rpmz)
Torque ratio

Fig. 2 Affect of flattening rate on torque converter
performance

Next, the flow direction and velocity were analyzed for
the AA’ section of the Type B converter shown in Fig. 3
which exhibited a rise in the turbulence kinematic energy
value. Theflow visudizationin Fig. 4 showsthat asecondary
flow occurred and the flow vel ocity dropped on the suction
side of the turbine blades where the turbulence kinematic
energy value increased.

In addition, Fig. 5 shows the relationship between the
length of the fluid circulation passage and the turbulence
kinematic energy in order to determine locations where
separation and secondary flow increase in the torus section.
The horizontal axis represents the ratio between the overall
length of the fluid circulation passage and the distance from
the pump inlet to some set location. This shows that the
turbulence kinematic energy at the turbine inlet, turbine
outlet, stator inlet and pump inlet were al higher for the
Type B converter than for the Type A converter.

These torque converter tests and numerical calculations
confirmed that the factors causing a drop in the torque
capacity characteristics and transfer efficiency due to the
flattening of the torus section are the secondary flow and
separation occurring around each blade inlet on theflattened
torus section. In addition, it was confirmed that the val ue of
the turbulence kinematic energy x could be used for
guantitative evaluation of flow loss.
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5. Effects of Using a Thin Stator

5.1 Confirmation of Torque Converter Performance

Torque converter tests were conducted by varying only
the stator blade width based on the Type A converter shown
in Table 1. The torque converter specifications and test
conditionsare shown in Table 2. The Type C stator hasthe
same number of blades as the Type A stator, but the blade
width is 2 mm shorter in the axial direction and the blade
shapeisreduced the sameratio as the blade width reduction
ratio. Fig. 6 shows the torque converter characteristic
measurements. These results show that reducing the stator
blade width causes the torque capacity factor to increase
centering around a speed ratio of 0.5 aswell as causing the
transfer efficiency to decrease.

Table 2 Torque converter specifications and
test conditions

Type A | Type C

Hydraulic diameter (mm) 232
Flattening rate (%) 84

Stator blade width (mm) 135 | 11.5
Rotation speed of input shaft (rpm) 2500

ATF temperature (°C) 85

Increased torque capacity factor
4.0

3.0 ——
- -

20—
4

‘....'f'.”."_”T_"f.”fjf\”f”\ - r\:

- A f‘\‘fkﬁﬁ»

1.0 - o
— :Type A

---------- :Type C

Torque ratio

0 0.2 0.4 0.6 0.8 1
Speed ratio (e)

0.0

Torque capacity factor (x 10°° Nm/rpm?)

Fig. 6 Affect of decreasing the stator blade’'s width

on torque converter performance

a

5.2 Analysis of Flow Conditions around the Stator by
Computational Fluid Dynamics (CFD)

The flow conditions around the stator were analyzed
at the speed ratio of 0.5, which showed the greatest
change in torque capacity for the Type A and Type C
stators in Table 2 using the three-dimensional CFD
described in section 4.2 above. The numerical calculation
method is the same as that described in section 4.2. Fig.
8 and Fig. 9 show the calculation results for the flow
conditions around the stator. Fig. 8 showsthe turbulence
kinematic energy and Fig. 9 shows the velocity vectors
for the plane corresponding to the center between the
stator shell and core as shown in Fig. 7.

Fig. 8 and Fig. 9 show that compared to the Type A
stator, the increase in the turbulence kinematic energy is
larger at the Type C stator suction face, and separation also
occurs at the Type C stator suction side. Furthermore, all
flow from the outlet of the Type C stator was confirmed to
be offset from the designed stator blade angle. The one-
dimensional angular momentum theory® also clearly showed

Fig. 7 Visualization area
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that thischangein stator outlet flow angle applied arotational
load to the pump, which resulted in a drop in transfer
efficiency.

Increased turbulence kinematic energy

Fig. 8 Calculation results of turbulence kinematic
energy

Flow separation

Separation of fluid flow

Fig. 9 Calculation results of fluid velocity

The above torque converter tests and numerical analysis
confirmed that the change in outlet flow angle induced by
separation occurring at the stator suction face was the main
factor causing peaked torque capacity characteristics and
lower transfer efficiency when athin stator is applied.

Furthermore, the following method was incorporated to
set the optimal torque converter parametersin ashort period
of time.

6. Method for Optimizing Design Parameters

When actually designing a torque converter, a large
number of design parameters including the flow channel
diameter, flow channel area, blade angle, bias angle and
number of blades must be verified in combination. In
consideration of matrix generation and calculation time,
verifying all the design parameters using three-dimensional
CFD would require enormous development time. A
prediction method that reflects changesin the internal flow
conditions due to the application of a flat converter is
essential. Therefore, one-dimensional angular momentum
theory was used as a basis to further improve the accuracy
of the practica simulation method,®® which is currently
used in the design stage at Honda.

In thissimple performance prediction method, the torque
converter internal lossisdivided into impact lossand friction
loss. The secondary flow, separation and other loss in the
flow channel due to the flattening of the torus section is
defined asthefrictionlossL, and expressed by equation (1)
below. Here, yis the specific weight, Q isthe flow rate, and
histhe head loss.

Li=y-Q-h 1)
h is further broken down as follows.

h; 2

=53 e | ®

Here, {, is the loss coefficient, g is the acceleration of
gravity, Cisthecircumferential velocity, a.isthebladeangle,
and the super- and subscripts 1, 2 and 3 indicate the pump,
turbine and stator, respectively.

Focusing on the loss coefficient {, which was formerly
defined based on past test data, three-dimensional CFD was
performed for each designed torus section. ¢, was then
corrected based on the calculation results from the torque
generated by the pump and turbine. Fig. 10 showsthedesign
process incorporating this method.

7. Application Example

The knowledge obtained from thisanalysisand the ultra
flat torque converter developed using the design process
shown in Fig. 10 are described below. The flatnessratio of
the newly developed ultra flat torque converter shown in
Fig. 11 was set at 65% in consideration of torque converter
performance and the target for reducing the overall torque
converter width.
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Fig. 10 Summary of design process

Fig. 11 Side view of developed torque converter

7.1 Torus Section and Blade Shape Design

The pump and turbine blade angle, bias angle, number
of blades, and flow channel area were optimized with the
aim of reducing flow loss. In order toillustrate the effects of
thisoptimization, Fig. 12 showsacomparison of turbulence
kinematic energy with the Type A converter currently used
in the 2-liter engine class shown previously in Fig. 5. Note
that the calculation conditions are the same as for Fig. 5.
Fig. 12 clearly shows that the turbulence kinematic energy
value and flow loss for the newly designed torus section
decreased over the entire flow channel compared to the

current model.

S 2
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é 3 16 e : conventional
g NLew
E 12 - Pihidte)
= X > " \
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Fig. 12 Relationship between turbulence energy and

length ratio of fluid flow channel

7.2 Optimization of the Stator

Thenumber of stator blades, inlet/outlet angle and blade
shape were newly designed as shown in Fig. 13 to suppress
fluid slip caused by separation occurring at the thin stator
suction face. Optimizing the stator suppressed fluid dlip as
shown in Fig. 14 and resulted in flat torque capacity
characteristics.

In addition, torque converter characteristic measurements
confirmed that the torque capacity characteristics for the
developed torque converter are equal to those of the current
model, and the transfer efficiency improved by 3%.

Cw

Optimized

Fig. 13 Comparison between conventional and
optimized stator blades

Non separation of fluid flow

Fig. 14 Calculation results of flow velocity around
optimized stator
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8. Conclusion

The following items were clarified through torque
converter tests and three-dimensional computational fluid
dynamics. Furthermore, the axial dimension was shortened
by 15% compared to the conventional Honda 2-liter engine
class torque converter without sacrificing torque converter
performance. This was achieved by creating a method for
optimizing design parameters based on one-dimensional
angular momentum theory.

(1) The drop in the torque capacity characteristics and
transfer efficiency due to flattening of the torus section
is caused by secondary flow and separation occurring
insidetheflattened torus. Quantitative evaluation by the
value of the turbulence kinematic energy « is possible.

(2) The peak torque capacity characteristics and thedrop in
transfer efficiency due to the application of athin stator
are mainly caused by changes in the outlet flow angle
induced by separation occurring at the stator suction face.

Finally, the authors would like to express their deep
thanksto Mr. AkiraKitajima, Mr. Kiyoshi Saitoh and other
related partiesat Y utakaGiken Inc., andto Mr. AkiraTsuboi,
Mr. Satoshi Kawamuraand other related partiesat FCC Inc.
for their participation in thejoint devel opment of thistorque
converter.
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ABSTRACT

This technique was adapted from Professor Aizoh Kubo's program, which is capable of simulating tooth-root bending
stressin helical gears, whiletaking into account the effects of misalignment and tooth surface configuration. A technique was
created that iscapable of moreaccurately simulating inashort time helical gear tooth-root bending stressin an actual automotive
transmission during the first stages of design. The resulting tool was named GRANPLI. Misalignment in actual transmissions
was measured using original gap sensorsfor adrivegear and driven gear behavior at low revol ution speeds, and amisalignment
map was created with respect to the loads. Particular attention was paid to the position of the primary reduction gear with
respect to shaft orientation, the phase angle of thefinal reduction gear and the differential case, and so on. The appropriateness
of calculation results obtained by GRANPLI was confirmed through comparison with data from measurements by strain

gauges attached to a gear in an actual automotive transmission.

1. Introduction

There is an increasing demand for ever quieter and, at
the same time, lighter and more compact automotive
transmissions (referred to as transmissions hereafter) to
improve fuel economy.

In addition, there is also call for the development of
vehicles heavier than ordinary sedan passenger cars,
exemplified by the sports utility vehicle (SUV), giving rise
to higher loads on helical gears and other transmission
components.

Inspections of the surfaces of helical gear teeth after
testing the fatigue durability of a transmission under a
constant load showed evidence in many cases of one-side
contact inthe meshed state. It istherefore necessary to have
agear strength prediction method for thefinal reduction gear,
wheretheload is highest, that considers the effects of tooth
surface configuration and misalignment.

Ever-shorter development periodsalso requireatool that
can refine the design of helical gearsfrom thefirst stages of
the design process.

The authors carried out an analysis of the mechanism
during helical gear meshing and proceeded with research
onmesh fluctuation analysis of helical gearsfor automotive
transmissions.

2. Conventional Helical Gear Strength
Prediction

Conventional evaluation methods of tooth-root bending
* Tochigi R&D Center

stressinthe helical gears of transmissionsincludethe JSME,
AGMA, BS, 1SO, JGMA, DIN and other formulas.
However, these formulas all share the basic concept for
calculating bending strength®:.

When predicting the helical gear stress using these
formulas, it is not possible to take misalignment or tooth
surface configuration into account. Misalignmentistheerror
in parallelism that occurs while the gear isin operation. Itis
a major factor contributing to bending stress in a
transmission, because there are a wide variety of changes
caused by anumber of factorsincluding theload transmission
direction, therigidity and backlash of the transmission case,
bearings, gear shafts, and helical gears. Although it is
therefore important to fully understand misalignment, it is
very difficult to predict in the early stages of the design
process when carrying out layout studies.

Asaresult, alot of timeisconsumed in establishing and
implementing many cases as criteria for judging the
calculated results.

Although a method utilizing the finite element method
(FEM) hasrecently been proposed to consider misalignment
as an input condition, it requires agreat deal of calculation
time. Thus, it cannot be called the optimal method for usein
the early stages of design.

Therefore, an aternative and more suitable method for
predicting misalignment from the early stages of design was
developed. Thismethod appliesamap for misalignment in
regard to load under various conditionsimposed by different
layouts and component parts. This technique uses the
program developed by Professor Aizoh Kubo of Kyoto
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University (referred to as the Kubo program hereafter). It
alows misalignment to be considered when predicting the
tooth-root bending stress. Thisnew analytical tool is called
“GRANPLI” (GeaR ANalyzing Program for Loading
Influence).

3. Development of GRANPLI

3.1 Introduction of the Kubo Program

The Kubo program adopted in GRANPLI was
modified in cooperation with Professor Kubo and his
associates. This program can determine the various
stresses generated in the gears according to the amount
of rotational delay of drive gear to driven gear and allows
for misalignment and tooth surface configuration. This
allows the program to be applied to many different
specifications for tooth height in both drive and driven
helical gears and for meshing conditions that change in
the tooth-width direction of helical gears used in
automotive transmissions.

The Kubo program uses a function based on actual
test results and the theories of Kubo, @ Umezawa, @
®-® and others for both tooth meshing and the tooth
surface load distribution that accompanies it. The
moment image method and the Aida and Terauchi
formula® are also used in the bending stress cal cul ations
for the helical gear tooth root.

3.2 Program Modifications

Theintegral equation that expressestheload distribution
on the single contact line of ahelical gear and that formsthe
basis for this program is given in equation (1).

_LL(QKn(X' £)p(E)AE + K, (X) p(x) = 5,(X) = A - e(x)} cosf, (1)

t : relative rotational angle on the gear

L(t) . length of the contact line at location t

X : coordinate of deflection measurement on the
contact line

I3 : coordinate of the point of application on the
contact line

K, (x &) : function of the effect of tooth shearing stress
deflection for one pair of meshing teeth
(referred to as the deflection effect function
hereafter)

K.(X)  : function of the effect of approach dueto tooth
contact for one pair of meshing teeth

p(&) . distributed load

0y(¥) . deflection of apair of teeth at point x

A : driven gear’s delay angle in relation to the
drivegear converted to adistance on the action
line perpendicular to the shaft

€y : Compound error at point x of one pair of
meshing teeth perpendicular to the shaft
/39 : torsion angle on the base cylinder

The deflection effect function (K,) is expressed by
equation (2), © which is based on actual test results and a
limit rack calculation analysis by the differential method
according to Umezawa.

Deflection Effect Function:

Ky (X ¥,G, :UL F(x)yF()4G(y)yG
(180Ul FFEEONT ()
=

X  :coordinate of the deflection measurement in the
tooth widthwise direction

& :coordinate of concentrated load in the tooth
widthwise direction

y : coordinate of deflection measurement in thetooth
height-wise direction

n : coordinate of the point of load application in the
tooth height-wise direction

U : absolute value of deflection

v(r) : charactku Ctic function of deflection

F(x) : deflection characteristics at the point of load
application in the tooth width-wise direction

G(x) : deflection characteristics at the point of load
application in the tooth height-wise direction

X Vaueswith abar across the top are standardized
for tooth height (X= x/h, where histhe total tooth
height)

Corrections have been made to both the values and the
formulaswith the Kubo program. The correctionswere made
so that the formulas and values match the various gear
damage examples for various machines. The authors have
limited themselves to relatively narrow tooth-width gears
for automotive applications and have further revised the
coefficients according to FEM analysis and tests of the
following items.

(1) The compensation coefficient for alow pressure-angle
gear of 20° or less used in transmissions and not verified
by the measurements carried out by Professor Umezawa
and associates® .

(2) The coefficient expressing the rigidity of the tooth tips
in narrow tooth-width helical gears.

A verification of these coefficients was carried out by

measuring the tooth-root bending stress while varying

the gear meshing width. A high-rigidity gear unit test
that makes it possible to ignore misalignment was used.

The specifications of the gears used in these tests are
givenin Table 1. Fig. 1 givesthe measured and calculated
resultsfor thedrive gear with alayout having agear meshing
face width of (a) 15mm and one of (b) 11mm.

There is good agreement between the measured and
calculated results, and it was thus confirmed that the set
coefficient values were appropriate.

Table 1  Specification of gears used in experiments
Drive Driven
Normal module 2.00
Standard pressure angle (°) 175
Number of teeth 30 30
Face width (mm) 16.0 15.0
Helix angle (°) 36.0
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Fig.1 Calculation results of tooth-root bending stress
distribution

3.3 Creation of the Misalignment Map
3.3.1 Measurement Conditions for the Misalignment in
Transmissions

It is necessary to be able to predict misalignment in
transmissions so that this program can be used effectively
during transmission devel opment.

Thisreport presentsamethod for creating amisalignment
map from measurementstaken on a5-speed manual Giacosa
type transmission used in front-wheel-drive vehicles
developed by Honda.

The fina reduction mechanism in this transmission
comprisesahdlical gear and aconventional differential case
as shown in Fig. 2. The structure of this differential case
has open areas, so therigidity isnot constant throughout the
case. Thisrigidity difference results in a variation in the
misalignment of the final reduction gear according to its
angular position.

In order to fully understand this misalignment, the
behavior of the final reduction gear at avery low rotational
speed was measured by using atest device that absorbs the
load with atorque controller as shown in Fig. 3.

The specifications of the gearsused for thistest are given
in Table 2.

3.3.2 Misalignment Measurements

Misalignment measurements were taken using a

method that measures gear displacement with eddy-

Open area

Final driven gear

Closed area

Fig. 2 Conventional differential case

Transmission

Torque
controller

Fig. 3 Concept drawing of test equipment

Table 2 Specification of gears used in experiments
Drive Driven
Normal module 2.25
Standard pressure angle (°) 175
Number of teeth 18 79
Face width (mm) 37.5 33.0
Helix angle (°) 29.0

current gap Sensors.

Measurements were also taken so that the relative
misalignment of the unit incorporating the differential case,
bearings, shaft and gears could be evaluated.

Thegap sensorsand final reduction gear used inthe gear
test were positioned as shown in Fig. 4.

It was not possiblewith thisarrangement to measurefrom
the tip surface of the final reduction drive gear, so the
behavior inside the shaft was measured.

The displacement was measured in two places — on the
mesh lead sidein the axia direction of the shaft, and on the
meshtrail side. Therelativecylindrical displacement istaken
as the misalignment.

In order to understand the deflection components of the
final reduction driven gear, measurements of the
displacement on the gear tip surface were taken,
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Gap sensor for measuring final drive gear

Final drive gear

L —

R — —_ —4 —

Final driven gear

I E D

= '|_|'=

Gap sensor for measuring final driven gear

Fig. 4 Detail view of final gears

concentrating at a number of locations around the
circumference and particularly near the mesh area.

These misalignment measurements enabl ed displacement
data to be obtained for both the final reduction drive and
driven gears, as shown in Fig. 5.

The spikes in the waveform for the final drive gear are
marks that made it possible to identify the angular position
of the differential case.

3.3.3 Misalignment Coordinate System

The misalignment coordinate system is based on
Professor Kubo's definition shown in Fig. 6.

When the drive gear shaft moves off center with the
driven gear shaft asthereference, the starting side shaft edge
meshing surface directional component, when viewed from
the meshing edge of the drive gear shaft, is AL. The
component perpendicular to AL is AN. However, the
direction away from the driven gear shaft is the positive
direction. 19-(11

Let us now consider the effect that AL and AN have on
meshing. When apoint on atheoretical tooth surface reaches
the plane of action dueto therotation of the gear, the distance
from that point — according to the line of action — that the
corresponding point on an actual tooth surface reaches on

Final drlveHM ||
HWML
| | |

Final drive gear

Displacement

Meshing rotation pitch

Fig. 5 Displacement by meshing rotation pitch

Driven gear’s shaft

Line of action

Actual position
of drive shaft

Fig. 6 Definition of misalignment

the plane of action determinesthe error value. If the vertical
axisis set at this error value of said point of the plane of
action, asingle curved surfaceis created for the error of the
entiresurface. The curved surface determined from the plane
of action isthe error surface of the tooth shape. Calculation
of the error surface according to the final reduction gear
specifications given in Table 2 result in the error surfaces
shownin Fig. 7. The effect of AL on the error surface was
large, whiletheeffect of AN ontheerror surfacewassmall. )
Fig. 7(a) isthe curved error surface when AL is50um, and
(b) isthe error surface when AN is50um. However, these
values were calculated for atooth shape having no surface
modifications.

Let us now consider the actual behavior of the meshing
tooth surface. A changein the value of AL means that the
meshing tooth surface is inclined in the tooth widthwise
direction. This behavior promotes single-side contact.
However, achangein the value of AN meansthat, although
themeshing tooth surfaceiskept nearly parald, thisbehavior
reduces the meshing surface area. Considering this from
the viewpoint of strength, it is considered that AN is a

(@) Vi,
AL=50um W
/////////////////

—_— /
AN= Oum N
4

Beginning point
of meshing

Tooth profile

(b)
AL= Oum
AN=50um

Fig. 7 Error surface
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parameter that can be ignored to a reasonable degree in the
early stages of design.
3.3.4 Misalignment of the Final Reduction Drive Gear

Withthefina reduction drive gear, the primary reduction
gearsand thefinal reduction gear are simultaneoudly in mesh.
Consequently, differences in the load direction due to the
proportion of each transmitted load, the support distance
between the shaft bearings and each gear’s location have
different effects on gear displacement.

When measuring the final reduction drive gear
displacement, testswere therefore focused on instanceswhen
the primary reduction gears were the 1%, 3" and 5" gears.
The specifications of the gears used in these tests are given
in Table 3.

Fig. 8 shows the layout of the primary reduction gears
and final reduction gear in the transmission.

Fig. 9 shows the measured and FEM-calcul ated results
of behavior in the shaft when each primary reduction gear
was engaged and transmitting power.

The results show the relative change in location of the
mesh lead position when the mesh trail sideis taken asthe
reference point of origin, in the tooth width. The
measurements were taken with fixed conditions on the
reduction drive gear for usein comparisons. Good agreement
between the measured and FEM results confirmed the
validity of the figures.

Finally, Fig. 10 showsthe changein AL , which greatly
affects the error surface, with respect to the torque when
first gear was engaged and transmitting power.

Table 3 Specification of gears used in experiments

1st gear| 3rd gear|5th gear
Normal module 2.00 1.75 1.75
Standard pressure angle (°)| 17.5 17.5 17.5
Gear ratio 3.266 1.212 | 0.738
Helix angle (°) 334 36.0 36.0

Final gear

Fig. 8 Position of the primary reduction gears

! I
@ 1st gear Measurement
A 3rd gear Measurement
M 5th gear Measurement
O 1st gear FEM
A\ 3rd gear FEM
[ 5th gear FEM

> lA
\ AL
= *)

(Mesh starting side)

AN
*)

Datum point
(Mesh finishing side)

Fig. 9 Final drive gear position resulting in
displacement

*)

= 2

4’/”/”/”,T/,,,,/f””i 1st gear

T
0 250 500 750

Torque (final drive gear) (N-m)

AL

)

Fig. 10 Misalignment map (Final drive gear)

It can be seen from this graph that the misalignment
changed in direct proportion to the torque over the range
measured in these tests. This graph is applied as the
misalignment map of the final reduction drive gear.

3.3.5 Final Reduction Driven Gear Misalignment Map

Fig. 11 shows the change in displacement of the final
reduction driven gear tip surface with the changing structural
rigidity of thedifferential caseasthegear rotates. Theorigin
represents the meshing location.

It can be seen from these plots that the steepest gradient
was immediately before and after meshing. It was aso
confirmed that the gear tip surface displacement differed
according to whether the open or closed portion of the
differential case was meshing.

Fig. 12 shows the gear tip displacement as AL with
respect to therotational position of thedifferential case. The
0° angle occurs when the center of the open area in the
differential case is adjacent to the point of meshing, with
the positive angle in the direction of case rotation. Asthe
case hasasymmetrical structure, therangefor the +/- 90° is
shown.

It can be seen from Fig. 12 that the misalignment is so
great that thereis achange from the positive to the negative
according to the rotational phase. Further, the maximum
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Fig. 11 Final driven gear displacement
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Fig. 12

)

€
<

A4

< Engine side

Misalignment of the final driven gear
according to the phase angle of the
differential case

misalignment occurs when the closed areais adjacent to the
point of meshing, and the minimum misalignment occurs
when the open areais adjacent to the point of meshing.
Finally, Fig. 13 showsthe changein AL with thetorque,
creating amisalignment map for final reduction driven gear.
It can be seen from Fig. 13 that even the misalignment
inthefinal reduction driven gear changed in direct proportion
to the transmitted torque in the range tested. The
misalignment likewise varied according to the rotational
angle of the differential case.
3.3.6 Relative Misalignment of the Final Reduction Gear
Combining the two misalignment maps given in Figs.
10 and 13 makesit possibleto create arelative misalignment
map for the final reduction gear as shown in Fig. 14.

4. Verification of the Validity of GRANPLI

4.1 Outline of the GRANPLI Verification Method

The validity of applying GRANPLI was verified by
comparing calculated and measured values for the tooth-
root bending stress. The stress measurements were taken at
the same time as the misalignment measurements. The

~
+
~

Maximum point
(Closed area)

:X%/
0 2:50\A~590 750
Torque (final drive gef’;\r) (N-m) /
I

Minimum point
(Open area)

AL

T
L

Fig. 13 Misalignment map (Final driven gear)

T
Maximum point /
(Closed area

L a— |
A /

0 250 500 750
Torque (final drive gear) (N-m)
|

)

AL

Minimurﬁ point
(Open area)

)

Fig. 14 Misalignment map (Final gear)

calculationsby GRANPLI used thevaluesfor AL that were
obtai ned from the mi salignment map and the actual measured
shape of the tooth surface.

4.2 Tooth-root Bending Stress Measurements
Thetooth-root bending stresswas measured on the pulled
side of the tooth by strain gauges attached to the tooth root
of the meshing tooth surface. Three strain gauges were
attached at equal intervals as shown in Fig. 15 along the
flank of atooth at the location of the critical section in the
meshing tooth surface tooth height direction as determined

Tooth-root fillet radius at the critical
section (point of contact of the 30° tangent)

Working surface

Strain gage

Fig. 15 Strain gage attachment points
on final drive gear
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by H. Hofer’ s 30° tangent method. The 0.2mm long gauges
were set perpendicular to the tooth.

The measured data for the tooth-root bending stress is
giveninFig. 16 a ong with the corresponding misalignment
measurements recorded simultaneously.

Itispossibleto identify the phase angle of the differential
case during the tooth-root bending stress measurements due
to the relationship of the position of the wave forms along
the rotational path.

Tooth-root bending stress

Final driven gear

il

Displacement

Final drive gear

Meshing rotation pitch

Fig. 16 Displacement and bending stress at

tooth-root according to meshing rotation
pitch

4.3 Calculation Conditions

The calculations for verification were carried out under
the following conditions.

The calculations for misalignment applied the value at
the torque obtained when measuring the tooth-root bending
stress that was deduced from the misalignment map. The
calculations were performed even when there was no
misalignment for comparative purposes

As it is necessary to perform calculations for surface
configurations under the same conditions as used for the
measurements, the measured root surface configuration data
shown in Fig. 17 was used: (a) final reduction drive gear
dataand (b) final reduction driven gear data.

4.4 Calculation Results

Fig. 18 showsthe bending stress distribution onthedrive
side of the tooth root plotted against the tooth face width.
Fig. 18(a) showsthe greatest misalignment, whileFig. 18(b)
shows the least misalignment.

Although calculations for the tooth-root bending stress
show an equal distribution of the meshing range across the
tooth face width when misalignment is not taken into
consideration, the measured stress distribution is such that

@)

Final drive gear

Beginning point
of meshing

(b)

Final driven gear

Fig. 17 Modified tooth flank of test gear

< | | | N
< 7
Meshing face width )
| |
L Measurement TN
With misalignment

—— e —
\\
~N

\ Without misalignment

37

Tooth-root bending stress

< Beginning point of meshing
Face width (mm)

(a) Maximum point (Closed area)

|
Meshing face width

- Measurement
/l/ With misalignment

— —— ~
____/” \\\
-
-~
d

\ Without misalignment

37

A

g
L

Tooth-root bending stress

< Beginning point of meshing
Face width(mm)

0

(b) Minimum point (Open area)

Fig. 18 Calculation results of tooth-root bending
stress distribution

the greatest tooth-root bending stress is generated on the
mesh finish side. However when full considerationisgiven
to the amount of misalignment obtained from the
misalignment map, the calculated stress distribution also
showed the greatest tooth-root bending stress is generated
onthemeshfinishside. Thus, resultsconfirmed that accurate
repeatability was possible.

The slope on both of the relevant misalignment mapsis
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reflected in the tooth-root bending stress distribution in
respect to the open and closed areas of the differential case.

It was accordingly confirmed that the misalignment maps
are appropriate for use.

4.5 Applications for Misalignment Maps

The applicability of the misalignment maps was next
evaluated. The slope of the plot on the misalignment maps
changed according to such conditions as the actual rigidity
and backlash in the transmission. Creating a misalignment
map makes it possible to apply these data to transmissions
with different layouts.

The results were next verified by carrying out tests on
the final reduction gear of a different transmission, the
Giacosa type 4-speed automatic transmission. The final
reduction driven gear of this Giacosa system is the same as
that used in the preliminary study and hasthe samerigidity.
Thus, asimilar misalignment map could be used (Fig. 13).
However, the final reduction drive gear isdifferent in terms
of the shaft layout and location of each primary reduction
gear, so the misalignment map was modified to that shown
in Fig. 19, with the relative misalignment map for the final
reduction gear as shown in Fig. 20.

The GRANPLI calculation results from this
misalignment map were compared with the tooth-root
bending stress measurement results for the final reduction

)

Torque (final drive gear) (N-m)
! I

0 250 \500 750

AL

e

Fig. 19 Misalignment map (Final drive gear)

Maximum point
(Closed area)

Torque (final drive gear) (N-m)\

— | \

*)

AL

0 ZTO 500 750
(Open area) \
\

Minimum point
Fig. 20 Misalignment map (Final gear)

)

driven gear. Fig. 21(a) shows the results when the
misalignment was the greatest, and Fig. 21(b) shows them
when it was the |east.

It was confirmed that the calculated results for stress
distribution by using the misalignment map could also be
applied to transmissions with different layouts, since it was
possible to accurately simulate the measured data.

5. Summary

The Kubo program, which allows for misalignment and
tooth surface configuration in gear tooth-root bending stress
prediction, was modified in conjunction with Prof. Kubo
and associates so that the program could be applied in the
early stages of automotive gear design. Misalignment hasa
large effect on the tooth-root bending stress. Thus, amap of
misalignment in relation to the applied load was created by
measuring gear behavior. This misalignment map makesit
possible to more accurately predict gear tooth-root bending
stresses in a short time in the early stages of design. This
tool was named “GRANPLI.”

The validity of the data calculated with GRANPLI was
confirmed by comparing with measured tooth-root bending
stress data

The slope of the line on the misalignment map changes
under a variety of conditions, but by using the most

Ny
Id

Meshing face width
Calculation |

\'\b/z7_h§'\

— Measurement

Tooth-root bending stress

<« Beginning point of meshing

0 . 25
Face width (mm)
(a) Maximum point (Closed area)
Meshing face width g

A ’ |
= Calculation —
2}
d SN
£ ;
g x
g Measurement
e
<
IS
=

0 < Beginning point of meshing o5

Face width (mm)

(b) Minimum point (Open area)

Fig. 21 Calculation results of tooth-root bending

stress distribution
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appropriate misalignment map to suit the situation, this
method can be applied to transmissions having different
layouts.

This new method will be applied to create gear
specifications in the early stages of the transmission design
and to define early refinementsto tooth surface configuration.
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Technical paper

Enhancements in Vehicle Stability and Steerability
with Slip Control

Keiyu KIN*

Osamu YANO* Hiroyuki URABE*

ABSTRACT

To enhance both vehicle stability and steerability, vehicle dynamic parameters such as vehicle side dlip angle, road
friction coefficient, and tire side forces were precisely estimated in real time; and, utilizing four wheel dlip control, alogic for
optimizing vehicle dynamics was formulated. Tests on ice- and snow-covered roads demonstrated the effectiveness of the

control, and confirmed the validity of the logic.

1. Introduction

Honda's Vehicle Stability Assist (VSA), which was
introduced to the market in 1998 @, was developed based
on front wheel brake control with the purpose of enhancing
stability in FF (front-engine-front drive) vehicles. Sincethen
the system has been further refined. However, in order to
further enhance steerability and to apply VSA to vehicles
other than FF vehicles, technology needs to be devel oped
that can control dip at al 4 wheels. Thegoal of thisresearch
project was to enhance the performance of the VSA.
Therefore, we looked at the issues involved and how to
achieve this goal, and later we verified the developments
made with actual vehicles. The vehicle dynamic controls
applied are dlip control, utilizing 4-wheel hydraulic brake
actuators, and engine torque control. The test vehicle used
was a FR (front engine — rear drive) vehicle, and the test
course was a snow and ice covered track, where the control
is particularly effective.

2. Research Goals

V SA isbased on front wheel dlip control, and isastability
control system that applies the appropriate braking to the
outsidefront wheel when the vehicle' syaw rate exceedsthe
nominal yaw rate to restrain excessive moment. In this
research project, theteam worked to take V SA astep further,
to achieveenhanced handling particularly during avoidance
maneuvers, asshownin Fig. 1, by securing not only stability
but also securing tire cornering force on variousroad surfaces
to the greatest degree possible.

That is, the basic goal of thisresearch isto achieve both
of the following:

(1) Enhanced stahility (rear tire cornering force)
(2) Enhanced steerahility (steering effectiveness)

* Tochigi R&D Center

Without VSA

Snow
VSA

Stability and steerability

p N % :
. ._.."'-.. \
Nominal line trace " "+, 3
~

Dry

Fig. 1 Image of improved VSA

3. Research Issues

When avehicleis cornering, thetire sideforceson all 4
wheels determine the lateral acceleration and yaw moment.
These side forces increase proportionaly to tire side slip
angle, but at a certain angle they become saturated. This
grip limit differs according to road surface, as shown in
Fig. 2. Onicy or snowy roads the limit is reached between
1° and 5°, after which the vehicle becomes unstable. The
processfrom cornering force critical conditionsto instability,
and the rel ationship between vehicle operation force and tire
side dip angle are shown in Fig. 3. Asyou will come to
see, in order to accurately understand vehicle dynamics, it
is necessary to obtain thetire force from the graph of lateral
force and side dlip angle characteristics using the tire side
slip angle that is converted from the estimated vehicle side
dlip angle. Also, it is necessary to estimate road surface
friction coefficients in order to respond to various road
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surfaces. Furthermore, over-steer (OS) and under-steer (US)
are judged from the estimated 4-wheel side forces, the
vehicle' syaw moment and side dlip angle are corrected with
the optimal 4-wheel dip control, so that both stability and
steerability can be achieved. From the above, the research
issues can be summarized as the following three items.

(1) Develop vehicle side dlip angle and tire side slip angle
estimation logic (3 estimation logic)

(2) Develop logic for estimating the friction coefficient for
the friction between the tire and the road surface (u
estimation logic)

(3) Develop optimal 4-whedl dlip control logic (A control
logic)

Hereafter, the vehicle side slip angleisreferred to as 3,
thefriction coefficient between thetiresand the road surface

as|, andtiresliprate as A.

4. Basic Estimation Logic for Tire Slip Angle o,
and Vehicle Side Slip Angle 3

Target estimation accuracy for tire side slip angle o is

Dry

Snow

Tire side force

20 d
Ice; ( eg)»

Tire side slip angle o

o

Grip range

Critical range

Fig. 2 Tire side force characteristics

ofr

+0.5°, making it possible to distinguish the 1° to 2° where
side forces are saturated on ice. The basic technology’s
system configurationisshownin Fig. 4. Thesensorsinclude
those for steering angle, longitudinal acceleration, lateral
acceleration, yaw rate, and wheel velocity. Fig. 5 shows
the basic logic configuration. The total logic is comprised
of the following four types of logic — o and 3 estimation
logic, | estimation logic, tire characteristics datamap logic,
and 3 control logic (4-wheel A control). The method for
estimating vehiclesidedlip angle B isalogic that can estimate
forces on each tire by combining the conventional two tire
vehicle model (above spring) and non-linear tire model
(below spring). Furthermore, in order to avoid integration
noise, the total of the estimated side forces for all 4 wheels
isfed back, rather than thelateral acceleration sensor val ues,
and those estimated side forces are read from the tire data
map. Tire datais expressed as three characteristics,
(1) Sidedlip angle/ side force
(2) Slip rate/ side force
(3) Slip rate / braking and traction force

and is applied according to the estimated L.

Fig. 4 System configuration

Critical condition

:

Side force saturation (Reduce tire grip performance)

:

Fb Unstable vehicle behavior (OS, US with drift out)

i

Lateral acceleration

Fs : Tire side force
Fb : Tire brake force

afr : Front right tire slip angle
orl : Rear left tire slip angle

Estimate vehicle side slip angle and friction p Driver
Predict unstable condition Mistake
Q Fatigue
Active tire slip control A /,|,_
(Vehicle moment and velocity) Accident

Stability and Steerability

Fig. 3 Vehicle dynamics and stabilizing flow
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Sensors

Steer angle J

AB=GIV -7y

A

Yaw rate  |—

G : Estimated side force

v

= B (Z P

B control

Estimated vehicle lateral acceleration y

Estimated tire side slip angles

Side force

Wheel velocity ]‘

Side force

Traction, brake force

Tire data

Slip Rate a. A A
P 0 0 0

Estimated slip|rates A& A
Sensors . Estimated p Estimated longitudinal acceleration,
Weight transfer 'Iateral acceleration, and yaw moment

Longitudinal acceleration -
Ll
» | estimation
.
Ll

Lateral acceleration

Fig. 5 Basic estimation logic

5. Tire and Road Surface u Estimation Logic

The pestimation logic isthe most important issuein this
research. Thesituation that should be estimated isasfollows:
there is a change from constant speed straight line driving
to cornering that is close to limit conditions, or when there
is a sudden jump in Y, and in addition, tire slip control is
implemented through such meansas ABS, and it is hecessary
to stably maintain estimation accuracy across awide range.
Inorder to achievethis, thelogic shownin Fig. 6 was created,
based on the following flow.

(1) Separate | estimation for each mode — straight line
driving, cornering, jump
(2) Calculation of longitudinal and lateral acceleration and

yaw moment from the estimated tire side dip angle o
and the tire data map
(3) Calculation of the p correction value from acomparison
of the estimated value (longitudinal and lateral
acceleration, yaw moment) and each sensor’s value

(4) Application of the tire characteristics data map gain,
based on the p correction value.

In addition, although it is not clear in the diagram, tire
data map application according to longitudinal and lateral
load transfer is also included.

The target accuracy for Y estimation is set at 0.05, as
calculated and converted from the side slip angle target
accuracy of 0.5°.

Sensors Estimated o Tire data ) ]
Side force Side force Traction, brake force
i
Yaw rate
Estimated A

Lateral acceleration Slip Rate ||

JZ N\ =5
o A A
0 0 0

vvy '

|Longitudinal acceleration|

Estimated longitudinal and lateral acceleration,
and yaw moment

vy

| estimation

v vy

Sensor acceleration and yaw rate

Straight Turn

Estimated acceleration and yaw rate

Compensate Ap

Jump

Estimated lateral

Estimated slip rates -
acceleration

A

Estimated total
acceleration \

AN

Longitudinal G sensor > Lateral G sensor

™ acceleration

B Sensor total /|_>

Threshold

Fig. 6 p estimation logic
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6. Vehicle Side Slip Angle B and Road Surface
W Estimation Vehicle Data

Theresults of actual vehicletestsusing the two types of
logic outlined above are shown below. Fig. 7 showsthe 8
estimation results during slalom course driving (40km/h) on
an icy road. It was confirmed that the estimation results
obtained were almost identical to those of the vehicle side
dipanglesensor. Fig. 8 showsthe 1 estimation resultswhen
performing a slalom maneuver between dry asphalt and a
low p (wet basalt) surfaces at 40 km/h. It was confirmed
that P correction is carried out in real time when entering
thelow parea. Wheel velocity datashows control dynamics.
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Fig. 8 p estimation test data
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Fig. 9 Stability analysis

7. Tire Side Force Estimation and Stability
Judgments

Fig. 9 showstheresultsof analysisof OSusing estimated
tire side dlip angle o, vehicle side dlip angle B, yaw rate,
lateral acceleration, and tiresideforces. According to these
results, wefound that rear tire side forces are saturated from
the onset of OS. Calculating the absolute value of ar (rear
wheel side dip angle) and the differential value Aar, then
comparing them with each limit (judgment value), makesit
possible to make an early prediction of critical conditions.

For reference, here is a brief discussion of US. In
comparison with OS, which is excess moment dueto adrop
inrear tire grip, aimost all USis a deviation from the target
trace line due to excess speed. Quantifying the amount of
deviationisdifficult with only the current sensorsand logic.
This is because there is no method for accurately knowing
what the target driving line should be.

Also, with conventional US control, the control amount
is set by a comparison between the nominal yaw rate at the
velocity estimated from the steering angle, and the sensor’s
yaw rate. However, evenif yaw moment control isachieved
with this method, it is not possible to return to the target
driving trace line.Therefore, this research project is limited
to OS control, explaining the control to achieve stability and
steerability, and comparing it to conventional yaw rate
control. As for US contral, it is not thought that current
performance can be enhanced with simple vehicle unit
control, and thusit isleft as a future issue.
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8. Optimum Control of Vehicle Dynamics

The optimum control, this project’s third issue, is
discussed here.

The processfor analyzing OS and spin during cornering
on icy and snowy roads can be divided into four stages as
shownin Fig. 10.

(1) Rear tire side dip angle aur exceeds limit value.

(2) Rear tire side forces are saturated.

(3) Vehicle side dip angle and yaw moment increase.

(4) Grip is lost and consequentially so is steerability,
rendering turning impossible.

As can be understood from this process, if OS can be
predicted in step (1), then by repeating both counter-
moment control and decel eration control in steps (2) and

<Packed snow p : 0.3>

Target trace line (4) Driver cannot control

yaw by steering

(3) B and yaw
moment increase™.

(2) Rear tire side force decreases \

(1) ar over the stable limits or
excessive rear slip A

Fig. 10 Over steer dynamics analysis

A& ﬁ‘ Br
“~" Bf: Brake force front

Br  Br: Brake force rear

‘ﬁ . \_ Counter moment
Braking fb(pé

(1) Over the limits (or and A)

V

(2) Rear tire side force reduced

) o

(3), vehicle stability can be maintained, steering is
effective, and it is possible to recover the motion state.
Thisisoutlined in Fig. 11.

That is, stability uses front outside wheel brake control,
and steerability usesthe brake control of thetwo rear wheels
to return to the grip range. This control flow is shown in
Fig. 12.

The innovation of this research lies in the fact that, in
addition to stability control, steerability control is also
achieved simultaneously. That is, while leaving the lower
limit side forces required to maintain rear tire stability,
optimum control (referred to as 3 control hereafter) is used
to obtain maximum deceleration. Tiresidedlip angle o and
road surface L estimation logic areindispensablein achieving
this control.

Stability Steerability

Decelerate vehicle velocity
for front tire grip recovery

Recover rear tire grip
with counter moment

|

_Front outside. Rear tire slip control
tire slip control ‘
‘ Improve steer-yaw
Optimize yaw moment Gain
. 4 characteristic
Side force

f (l-lz)

Rear side slip angle Y
Phase

Fig. 11 Optimum control concept

Braking force

A
— ABr: Available rear braking force
» A
Side force
AM: Available slip
x AFs: Lost side force

Set the nominal y and acceleration
with estimated V and p.

(Nominal y— Sensor y)/AM = Time (sec)
wxABfx (WBfxsinar+Tr/2:+cosor) = AM

’ ABf: Brake control unit, AM: Moment unit,
WBH: Length from CG to front axle, Tr: Tred,

(3) Increase yaw moment

CG: Center of gravity

-

(4) Lose control of steer

L

Stability with steerability

Fig. 12

Estimate available braking force ABr
and slip AA by means of tire data maps
as shown above.

Judge the effect of control by v, G, V and p.

Basic control logic
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9. Vehicle Control Test Data

Driving tests wereimplemented in three modes, slalom,
Jturn, and winding, on both compact snow ([ = approx.
0.4) and ice (1 = approx. 0.15). Dueto limits on the length
of this paper, only the data for the slalom and the J-turn on
compact snow areincluded here (Fig. 13, Fig. 15: 3 control,
and Fig. 14, Fig. 16: conventional yaw rate control). The
graphs show time series data for steering angle (red: left
turning is +), estimated vehicle side slip angle B (blue), and
yaw rate (green: left turning is +).

When comparing 3 control to conventional yaw control,
it is clear both § control stability and steerability are
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Fig. 14 Slalom test on snow (Yaw rate control)

enhanced. With B control, yaw rate and side slip angle
restraint performanceisgood, and steering angle movement
(driver input) isstable. Thedriver canfeel asecurecornering
force. This effect matches the first targeted effect of
enhanced stability. In comparison, conventional yaw rate
control quickly subdues excess yaw movement itself, but
the ability to maintain a stable position (side dip angle) is
missing. That is, grip force when turning fluctuates and
steering correction is large and frequent.

In other driving modesaswell, 3 control hasbetter stable
linetrace performance. In particular,  control effectiveness
is greatest with alow p and at high vehicle speeds, that is,
the closer to the limit, the bigger the effects of B control.
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10. Control Effects and Evaluation Method

Theresults of testing on ice and snow covered roads are
examined. First, the evaluation method will be discussed.

When evaluating non-linear dynamics, 3 - Ap phase flat
Lissgjous should be considered, but as shown in Fig. 17,
we must divide the dynamicsinto two types —steering angle
and yaw rate, and steering angle and side slip angle — and
examine them closely. The reason for this is that vehicle
dynamics control makesit possible to achieve both stability
and steerability by supporting good input/output
characteristics in relation with the driver. That is, it is

A Theme: Front tire grip recovery
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Fig. 18 Slalom evaluation on snow(3 control)

Evaluation method for VSA

necessary to study whether or not vehicle yaw rate and side
slip angleresponse processfor driver steering input is stable
and feeding back the amounts and directions which
correspond to thepredictions. Also, if theseresultsaregood,
then the characteristics should be good in terms of 8 - AB
phase, too.
(1) Steerability Evaluation
Aslong as the steering angle / yaw rate flat trace stays,
asawhole, in anarrow band range, time phase delay is
small and over-steer and steer lag are reduced
(steerability). Furthermore, if the trace path passesclose
to the point of origin, control is certain, correction by
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the driver is small, and stability can be maintained.
(2) Stability Evaluation
Aslong asthe steering angle/ sidedlip angleflat traceis
kept below the rear side dip angle ar limit value, yaw
rate movement is stabilized (stability). Furthermore, if
the trace path passes close to the point of origin, control
is certain, and thereis little counter-steer by the driver.
It is possible to reduce divergence in slalom driving.
Next, the test data for the compact snow slalom and J-
turn test modes are discussed. (Fig. 18, Fig. 20: B contral;
Fig. 19, Fig. 21: conventional yaw rate control.)
B control has the following qualities over yaw rate
control.
(1) Concerning steering and yaw characteristics, time phase
lagissmall, and control isreliable, so steerability ishigh.
(2) Concerning steering and side slip angle characteristics,
excessivesideslipangleisreduced and stability ishigh.

11. Conclusions

The goal of this research project was to achieve both of
the following:
(1) Enhance stability
(2) Enhance steerahility
Based on the vehicle control effects shown in the section
above, “handling that is stable and isfaithful to the steering”
isachieved. Thus, basically, the validity of the optimum 4-
wheel dlip control logic has been proven.
Thefollowing three concrete results have been achieved:
(A)Creation of abasiclogic for accurately estimating stable
side dlip angle (vehicle, tires)
(B)Creation of abasic logic for apractical, rea-time, tire /
road surface p estimation logic
(C)Creation of a basic method for optimum slip control in
order to obtain both stability and steerability.
We will continue development in the fields of stability
and steerability technology as we work toward practical
applications of thistechnology.
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Technical paper

Study of the Dynamic Characteristics of the Suspension
as Related to Brake Judder Reduction

Tetsuya YAMAGUCHI*  Kiyoshi KOBAYASHI*

ABSTRACT

Thereduction of brakejudder requiresrefined tuning of the dynamic characteristicsin the suspension, which asan oscillatory
system has a great influence on brake judder. Here, a component model of the suspension is used to calculate its vibration
mode and frequency characteristics. This makes it possible to conduct a comparative examination of the influence of the
suspension geometry (the main factor in brake judder), bushing characteristics, parts weight, and other such factors by means
of simulation. As a result, the values predicted by calculation have been found to correspond closely with the actual
measurements, and compliance steer has been confirmed to play a significant role in reducing brake judder.

1. Introduction

The source of brake judder is known to be excitation
caused by braking torque fluctuation resulting from uneven
wear and rusting of the disk rotor. Countermeasuresinclude
reducing disk rotor run-out and improving the grinding
characteristics of the friction material, but these efforts still
have not eliminated brake judder.

Whereas the source of excitation for the phenomenon is
the brakes, the resonance system is the suspension and the
transfer system includesthe body and steering system. Thus,
many parts are involved with the phenomenon and the
mechanism by which it occursis quite complex. Therefore,
experimental analysis approaches come to a stop at
understanding the phenomenon and are difficult to translate
into guidelines for further development, which has made
finding a solution to the issue difficult.

L ooking at the suspension, which isaresonance system,
the dominant mode when brake judder occurs is known to
bethemodeinwhichthetiresmovein alongitudinal manner
called compliance vibration of the suspension.

This compliance plays an important role in improving,
for example, ride comfort, but it also has the conflicting
characteristic that thisfirst order vibration isthe main cause
of steering shimmy and brake judder vibration.

* Tochigi R&D Center

The focus of this study is to clarify why compliance
vibration of the suspension excitesthe steering system. This
issue was approached through vibration testing using actual
vehicles and parameter studies using finite element method
simulations of the placement of suspension mounting points
and the bushing characteristics. The results confirmed that
reducing suspension transfer sensitivity and reducing input
to the steering system are also effective at reducing brake
judder in an actual vehicle.

2. Understanding the Phenomenon

The circumferential acceleration on the steering wheel
and the acceleration at various suspension points were
measured during actual cruising and frequency analysiswas
performed to understand the suspension behavior when brake
judder occurs. Theresults showed that the largest component
occurs around approximately 15 Hz. Fig. 1 showsatypical
example of the time history data and frequency analysis
results for the steering wheel.

Fig. 2 shows the vibration mode extracted at the peak
gain frequency in order to confirm the suspension behavior
at thistime. Thisfigure showsthat longitudinal vibration of
the suspension, that is to say compliance vibration, is the
dominant behavior when brake judder occurs.
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The various suspension and brake parts are excited by
compliance vibration, and this inertia force mainly occurs
as a moment around the kingpin shaft. Axial force is
generated on the tie rod as reaction force to support this
inertia moment, and this axial force passes through the
steering gear box and becomes rotational vibration of the
steering wheel.

These test results confirmed that braking torque
fluctuation is conveyed through this type of transfer path
and becomes steering vibration.

3. Analysis by Simulation

The results of the above running tests clarified that
compliance vibration of the suspension hasalargeinfluence
asaresonance system. Therefore, it was necessary to create
asimulation model capable of reproducing these phenomena.

The modeled phenomena were the weight of each part
comprising the suspension and brake, the bushing
characteristics of the body mounting points, the rigidity of
the body mounting points, and the position of each point
comprising the suspension link mechanism. Fig. 3 shows
the calculation model created from this information.

Notethat with the exception of the bushings comprising

Measurement data

Steering wheel acceleration

Time [sec]

Fig. 1

Lower ball joint Tie rod end

| ) |
\_ A __)
Compliance\bu

L

Rack end

Lower arm bush

(a) Measurement point

each device, the influence of elastic deformation of the
suspension parts was considered to be minute, so the model
was created using rigid body elements. In addition, part
weights were modeled by the dispersed location of
concentrated mass at the representative points of each part.
Thisalso madeit possibleto easily expressinertiamoments
that had been difficult to obtain thus far.

This model was used to calculate the vibration mode
during compliance vibration and the transfer characteristics
from the tire ground contact point to the rack end by
performing frequency response analysis using the general-
purpose finite el ement method solver NASTRAN. Relative
evaluation with respect to changesin each influencing factor
ispossible by performing comparativeinvestigations of these
results.

4. Example of Application to Development

An example of application to actual development is
shown below. Here, the two countermeasure proposals A
and B were investigated with respect to the base
specifications. The proposal A specifications reduce the
spring rate and improvethe damping factor of the compliance
bushing with respect to the base specifications. The proposal
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Fig. 2 Compliance vibration: experimental mode
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B specifications build on the proposal A specs by changing
the rack end position to therear. Fig. 4 and Fig. 5 show the
calculation results for each of these specifications.

Proposal A further improves the vibration energy
scattering effects due to the compliance bushing by changing
the bushing characteristics, and is effective at reducing the
peak gain.

In addition, examining the vibration modes for both
proposals A and B shows that rotational movement in the
tire toe direction, or the so-called compliance steering, due
to longitudinal vibration decreasesin stageswith the addition
of each countermeasure item compared to the base
specifications. Thiscan aso be confirmed from the decrease
in the steering direction gain at the tire center in Fig. 5(b).

The moment occurring around the kingpin shaft is
generated by theinertiaforce of thetire, wheel and incidental
partsthat perform rotational movement, and isamajor factor
in exciting vibration. Directly reducing this moment is
extremely effective in reducing the transfer sensitivity of
the suspension.

Theseresults confirmed that each of the countermeasures
were improvements over the base specifications, so these
improved specificationswereverified by actual vehicletests.

Fig. 6 compares the results of actual measurements and
simulations of steering wheel acceleration in the rotational
direction. This figure shows an excellent proportional
relationship between the calculations and actual
measurements, thus confirming the validity of this method.

5. Analysis of the Degree of Contribution of
Each Factor

Most of the various suspension-related specifications
have an influence on multiple vehicle performances, soitis
necessary to set characteristics that achieve a balance
between each performance. Accordingly, it is extremely
important to know the degree of influence that each factor
has on the respective performances.

P

Base moi(

P

Improved mﬁA/

7 Improved model B

Measurement data

Simulation result

Fig. 6 Acceleration comparison: simulation result
and measurement data

Therefore, parameter studies were performed for a
number of characteristics that were thought to have alarge
influence on brake judder, and the degree of contribution
was analyzed for each factor. Fig. 7 shows the transfer
characteristics from the tire ground contact point to the rack
end and the steering direction gain at the tire center as the
change in characteristics when each parameter is changed.
Here, the calculation results for the base specifications are
used asthe reference.

These results show that the influence of the compliance
bushing characteristicsisthelargest among theinvestigated
factors. Asdescribed in section 4, thisisnot merely the effect
of improved vibration energy dissipation due to a reduced
spring rate and improved damping factor; reduced
compliance steering dueto the spring rate change also hasa
significant effect. Theresults of each of these studiesindicate
a close relationship between the lateral fluctuations in the
rack end and compliance steering, and also show a large
contribution toward thetransfer sensitivity of the suspension.

The results of this study showed that the compliance
bushing characteristicsa so have alarge influence on changes
in the vibration mode. However, at the stage where each
factor can be changed freely, the position of the suspension
mounting points has the greatest influence.

However, the suspension geometry has basic
characteristics that affect many performances, and
investigations are repeated numeroustimesfrom the concept
stage, so there are many cases where changes are difficult
once the specifications have been decided. Therefore, it is
important to optimize compliance steering asone of thebasic
characteristics from theinitial development stages.

6. Conclusion

The mechanisms when brake judder occurs were
analyzed, and theoretical investigations were carried out
using a finite element model which reproduces these
phenomenon. The following results were obtained.

(1) Brake judder can be lessened by reducing the transfer
sengitivity during compliance vibration of the suspension
which is avibration resonance system.

(2) The suspension geometry and the compliance bush
characteristics have the greatest influence on the transfer
sensitivity during compliance vibration.

(3) Compliance steering plays an important role as an
influence on the vibration mode.

(4) The simulation method proposed by this study was
confirmed to be effective even in actual development.
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Technical paper

Enhancement of Cup Seal Performance in Brake Wheel
Cylinders by Hyper Elastic Analysis

Koichi NAKAMURA*

Takeshi ITO* Kiyoshi KOBAY ASHI*

ABSTRACT

The shape of the cup seal that is installed in the wheel cylinder of drum brakes was examined using FEA hyper elastic
analysis. The cup seal material was changed from the often used SBR to EPDM resulting in enhanced heat and wear resi stance.
Next, aprototype cup seal was madein adetermined shape based on the results of the investigations. Various durability tests
were carried out with the results confirming both enhanced durability and appropriate sliding resistance.

1. Introduction

Within the brake system of passenger cars, lip shaped
packing normally referred to as a cup seal is used to seal
partsthat are exposed to high hydraulic pressuresand sliding
such as the wheel cylinder (Fig. 1).

Cup seals are mainly composed of synthetic rubber
materials, and seal by completely contacting the cylinder
surface (diding surface) when fluid pressureis applied within
the wheel cylinder.

In addition, there are various specificationsfor cup seals
according to the shape and surface condition of the piston
on which the cup seal is mounted and the cylinder against
which the cup seal slides in order to satisfy the various
functions required of brake wheel cylinders.

_;a

il |
, 7

{ Cylinder [ Piston
Cup seal

Fig. 1 Wheel cylinder
* Tochigi R&D Center

]
Il

Thus far, the cup seal shape has generally been
determined by repeatedly creating prototypes based on
empirical guidelines, and then performing various tests and
confirming durability. However, there are still many
development issues such as the inability to observe
conditions inside the cylinder during operation and the
inability to measure rubber strain.

Therefore, this study conducted investigations to
optimize the shape and enhance durability by hyper elastic
analysis using finite element analysis (FEA).

Excellent results were obtained in durability tests using
aprototype cup seal, and these results are introduced here.

2. Functions required of cup seals and materials

The cup seal inawheel cylinder isthe output portion for
the hydraulic pressure inside the drum cylinder, and high
durability is required. “Low strain” is generally known to
beimportant in enhancing the durability of rubber materials.

Onthe other hand, it is a so known from experience that
there are a number of points which must be taken into
consideration intermsof functions. For example, the seepage
phenomenon isthought to occur when the cup seal becomes
worn dueto stick slip with the piston, causing brake fluid to
seep around the seal. Therefore, slipping between the cup
seal and the piston leads to seepage and wear, and reduces
durability. The sectional shape of part A shownin Fig. 2 is
formed by cutting, and is called the cut lip. It is known that
an acute angle at the end of the cut lip facilitates stick slip
and that the high but not-constant dliding resistance exhibited
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Fig. 2 Cup seal

in tests results in unstable sliding resistance.

In addition, when external pressure which exceeds the
frictional force is applied, relative diding occurs between
the cup seal and piston and between the cup seal and wheel
cylinder, so the proper diding resistance values must be
ascertained. Thewheel cylinder side constantly slidesduring
operation, so alow diding resistanceisthought to be better.
On the other hand, a high dliding resistance is desired for
the piston side to prevent relative sliding when stick dlip
and rapid pressure changes occur.®

The cup seal materials are generally rubber-like elastic
solidscollectively referred to aselastomers. These elastomers
deform and produce strain when subjected to a load, but
also exhibit non-compressive characteristics. That isto say,
they are elastics but the contact portions exhibit fluid
behavior. In addition, rubber materialsgenerally experience
deformation known as compression set due to
macromolecular flow when subjected to stress for long
periods of time.®

Styrene-butadiene rubber (SBR) is often used asthe cup
seal material. SBRisresistant to brake fluid and has excellent
low temperature performance, but its physical propertiescan
deteriorate at high temperatures (120°C or more). Therefore,
thisstudy investigated an ethylene propylene diene monomer
(EPDM). EPDM features superior heat resistance, with little
changein physical propertieseven at temperatures of 150°C
or more. Furthermore, it exhibits the same low temperature
performanceas SBR downto -40°C, and haswear resistance
superior to SBR.

3. Modeling the cup seal

The model used in this study requires advanced
calculation techniques called nonlinear analysis. The cup
seal is made of a hyper elastic material that experiences
significant deformation which results in contact, so the
correlation was expected to be poor. Therefore, the cup sedl
was modeled in two dimensions using axisymmetric hybrid
elements as shown in Fig. 3 instead of three dimensionsin
order to ssimplify theanalysis parametersasmuch aspossible.
The material characteristics were obtained from biaxial
tensile tests on a test piece using the Mooney-Rivlin fixed
number that correspondsto Y oung’s Modulus for metal.

Axisymmetric hybrid element

Rigid surface 4

1

Rigid surface 1

Rigid surface 3\

Fig. 3 FEA model

Rigid surface 2

The piston and cylinder are extremely rigid compared to
the cup seal, so these are modeled as rigid surfaces, and
contact elements were located on the contact surface of the
cup seal and each rigid surface. The coefficients of friction
were calculated using the dliding resistance obtained from
tests, and were p= 0.135 for the piston and p= 0.205 for the
cylinder.

The condition with the cup seal assembled into the wheel
cylinder isexpressed by the forced displacement of therigid
surfaces in each step.

The cup seal is completely unconstrained in the initial
state, so there is no balance of forces and the condition is
unstable. Therefore, this study began the calculations from
the condition whererigid surface 1 isalready in contact with
the cup seal.

A pressure load was applied to the end of the cup seal
that contactsthe brakefluid as shownin Fig. 4 to reproduce
the deformed condition under pressure.

The diding resistance was obtained from the fulcrum
reaction force produced on therigid surfaces corresponding
to the piston and cylinder sides.

Pressure load

Fig. 4 Boundary condition of pressure load
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Fig. 5 FEA model of the current design and stress

Reaction force

(a) Before assembled

(b) After assembled

calculation results

Low

Fig. 5 showsthe analysis results for the stress produced
onthecup sedl, and Fig. 6 showsthe analysisand test results
for the gliding resistance produced on the piston and cylinder.

As shown in Fig. 5(b), stress was confirmed to
concentratein part B when the cup seal was assembled into
the wheel cylinder. In addition, analysis showed that the
sliding resistance is smaller on the piston side than on the
cylinder side as shown in Fig. 6. This same tendency was

4. Analysis results

also confirmed in tests.

The sliding resistance was compared through finite
element analysis and tests for anumber of shapes as shown
These results are shown in Fig. 8. The anaysis
and test results correlate fairly well, thus confirming that
thisanalysis method can be utilized for shapeinvestigations.

in Fig. 7.

5. Investigation to optimize the shape

Based on the above analysisresults, investigationswere
carried out using finite element analysis to achieve an
optimum cup seal shape that satisfies the following target
performances.

(1) Enhanced durability by reducing strain

» There should be little strain when assembled into the
wheel cylinder.

* Stress should not concentrate locally.

Piston side

Cylinder side

NN

7

yd

FEA

Test

Calculation results of reaction force

o

Fig. 6 Calculation result and test results of reaction

force

T
Before assembled

@)

(b) After assembled

Shape A

Fig. 7

e

(a) Before assembled

(b) After assembled

Shape B
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(2) Appropriate dliding resistance
« Stick dip should not occur.
 The dliding resistance on the piston side should be
larger than on the cylinder side.

5.1 Enhanced durability by reducing strain

When the radius of curvature isincreased to reduce the
strain when assembled into the wheel cylinder and disperse
the stress of part B, the dliding resistance was found to drop
and other required performances also could not be satisfied.
Various shapes with different lip widths, for example, were
investigated, and a shape joined by alarge and small radius
of curvature such as that shown in Fig. 9 was found to be
the most effective for distributing stress.

5.2 Appropriate sliding resistance

An obtuse angle shape called a molded lip was adopted
for the shape of part A asshownin Fig. 9(a) toadjust diding
resistance instability. In addition, the sliding resistance on
the piston side must be relatively large, so the interference
on the inner diameter of the cup seal was increased within
therange allowed by the assembly performance. Conversely,
the shapewas changed to reducethe cup seal surface pressure
against the cylinder in order to reduce the sliding resistance
onthecylinder side. Theanalysisresultsconfirmed that these
changes achieved the target performance for sliding
resistance as shown in Fig. 10. Prototypes were then
manufactured based on these analysis results, and
measurements performed using these prototypes showed the

same tendencies.
1.1.]

(a) Before assembled

(b) After assembled

Fig. 9 FEA model of new design and stress
calculation results

Piston side

N \/

)

Cylinder side
/

-

Reaction force

FEA Test

Fig. 10 Calculation and test results for reaction force

6. Confirmation of durability using prototypes

Prototypes were manufactured using the shape obtained
through the aboveinvestigations, and various durability tests
were carried out to compare the prototypes with the current
product.

Fig. 11 showsthe results of high temperature operation
durability testscarried out at atest environment temperature
of 120°C. These results show interferenceismore consistent
from the initial state until the end of the test than for the
current product, indicating that durability was enhanced.

Fig. 12 shows the results of bench durability tests in
which the cup seal wasl|eft assembled into thewhedl cylinder
at a high temperature (120°C). Like the high temperature
operation durability test, there was also less change in the

40

—&— Current
—— Prototype

N
o
I

Ratio of interference
on cup seal [%]
(o]
o
>

0
0.E+00 2.E+04 4.E+04 6.E+04 8.E+04 1.E+05

Cycle
(a) Piston side

100 '\
S_ 80
fg ‘T‘('\'—-
2% 60 ——
[CR)
Ea 40
© 3 —&— Current
o
;:% s 20 —=— Prototype ||

0 ‘
0.E+00 2.E+04 4.E+04 6.E+04 8.E+04 1.E+05
Cycle
(b) Cylinder side

Fig. 11 Cup seal interference degradation during the
high temperature cycle endurance test
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100
8 —&— Current
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(a) Piston side

100 ¥
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U —
5 § 60
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5 3 40
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Time [hr]
(b) Cylinder side

Fig. 12 Cup seal interference degradation during the

high temperature exposure test

interference when left for long periods, indicating that
durability was enhanced.

These results confirmed that the cup seal investigated
using hyper elastic analysis achieved thetarget performances
interms of both enhanced durability and appropriatesliding
resistance.

7. Conclusion

A cup seal structure that satisfies the following target
performancesrequired by thewhed cylindersof drum brakes
was investigated by hyper elastic analysis using finite
element analysis.

(1) Enhanced durahility by reducing strain
(2) Appropriate sliding resistance

Changing the materials from SBR to EPDM enhanced
resistance to both heat and wear.

A prototype was manufactured based on the above
analysisresultsand various durability testswere carried out.
As a result, the developed prototype was confirmed to
achieve the target performances.

Therefore, the proposed analysis method was found to
be effective for investigating the cup seal structure.
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Research of Control Countermeasures for 3D Uneven
Solar Radiation with Automatic Air Conditioning
Systems for Automobiles

Isao TSUNODA*

Hironori SHUTO* Ikuo TAKAMATSU*

ABSTRACT

A new automobileair conditioning system was devel oped that is capabl e of maintaining passenger comfort under changing
and uneven solar radiation conditions. This project differentiated the solar radiation energy that is absorbed by the human
body affecting passengersdirectly, and energy that is absorbed by the car body and radiated to the passengers by means of the
cabin air. Values for these two were then derived for every position of the sun. Based on the results, a map was created that
enables the air conditioning system to change the coefficient adjusting for the influence of solar radiation. A control system
has been devel oped that calculatesthe position of the sun relative to the automobile by means of a Global Positioning System,
and provides only as much cooling as is needed to offset the amount of solar radiation energy absorbed by the passengers
according to the position of the sun. An automobile with this air conditioning system installed was subjected to field study
tests, which confirmed that passengers felt a constant level of comfort even when the direction of the sunlight changed with

respect to the car body.

1. Introduction

An air conditioning system for an automobileis unlike
that for a building in that a considerable part of the heat
input from outside is composed of radiation energy from
the sun. Consequently, automatic air conditioning systems
are equipped with sunbeam sensors in order to control the
outlet air temperature and airflow rate according to the
intensity of the solar radiation. The conditions in an
automobile are such that the solar radiation may hit the
passengersdirectly. In such cases, thedirect solar radiation
energy that contacts the human body will vary according to
such factorsasthe position of the sun and thelocation of the
passenger. Therefore, it is not sufficient to simply control
the cabin temperaturein order to maintain uniform comfort.

The control of uneven solar radiation can be
accomplished by such means as 2-dimensional sunbeam
sensors®@ and the use of two sunbeam sensors. However,
it is not possible to compensate for the effects of uneven
solar radiation throughout the cooling region, which changes
according to the complex interaction of the sun, the
automobile, and the human body. A method has already
been developed for calculating the position of the sun from
the location of the vehicle, and then using the relationship
of this position with solar radiation intensity to control the
autoair conditioning system with respect to uneven solar
radiation.® However, there has been no case as yet where
the actual control amount was determined.

Thispaper describes our study of anauto air conditioning
system that is capable of controlling the atmosphere

* Tochigi R&D Center

comfortably throughout the area of uneven solar radiation
by analyzing the heat conveyed to the vehicle and passengers
from solar radiation energy.

2. Analysis of comfort factors

2.1 Factors in comfort

One of the factors in automobile passenger comfort is
the thermal environment of the cabin, which is determined
by the three factors of hesat transfer (convection, radiation,
and conduction). These factors are different during the day
and at night, during different seasons, and so on. At night,
for example, the heat transfer caused by the temperature
difference between the cabin and the outside environment,
together with the movement of heat caused by ventilation,
determine the thermal environment. During the day, the
radiation energy from the sun becomes an additional factor
that has a significant affect.

Apart from these factors of comfort that determine the
thermal environment, there is also the factor of preference.
According to standards such as 1SO 7730, differences due
to individual preferences are distributed over a range like
that shown in Fig. 1.

Passenger comfort is ordinarily determined by the
combination of these factors. However, the cabin of an
automobile is a confined space, and the locations of the
passengersare moreor lessfixed. Theglasswindow areais
large relative to the cabin volume, so direct sunlight on the
passengers causesthem tofeel hot. Thishasagreater impact
than the other factors.
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Too hot for 0% Too hot for 20%
Too cool for 20% Too cool for 0%
%
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\ Comfortable
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-1 -0.5 0 0.5 1
PMV (Predicted Mean Vote)

Fig. 1  Preference Distribution chart

2.2 Heat input to passengers

When there is little sunlight, the air temperature inside
the car cabin is determined by the heat transmitted from
outside, ventilation, air conditioning, and so on. Whenthere
isalot of sunlight, the radiation energy from the sun becomes
alarger factor, and, there is little movement of heat due to
heat transfer, especially when the ambient temperature is
close to the controlled cabin temperature. At such times,
therefore, this radiant energy makes up the greater part of
the heat input from outside the cabin.

Fig. 2 showstheroute of heat input from solar radiation.
This can be separated into two factors. One is the solar
radiation that enters through the window and raises the
temperature of interior materials and so on, thus raising the
temperature of the air inside the cabin to thereby reach the
passengers. The other factor isthe radiation that strikesthe
passengers directly through the window and raises the
temperature of their clothing and skin. With the former, the
position of the sun makes relatively little difference, and it
is easy to create a constant environment by using sunbeam
sensors and so on to correct the cabin temperature. Thisis
equivalent to the situation during a summer day when the
solar dtitudeishigh and the passengersare contacted directly
by almost no sunlight.

In the case of the latter factor, the radiation energy will
differ according to the relative positions of the passengers
and windows, and soit will be different for every seat. Since
the passenger is subject to a great deal of heat, the range of
the difference made by the position of the sunisalso large.
This is equivaent to al the times apart from the daytime
during the summer when the solar altitudeis low.

A
\/ « P
< .> Heat radiation

»
'(

-« Air
4_
4_

Heat convection

Fig. 2 The routes of solar radiation reaching
passengers

3. Current status of and issues concerning solar
radiation control

3.1 Current status of solar radiation control

Auto air conditioning systems ordinarily calculate the
target air output temperature Tao from the ambient
temperature, cabin temperature, setting temperature, amount
of sunlight, and so on using formula (1). The air output
temperature is adjusted by using the heater unit to change
the ratio of cool and hot air. This controls the thermal
environment inside the cabin.

Tao = F (Tset, Tam, Tr, Tsun) (@D}

Tset: Setting temperature

Tam: Temperature from ambient sensor
Tr:  Temperature from cabin sensor
Tsun: Amount of sunlight

As to the radiation from the sun, the air output
temperature is reduced in accordance with the amount of
radiation energy detected by the sunbeam sensor so that the
cabin area environment is maintained at a constant level.

The sunbeam sensor is installed in the cabin near the
driver seat in a location that will tend to remain out of
shadows. It is most commonly placed inside the front
windshield above theinstrument panel and toward the front.
The sunbeam sensor gain is determined by the sensitivity of
the sensor and the amount of attenuation from the front
windshield that comes between the sensor and the sun. The
amount of sunlight detected at this location represents the
radiation energy from the sun.

3.2 Issues concerning solar radiation control

The amount of solar radiation that reaches the sunbeam
sensor varies with the angle of incidence. The passengers,
meanwhile, may be in a shadow or they may be bathed in
sunlight depending on their positionsrelative to thewindows.
Therefore, depending upon the position of the sun, the
amount of radiation detected by the sunbeam sensor may
not necessarily coincide with the amount of radiation energy
contacting the passengers. In order to confirm whether the
actual output from the sunbeam sensor can represent the
radiation energy for each position of the sun, we studied the
relationship between the solar radiation striking the sunbeam
sensor and the solar radiation striking the passengersin an
ordinary sedan.

Fig. 3 showstherelationship between the solar radiation
on the passengers and the vehicle with the sun at an altitude
of 50°. The parts visible through the windows are the parts
exposed to solar radiation. When the solar radiation strikes
from the front, both the passengers and the sunbeam sensor
are contacted by it. When the solar radiation is from the
side, the sunbeam sensor and the passengers who are on the
same side of the car as the sun are contacted by it, whilethe
passengers on the opposite side are in a shadow. When the
solar radiation is from the rear, the passengers in the front
seat arein ashadow but the sunbeam sensor is contacted by
it. This illustrates how the solar radiation contacting the
passengers and the sunbeam sensor do not necessarily
coincide. Inthe case of solar radiation from the side, there
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Sunbeam from Sunbeam from Sunbeam from
Front Side Rear

Sunbeam sensor
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Fig. 3 Comparison of solar radiation on sunbeam
sensor and on passengers

will also be adifference between passengersin theright and
left seats. Therefore, simple air conditioning control based
only on the sunbeam sensor cannot provide comfortable air
conditioning to all passengers.

3.3 The effect of uneven solar radiation caused by the

sun’s position

As described above, the heat balance of the passengers
isdisrupted when the amount of heat received by their bodies
and the amount of solar correction differ, so that passengers
may feel hot or cold depending on the direction of the solar
radiation. Thistype of problem must be resolved by making
the amount of sunbeam sensor compensation for solar
radiation and the amount of radiation energy contacting the
passengers coincide.

Fig. 4 shows the position of the sun in relation to the
vehicle, asit will be used below.

West

Fig. 4 Description of sun position

oh: Relative solar azimuth in relation to the progress of
the car

6v: Solar altitude

oha: Absolute solar azimuth in relation to the South

The actual location where the amount of solar radiation
isdetected and the | ocations and conditions of the passengers
aredifferent. We verified this quantitatively by comparing
the relationships of the sunbeam sensor output and the
amount of radiation energy contacting the passengers with
respect to the position of the sun. In this way, we verified
whether temperature corrections made due to the output of
the sunbeam sensor were ableto compensate for the amount
of heat received by the passengers from solar radiation.

1.0

0.8

0.6

0.4

0.2

Sunbeam sensor output ratio

0.0 ‘ ‘
0 30 60 90 120 150 180

Solar altitude (degree)
Fig. 5 Sunbeam sensor output ratio

Theoutput of asunbeam sensor unit varieswith the solar
atitude, depending upon the directivity of the sensor, as
shown in Fig. 5.

The sunbeam sensor unit doesnot possessdirectivity with
respect to direction, but since the sensor is installed inside
the front windshield, the amount of sunlight reaching the
sensor changeswith the angle of incidenceontheglass. The
sunbeam sensor output changes that are actually used for
control are shownin Fig. 6 with respect to solar altitude and
azimuth.
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Sunbeam sensor output ratio
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Relative solar azimuth (degree)
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15 — 30
— 75 — 90

—— 145
Fig. 6 Sunbeam sensor output ratio in car

The maximum output occurs when the sun is positioned
at the front center of the car. The farther the sun’s position
istotheside of the car, the smaller the angle of incidence on
the glass becomes. As aresult, the output diminishes and
the correction is reduced.

In order to verify the solar correction that is actually
required, we determined the rel ati onship between the position
of the sun and the radiation energy absorbed by the
passengersin the automobile by the routes shown in Fig. 2,
using an ordinary sedan as the model.

First, we determined the relationship between the solar
altitude and the solar radiation energy absorbed by the cabin
air from the sunlight entering through thewindow glass. This
was used as a component that affects the cabin air
temperature. The relationship, organized in terms of solar
altitude, isshown in Fig. 7.

The radiation energy absorbed by the cabin air varies
mainly with the solar altitude. Itisclear that the amount of
solar radiation energy absorbed increases as the atitude of
the sun increases.
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Solar radiation ratio
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Fig. 7 Solar radiation affecting interior

Next, we determined how much of the radiation energy
that passes through the windows and strikes the passengers
contacts the passenger in the seat on the left side. The
relationship with the position of the sunis as shown in Fig.
8. With high solar atitudes, the solar radiation received is
strongest when the sun is on the passenger side. With low
solar altitudes, however, the peak in solar radiation occurs
instead when the sunison the opposite side. Thedifference
in radiation energy contact varies greatly particularly with
the azimuth when the atitude is low.
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Fig. 8 Direct solar radiation reaching left passenger

The sum of these two amounts of heat is the radiation
energy from the sun that contacts the passenger. Thiswas
arranged by the azimuth of the sun for the representative
atitudes of 30° and 60° and compared with the sunbeam
sensor output direction characteristics. It is apparent from
the results shown in Fig. 9 and Fig. 10 that the amount of
correction made by the sunbeam sensor is insufficient for
the entire front area with respect to the actual radiation-
energy received at asolar atitude of 30°. Atasolar atitude
of 60°, the correction is excessive in the rear and on the
right, and insufficient on the left. Consequently, it was
apparent that there are many areaswherethe solar correction
does not work properly.

3.4 Methods for eliminating the effects of uneven solar
radiation
Temperature and airflow rates were sought
experimentally to determine how much the outlet air
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Fig. 9 Output ratio of the solar sensor and the heat
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Fig. 11 Outlet temperature producing the same feeling

temperature should be lowered in order that passengers
contacted by solar radiation will be at the same cooling level
as those who are not.

Theoutlet air temperaturewas adjusted in astatic vehicle
to provide the same comfort to passengers in an actual car
under different conditionsasshownin Fig. 3. A comparison
was made of the adjustments with sunlight from the front
(maximum solar radiation condition), from the rear (when
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thecar body iscontacted by solar radiation but the passengers
are not), with sunlight from the left and right sides (when
thereisadifference between theleft and theright), and with
the car in a shadow (no solar radiation).

Asshown in Fig. 11, there are conditions under which
adjustment of the airflow rate and outlet air temperature can
provide the same passenger comfort when the car isexposed
to solar radiation and when it is not.

4. Control with respect to uneven solar radiation

4.1 Basic concept

The amount of radiation energy contacting a passenger
changes in a complex manner with the solar altitude and
azimuth of the sun. When theamount of correction for solar
radiation that is detected by the sunbeam sensor changes
with the position of the sun so that it coincides with the
amount of radiation energy contacting the passenger, then it
ispossibleto achieveaconstant feeling of comfort regardliess
of the position of the sun.

This requires detection of the sun’s position and a map
that correlates the sunbeam sensor output with the radiation
energy contacting the human body.

4.2 Design of the control algorithm
The formula for calculating the target outlet air
temperature Tao utilizes formula (1), with the factor Tsun
defined as a function of the solar altitude and relative solar
azimuth (6v and 6h). The sunbeam sensor directivity is
standardized to a solar intensity at anormal surface. Thisis
multiplied by the change in radiation energy contacting the
passenger so that the amount of correction equal sthe change
in solar radiation energy contacting the passenger. The
correction coefficient for solar radiation, Ksun, is derived
from formula (2).
Ksun3D = il (Q:S (99/7‘)/ grh()Q v OM} 2
Fh (0v, 6h): Coefficient of radiation energy directly
contacting passenger
Fr (6v, 6h): Coefficient of radiation energy absorbed by
cabin air
Fs (6v, 6h): Coefficient of sunbeam sensor directivity

4.3 Detection of solar position

There are various methods for detecting the position of
the sun, such asthe use of a3D sunbeam sensor, calculating
the position from aGPS signal, and so on. The system used
to confirm operation while cruising derived the solar position
from GPS signals, which can be obtained relatively simply
and with high accuracy.

The latitude and longitude of the current position and
the present time were obtained from the GPS signal. The
altitude of the sun 6v and the solar azimuth 6ha in relation
to the meridian were then calculated from the geometric
relationship of the positions of the earth and the sun.

The GPS signal is further used to derive the direction of
vehicle travel. Thisdirection is then used with the absolute
solar azimuth 6ha to cal culate the azimuth 6h relative to the
direction the vehicle is headed.

5. Results of verification on an actual vehicle

5.1 Configuration of test vehicle

A test vehiclewas prepared to verify whether resultsfrom
control of uneven solar radiation could be obtained using
the 3D method on an actual vehicle.

An ordinary sedan was used as the base for the test
vehicle. The sunbeam sensor was simply installed
horizontally on the roof so that it would not be affected by
the front windshield.

The solar atitude and azimuth were cal cul ated using the
signal fromaGPS antennainput into acomputer. Thesignal
was sent totheauto air conditioning system ECU. The heater
unit used to adjust the outlet air temperature was modified
so that the left and right temperatures could be controlled
separately. Outlet air temperature sensors were installed
and their outputs were returned as feedback so that outlet
temperature control would be accurate. The system was
made capable of monitoring the outlet air temperature. The
auto air conditioning system target air output temperature
Tao from formula (1) was set up separately for the left and
right seats. Mapping was established so that the coefficient
of correction for solar radiation could be used to control the
gain of the sunbeam sensor according to the solar atitude
and azimuth. The auto air conditioning system ECU was
linked to a persona computer to allow monitoring of all
sensor values as well as the solar altitude and azimuth.

Time/Date i_PersonaI computer

Longitude | |

- i

| azimuth .

[ orecion ot vave | i
A

I

| y
i | Relative solar azimuth |

—— et — — |_ ..... |
[ Climate control ECU |
»|Gain correct

Sunbeam sensor

In-car temperature

I

I

sensor | Target air output |
Ambient temperature i = |
sensor HE ‘ _____________ —_—

Fig. 12 Control flow chart

5.2 Test method

The test was conducted by a field study. Calculations
were performed in advance using the date and time, | atitude,
and longitude to determinethe angle at which solar radiation
could be expected to strike at a particular time.

Examples of the relationship between solar altitude,
azimuth, and time are shown in Table 1.

Using these data, the vehicle body was oriented to the
direction for which verification was desired, the vehicle
cruisedinthat direction, and passenger comfort wasverified.

The results were evaluated for each seat according to
theratings given for passenger comfort on the scale shown
in Table 2.

5.3 Test results
Fig. 13 shows the results from verification of outlet air
temperature control and passenger comfort performed in

- 115 -



Honda R&D Technical Review

Vol.13 No.1 (April 2001)

Table 1 Test location and solar angle

. Solar altitude | Absolute solar azimuth
Time o o
) )
6:00 4.1 87.1
7:00 15.9 7.7
8:00 27.3 67.2
9:00 37.8 54.4
10:00 46.5 37.8
11:00 52.0 16.4
12:00 52.8 -8.3
13:00 48.7 -31.2
14:00 40.9 -49.4
15:00 31.0 -63.3
16:00 19.8 -74.4
17:00 8.0 -84.0
Longitude 140°E
Latitude 37°N
Date 09/19/00

Table 2 PWM scale
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Fig. 13 Outlet temperature and feeling of passengers

each seat of avehicle for each direction.

Inthe case of solar radiation entering fromtheright side,
there is solar radiation directly contacting the passenger in
theright seat. Theoutlet air temperatureisthereforelowered
on the right side, maintaining passenger comfort on both
the left and right. Next, in the case of solar radiation from
the rear, no solar radiation contacts either of the seats. The
outlet air temperature is therefore raised. When the solar
radiation comesfrom theleft side, the outlet air temperature
at the left seat is lowered to cancel out the heat from the
uneven solar radiation on the left side. With solar radiation
coming from the front, the passengersreceive the most solar
radiation. The outlet air temperature is therefore lowered
and it is set to the same level on both the left and right.

Theseresults show that matching the amount of radiation

energy with the amount of correction for solar radiation
makes it possible to lower the outlet air temperature
appropriately even when solar radiation contacts the
passenger’ s body directly. We confirmed, therefore, that it
is possible to maintain passenger comfort even when the
position of the sun changes and there are changes in the
unevenness of solar radiation.

6. Conclusion

(1) Wefocused our attention on the heat energy that results
from solar radiation contacting passengers in an
automobile. Wedivided thisinto the solar radiation that
reachesthe passenger directly through thewindows, and
that which is absorbed by the car body and reaches the
passenger through the air that lies between. We
determined both of these for each position of the sun.

(2) Thecorrection for solar radiation contacting the sunbeam
sensor, which depends on sunbeam sensor directivity and
the angle of incidence on the glass, was compared with
the amount of solar radiation contacting the passengers
with the sun at different positions. This demonstrated
that the auto air conditioning system does not correct for
solar radiation appropriately based on the position of the
sun.

(3) The results from analysis of the solar radiation energy
contacting passengers were used to create a map that
allows appropriate correction for solar radiation by the
auto air conditioning system so asto lower the outlet air
temperature according to the heat contacting the
passenger.

(4) A test vehicle was prepared with the capability for
changing the outlet air temperature and airflow rate at
each seat by means of a map. The results from
verification during field tests confirmed that thismethod
could achieve air conditioning control that would be
comfortable day and night regardless of the position of
the sun with respect to the vehicle.
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Technical paper

Application of Finite Element Analysis
Using 3D Auto-mesher for Transmission Development

Shigeru NAGAI* Takanao UCHIDA*

ABSTRACT

In order to effectively utilize three-dimensional models, the quality of a 3D auto meshing function linked with a3D CAD
system and 3D models was improved. This was achieved with the aim of performing finite element analysis on, without
maodification of, detail models including detailed fillets, draft angles and other complex shapes which can be applied to die
manufacturing. Asaresult, 3D detail models with a data volume in excess of 100 MB could be converted to CAE models by
auto meshing, alowing designers to perform finite element analysis at the transmission design site.

1. Introduction

With the shift to 3D design tools, even cast parts such as
the engine and transmission are now designed mainly using
detail modelsincluding detailed fillets, draft anglesand other
complex shapes (hereafter “3D detail models’) which can
be applied to die manufacturing. Design using these 3D detail
models formerly required more process time than 2D
drawing design due to the problems of workstation
calculation time, insufficient 3D CAD system operation
functions, alack of modeling skills on the part of designers
and other reasons. However, workstation performance, 3D
CAD system functions, and designers’ skillsareimproving,
and process time problems are gradually decreasing.

The main advantages of 3D design include being ableto
check interference with other parts using a 3D layout, to
check actual shapes through rapid prototyping, and
application of 3D detail models to die manufacturing, etc.
However, for designers these merits have not offset the
increase in process time occurring with the shift from 2D to
3D design.

Therefore, allowing designers themselves to perform
finite element analysis directly using 3D detail models was
considered as one merit of 3D design for designers.

Based on this background, tetrahedron element auto-
mesher functionswereimproved to allow meshing of alarge
3D detail transmission case model which was formerly
considered difficult for an auto-mesher. The results showed
that finite element analysis can be performed by designers
even for large 3D detail models.

* Tochigi R&D Center

2. Aim of 3D Auto-mesher Improvement

For designers to perform finite element analysis, they
must learn how to use finite element analysis software, and
the 3D model data must be converted from the 3D design
tool to that analysis software. The task of learning how to
use these many types of software programsisalarge burden
for designers.

Therefore, if the finite element analysis functions that
areapart of Honda' s standard 3D CAD system can be used
for analysis, this would have the following merits with
respect to the above two requirements. i) The basic operations
and user interface are shared, so the finite element analysis
functions can be easily learned. ii) Data conversion is not
necessary.

For these reasons, using the 3D CAD system equipped
with finite element analysis functionsthat is currently used
in-house was thought to be an efficient way to introduce
finite element analysisto designers.

For designers to perform finite element analysis on 3D
detail models, the auto-mesher function that is a standard
function of the 3D CAD system needed to be improved. In
addition, changes were also necessary to enable designers
to perform finite element analysisin ashort time on the same
3D CAD system while performing design work with 3D
models. (See Fig. 1.)

2.1 Conventional CAE Models
In the past, performing finite element analysis on 3D
detail models required special 3D modelsfor finite element
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Fig. 1 Finite element analysis of a 3D detail model using the 3D auto-mesher

analysis which omitted detailed fillets, minute surfaces,
minute holes and other detailed shapes. Thiswasmainly for
the following two reasons: i) It was difficult for the auto-
mesher to generate amesh following detailed shapes. i) After
mesh generation, the number of nodes and elements of the
resulting CAE model exceeded the workstation calculation
capacity.

In addition, in many cases even with a small number of
nodes and el ements, hexahedron elementswith high accuracy
of calculation results had to be used, or meshing had to be
performed manually using shell elements in some parts to
obtain appropriate results in a short process time. Thiswas
mainly doneto effectively utilize scarce workstation system
resources and to obtain accurate results.

For reference, afull-time CAE staff member sometimes
required over 200 hours to create a CAE model of the
cylinder block and other engine parts. In addition, decisions
such as whether ribs created to disperse stress should be
simplified or eliminated required considerable know-how.

2.2 Finite Element Analysis Performed by Designers

For reasons given in the previous section, finite element
analysis was generally performed by full-time CAE steff
membersrather than designers, from the viewpoint of process
time. Inaddition, designersgenerally followed aprocessflow
in which shapes were determined based on intuition and
experience, prototypes were manufactured, and design
specificationswere determined from actual measurement test
results.

However, auto-mesher performance has improved in
recent years, and it has become possible to generate meshes
using the auto-mesher for palm-sized parts having few small
fillets or other minute surfaces and then to perform
calculationsusing thisdata. It isactually becoming possible
for designers to perform finite element analysis for small
parts during the design work. There are even some partsfor
which actual measurement tests are omitted and
specifications are determined using only the results of finite
element analysis.

The merits of designers performing finite element
analysis by themselves include: i) Test results can be
simulated at the design site even without the actual part, so
the validity of ideas can be confirmed in real time. ii) The
surrounding layout, product cost, die configuration and other
limitations for that part are easily available, so
countermeasures can be formulated in an efficient manner.

iii) Designers can confirm their own design ideasrepeatedly
inashort time, leading toimprovementsin their design sense.

The transmission case, which is one of the large parts
introduced here, iscomprised overall of curved surfacesand
fillets; it has almost no flat surfaces, which made auto-
meshing difficult thus far. In addition, manual meshing not
only took time, but there was also the possibility of analysis
being performed which omitted the parts where the
maximum stress occurred. Thus, fillet removal and other
shape simplifications required considerable know-how.
Therefore, finite element analysis was almost never
performed for the transmission case dueto problemsrelated
to analysis time and accuracy. On the other hand, an auto-
mesher capable of applying finite element analysis even to
large, complex parts such as the transmission case was
greatly desired, as this would make it possible to perform
accurate finite element analysisin ashort time.

2.3 Auto-mesher Direction

Hardware has made remarkabl e advancesin recent years,
with speedsincreasing and pricesfalling. Workstations now
feature performance on a level formerly only available in
mainframe computers.

The conventional approach for creating CAE modelswas
to i) construct individual know-how including the removal
of minute surfaces and fillets, ii) perform time-consuming
manual meshing, and iii) reduce the numbers of nodes and
elements. However, in consideration of these hardware
advances, it is clearly more efficient to mesh a 3D detail
model with the auto-mesher, create a CAE model and then
perform finite element analysis.

In addition, if auto-meshing is possible for 3D detail
models, then not only the finite element analysis solver
accuracy, but also the 3D detail model shape accuracy and
the shape accuracy of the CAE model after meshing can
also be taken into account when discussing accuracy of
analysis results. Thus, accuracy of results can be pursued
from various angles.

Based on the above, the three functions demanded of the
auto-mesher are as follows. i) Auto-meshing of 3D detail
modelsshould be possible. ii) It should be possibleto control
the numbers of nodes and elements to optimize the
calculation time and overall calculation accuracy. iii)
Definition of local detailed element sizes should be possible
to improve the accuracy of specific parts.
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3. 3D Auto-mesher Improvements

In order for designersto perform finite element analysis
during transmission devel opment, the functions required of
this 3D auto-mesher are the following two items.

i) Reliable mesh generation should be possible (=

efficient use of time).

ii) Element quality should be good (= ensuring accurate

analysis results).

The specific targets for these requirements when
improving 3D auto-mesher functions are the following two
items.

With respect to all 3D detail models,

i) The mesh success rate should be 90% or more.

ii) The length ratio should be 10 or less.

(The mesh success rate and length ratio are described
below.)

3.1 Specific Evaluation Methods and Conditions

In order to achieve these targets, specific methods were
determined for eval uating the mesh success rate and length
ratio.
3.1.1 Evaluation Methods

i) Mesh success rate

Using the total number of times meshing was performed
as the denominator, the ratio of the number of timesamesh
was obtained which satisfied the element quality standards
of the finite element analysis solver integrated into the 3D
CAD system was defined as the “mesh success rate” as
shown in equation (1).

MS=VM/MT N

Here, MSisthe mesh successrate, VM isthe number of
timesacal culable mesh was obtained, and MT isthe number
of times meshing was performed.

ii) Length ratio

The worst length ratio value was checked to ensure
calculation results accuracy.

Here, “length ratio” is the parameter generally referred
to as “aspect ratio.” (See Fig. 2.)

In addition to thelengthratio, other element quality items
such as the Jacobian and shape factor were also checked at
the same time to see whether they could be accommodated
by the finite element analysis solver.

Length Ratio=A/B

Fig. 2 Length ratio

Of thevarious element quality standards, thelength ratio
was used as the standard for the following three reasons. i)
When checking the element quality of the generated mesh,
the length ratio was the only item that frequently exceeded
the finite element analysis solver standard value. ii) The
length ratio directly influences the calculation results
accuracy. iii) The length ratio is one of the element quality
itemsthat isappropriate asan index for ensuring calculation
results accuracy.

Thecalculationfailsif even asingle element in the mesh
exceeds the element quality standard values. It is said that
elementswith alength ratio of 15 or more should generaly
be avoided.

3.1.2 Evaluation Conditions

i) Evaluation model

Five 3D detail modelsin existence at thetime evaluation
started were arbitrarily selected as evaluation models.

Fig. 3 shows some of these models. The numbersin the
figuresindicate the size of that model.

ii) Meshing conditions

At this point, tests were conducted using a combination
of thetwo meshing parameters of size and absolute sag. (See
Fig. 4 and Fig. 5.)

These two parameters were set so that there were
approximately 150,000 nodes (approximately 80,000 to
90,000 elements) after meshing the 3D detail model. This

Fig. 3 Evaluation models
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Fig. 5 Meshing parameter settings window

figure of 150,000 nodesis the number of nodes that can be,
for themost part, reliably cal culated with the 4 GB temporary
storage area that can be used by the design workstations
currently used for development.

In addition, the same combination of parameters (size
and absolute sag) set for theinitial eval uation werealso used
for subsequent evaluations.

3.2 Evaluation Results

The 3D auto-mesher was evaluated in accordance with
the above evaluation method and conditions.
3.2.1 Step 1 Test

» Aim: Detailed investigation of functions

* Results: The average mesh successratefor fivemodels
was approximately 15%.

Thismesh successrate of 15% meansthat when meshing
is performed ten times, the number of times amesh that can

be used for calculations is obtained is less than two times.
(See Table 1.) For designers who must carry out numerous
tasks in a limited time, a mesh success rate of 15% makes
the meshing work itself a burden.

Therefore, it was judged that this auto-mesher version
could not be used for finite element analysis by designers
without modification.

* Analysis of meshing results:

Analysis of the meshing failures (hereafter “meshing
errors”) which accounted for 85% in the Step 1 evaluation
showed that these meshing errors can be classified into two
main types: i) Errors rooted in the 3D detail model, and ii)
Errors rooted in the meshing program.

i) Errorsrooted in the 3D detail model

The parts of 3D detail models that cause meshing
errors are the minute portions which are no larger than
the standard 3D CAD system tolerance (0.1 mm). Typical
examples include the overlapped face and twisted face
shown in Fig. 6.

These minute portions are circled in red when they
become meshing errors, but the shapes are automatically
created by the 3D CAD system, and these portions are
extremely difficult to find before meshing starts.

Therefore, the quality of the 3D detail model itself must
be improved by enhancing the modeling functions of the
3D CAD system in order to completely avoid errors rooted
in the 3D detail model.

In addition to thisfundamental solution, errorsrootedin
3D detail models can a'so be avoided by the following two
measures.

* Changing the mesher program — The mesher program
can be optimized to ignorelow quality portions of the model
as appropriate.

» Modifying the 3D model — Errors can be avoided by
having designers modify portions where problems occur as

Overlapped face Twisted face

Fig. 6 Problematic geometry examples

Table 1 Step 1 result

Model A B C D E Total
No. of meshing trials 44 42 18 38 12 154
No. of successful meshes 5 2 0 9 7 23
Mesh success rate 11.36% 4.76% 0.00% 23.68% | 58.33% | 14.94%
Meshing failure details

3D model quality 28 6 18 17 4 73

Element quality 8 32 0 10 1 51

Others 3 2 0 2 0 7
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indicated by thered circles. Thismethod isintertwined with
3D modeling, so it is omitted here.

ii) Errors rooted in the meshing program

Most of these errors are length ratio (element quality)
problems. Even when meshing is completed normally, if
there are elements with alength ratio value of 50 or more,
thedatacannot be used for calculations. To solvetheselength
ratio problems, the mesher program must be improved to
prevent inferior quality elements from being generated.

In addition, there are also program errors where the
mesher program itself causes an error and meshing is
completed abnormally.

* Measures for the next version:

Based on the Step 1 results, the following three changes
were made to the mesher program.

i) The program was changed so that low quality portions
on 3D detail models can be ignored.

ii) Length ratio values were improved.

iii) The program was debugged.

3.2.2 Step 2 Test

* Aim: To confirm the degree of mesher improvement
target achievement.

* Results: A mesh success rate of 88% was achieved,
which is avast improvement. (See Table 2.)

The greatest change in this step was that the occurrence
of length ratios of the standard value 50 or more was
significantly reduced from 33% to 2% of the total humber
of meshings.

However, another problem occurred that elements with
negative Jacobian val ueswere generated. Negative Jacobian
valuesareanimpossible condition for finite element analysis
calculations.

» Measures for the next version:

Based on the Step 2 results, the mesher program was
changed to prevent el ements having negative Jacobian values
from being generated.

3.2.3 Step 3 Test

* Aim: To confirm the degree of mesher improvement

target achievement.

* Results: No elements with negative Jacobian values
were generated, but the mesh successrate dropped from 88%
to 86%.

In addition, the meshing error rate due to length ratio
also increased from 2% to 5%. (See Table 3.)

3.3 Evaluation Summary

Based on the above results, the improvement in mesher
functions by Steps 1 to 3isasfollows. (See Fig. 7.)

* The average mesh successrate for the five modelsrose
from 15% to 86%.

Thisimprovement is broken down as follows:

» The meshing error rate due to alength ratio of 50 or
more decreased from 33% to 5% (average value of the five
models).

» The meshing error rate due to 3D detail model quality
decreased from 47% to 8% (average value of the five
models).

Thus, it can be said that the target was for the most part
achieved.
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Fig. 7 Transition of results (5 model average)

Table 2 Step 2 result

Model A B C D E Total
No. of meshing trials 44 42 18 38 12 154
No. of successful meshes 37 41 10 36 11 135
Mesh success rate 84.09% | 97.62% | 55.56% | 94.74% | 91.67% | 87.66%
Meshing failure details
3D model quality 7 1 3 2 0 13
Element quality 0 0 2 0 1 3
Others 0 0 3 0 0 3

Table 3 Step 3 result

Model A B C D E Total
No. of meshing trials 44 42 18 38 12 154
No. of successful meshes 38 38 11 33 12 132
Mesh success rate 86.36% | 90.48% | 61.11% | 86.84% | 100.00% | 85.71%
Meshing failure details
3D model quality 6 0 2 5 0 13
Element quality 0 4 3 0 0 7
Others 0 0 2 0 0 2
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4. Introduction of Actual Stress Analysis
Examples

Thissectionintroduces some actual examplesof unit part
stress analysis carried out by designers using this auto-
mesher.

Fig. 8 shows some actua stress analysis examples. The
models used in these analyses are 3D detail models with
absolutely no fillet elimination or model modification
performed for finite element analysis.

These analyses use parabolic tetrahedron elements, and
have approximately 150,000 nodes (approximately 90,000
elements).

It used to take a full-time staff member approximately
80 hours just to perform manual meshing (no fillets,
approximately 2000 nodes) for the transmission case.
However, boundary conditions can currently be added on a
workstation in approximately 10 minutes, and calculations
including auto-meshing can be compl eted in approximately
45 minutes. For reference, the time required for meshing
aoneis7 or 8 minutes out of the approximately 45 minutes
of calculation time.

Fig. 9 shows a comparison of finite element analysis
resultsfor themodel shownin Fig. 1 and the results of stress
measurement using astrain gauge at each measurement point.
These comparison resultsindicate that finite element analysis
is effective for determining design specifications in terms
of both trends and absolute values.

5. Conclusion

Based on the above,

i) Auto-meshing is now possible for 3D detail models;
this is something which used to be called impossible.

ii) Finite element analysis can be performed by designers,
and isbeing utilized at actual design sites.

iii) The introduction of finite element analysis by
designers has reduced the number of design changes and
actual measurement tests.

6. Afterword

Finite element analysis was formerly requested of full-
time analysis staff, and several daysto several weeks were
reguired to receive the results. However, finite element
analysis of 3D detail models can now be finished in

I~ [] Measurement
- [l Calculation

Fig. 9 Comparison of measurement and calculation
results

approximately one hour using the improved auto-mesher
function. Finite element analysis using the 3D auto-mesher
dramatically reduces wasted time on the part of designers
waiting for analysis results, and is becoming a useful tool
that allows design specificationsto beinvestigated in ashort
time.

The number of actual measurement tests has decreased
and devel opment efficiency isimproving steadily by having
designers determine specificationswith high accuracy using
finite element analysis.
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Technical paper

Development of Metal Pushing V-Belt Stress Simulation
for Continuously Variable Transmission

Toshihiro SAITO* Takemasa OKANO*

ABSTRACT

This paper describes the development of a new method to evaluate dynamic behavior and stress for durability simulations
of metal pushing CVT V-belts undergoing high rotational speeds. The explicit finite element method typically used in crash
analysisis adopted to simulate the high rotational speed range. A finite element model of the complete metal pushing V-belt
including the layered bandsis constructed where thetorqueistransmitted by thefriction of the contact surface. Inthesimulation,
the rotational speed gradually increases from zero to the target speed. Asaresult, it is possible to predict the belt stressin the
high speed range and asthis stress correlated with the test results, belt durability can, for thefirst time, be judged. To makethis
simulation more accessible to designers, customized pre- and post-analyzing tools were developed that enable the quick

creation of new belt models.

1. Introduction

Asdemandsfor environmentally conscious automobiles
havegrown over the years, various companies have focused
on the continuously variable transmission (CVT) as a
transmission technology that can simultaneously achieve
performance and fuel economy. CVT performance is
characterized by quietness, smooth accel eration without shift
shocks, and fuel economy superior to that of automatic
transmissions achieved by maintaining a rotational speed
range with high combustion efficiency through integrated
control with theengine. Therefore, asthe need for expanded
transmission capacity continues to increase for the CVT, it
is essential that the durability of the metal belt that forms
the framework of the system be increased. Further, the
demanded maximum rotational speed is also increasing.
However, thetransmission mechanism of metal beltsisbased
on contact and friction transmission, so an analytical
approach isdifficult and vast amounts of development man-
hours have been devoted to repeated test confirmation. @

Thispaper first describesthe development of asimulation
method that is capabl e of predicting metal belt behavior and
stress near the maximum rotational speed, and that the
strength can be determined from a durability SN curve.
Customized pre- and post-processing tools have also been
developed so that this technology can be widely used by
designers, and these details are also reported.

* Tochigi R&D Center

2. Development Aims

Fig. 1 shows the main section of the CVT used in this
development. As shown in thisfigure, the driving torqueis
shifted and transmitted by ametal belt fromthedriving pulley
to thedriven pulley. In addition, the CVT mechanism shifts
the ratio by moving a pair of opposing movable pulleysin
theaxial direction, so thereis somemisalignment that cannot
be canceled, and the amplitude of this misalignment is

= T
ekt o P |2 r}
f L

|5 4 g
. L
i B Ed
-

Fig. 1 CVT main section
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determined by the distance between pulley axles and the
operating ratio.

The metal belt used was made by Van Doornes
Transmission Inc., and was comprised of approximately 428
elements and two rows of 12 rings. (See Fig. 2.) Eachring
layer exhibits relative dliding behavior at ratios other than
1.0, and the innermost ring also exhibits relative sliding
between elements. The origin of failures at high rotational
speeds is presumed to be the inner surface of the innermost
rings.

Fig. 2 Metal pushing V-belt

Based on these characteristics, the development aims

were set as follows:

(2) calculating the stress of the innermost ring at the
maximum rotational speed;

(2) creating an SN diagram during high-speed durability
testing;

(3) investigating the influence of pulley rigidity on belt
durability; and,

(4) developing simulation technology that is easy to use.

3. Simulation Development

3.1 Selection of a solver

Metal belts transmit torque by the compressive force
between the elements and the tensile force difference of the
rings.®? This tensile force difference is produced by the
friction force between the rings and the elements mandating
that the relative behavior of these components be accurately
determined. All metal belt components must be precisely
modeled in order to determine the stress of the innermost
ring. This modeling method must al so take into account the
movement and behavior of the individual elements and the
ring layers.

The solver employed as the solution method that meets
these demandsisageneral-purpose non-linear finite element
method which is classified as a crash anaysis code. Most
crash analysis codes emphasize cal cul ation efficiency when
solving dynamic contact problems. However, a solver with
a kinematics contact that does not sacrifice calculation
accuracy, even in a kinematics sense, was adopted.

3.2 Simulation method

Fig. 3 showsthe metal belt model in the condition prior
to analysis. Each ring layer is defined as an elastic body,
and the elements are treated asrigid bodiesin order to place
emphasis on reproducing the detailed shape. The pulley
model should normally be treated as an elastic body, but a
rigid body was used to reduce the calculation time.

In addition, the perfectly circular shape prior to analysis
was used as the zero stress condition for the metal belt.

The analytic process was set up as if actually mounting
ameta belt on a CVT and operating the engine. First, the
distance between pulley axles is adjusted. Then the belt is
clamped by the driving and driven pulley side pressure and
thedriving pulley isaccelerated to the limit rotational speed
inamanner so asto prevent belt slipping. Next, al operating
conditions are held constant and the calculation process is
complete at the point when the ring stress reaches steady
state. This method requires alot of time for analysis, but is
considered necessary in order to accurately reproduce the
irreversibility of contact and friction.®® (See Fig. 4.)

(a) Initial condition (b) Element model

Fig. 3 Metal pushing V-belt model

-~ Pushing

(a) Pulling both pulleys

(b) Misalignment

) ~ Torque
-~ Rotating

(c) Acceleration (d) Steady state

Fig. 4 Analysis procedure

In addition, Fig. 5 shows the relationship between the
simulation input conditions and output results. Of these
variables, the parameter for the coefficient of friction at each
contact surface must be determined through correlation with
the measurement results.
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Input variables

Nin, Tout, Qdr, Qdn, n

L

Output variables
i (Nout), Tin, Fs, o

Fig. 5 Input and output variables of analysis

3.3 Verification of accuracy

Fig. 6 shows a comparison of the results obtained by
this simulation method and measurement resultsin order to
verify the accuracy. The measurements used a metal belt
with only one layer of rings. The figure shows the signal
from astrain gauge affixed to the outer circumference of the
rings.® The measurement conditionswere 1000 rpm and no
torque load. These results show that the ring stress is
accurately reproduced, and these coefficients of friction at
each part were used without modification in simulations at
the maximum rotational speed.®

Simulation Measurement
T
[} [}
0 0
< <
7] 7]
(o)) (o))
£ £
[v4 [v4 .
fr-' Ld
Time Time

Fig. 6 Comparison of results

3.4 Innermost ring stress

Fig. 7 shows atime history waveform of the innermost
ring stress when this simulation method is applied to CVT
operating conditions at the maximum rotational speed. The
calculation conditions were an engine rotational speed of
6000 rpm, aratio of 0.61, and transmission torque of 143
Nm.

. Steady state

Ring stress

Time

Fig. 7 Time history of ring stress

As shown by this stress waveform, when the operating
conditions reach a steady state, the stress waveform also
repeats nearly the same waveform, which indicates that a
steady state can be reproduced at the maximum rotational
Speed.

In addition, this simulation method also takes into
account belt misalignment. A difference can be seen between
the left and right ring stress waveform. (See Fig. 8.) The
rings have a crown shape to suppress diding to the sides
between ring layers caused by misalignment, and a stress
distribution is produced across the ringswhen atensileload
is applied. Misalignment was found to further promote this
stress distribution and to increase the stress on the edges of
therings.

(b) Without misalignment

(a) With misalignment

Fig. 8 Influence of belt misalignment

4. Belt Durability Judgement

The CVT operating conditionsare prescribed by theratio,
transmission torque, enginerotational speed and both pulley
side pressures. That is to say, each of these parameters
influences the ring stress waveform, and it is important to
operatein astress state that does not exceed thering fatigue
life.

4.1 SN diagram during high-speed durability testing

Therefore, the ratio was fixed, and two levels were
selected for the transmission torque, enginerotational speed
and pulley side pressure. Then, the belt life to failure was
measured in order to investigate belt durability near the
maximum rotational speed. In all cases the cause of failure
was assumed to be fatigue failure originating at the inner
surface of the innermost ring.

This simulation method was applied to obtain the
innermost ring stress corresponding to these operating
conditions. Fig. 9 shows the resulting SN diagram during
the high-speed durability test. The correlation coefficient of
0.92, indicated a high degree of correlation.

The above results indicated for the first time that belt
durability near the maximum rotational speed can bejudged
according to the stress amplitude on the inside of the
innermost ring.
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Stress amplitude S

Fatigue life N

Fig. 9 V-belt SN curve

5. Enhancing Belt Durability

The most effective method for enhancing belt durability
istoinvestigate theinfluence of the metal belt specifications
on the ring stress. However, as previously mentioned the
metal belt used was made by Van Doornes Transmission
Inc., and it would be difficult to change the specifications.
Therefore, the decision was madeto examine pulley rigidity,
which has a direct influence on belt behavior.

5.1 Influence of pulley rigidity

Fig. 10 showstheanalysismodel used to investigatethe
influence of pulley rigidity. Thedriving sideand driven side
were both modeled as movable pulleys, with equivalent
rigidity. Symmetrical conditions are used to shorten the
calculation time, with belt misalignment not taken into
account. In other words, only the influence of the pulley
deflection on belt stress was investigated.

Fig. 10 Flexible pulley model

In addition, Fig. 11 shows the amount of pulley
deflection when this simulation method is applied in terms
of tip displacement.

Pulley deflection increases toward the tip, being greater
for the driving side which turns the belt on the outside. In
addition, the belt load changes according to the area where
the belt turns around the pulley, resulting in asymmetrical
displacement as shown in Fig. 11.

Furthermore, pulley width is widened in the areawhere
the belt turns, and narrowed in the area where the belt does
not turn around the pulley.

Pulley deflection

Pulley deflection

Fig. 11

Asaresult, theload acting on the V-surface of the element
increases at the pulley entrance and exit as shown in Fig.
12. ™ From the perspective of the metal belt, this indicates
difficulty in both entering and leaving the pulley, which is
hard on the elements.

Reaction force

Time Time
(a) Flexible pulley (b) Rigid pulley

Fig. 12 Reaction force on V-surface

Fig. 13 shows the stress waveform for the innermost
layer ring at thistime. The influence of pulley deflection on
the ring stress can be clearly seen in the turning area of the
driving pulley. The stress amplitude also becomes slightly
larger asthe pulley rigidity decreases.

Ring Stress

Time Time
(a) Flexible pulley (b) Rigid pulley

Fig. 13 Influence of pulley flexibility

This is thought to be because the pulley deflection
changes the ratio dightly from the top ratio to the OD ratio
side, causing the ring bending stress to increase.

5.2 Pulley rigidity balance

As seen from the CVT section, the metal belt is clasped
from the right and left by a pair of pulleys having different
rigidities.
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Normally the amount of pulley deflection on the pulley
shaft side is less than that on the movable pulley side,
resulting in belt misalignment changes from the dotted line
to the solid line as shown in Fig. 14.

Misalignment increasesthetip stress acrossthe width of
thering. In order toimprove belt durability the design should
ensurethat theright and left pulley deflections are balanced.

—— Stationary condition ---------- 5
= -—— Operating condition -~
2l :

c 4
2 \\ 7
© \ 7
N
s NS
oD < _ —LOW
Ratio
Fig. 14 Influence caused by belt misalignment

6. Metal Belt Analysis System

A dimension input type analysis system, such as that
shown in Fig. 15, is an effective means for enabling
widespread use by designers of the simulation method
developed thus far. This system focuses on the fact that the
metal belt element shape topology does not change
significantly, and it altersthe basi ¢ el ement shape according
to the valuesinput by the designer. Therefore, the boundary
conditionsand contact surface definitionsneeded for analysis
can be automatically set within the system, allowing ametal
belt analysis model to be constructed in a short period of
time.

- Black Definition

Model type
Half 30 madel
Full 30 model
2D model
Block parameters
Base | Ear Top | Ear Under | Saddle | Taper Mose Base | Mose Detail  Inner Node | Read parameters.
Parameters
Parameter Value (mm/degrees)
Ll 7.5
L2 4.8
13 5.
L4 4.0
L5 1.0
La 7.0
i1 1.8705
Liz 3.0
L13 8.0
14 10.0
L1S 0.8
Wi 11.9676
ot 5.0
Rl 3.0
R2 5.0

‘Write parameters...

Print params
HL11—

Generate Defaults Dismiss

Fig. 15 CVT belt system

7. Conclusion

Simulation technology that determines the stress of the
innermost ring at high rotational speeds was developed in
order to predict metal belt durability. As a result, the
following information was obtained.

(1) Belt misalignment generates a stress distribution that is
skewed in the ring width direction, thus increasing the
stress at the ring edges.

(2) Using the stressamplitude on theinside of theinnermost
ring as the vertical axis of a SN diagram during high-
speed durability testsrevea ed acorrelation with durable
life.

(3) The V-surfaceload acting on the elements due to pulley
rigidity-induced deflection was found to increase
markedly at the pulley entrance and exit.

Furthermore, increased misalignment dueto theleft and

right pulley rigidity balance must be taken into account

in order to enhance belt durability.

(4) A dimension input type analysis system was established
to allow theimplementation of the developed simulation
technology by designers. This system makes it possible
to construct metal belt modelsin a short time.

8. Acknowledgment

As the need for expanded CVT transmission capacity
continuestoincreasein thefuture, thistechnology for judging
metal belt durability occupies an important position in
determining the basic CVT framework. In the future, the
authors intend to further refine accuracy by identifying
coefficients of friction, and press forward with the
construction of simulation technologies from a designer’s
viewpoint.

In closing, theauthorswould liketo expresstheir deepest
appreciation to related parties at Hibbitt, Karlsson &
Sorensen, Inc. for their enormous cooperation over many
yearsin devel oping solvers and reducing cal culation times.

9. References

(1) Kanehara, S. et. al.: A Study on the Transmitting
M echanism of Pushing Block Type Metal Belts, Honda
R&D Technical Review, Vol. 7, p.49-67, 1995

(2) Asama H. et. al.: Drive Mechanism of Metal Pushing
Type Belts, Automotive Technology, Vol. 26, No. 2,
p.78-81, 1972

(3) Kido, R.Kusano, T: A New Approachfor Analyzing Load
a Steady States using FEM, SAE Paper 940690, 1994

(4) Shimizu, H. et. a.: Development of 3-D Simulation
for Analyzing the Dynamic Behavior of a Metal
Pushing V-Belt for CVTs, JSAE Paper, Vol. 8-99, 1999

(5) Yoshida, H.: A Study on ForcesActing on Ringsfor Metal
Pushing V-Belt Type CV T, SAE Paper 970686, 1997

(6) Fujii, H. et. a.: A Study on CVT Using Metal V-Belts,
Automoative Technology, Scientific Lecture Notes 975,
p.269-272, 1997

(7) Sauer, G.: Grundlagen und Betriebsverhalten eines
Zugketten Umschlingungsgetriebes, Nr. 293,
Dusseldorf: VDI-Verlag, 1996

- 129 -



Honda R&D Technical Review Vol.13 No.1 (April 2001)

B authors ®

|

-

o A:;i

Toshihiro SAITO Takemasa OKANO

- 130 —



Technical paper

Development of a New Software for Objective
Evaluation of Interior Sound of Sports Cars

Yasuo ISHII* Tsuyoshi YAMASHITA*
Franz K. BRANDL** Siegmund THOMANN** Werner BIERMAY ER**
ABSTRACT

An evaluation method was developed for the interior sound of sports cars. This method was derived from the precise
subjective evaluations of 12 sports cars and consists of objective parameters. Further, it was found that thereis only a dight
difference in perception of sporty sound between Austrians and Japanese. As aresult of this research, software for use in
development of sound quality was developed and will be useful in the development of sports cars with optimum interior

sound.

1. Introduction

The character of interior sound is an important element
in enhancing the commercial attractiveness of a sports car.
Sports cars have high-quality exteriors, powerful engines,
and highly responsive suspensions. Furthermore, the engine
sound heard inacabin during accel eration or during adown-
shift conveys information to the driver about the vehicle's
response. Therefore, the engine sound during acceleration,
for example, must communicate vehicle performance and
overall vehicle quality. Giventhissituation, itisinefficient
to attempt development of a sporty sound in the absence of
concrete numerical criteria. An enormous number of man-
hours have been expended on trial-and-error devel opment
efforts involving the fabrication of many prototypes and
creation of subjective evaluative criteriafor the character of
interior sound. The use of objective parameters to express
the character of interior sound is essential in the logical
development of asporty sound. If thiswerepossible, it would
subsequently be possible to determine target interior sound
candidates on a sporty sound map during the development
of anew vehicle after considering relative positioning with
competitor vehicles and our concept for the new vehicle.
Asaresult, it would be possibleto determine the target sound
after listening to the target sound candidates created
according to their positioning on the map. The adoption of
this kind of sound character index for interior sound would
not only allow determination of atarget interior sound, but
it would al so enable significant reductionsin the man-hours

* Tochigi R&D Center
** AVL List GmbH

expended in new-car development overall. Very little
research, however, makes reference to the character of
interior sound of sports cars.V®

This paper reports on a method for creating an index
that uses objective parameters to express the interior sound
character of a sports car, and presents examples of the
practical application of that method. It will also describe
the difference in how sports car interior sound character is
perceived by Austrians and Japanese. Further, as we
developed software to enhance the usefulness of these
research results, we will provide an example of its practical
application.

2. Method for the subjective evaluation of sports
car interior sound character

Fig. 1 shows the flow used to approach the creation of
an interior sound character index. Theleft side of thisflow
chart represents subjective evaluation, while the right side
shows objective analysis.“® A comparative analysisof the
subjective evaluation scores and the objective parameters
for each vehicleisthen performed using regression analysis
and other methods to generate the sporty sound index. This
is a standard method for representing sensory quantities as
parameters that can be measured using instruments.

Thefirst thing that must be considered when conducting
subjective evaluation is the proper selection of test subjects
who match the items being evaluated. Statistical methods
were used to select the test subjectsin order to obtain highly

- 131 -



Honda R&D Technical Review

Vol.13 No.1 (April 2001)

Subjective evaluation
on the road

Recording the interior
sound on the road

v

Subjective evaluation
in acoustic laboratory

v

Subjective rating
for each car

Objective parameter
analysis

Regression analysis

SOUND QUALITY INDEX
Subjective rating = Combination of
objective parameters

Fig. 1 Overview of approach to create a sound index

accurate evaluation scores that would be usable for
comparison with objective quantities. Austrian test subject
candidates were presented with questions to identify which
of 23 vehicle-related items, such as interior and exterior,
specifications, cost, performance, and so on, they considered
important. The resultswere used to select test subjectswho
were considered capable of evaluating sports car sound. As
shown in Fig. 2, the results can be divided into five main
clusters®™ according to their attributes. The test subjects
classified under clusters 2 and 3 place importance on the
interior sound in sports carsand high-end vehicles (exclusive
cars). Therefore, 31 peoplewere selected from these clusters
asthefinal test subjects.

The subjective eval uationswere carried out through two
tests, an on-road evaluation conducted using actual cars on
theroad, and an auditory eval uation conducted in an acoustic
laboratory by playing back sounds recorded on the road.
These tests used the sounds from twelve well-known types
of sports carswith different enginetypesand displacements,
asshownin Table 1.

Table 1 List of sports cars tested
No. Engine type Displacement [liter]
1 L4 2.0
2 L4 2.0
3 L4 +SC 2.3
4 L6 2.8
5 L4 2.0
6 L4 1.9
7 F6 3.4
8 V6 2.0
9 F6 25
10 V8 3.5
11 L4 2.0
12 V8 3.6

3. Subjective on-road evaluations

3.1 Method

For the on-road eva uations, one expert driver operated
the vehicles while the test subjects sat in the passenger seat
and concentrated on evaluating theinterior sound. Thetests
were conducted on alevel road with a dry asphalt surface,
and the driving conditions were as follows:

2nd gear Wide open throttle acceleration

3rd gear Wide open throttle acceleration

Topgear Constant 150 km/h

No. of People 66 54

68 | 39 42 total 269 male

Cluster of driver stereotypes

2

g o 1| Prestige/Sound

22052 Performance

T O Q9 .

c =% (3 Convenience

< [} = N

=2 g 4 Family

*%‘ o3 |5 Noise Quality

£ El6 Cost

Performance

Important
Attributes

Unimportant
Attributes

Driver
Stereotypes

4

Convenience

Convenience Prestige
Performance
Noise Quality
Must buy what | Convenience
is available | is high priority

high importance

low importance

Fig. 2 Driver stereotypes
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The question posed in the on-road testswas, “ How sporty
do you consider this interior sound to be for this class of
sports car?”  The determination was made by assigning a
score ranging from 1 point (not at all) to 20 points
(completely sporty in character).

3.2 Results

Fig. 3 presentsthe average scores from 22 test subjects
under the three types of driving conditions. The scores for
each car diverge widely at wide open throttle (WOT) and
the ranking of each car is distinctly defined, indicating that
the test subjectswere able to differentiate each car from the
others. By contrast, the scores from the 150-kph constant
speed test were low and they were closer together. This
showsthat it ismoredifficult for thetest subjectsto evaluate
sportiness at a constant 150 kph than at WOT.

c c
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Fig. 3 Results of subjective interior road evaluations
of sports cars

WOT Acceleration 3rd gear

4

L]

1
16 8* =
|

Loudness
H
N

4 8 12 16 20
Sporty sound character

Fig. 4 Results of a subjective interior road evaluation
of sports cars at WOT 3rd gear (average
judgement of 22 subjects, plus spread of
judgements for each car)

Testswere also conducted using multipletypes of sensory
measurements, with test subjects evaluating loudness and
sportiness simultaneoudly. The results plotted on a two-
dimensiona map along an axis of scorevaluesare presented
inFig. 4. Subjective evaluationswere conducted by 22 test
subjects under the three driving conditions described above.
The results obtained for WOT in third gear are shown as
typical. Fig. 4 showsthe average scores of all test subjects
for each vehicle together with their scatter. Examination of
the arrangement of average scores shows that loudness and
sportiness appear to be positively correlated. However, there
isavery largevariancein the scores, exceeding the difference
between the average scores, so the results are lacking in
accuracy. Thus, the relationship between sportiness and
loudness will be further examined, in a later section, by
auditory tests conducted in an acoustic laboratory using
sample sounds and original sounds tuned to the same sound
level.

4. Subjective evaluations by auditory tests

4.1 Method

Recordingswere made of interior soundsunder the same
conditions as for the subjective evaluations on the road. A
dummy head microphone was placed in the passenger seat
and the same expert driver as in the on-road evaluations
operated the test vehicle while the interior sound was
recorded. The HMS 111 made by HEAD Acoustics GmbH,
whichiscapableof digital recording, was used asthedummy
head recording system.

The sounds recorded in this way were used to conduct
sound evaluationsin an acoustic laboratory asshown in Fig.
5. The playback signalsare divided into two parts, the [ow-
frequency components of 100 Hz or lower, and the high-
frequency components of 100 Hz or higher. The high-
frequency soundsare played back through headphones. The
low-frequency sounds are played back through a subwoofer
so that the test subject can feel the sound through the body
while hearing through the ears. The subjective evaluations
were carried out using subjective evaluation software made
by AVL List GmbH, and the scoring was done using afiner
scale (from 1 to 50 points) than in the on-road tests.

Mouse Panelist wearing
open type headphone

Di

Only one person can be tested at a time.

Audio
Instrument

Door

Fig. 5 Layout of psychoacoustic laboratory
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4.2 Results

Theresultsfrom tests on the correl ation between loudness
and sportiness described in section 3.2 are presented in Fig.
6. This compares the scores for sportiness from auditory
testsusing samples of the original sound and sounds adjusted
to bethe sameloudness. The datafor each car are arranged
from left to right in ascending order of engine speed. The
original sound from sports car 2 and the sample of the same
loudness produced subjective evaluation scores that are
completely opposite. This showsthat there are cases when
sportiness and loudness are not positively correlated. It
became clear, therefore, that volume and other parameters
of loudness alone cannot represent sportiness.

WOT acceleration

Subijective rating of
sporty sound character
N

}\' —— adjusted to the same loudness
- = - original loudness

sports car 2 | sports car 10 | sports car 11 | sports car 7

| | |
Engine speed —p»

Fig. 6 Comparison of subjective rating between
original sounds and sounds adjusted to be
the same loudness

5. Comparison of subjective evaluations in the
acoustic laboratory and on the road

In order to demonstrate that the sounds played back in
the acoustic laboratory are equivalent to the impressions of
interior sounds heard on theroad, it is necessary to compare
the auditory test scores with the on-road scores.

Fig. 7 presentsthe resultsfrom acomparison of the scores
from auditory testing in the laboratory and from on-road
evaluations. The A symbols indicate comparisons of raw,
unadjusted scores. Herethe correlation factor is0.82, which
isnot very high. Thisisbecausethetest subjects madetheir
judgments while experiencing the brand image, visual
sensations, the stimul ation of vibration and accel eration, and
so on as well as the sound when they were on the road.
Consequently, acomparison was made of the auditory testing
and on-road results with consideration of acceleration
performance as well as sound.

When regression analysis of the auditory test scores
together with the weight/power ratio for each car was

Attribute: Sporty sound character - WOT acceleration 3rd gear

T T T T T
50 - A Road / Laboratory evaluation A

R =0.82 R; correlation factor

N
o

~ ® Modified laboratory evaluation

by the factor weight/power ratio
R'=0.97

Laboratory evaluation
N w
o o
T T

10 . . PR R
6 8 10 12 14 16 18 20
Road evaluation
Fig. 7 Comparison of subjective laboratory and road
evaluation results for 12 sports cars

=
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0
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1%

/-/

0 - 60 mph acceleration time (sec.)

O P N W b O O N © ©

0 1 2 3 4 5 6 7 8 9 10
Weight / power ratio (kg/PS)

Fig. 8 Comparison between weight/power ratio and
0-60 mile per hour acceleration time

performed, the correlation factor rose to 0.97, as shown by
the @ symbols. Thisisan excellent correlation. Asseenin
Fig. 8, theweight/power ratioisaquantity that isvery closely
linked to acceleration time. It is apparent, therefore, that
the score for sporty sound on the road is formed from
evaluation of theinterior sound alone and with the evaluation
of acceleration. In other words, the auditory testing scores
represent the scoring results from on-road evaluation of the
interior sound only.

6. Objective representation of interior sound
character

Regression analysis of subjective evaluation scores and
psychoacoustic measuresand other objective parameterswas
performed in order to determine sportiness, thelevel of sporty
interior sound.®® Thisrevealed the involvement of the so-
called mid-frequency range. However, it was difficult to
obtain a correlation with existing objective parameters
sufficient to use this as an index.

As shown in Fig. 9, therefore, we introduced an order
component of engine speed to serve as an el ement of sound
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Fig. 9 Definition of sound and noise

character that positively affects sportiness, and background
noise other than the order component to serve as an element
of sound character that negatively affectsthe sound character.
We then defined the order to noise ratio (ONR) as a new
parameter that foll ows objective proceduresto represent the
sportiness perceived subjectively using these elements. The
ONR isaquantity expressing the extent to which the sound
exceeds the background noise. Our research then focused
on determining the optimum order domain and weighting.

Asafinal result we obtained the below expression, which
is an objective representation of sportiness:

Sportiness=A (ONR)+B-(TP)+C-(ESP)-D

A, B, C, D: Constants

TP: Tonality

ESP: Engine speed increase rate

Fig. 10 showsthe correlation between sportiness on the
basis of objective parameters and the subjective scores for
each vehicle from the acoustic laboratory. The correlation
factor is 0.97, which indicates that there is an extremely
favorable correlation.

WOT acceleration in 3rd gear

60 R =0.97

10 15 20 25 30 35 40 45 50 55
Subjective ratings of sporty sound

Objective parameter combination for sporty sound

5
0 5

Fig. 10 Subjective rating of sporty sound character
compared to objective evaluation results

7. Differences between Austrian and Japanese
perceptions with respect to sports car interior
sound

The discussion up to this point has dealt with the
perceptions of Austrians with respect to interior sound.
Japanese subjects were then tested using the same
procedures as for Austrians in order to investigate
whether there is any difference in the Austrian and
Japanese perception of sporty sound. The 32 Japanese
test subjects who were selected, however, are people who
already own sports cars.

AscanbeseeninFig. 11, the scores given each vehicle
for interior sporty sound by the Japanese and Austrian
subjects showed a correlation factor of 0.98, which is an
extremely high corrdation. Thisindicatesthat thetwo groups
perceive and evaluate sporty sound in asimilar manner. A
previous study has shown that Europeans and Americans
are more tolerant of low-frequency sounds than Japanese,
and lesstolerant of high-frequency sounds. Onfirst glance,
our results may appear to contradict that study.® However,
the results of tests with Austrians described in section 6
determined that the frequency range showing a high
correlation with sporty sound was the mid-frequency range.
Thus, it can be concluded that subject impressions of the
mid-frequency range supercede those of the low-frequency
rangein determining sporty sound, which waswhy no major
differences appeared in the scores from these two groups of
subjects.
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8. Sporty sound quality software explanation
and application example

Asdiscussed in section 6, it has become possible to use
objective parameters, or in other words linear combinations
of measurable quantities, to represent the sportiness that is
one of the sensory attributes of sports car interior sound
character. Consequently, we have developed Sporty Sound
Quality Software (SSQS) as a tool that can be applied in
sportscar development. SSQS not only functionsto calculate
sportiness, but also provides both database functions and
simulation of sportiness using the physical quantities of
interior sound. Itsbasic structure is shown in Fig. 12.

This software was used to improve the interior sound in
a certain sports car with a 4-cylinder, 2-liter engine as is
shown in Fig. 13. The mid-frequency range of theinterior
sound contains a component order of engine speed. The
vehicle' s sportiness increases as this sound becomes larger
relative to the background noise. Simply increasing the
component order, however, will aso end up increasing the
loudness itself. Therefore we reduced the low-frequency

INPUT CALCULATION OUTPUT
SECTION SECTION SECTION

* Vehicle * FFT & * Display &
description calculated noise output with
for data base ¢ Order analysis query control

=)

* ONR s .
. . * Sportiness &
. EOSnF? ity other
* Wave file * Sportiness parameters
assignment . é%:?gﬁsgs ‘:l + Modification

* Heavy sound
pressure level
etc.

analysis
> order contents
> Spectral bands

Sporty sound quality software

Sportiness (Europe)

Fig. 12 Schematic flowchart of SSQS
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component, which hasaweaker correlation with sportiness.
Asaresult, not only did this reduce loudness, but we were
also able to enhance sportiness.

9. Conclusion

Thisresearch yielded thefollowing resultsregarding the
interior sound character of sports cars:

(1) A method for highly accurate subjective evaluation
consisting solely of interior sound alone was devel oped.
The ability to quantify the effect of acceleration on the
results of subjective evaluation on the road was also
established.

(2) An expression of sportiness that uses objective
parameters to express the character of interior sound in
termsof theresultsfrom subjective eval uation of interior
sportiness was established.

(3) It was determined that there is almost no difference
between Austrians and Japanese in the perception of
sportiness.

(4) SSQS software was devel oped to enable evaluation and
simulation of sportiness as described above for use in
automobile development.

We hope that this method proves useful in the creation
of future products that will give sports car users greater
enjoyment of the sense of sportiness.

References

(1) Yamashita, T., Ishii, Y., Nakamura, K., Kitamura, O.:
A Study of the Subjective Evaluation of Car Interior
Noise, Journal of the Society of the Rubber Industry,
Japan 63, pp. 122-130 (1990)

(2) Yamashita, T., Ishii, Y.etal.: A Method for Evaluating
Interior Sound Quality of Automobiles, 119th Meeting
of the Acoustic Society of America (1990)

(3) Terazawa, T., Kozawa, Y., Shuku, T.: Evaluation
method of Engine Sound Quality During Acceleration-

80

-------- Original sound for certain Honda car
70— Refined sound of certain Honda car

60

50 -

a0t

30+

Loudness (ISO362) — soneGD

20 Y . . . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Engine speed — rpm

(b) Loudness

Fig. 13 Refinement of sportiness

— 136 -



Development of a New Software for Objective Evaluation of Interior Sound of Sports Cars

For Compact Sedan with 4-cylinder Gasoline Engine,
Transaction. JSAE, 9840162, Vol. 29, No. 4, Oct.
(1998)

(4) Brandl, F., Biermayer, W.: A New Tool for the Onboard
Objective Assessment of Vehicle Interior Noise
Quality. SAE 1999-01-1695, Traverse City, May 17—
20 (1999)

(5) Pfluger, M., Hdldrich, R., Brandl, F.K., Biermayer, W.:
Subjective Assessment of Roughness as a Basis for
Objective Vehicle Interior Noise Quality Evaluation.
SAE 1999-01-1850. Noise & Vibration Conference &
Exposition (1999)

(6) Brandl, F.K., Biermayer, W., Pfluger, M.: A Software
Tool for the Objective Analysis and Optimisation of
Passenger Car Interior Noise Quality. ATZ 7/8, pp.
518-526 (1999)

(7) Brandl, F., Biermayer, W., Thomann, S., Pfliiger, M.
Objective description of the required interior sound
character for exclusive passenger cars. IMechE 2000,
London, May (2000)

- 137 -



Honda R&D Technical Review Vol.13 No.1 (April 2001)

B authors ®

d.

Yasuo ISHII Tsuyoshi YAMASHITA Franz K. BRANDL

L Y .
Siegmund THOMANN  Werner BIERMAYER

- 138 —



Technical paper

A Method for Measuring the Excitation Forces
Inside Engines

Toshibumi SUZUKI*

Naoki KAMIMURA*  Yukitaka TAKAHASHI*

ABSTRACT

This paper presents a method for directly measuring the excitation forces exerted on the main bearing journal from the
crankshaft. A method was developed for obtaining the amplitude and direction of the constantly changing excitation forces,
which had not previously been accomplished. The excitation force direction and absolute val ue are obtained when the relative
error between the strain during actual operation obtained from multiple strain gauges affixed to the inner surface of the main
bearing journal and the strain estimated from calibration curvesis at a minimum.

1. Introduction

The excitation forces acting in a powertrain, comprising
the engine and the transmission, and particularly those
excitation forces in the engine exerted by the crankshaft on
the main bearing journals during operation, have an
important effect on crankshaft rumble, and are therefore
critical parameters.

There has previously been no method for directly
measuring the magnitude and direction of the excitation
forces. Although there has been considerable research
leading to various proposals that have focused on indirect
measurement methods such as determining the magnitude
or direction from vibration measurements or identification
using transmission coefficients, direct measurement is still
desirable, particularly from the point of view of accuracy.

When measuring directly, it has been conventional
wisdom to assume that the direction of the excitation force
isfixed, and the value calculated from the calibration curve
for a bolt or strain gauge is used as the excitation force.
However, in actual running engine, the magnitude and
direction of an excitation force is constantly changing. A
method for directly measuring the magnitude and direction
of an excitation force has now been devel oped.

2. Method for Measuring Excitation Forces

2.1 Outline of the Measurement Method

The target of this measurement method is to determine
the excitation forces acting on the main bearing journal sthat
aregenerated by the crankshaft during engine operation. The
excitation forces are determined by obtaining valuesthrough
first calibrating the relationship between the output of four
strain gauges located on an inner surface of each main

* Tochigi R&D Center

bearing journal and the load at each crankshaft angle. Then
the excitation forces are determined using the calibrated
values and the strain gauge output that is obtained during
engine combustion.

2.2 Test Engine
A Civic 4-cylinder engine was used. The major
specifications for this engine are presented in Table 1.

2.3 Measurement Procedure
Thefollowing procedure wasimplemented for measuring

the excitation forces:

(1) Calibration Test
Strain measurements were taken with a constant radia
load applied to the main bearing journals.

(2) Calibration Curve Calculation
A calibration curve was created for each strain gauge,
the horizontal axisbeing the calibration load on themain
bearing journal, and the vertical axisbeing the calibration
sensitivity vector.

(3) Strain Measurements during Engine Operation
Simultaneous measurements of the strain on each main

Table 1 Test engine specifications
Type _ Water—coole_d,
in-line four-cylinder

Valvetrain SOHC 16 valves
Displacement 1493 cc
Bore/Stroke 75.0mm/84.5 mm
Compression ratio 9.4:1
Maximum power 105 PS /6400 rpm
Maximum torque 13.6 kgm / 4500 rpm
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bearing journal were taken while the engine was
operating.

(4) Excitation Force Calculation
Thedirection and absol ute val ue of each excitation force
was calculated from the relevant calibration curves.

2.4 Calibration Test Method

Thetest engine block was mounted with ajigon atensile/
compression tester as shown in Figs. 1 and 2, and a static
load was applied to the main bearing journalsviaaload cell
and calibration tool.

Strain gauges were attached, as shown in Fig. 3, at four
positions around each main bearing journal 45° from the
journal mating surfacein consideration of theload frequency,
direction change, sensitivity, etc.

Each main bearing metal was machined asshown in Fig.
4 to provide pockets for mounting the strain gauges.

The effect of heat on the measurement was eliminated
by using a strain gauge with temperature characteristics
appropriatefor usewith aluminum, and by using the 1-gauge,
3-wire connection method.

Load cell

— Calibration tool

Test block
Test jig

Tensile/compression tester

Fig. 1 Calibration test device

Fig. 2 Calibration jig

Applied load angle 6 . .
Main bearing

journal

Crankshaft

Bearing cap

Applied load A(6)
Strain gauge

Fig. 3 Attached Strain Gauges and Applied Load

=

Fig. 4 Strain gauge attachment

Theload applied wasfrom 0to 20,000 N. M easurements
were taken every 500 N, in 10° increments from 0° to 360°.
Special care was taken with machining the main bearing
metalsasthe shape had alarge effect onthe il film thickness.
FEM analysiswas applied to investigate the machined shape
so that changes to the roundness of the internal surface of
themain bearing journal could be minimized. Fig. 5 shows
the difference between the circumscribing circle and
inscribing circle concentric with thereferencecirclethat was
determined by the least-squares method applied to the
measured values. Table 2 and Fig. 6 givethe FEM analysis
results of the machined shape. A high concentration of stress
was apparent around the initial shape of the machined area
of the bearing metals. Thus, these were not adopted for
testing. However, by correcting the shape of the machined
area, the roundness of these partswas roughly equivalent to
that of the mass-production parts and a relatively uniform
stress could be obtained. Therefore, the parts with the
modified machined area could be used in the tests.

Circumscribing circle

Roundness curve

Fig. 5 Roundness measuring method
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Table 2 Roundness measurement result range, calibration data were determined with aload from O

Roundness (um) to 20,000 N. Theload direction is defined according to the
Mass-produced metal 10.25 coordinate system shownin Fig. 3. Calibrationwascarried
Successful notch 9.05 out every 10° of crankshaft rotation. However, since a
Failed notch 20.01 resolution of 1° was required for calculating the excitation

forces, it was converted by Lagrange interpolation to
calibration datafor 1° increments.
2.5.2 Calibration Curve Calculations

Thecalibration curvesshownin Fig. 8 were constructed

No stress Stress . . . . . L
concentration concentration by interpolating and plotting the calibration sensitivity vector
around the around the that had been obtained from the test results for an applied

notched area notched area

calibration load direction from 0° to 360°.

Generally, when there is a perpendicular force applied
to astructure like amain bearing journal, we can expect the
strain distribution to be like that shown in Fig. 9.

Successful product Failed product 200
— &\ — & — & €p
Relatively uniform high Z 150
stress distribution | = /_\
3 100 \
s/ AN
5 50 /
: A_ X
g 0 \
n \’/ \/ D%
Mass-produced product low -50 . . .
0 90 180 270 360
Fig. 6 FEM analysis of bearing metal Applied load direction (°)
(Stress distribution) . . .
Fig. 8 Callibration curves
2.5 Calculating the Calibration Data
2.5.1 Calibration Data Measurements Journal
The measurement results for this calibration test are Strain >
shown in Fig. 7. The strain output for load exhibits good distribution 4
linear characteristics.
Thus, we decided to use the calibration sensitivity vector a
determined by theleast-square method asthe calibration data. /_ \ _\

Considering the possihility of non-linearity in the high-load

160° 10° Calibration Direction
—— =—— Line from Least Square Method Bearing cap

° o Measured
250

200 /

1 Fig. 9 Strain distribution for a vertical load

=
o u
S O

f This is nearly symmetrical to the right and left of the
8 5 / applied load, but with the journal block side having slightly
@ higher rigidity and lower stress, and the bearing cap side
0 —0\\ having slightly lower rigidity and higher stress. Also, the

-50 ’ side opposite the direction of applied load can be considered
100 : : : to be subjected to compressive stress. The maximum stress
0 50 10. 15 20, would exist at a position +90° from the load, but since the

joint faceis at this position, the point of maximum stressis
shifted dlightly. When the direction of the applied load is
Fig. 7 Calibration test result dightly moved to the right or the left of a perfectly vertical

(for 10°and 160° load direction) applied load, the stress distribution is also slightly altered.

Load application (MN)
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The degree of this change depends on the rigidity of each
area

When inspecting the calibration curves with the above
points in mind, there is nearly a left-right symmetry in the
range from 0° to 180°, while the journal block and bearing
cap rigidity differences can aso be seen. Thus the results
can be judged as qualitatively appropriate.

2.6 Measurement Methods
2.6.1 Measurement Conditions

Engine excitation force measurements were performed
with the engine load absorbed by a dynamometer. The
conditions for the tests are shown in Table 3.

Table 3 Measuring conditions

Engine speed range 1600 to 6000 rpm
Wide open throttle

Dynamometer torque 40 Nm

While motoring
85 °C to 95 °C
Coolant temperature 82 °C

Lubricant temperature

2.6.2 Data Sampling Method

Multi-point simultaneous sampling was given the highest
priority when obtaining data. The datawas processed with
the results used in this method shown in Fig. 10.

During engine operation, the pulse (at top dead center)

—_— — &g — EC £
100 |
: T
TN TR THOL VIR LR TINL VIR TA Vil Y
i —— Cylinder pressure | |
—— Pulse every 360° .Cycljz
T
& T
0 Oil 0:2 Oi3 0.4
Time (sec)

Fig. 10 Pulse examples under running conditions
(wide open throttle 4000rpm)

and the cylinder pressure were measured by a revolution
pulse sensor. Using the 360° pulseimmediately prior to the
peak cylinder pressure as start of acycle, and the next 360°
pulseimmediately prior to the peak cylinder pressure asthe
end of the cycle, the crankshaft has rotated by an absolute
angleof 720°. Thesampled dataare expressed astheaverage
of 5 or more cycles.

2.7 Excitation Force Calculations

When the load direction is changed based on
considerations of thetendenciesfor right-left symmetry and
the vertical asymmetry of the strain distribution for the
vertical load shown in Fig. 9, and when the output changes
of each strain gauge are considered, the direction of the
excitation forces can be determined if strain datais obtained
from at least four locations.

Theactua measurement datavectorsfromthefour places
on each main bearing journal aree,, €,, €., and e,. These
are determined, in the same way, from the strain calibration
tests. As calibration load direction 6,, magnitude A,(8,),
and the straine_(x = A - D) of the said locations can all be
determined from the calibration tests, the sensitivity
calibration value vectors, K ,(0), K,(8), K(0), and K (6),
are determined in the following way.

€x

Kx(6k) = (6 Eq. (1)

The main bearing journa strain € _can be determined in
thefollowing way, using sensitivity calibration value vectors
(x=A~D).

& = M0) - Ky(6) Eq. (2)

The main bearing journal strain relative error function
E(0) is obtained from the above.

D
E(©) = X {ex— 1(6) - K@) Eq. (3)
According to this measuring method, the A(6) and 6 that
minimizetherelative error function E(6) are determined and
used as the excitation force and direction.
In Eq.(3), assuming that the g isfixed, the [(0) resulting
in aminimum E(B) can be expressed in Eq.(4), below.

D
T gy - Ky(6)
_ X= A
MO =" Eq. (4)
T Ky2(6)
X=A

In Eq.(4), the A(6) was calculated for 6 throughout the
range from 0° to 359° for €, to € to determine the 6, where
E(0) is at aminimum as well as the corresponding A(6,). ,
Themagnitude of the excitation force A(6,) and the excitation
forcedirection 6, were obtained from the above calcul ations.

3. Measurement Results

The excitation forces determined by this method are
shown in Figs. 11-13.

Fig. 11 givesthe excitation force of each main bearing
journal for the crankshaft angle. When the No. 1 cylinder
ignitionis near 0°, the No.1 and No.2 main bearing journal
excitation forces are at their peaks. This indicates that the
greatest excitation force for each bearing journal changesin
accordance with the firing sequence (1-3-4-2).

Fig. 12 is a Lissgjous figure for the direction of the
generated engine excitation force. The excitation forceisat
an angle approximately 15° from the vertical. Considering
that thiswas mainly caused by the downward load from the
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No.1 journal
No.4 journal

No.2 journal No.3 journal

No.5 journal

& J,L’MH\\"( e

LN

L

\/

0 180 360 540 720
Crank shaft angle (°)

Vertical internal Force (kN)

-15

Fig. 11 Internal force at each main bearing journal
(wide open throttle 1600rpm)

Vertical internal force (kN)
o

15°

-5 0 5
Horizontal internal force (kN)

Fig. 12 Lissajous figure for internal forces
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[
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Crank shaft angle (°)
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Fig. 13 Internal force variation
(40Nm torque, no.3 journal)

crankshaft balance rate and that the ignition angle was set at
15° before TDC, the results seem appropriate.

Fig. 13 shows the changes in engine excitation forces
that accompany increasesin rpm. Inthe comparatively low-
speed range, the effect of ignition pressure, which decreases,
islarge. However, in the comparatively high-speed range,
we can see the significant effects from the inertia force that
brings about a clearly defined peak every 180°.

The foregoing results are both non-contradictory and
qualitatively appropriate. Since these results are also
sufficiently linear, itisbelieved that accurate measurements
can be made.

4. Summary

A method for directly measuring the magnitude and
direction of the constantly changing excitation forces was
developed. Thedirection and absolute value of the excitation
forceswere determined from the strain measurements taken
during operation by multiple strain gauges attached to the
internal surface of each main bearing journal. They were
determined when the relative error of the strain estimated
fromthecalibration curvewasat aminimum. Measurements
of the excitation forces were taken for a Civic 4-cylinder
engine in the speed range of 1,600 rpm to 6,000 rpm.
Consistently non-contradictory and appropriate resultswere
obtained. This measurement method for determining
excitation forces can be carried out without using large-scale
measuring equipment, unlike the conventional indirect
methods, making it relatively simple to measure the
excitation forces.
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Prediction Technique for Gear Noise Transfer in Engine
Mounting Systems
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ABSTRACT

Prediction methods using finite element method (FEM) analysis were investigated to construct technology for predicting
the aggravation of gear noise and other high frequency vibrations due to engine mount transfer in the initial development
stages. Engine mounts are normally comprised of rubber clasped between metal brackets on the power plant and chassis sides.
Coupled vibration including these metal partsisaproblem for high frequency vibration transfer. This study showed the mount
vibration transfer characteristics are acomposite of the response characteristics of each metal part, and that simple evaluation
by the response level can be used to predict the aggravation of noisein the cabin. In addition, modeling the chassis frame and
case to which the metal fittings are joined, and modeling the clamping rigidity of the joints using spring elements, made it
possible to accurately calculate the frequency response (error of resonance frequency: approximately 5%).

1. Introduction

Reducing transmission gear noise is an important issue
from the viewpoint of improving automobile product appeal.
Routes for gear noise into the front seat are divided into
structural-borne noise, such as through the engine mounts
and cables, and airborne noi seradiated from thetransmission
case. Currently, gear noise transferred from the engine
mounts is a large contributing factor. Many devel opment
man-hours are spent to coping with this problem. Research
thusfar has shown that thereislittle attenuation of vibration
in engine mounting systems due to resonance of the metal
fittings on the power plant and chassis sides which encase
the mount rubber. This results in vibration which is
transferred at certain frequencies, thus aggravating gear noise
in the front seat. However, it was difficult to quantitatively
predict the amount of aggravation in advance. Accurate
prediction techniques are desired dueto recent trendstoward
shorter development periods and reduced numbers of
prototypes. Therefore, this study investigated the following
items.

(1) Methods of evaluating the appropriateness of thetransfer
level by calculating the gear vibrationtransferred through
the engine mounts.

(2) Model creation techniques for simple and accurate
calculations.

Tochigi R&D Center

2. Investigation of Calculation Evaluation
Methods

2.1 Analysis of Gear Vibration Transfer

Gear meshing vibration is transmitted through the
transmission case. Part of thisvibration istransmitted to the
chassis through the brackets fixing the transmission, the
rubber and the metal fittings fixing the rubber. Therefore,
the problem isthought to be thetotal transfer characteristics
of thetransmission case, mounting system and chassisframe.
Fig. 1 shows a comparison of the condition where gear
vibration is transmitted at the peak vibration while cruising

A
1div = 10dB
e
2 // Oscillation test
o . . .
c
i)
=
©
E) ¥
3 Gear noise —
o
< \
Transmission Root of Point of Point of Frame

case bracket bracket  mounting

Fig. 1 Mode shape of mounting system
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and the vibration mode where the tip of the transmission
side bracket isexcited by hammering excitation. In addition,
Fig. 2 shows an example mounting system layout.

The graph showsthe size of the gear vibration component
while cruising at each point and the response at that same

Point of mounting

Point of bracket

Fig. 2 Layout of a mounting system

(a) Frequency response at mount
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Fig. 3 Sound and vibration level reduction effect of
improvement of frequency response

point when the tip of the power plant sideis excited. These
results show that hammering-induced coupled vibration and
gear vibration transfer while cruising have almost the same
mode. In addition, Fig. 3 shows the hammering-induced
frequency response (chassissidetip responseto transmission
side tip excitation), the gear vibration level on the chassis
sidewhilecruising, and the gear noiselevel inthefront seat.

These graphs compare three different types of mounting
system specifications: the base specifications without
countermeasures, specificationswith weight added to change
theresonance frequency, and specificationswith the bracket
stiffness changed. The metal bracket and mount fittings
resonate with the base specificationsresulting in sharp pesks
in each of noise, vibration and frequency response
measurements. However, the resonance frequency is shifted
for each of the countermeasure specifications. Thefrequency
response is improved and the sound and vibration peaks
decrease. This indicates that there is a correlation between
the frequency response characteristics of the mounting
system and gear noise, and that gear vibration transfer can
be evaluated by this response level. Therefore, frequency
response characteristics (chassis side tip response to
transmission side tip excitation) were calculated through
simulations.

2.2 Simplification of the Model

As stated in 2.1. above, there is a correlation between
the mount vibration while cruising and the gear noisein the
front seat. The problem with this gear vibration is thought
to bethevibration mode of thetotal transfer route. However,
modeling the entire system is impractical due to system
resources and other limitations, thus it was decided to
calculate the chassis and transmission sides separately with
the rubber as the boundary. First, the coupled condition of
the metal bracket and mount fittings was analyzed through
hammering excitation tests. Fig. 4 shows a comparison of
the discrete responses for the transmission (a) and chassis
(b) sides, the overal response characteristics due to the
mounting tip response to bracket tip excitation (d), and the
composite of the discrete responses ().

This comparison shows that the total response
characteristics due to transmission bracket tip excitation (d)
exhibit features of the discrete metal bracket and mount
fitting responses (a) and (b), and closely match the composite
(combined) characteristics(c) of thetwo discrete responses.

3 1div = 1008

Frequency response
§
/
)

0 500 1000 1500
Frequency Hz

Fig. 4 Analysis of frequency response
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In other words, the attenuation of the rubber has
comparatively flat characteristics with respect to frequency,
and the rubber stiffnessis also sufficiently low compared to
the metal fittings, so the metal fitting modes on the
transmission and chassis sides are independent. Therefore,
it can be assumed that only the load is transmitted between
the metal fittings, which meansthat simple prediction of the
total frequency response characteristics is possible by
calculating and combining the frequency response
characteristics (point inertance) of the discrete metal bracket
and mount fittings.

2.3 Composite Inertance Calculation Results

Fig. 5 showstheresults (hereafter “ compositeinertance”)
obtained by calculating and combining the discrete bracket
and metal fitting inertance for the three specifications
described in Fig. 3 of section 2.1. Like sound, vibration and
hammering-induced frequency response, the peak level
relationship for composite inertance al so showed thelargest
peak for the base specifications, with lower peaks for each
of the countermeasure specifications. In addition, it was
confirmed that gear noise al so decreased when the cal cul ated
composite inertance was lower.

ildiv =108 )\

A
AN S A
FYANN
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/// | Stiffness modifier

0 1000 2000
Frequency Hz

Frequency response

Fig. 5 Total frequency response function

2.4 Judgment Criteria for Composite Inertance Level

As described above, aggravation of gear noise can be
predicted by the composite inertance level. Therefore, in
actual development target level s can be established for each
characteristic by considering the chassis acoustic
characteristics, excitation source size and required
performance based on the composite inertance level of the
mounting systems for mass production models developed
thusfar.

3. Bracket Frequency Response Analysis

3.1 Difference in Results due to Boundary Conditions
When performing eigenvalue analysis and response
analysis, calculations can be performed with sufficient
accuracy as shown in Fig. 7 in the discrete free-state
(unclamped and with no added objects) shown in Fig. 6.
However, in the mounted condition (joined to the case
and chassis frame), the results vary widely according to the
clamping conditions and other factors. Fig. 8 shows a

Fig. 6 Bracket model
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Fig. 7 Frequency response of bracket

Solver : CATIA FEM

Auto mesh : CATIA FEM
Mesh size : 5 mm ~ 10 mm
Damping ratio : 0.05
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Fig. 8 Resonance frequency

comparison of the cal culation results and the actual measured
resonance frequency due to hammering excitation. This
graph shows the values under three types of clamping
conditionsfor each of thediscrete bracket (mount clamping),
bracket and case, and case and bracket coupled by spring
element models.

These results show that the model consisting of only the
metal bracket fitting does not match with the measured
values, so the case and chassis frame must be modeled as
shown in Fig. 9, or the joint must be modeled in order to
obtain accurate results (error: 5% or less).
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(1) Case and bracket

Fig. 9 FE model

3.2 Bolt Clamping Conditions
3.2.1 Spring Coupling Concept and Spring Constants

The mount and bracket fittings are bolted to the chassis
frame and the transmission case. These types of joints are
generally said to have lower stiffness than normal
structures.®

This study created a model assuming that springs
equivalent to the bolt stiffness and clamping portion stiffness
exist on the contact surface. The static stiffnessk of the bolt
clamping portion was assumed to be k = kt + k¢, wherekt is
the bolt spring constant and kc isthe clamped portion spring
constant. Using an approximation formula®, kt and kc were
calculated asapproximately 10"5 to 10°6 N/mm (determined
by the material characteristics and shapes of the bolt and
clamping portion).
3.2.2 Differences due to Spring Coupling Range and

Plate Thickness

When the contact surface of the bolt clamping portionis
modeled using spring elements, the coupling range is also
important. The actual contact surface area and the contact
surface on thedrawing may differ according to the clamping
portion shape. Therefore, contact analysis was performed
using finite element method (FEM) analysis using simple
shapes, and the clamped portion thickness and clamped
contact area were investigated. Fig. 10 shows the model
used for the calculations.

Thecalculation analyzed the contact condition assuming

that a thick plate and test piece were joined with contact
elements and downward pressure was applied over the
approximate area of the washer diameter. Fig. 11 showsthe
thickness of the clamped plate and the contact diameter. As
shown in this figure, the plate deforms into a bowl shape
and the contact area becomes smaller as the plate thickness
decreases. Accordingly, these cal culations showed that for
asteel plate approximately 2 mm thick, even if the drawing
shows a wide contact area, the range coupled by the spring
elements is approximately the diameter of the clamping
washer.

Fig. 10 FE model of contact analysis
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Fig. 11 Diameter of contact surface

3.3 Extent of Modeling

Fig. 12 showsthe extent of modeling and a comparison
of the calculated resonance frequency and the actual
measurements for each model.

This figure shows that the calculation for the discrete
metal fitting (model 1) produces aresonance frequency that
istoo high as mentioned previously, but that if even asmall
part of the chassis frame is modeled (model 2), the results
approach the actual measurements. Thus, this study
performed calculations for models 4 and higher in Fig. 12,
which is thought to be a sufficient extent of modeling.
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Fig. 12 Relationship of resonance and model size

3.4 Response Analysis Results

Fig. 13 shows an example comparison of the analysis
results under the above conditions and actual measurements
due to hammering. In addition, Fig. 14 shows an example
of eigenvalue analysis results.

Asshown in thesefigures, the calculated point inertance
of themetal bracket and mount fittings matches closely with
the hammering excitation test results using actual vehicles.
Thus, acomposite inertance such as shown in Fig. 5 can be
accurately calculated using either of theseresults. In addition,
it was confirmed that analysis can be performed in
approximately one day by creating a mesh and calculating
directly from the CATIA 3D model which is the product
drawing. Therefore, the mount transfer characteristics can
now beaccurately predicted and optimized at an early timing.

4. Conclusion

This study yielded the following results.

(1) Gear vibration transfer by the engine mounts can be
simply evaluated by the composite value level of the
response analysis results for the discrete metal bracket
and mount fittings in the engine mounting system.

(2) The necessary know-how was obtained to enable
comparatively simple yet sufficiently accurate
calculations (error: 5% or less) by creating models to
the necessary extent and spring elements for the bolt
clamping portions.

(3) The traditional problem of gear noise peaks at certain
speedsismostly dueto structural-borne noisetransferred
through the engine mounts and other elements as

(1) Example 1
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c
: / \
o
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o v
> / measurement
c
g [/\
3 .
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T
/ 1 1
0 500 1000 1500
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(1) Example 2
F 3
iv = calculation
2 "ldIV 10dB A
c
8- \<\f
8 \
> measurement
5}
>
[on
(&)
i |
1 1
0 500 1000 1500
Frequency (Hz)
Fig. 13 Comparison between calculation and

measurement for frequency response

Fig. 14 Displacement of mounting at resonance
frequency

described in this study. The transfer characteristics of
each part can be predicted and development efficiency
can be vastly improved in the future by using the
prediction technique proposed in this study from the
initial development stages.

CAE is progressing and we are approaching an
environment where virtually anyone can perform FEM
analysis. However, despite thisit is surprisingly difficult to
apply FEM analysisto real noise and vibration problems at
actual development sites and achieve satisfactory results.
The contents of this study may not be high level in terms of
vibration science and calculation technology, but they are
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reported asan example of an application which can contribute
to reducing man-hours at devel opment sites amidst the need
to shorten devel opment periods. It isthe authors' hope that
these results will prove a useful reference in improving
development efficiency using simulationsin the future.
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Technical paper

Development of a Night Vision System
(Vehicle-Pedestrian Collision Avoidance System)

Takayuki TSUJI* Hiroshi HATTORI*
Masahito WATANABE*  Nobuharu NAGAOKA*
ABSTRACT

A night vision system has been devel oped to hel p reduce vehicle-pedestrian accidents occurring at night. High temperature
objects presumed to be pedestrians are detected by processing the images from infrared stereo cameras mounted on the front
of thevehicle, and thepossihility of acollisionisjudged by cal culating the position and rel ative moving vector of the pedestrian.In
addition, voice guidanceis provided and a highlighted infrared image of the pedestrian is displayed at the bottom of the front
windshield using a head-up display (HUD) installed in the instrument panel.

As aresult of confirming detection performance on a test course, it was found that the possibility of collisions with

pedestrians on the road and crossing the road could be judged.

Further, as aresult of confirming evasive action on the part of the driver with respect to the provided information, this
system was found to be a useful means of reducing vehicle collisions with pedestrians. Further development is needed to

bring this kind of system to the point of practical application.

1. Introduction

Approximately 10,000 traffic accident fatalities occur
in Japan annually. Some 30% of these are a result of
collisionswith pedestrians, the vulnerable partiesin traffic.

We are presently working on apractical application of a
pedestrian injury-mitigation system in order to reduce the
possible consequences resulting from vehicle-pedestrian
accidents. Thispaper reports on our examination of systems
for providing driverswith advance notice about the presence
of pedestrians.

In order to examine the system functions and
specifications, we first conducted a detailed investigation
of accidents involving pedestrian fatalities. Fig. 1 shows
the results of our investigation.

These results showed that:

(1) As shown in graphs A), B), and C), the majority of
accidents involving collisions with pedestrians on the
road or crossing the road take place when vehicles are
traveling straight on straight roads at night.

(2) As shown in graph D), the majority of these accidents
involve collisions with vehicles traveling at speeds of
40-80 km/h.

As a result, we developed a night vision system that
would help detect pedestrians on the road or crossing the
road that are difficult to see from vehicles driving at night

* Tochigi R&D Center

asshowninFig. 2, and would notify thedriver by providing
voice guidance and displaying infrared cameraimages.

We also verified the usefulness of this system by means
of tests to detect pedestrians crossing the road and obstacle
avoidance tests.

2. System concept

2.1 System functions and configuration
The following target requirements were established for

the purpose of setting system functions:

(1) Theinformation provided will beableto call thedriver's
attention to obstaclesand will allow judgment of forward
conditions.

(2) The system will be capable of detecting objectsranging
in size from a pedestrian’s head to a full-body (20 x 20
cm to 2 x 2 m) while taking into consideration targets
hidden by oncoming vehicles and other such factors on
ordinary roads.

(3) The system will provide a time margin (information
provisiontime) of 3.5 secondsor more? after information
provision and before collision, and will provide the
detection range needed for this.

We decided to satisfy requirement (1) by using voice
guidance and a head-up display (HUD) of images of
nighttime forward conditions from an infrared camera.
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Others 1%
Daytime 32% Curve 7%  Turn 2%

Nighttime 68% Going straight 90%

A) Daytime or nighttime B) Vehicle’s motion during nighttime
accidents
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C) Pedestrian’s motion during D) Vehicle's speed during nighttime
nighttime accidents accidents

Fig. 1 Accident investigation of pedestrian fatalities

\

High intensity of
illumination area

Fig. 2 Example of pedestrians who the driver should
notice

We decided that detection capabilities satisfying
reguirements (2) and (3) could be obtained by using infrared
stereo cameras, calculating the distance to high temperature
objectsthat can be perceived as pedestrians, and thusjudging
the possibility of acollision. Fig. 3 showsthe layout of the
system on an actual vehicle, whileFig. 4 showsinformation
provision in operation.

2.2 Operating conditions for information provision

Thetarget areafor information provision by this system
istheregion that is difficult to see with headlightsand so is
subject to avisual enhancement system. This was defined
as the region extending outward from the high intensity of
illumination area of the headlights (which extends up to 30
m forward).

Based on result (2) from the investigation of pedestrian
accidents, it was decided that the information provision
system would operate at cruising speeds of 40 km/h and
above. The objective was to satisfy the requirement of an
information provisiontime of 3.5 seconds or morefor driving
speeds up to 80 km/h. This is the 30-80 m detection area
shownin Fig. 5.

2.3 Detection and judgment conditions

The two detection areas and the judgment conditions
shown in Fig. 5 were established in order to assist in the
detection of pedestrians subject to possible collision.

Head-up display Yaw rate sensor

Image
processing

Loud =Y

speaker
Infrared stereo cameras

Fig. 3 System component locations

Highlighted image HUD
of pedestrian viis image

( Voice guidance: Pedestrian crossing ahead ! )

Fig. 4 Driver's view of the HUD image and voice
guidance

0 30m 80m

Approaching object
detection area

Direction
of progress

\
mf': —— | 11 deg or more
| / 7
! /
High intensity of Crossing object Pedestrian

illumination area detection area

Fig. 5 Pedestrian detection area

2.3.1 Detection area and judgment of road-side
pedestrians
The system detects pedestrians walking along the road
at arate of 5 km/h or less within an area the body width of
the vehicle with an additional margin of 1 m to either side.
When the subject vehicleisturning, the system uses the
yaw rate and vehicle speed to estimate the predicted course
of the vehicle, and changes the shape of the detection area
accordingly.
2.3.2 Detection area and judgment of crossing
pedestrians
Theconditionfor acollision between the subject vehicle
and an object crossing the road is that, when seen from the
subject vehicle, the object azimuth 6 (in degrees) is
constant.® The azimuth 6 is determined by the speed of
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one’ sown vehicleVj and the crossing speed Vh of the object
according to the following equation:

—tan1Vh
6=tan Vi (1)
Assuming that the pedestrian is crossing at the rate of 1
m/s and that the minimum operating speed for carrying out
information provision is 40 km/h, then the detection area
for crossing objects will be the total imaging range of the
infrared cameras across an angle of 11 degrees or more.
Objects with a greater crossing speed will only appear
for a short time as images in the infrared camera’s angular
field of view. Although they can be detected, the time for
information provision will be reduced.

3. Detection processing algorithm

3.1 Definition of coordinate system

This system uses two coordinate systems, the 3-
dimensional coordinate system based on the vehicle body
as shown in Fig. 6, and the image coordinate system.

The origin O of the 3-dimensional coordinate system is
thelenscenter of the cameraontheright. Right-hand rotation
of the axis is treated as positive. The image coordinate
system isthe planein the 3-dimensional coordinate system
where Z=f (wheref isthe camerafoca length), and theorigin
o isthe point of intersection with the Z-axis.

z

il

Image plane

f: Focal length

/ X
O : Lens center of
R side camera

Y

Fig. 6 Definition of coordinate system

3.2 Pedestrian isolation and tracking over time

Measurement of the difference between atmospheric
temperature and pedestrian skin surface temperature in all
seasons showed that a temperature difference of about 5°C
occurs at atmosphere temperatures up to about 30°C. The
measurement results are shown in Fig. 7.

Consequently, high temperature objects such as
pedestrians appear in the infrared image with a higher
brightness than background objects.

We confirmed the possibility of rendering pedestrians
in images by driving on ordinary roads in every season,
collecting image data, and performing two-level renditions
of it. Fig. 8 shows an infrared image taken in the summer
and the results of the two-level rendition.

The system on an actual vehicle generates a histogram
of the brightness of the right-hand image from the infrared

40

T
Skin surface

temperature /$ e
N\ / /

Y Temperature difference
/ : about 5°C

S Atmosphere
e temperature
/ |
-10 0 10 20 30 40
Atmosphere temperature (°C)

w
o
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N
o

=
o
\
.
AN
~1

Fig. 7 Temperature differences in skin surface and
atmosphere during all seasons

Fig. 8 Infrared image and result of two-level rendition
under summer time conditions

stereo cameras and sets the intermediate value in the
frequency distribution asthethreshold value. The pedestrian
in the right-hand image is elicited in this way.

The equality of the object in the right-hand image is
judged at each point in time according to such conditions as
the position of its center of gravity and characteristics of its
geometry to track the object over time. Fig. 9 shows the
tracking status of the object in the right-hand image over
time.

Center of
. gravity

Frame 0 Frame 1 Frame 2

Fig. 9 Object tracking

3.3 Calculation of the object’s 3-dimensional position

coordinates

Asshown in Fig. 10, the left and right images from the
infrared stereo camerasdisplay adifferenceof latera position
(disparity) of dn (in pixels) according to the distance to the
object.® Theareaaround the object in theright-hand image
is extracted and used to perform a correlation calculation
with the left-hand image. In this way, the disparity dn is
calculated. Next, equation (2) isused with thethuscal culated
disparity to derive the distance to the object Zi (in meters).

The center of gravity position g=(xi, yi)T in the image
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Fig. 10  Disparity of infrared stereo cameras

and the calculated value Zi (in meters) are then used in
equations (3) and (4) to cal culate the 3-dimensional position
of the object P=(Xi, Yi, Zi)".

D is the distance (in meters) between cameras, while f
and p arethe focal length (in meters) and pixel pitch (in m/
pixel) of the cameras.

D

ZI:fXdep 2
Xi:xm?xp 3)
_ YixZix

vi= AP 4

3.4 Calculation of the object’s relative moving vector

The calculated position of the object along the X-axis
can be changed significantly by dight changesin theturning
angle of the vehicle while it is moving. Therefore, it is
difficult for the system when operating from a traveling
vehicle to identify the difference in the 3-dimensional
position of a crossing pedestrian along the X-axis.

Consequently, as shown in Fig. 11, the system uses the
vehicle speed and yaw rate sensorsto calcul ate the distance
traveled (T) and turning angle (q) of the subject vehicle.
Equations (5) and (6) are then used to compensate for the
difference.

However, P'[t]=(Xa[t], Ya[t], Za[t])" and P[t]=(Xc[t],
Yc[t], Zc[t])" are the 3-dimensional positions A and C,
respectively, of the object as calculated at timet.

xc[t]] [cose o -sNe][xa[t]] [Tx
veig|=| 0 1 0 ||va[q|+| 0 |
zc[t]] | N6 0 coso||za[i]| |0

_ 360xT

Fig. 12 shows the group of object position P[t]=(Xc][t],
Yc[t], Zc[t])T during the period from time t=0 (the past) to
t=n (the present) with compensation for the turning angl e of
the subject vehicle using equations (5) and (6).

The straight-line directional vector L=(Lx, Ly, L2)T is
obtained by performing principal component analysis® on
the center of gravity position coordinate Q=(X, Y, Z)™ and
the matrix of cross-correlation coefficient for the group of
the object position (P[t]=, t=0, 1, ..., n) shown in equation

Object

Fig. 11 Compensation for the object's 3D position

Moving vector

P[t] =

10 The possibility of collision

Fig. 12 Predicted 3D moving vector

(7). Inthisway, the relative moving vector for the object is

determined as the straight line shown in equation (8).
Therelativevelocity (Vs) is calculated from the changes

occurring over time in the object position.

”MJV

Xeli]

NI <[ X]|
1
H
M=

N1l 0Yc[|]

(")

M=

Zci]

|i=0
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X=X_Y=Y_2z2-Z
Ix Ly = Lz (8)

3.5 Processing to judge the possibility of a collision

The two detection judgments described in section 2.3
regarding detection judgment conditionsare carried out with
respect to an object that isup to 2 min height above theroad
plane and that satisfiesthe conditionsin equation (9) for the
calculated relative velocity (Vs) and the driving velocity V
calculated from the speed sensor.

IV -V < % 9)

3.6 Processing flow

In order to realize real time processing, the system
separates processes (1) and (2). These are carried out on
independent operation cycles, with process (1) occurring at
an NTSC frame rate of 33 msec, and process (2) occurring
every 100 msec.

Process (1): Using only the right-hand image from the
infrared stereo cameras, this process performs two-level
rendition, tracking, and image display of the object.

Process (2): This process calculates the 3-dimensional
position of the object from the stereo images, estimates the
relative vector, and judges the possibility of a collision.

The pedestrian detection processing flow is shown in
Fig. 13.

4. Hardware

4.1 Infrared stereo cameras

The infrared stereo camera system is made up of two
320 x 240-pixel uncooled infrared cameras that have a
horizontal field of view of 12 degrees and avertical field of
view of 9 degrees. The distance between the camerasis 360
mm.

The characteristics of the infrared stereo cameras must
meet the following four conditions in order to measure the
distance to the object correctly:

(2) The two cameras must have synchronous detection.

(2) Thetwo cameras must have equivalent image brightness
characterigtics.

(3) The two cameras must be in alignment.

(4) The optical systems of the cameras must not have any
distortion.

Synchronous detection was realized by fabrication of
prototype synchronous detecting circuits. The camerasin
the present prototype system demonstrated sufficiently
similar image brightness characteristics.

Corrections for the alignment of the cameras and any
distortionintheir optical systemswere madein the software.

Fig. 14 showsthelayout of the prototypeinfrared stereo
cameras when installed on an actua vehicle.®

4.2 Yaw rate sensor

The system uses an optical fiber gyroscope with a
dynamic range of +50 deg/s and a minimum detection
resolution of about 0.03 deg/s to cal culate the turning angle
of thevehiclein order to estimate the rel ative moving vector
and change the shape of the detected area.
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Fig. 13 Processing flow of pedestrian detection

Focal length : 75mm
Pixel pitch : 48.5um

D = 360mm

Y1l Y2

Fig. 14

Infrared stereo cameras Installed in the car

4.3 Image processing ECU

Theleft and right imagesfrom theinfrared stereo cameras
are output as NTSC signals. These are merged in a 640 x
480-pixel image split horizontally into two (left and right
cameraimages each in a640 x 240-pixel format) fromwhich
8-bit gray-scale images are sampled at a video rate (30
frames/second). (See the infrared stereo cameras screen
imagein Fig. 10.)
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Speed, yaw rate, and other such information about the
vehicle are read in a 33 msec cycle, along with the images.
The configuration of theimage processing ECU isshownin
Fig. 15.

Infrared
stereo cameras

[]

\ 4
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Image r\
[_RFa
P processor »

HUD
A
— \ 4

J_|_|_|_ > «—> CPU Speaker
Vehicle speed 1’0 -
- \oice
/L P ROM AMP

Yaw rate

Q=0

\ 4

Fig. 15 Image processing ECU

4.4 Head-up display (HUD)

The system displays an 11- x 4-degree (horizontal x
vertical) field of view image in order to be capable of
displaying the detection range for pedestrians crossing the
road and a full-body view of a pedestrian 30 m ahead.

The HUD visible to the driver has a 10- x 3.5-degree
(horizontal x vertical) display. Thissizewas selected because
it is sufficient to allow a natural-feeling perception of a
pedestrian’ s direction and distance when a pedestrian ahead
of the vehicleis displayed as described above.

Thedisplay islocated in the lower front of the driver, so
that the angle when looking down is 5 degrees. The focus
point of the image is approximately 2 m forward, near the

Horizontal point

Road crossing
pedestrian

#

Look down

angle 5deg H image x V image

- 11deg x 4deg
Hdisp 3.5deg

Highlighted

Vdisp 10deg frame line

Fig. 16 Projected images of HUD

Fig. 17 Appearance of the HUD

front edge of the hood.

The brightness of the visual image is 0-50 cd, and the
color of the detected pedestrian’s highlighted image is an
easily-recognizablered. (SeeFig. 16.) Anexterior view of
the prototype HUD is shown in Fig. 17.®

5. Test results

5.1 Object detection results

Two verification tests were carried out to determine
whether the prototype system satisfied the detection
performance parameters as they had been set.

5.1.1 Relative velocity calculation test

Fig. 18 showstheresultsof relative velocity calculations
conducted when driving at 60 km/h toward a stationary
object. (Thehorizontal axisshowsthe distanceto the object,
and the vertical axis shows the relative velocity error.)

Moving at a speed of 60 km/h, the forward distance to
the object at 3.5 seconds before collision is approximately
60 m. Objectsto be detected should have arelative velocity
within 60+30 km/h, as determined by equation (9).

The relative velocity calculation for a stationary object
at a distance of 60 m has an accuracy within +25 km/h, as
shown in Fig. 18. Therefore, a pedestrian walking at a
velocity of no more than £5 km/h will have an estimated
relativevelocity calculation accuracy within 30 km/h. This
will satisfy the detection condition of a relative velocity
within 60£30 km/h.

Similar tests were also conducted at cruising speeds of
40-80 km/h, and these confirmed that the system could detect
a pedestrian 3.5 seconds before collision.
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£ 20
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o 30 40, 50  \____60 70
*E 0 bevor et .-." LY ! s N 3
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° -10 e -----§ o
> Y . 3
© S |
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x
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Fig. 18 Relative velocity error of the object distance

5.1.2 Relative moving vector calculation test

Fig. 19 presents the results from calculation of the
relative moving vectors of a pedestrian crossing the road at
approximately 1 m/s and a stationary object (a streetlight)
approximately 60 m ahead of avehicletraveling at 50 km/h.

From calculation of the relative moving vectors, the
crossing velocity of the pedestrian was 1.02 m/s, and the
velocity of the streetlight was 0.08 m/s. This showsthat the
lateral moving vectorsare being cal culated with an accuracy
within + 0.1 m/s.

The calculation of the relative moving vectors at apoint
3.5 seconds before collision and approximately 50 m away
yielded the result of 40 km/h. This satisfies the conditions
of equation (9), and shows that the system is capable of
detection and judgment of pedestrians crossing the road.
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Fig. 19 Detected moving vector and infrared images

5.2 Evaluation of the information provision method
Nighttimedriving conditionsthat make obstacles difficult
to see were reproduced on the test course, and multiple
techniques for providing information about obstacles were
implemented. Comparisons were then done of the timing
of the start of the collision avoidance action for each
technique.
(1) Comparison of the information provision methods
V oice guidance only and voice plus highlighted infrared
image
(2) Comparison of the image display positions
LCD on the instrument panel and the HUD (See Fig.
20.)

Fig. 20 HUD and LCD display position

5.2.1 Test methods

Fog lamps were used as the only illumination to limit
the nighttime range of vision to 20-30 m, and thetest subjects
were instructed to cruise at a constant speed of 40 km/h.
Information was then provided on the obstacles. Obstacles
were placed randomly at two locations, onedirectly infront
of the vehicle and one on the centerline, in order to avoid a
simple reaction when the information was provided.

Information provision was implemented at a distance of 40
m (3.6 seconds before collision). The test conditions are
shown in Fig. 21.

Maintain 40 km/h

—— e i = - -

Obstacle . * D
< P Information
40m
Fig. 21 Interface test condition

5.2.2 Test results

Callision avoidance actions varied with the test subjects.
Therefore, the faster of steering avoidance and braking
avoidancewas sel ected asthetiming for the start of collision
avoidance action (response time). Fig. 22 shows the
comparison results for the different information provision
methods, and Fig. 23 shows the comparison results for the
different display positions.

The results from the two tests show that collision
avoidance could beinitiated about 1 second in advancewith
voice plus HUD. With voice only and with LCD display,
however, thetiming for the start of collision avoidance was
1 second or more in many cases. This indicates that voice
plus HUD providing a highlighted infrared image is more
effective with respect to collision avoidance by the driver.
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Fig. 22 Comparison of voice and IR image with voice
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Fig. 23 Comparison of HUD and LCD positions
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6. Conclusion

Based on an analysis of nighttime vehicle-pedestrian

accidents, we created a system that uses infrared stereo
cameras, an image processor, voice guidance and HUD to
notify drivers who are driving at night of the presence of
pedestrians on the road and crossing the road. This project
yielded the following two results:

@

@

We created an algorithm to judge the possibility of
collision with high temperature obstacles that can be
perceived as pedestrians by means of infrared stereo
cameras and image processing. We determined that this
enables judgment of the possibility of a collision 3.5
seconds in advance at driving speeds of 40-80 km/h.
We created an interface that assists in the detection of
pedestrians and initiates the possibility of collision
avoidance within 1 second from information provision
by using voice guidance and a HUD to display a
highlighted infrared imagethat allows comparison of the
virtual image to the real roadway scene observed by the
operator.

Further development is needed to bring this kind of

system to the point of practical application.

@

@

©)

4

®)
(6)

References

“The annual traffic accident statistical database, 1998
Edition,” Institute for Traffic Accident Research and
Data Analysis (ITARDA), (1999)

H. Uno and K. Hiramatsu, “ Relationship between time
marginand drivers' steering avoidancein an emergency
situations,” Journal of Ergonomics Val. 35, No. 4, p.
219-227 (1999)

N. Uchida, K. Fujita, S. Katayama, “Intersection
Collisionsat High-Visibility Intersections,” Journal of
the Society of Automotive Engineers of Japan Vol. 30,
1, p. 133-138 (1999)

M. Okutomi and etc., “Computer Vision Technical
Review and View,” p. 123-137 (1998)

“Handbook of Image Analysis,” University of Tokyo
Press, p. 40-43 (1991)

N. Asanuma et al. “Introduction of HONDA ASV-2
(Passenger car)”, HondaR& D Technical Review, Vol.
12, No. 2, p. 1-8 (2000)

B authors ®

—

o™
\-—_——!
-

o
Takayuki TSUJI

-\’-

-l

Al

Nobuharu NAGAOKA

— iy
B -

™

dh<h

Hiroshi HATTORI

Masahito WATANABE

— 158 —



Technical paper

Rear-end Collision Velocity Reduction System

Kenji KODAKA*

Shoji ICHIKAWA*

Y oichi SUGIMOTO*
Y oshihiro URAI*

Makoto OTABE*

ABSTRACT

Through the use of traffic accident statistics and questionnaire surveys, some causation factorsfor rear-end collisionswere
obtained. Next, accident analysis was performed through simulations based on these factors. The resultsindicated that many
rear-end collisions are caused by momentary inattention during daily driving. Therefore, a collision avoidance assist system
was devel oped that can be useful in these situations. In devel oping this system, awarning timing that does not interfere with
the driver was set so asto reduce the potential for aless effective warning , and a system structure was adopted where delays
in recognition and judgment are compensated for by automatic braking. The automatic brake activation method was investigated
through calculations and actual vehicletests. The activation timing was set so as not to interfere with normal driver operations,
and the deceleration rate was set to assist the driver’ s avoidance operations. Asaresult, the basisfor asystem to help reduce
rear-end collisions was developed. Further development is needed to bring this kind of system to the point of practical

application.

1. Introduction

Various systems have been proposed by different
companies for the Advanced Safety Vehicle (ASV) project
promoted by the Ministry of Transport (since 2001 known
astheMinistry of Land, Infrastructure and Transport). These
proposals include the use of radar and other technologies
for sensing the external environment to determine conditions
in the surroundings and make judgments accordingly to help
reduce traffic accidentsfrom occurring or to reduce accident
severity. The ASV project isnow entering its second phase.

Systems using radar, cameras, and other such external
environment sensing technologiesto predict collisionswith
preceding vehicles and apply automatic braking to help
reduce collisionsfrom occurring have been proposed since
Phase 1 of the ASV project. However, dueto technical and
conceptua difficulties such systems have not reached the
point of practical application.

Instead of total automatic collision avoidance, the present
system concept is a collision avoidance assistance system
centered on the driver and limited to applications to rear-
end collisions. This paper reports on the development of
this system.

2. General accident analysis

First weanalyzed 1997 traffic accident data. Theanalysis
of traffic accidentsinvolving death or injury in 1997 shows
that rear-end collisions make up approximately 30% of the

* Tochigi R&D Center

total accidents (Fig. 1).9@ Then the characteristics of rear-
end collisions were analyzed.

Fig. 2 presents the frequency of rear-end collisions in
relation to the speed at which the driver recognizes the
danger. Thisindicates that more rear-end accidents occur
at low and medium cruising speeds. Fig. 3 showsthe human
factors of the persons principally concerned who caused the
accident. Thisdataindicatesthat recognition failure caused
by inattention to the conditions ahead is often the cause of

Person to car
accidents
10%

Single-car
accidents
6%

Rear-end
collisions
28%

Total
Accidents
780 399

Others
15%

Head-on Collisions
collisions at intersections
4% 27%
During
right turn
10% 1997, ITARDA data
Fig. 1 Composition of traffic accidents per year

(1997)
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Fig. 2 Frequency and accumulated rate of rear-end
collisions in relation to the speed at which
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Fig. 3 Factors in rear-end collisions

Straight 94%
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Fig. 4 Road situation during rear-end collisions

Stopped 87%

Moving 13%
Signal, 1997. Oct

Fig. 5 State of vehicle ahead during rear-end collision
(according to statistics)

rear-end collisions. Fig. 4 shows the road type at rear-end
collisionlocations, which indicatesthat approximately 90%
of these accidents occur on straight roads while the number
occurring on curvesisextremely small. Fig. 5 indicatesthe
state of the preceding vehicles involved in these rear-end
collisions. Approximately 90% of rear-end collisions are
with stationary vehicles.

The above accident analysis suggests that a common
scenario for the occurrence of rear-end collisionsis delayed
recognition of a preceding vehicle due to inattention to the
conditions ahead while driving at low to medium speeds
on a straight road.

3. Analysis of accident conditions

3.1 Questionnaire survey

We conducted a questionnaire survey to investigate the
conditions that were involved when actual accidents took
place.

The survey was provided to 57 people within Honda
who had actually caused rear-end collisions and people who
had nearly such accidents.

We began by inquiring about the state of the vehicles
hit, and learned that collisions most commonly occurred
while the vehicle ahead was till moving (Fig. 6). This
contradicts the previous results shown in Fig. 5. Further
analysisof the accident conditions indicated, as can be seen
in Fig. 7, that approximately half of the cases cited “delay
inrecognition of deceleration” and “ greater decel eration than

Stopped
13%

Moving
80%

Fig. 6 State of vehicle ahead during rear-end collision
(according to questionaire)

[0 Delayed recognition of deceleration

[ Greater deceleration than expected

[ Absent-minded driving

[ Misconception of the preceding car’s departure
[l Car ahead braked suddenly

[ Cut off by slower vehicle

[l Others

Fig. 7 Factors involved in rear-end collisions
(according to questionaire)
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expected” asfactorsin causing or nearly causing acollision.
In other words, the cause was not that the driver had failed
to watch the road ahead for too long atime. Instead, that the
driver knew there was a vehicle ahead but neglected to pay
sufficient attention, and thus caused or nearly caused arear-
end collision.

3.2 Simulation analysis

An analysiswasthen carried out to determinethe degree
of inattention that resulted in these accidents, taking into
account the general accident analysis and the questionnaire
survey results. Thatis, it could be considered understandable
if arear-end collision followed some degree of prolonged
inattention due to, for example, drowsiness. The large
number of accidents, however, made it unlikely that the
majority of drivers were experiencing such prolonged
inattention, nor did the questionnaire survey uncover
anything to support such afactor.

Consequently, we used simulation to investigate the
possibility that the accidents could have been caused by
short-term or momentary inattention.

Under the simulation scenario, we hypothesized that
drivers were momentarily inattentive as they followed the
preceding vehicle, which decelerated during this very
moment of inattention. This possible scenario was
determined based on the questionnaire, according to which
themajority of accidents occurred under these circumstances.

The scenario conditions specified avehicle headway time
in relation to the preceding vehicle (equa to the distance
between the vehicles divided by the subject car speed) of
1.5 seconds, with the accident occurring when the vehicle
ahead decelerates (decel eration of 0.3 G) in theinstant when
the subject car driver isinattentive. After a set period of 1,
1.5, and 2 seconds of inattention, the driver pays attention
forward, recognizes what is happening, makes a judgment,
and actsto decelerate. Thedriver’sresponsetime (thetime
from the start of attention to the beginning of deceleration)
atthispointisset at 1.3 seconds.®® At thetimean actionto
decelerateistaken, thedecelerationis0.8 G. Thesimulation
was carried out with three different levels of driver
inattention.

Fig. 8 presents the simulation results. The horizontal
axisisthe speed of the subject car, whilethe vertical axisis
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23 ~-
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Following speed (km/h)

Fig. 8 Results of simulation (while following)

therelative speed at thetime of collision. AsFig. 8 indicates,
the period of inattention makes a difference. A rear-end
collision takes place when driving at low to medium speeds,
and a collision does not take place when driving at higher
speeds. Thisresult isin line with the results shown in Fig.
2, which showsthat the mgjority of rear-end accidents occur
at low to medium speeds. Thebold linein Fig. 8 represents
the situation when the vehicle ahead decel eratesto acomplete
stop and the subject vehicle collides with it from the rear.
In the statistics, an accident that occurs in this way with a
travelling vehicle that has come to a stop is included in
“Stopped” in Fig. 5. The simulation results suggest that the
main causal factor in rear-end collisionsisnot necessarily a
prolonged period of inattention alone. Instead, rear-end
collisions can aso occur asaresult of momentary inattention
when driving at low to medium speeds.

Another simulation wasthen carried out with the scenario
of a rear-end collision with a stationary vehicle. This
simulation was conducted using a parameter defined as the
number of secondsin advance that the driver recognized the
stationary vehicle. Fig. 9 showstheresultswhen thedriver
takes action to decel eratein the specified responsetime (the
1.3 seconds explained above) after recognizing the stationary
vehicle. Examination of these results shows that a rear-end
collision will not take place at |ow to medium cruising speeds
when recognition takesplace 2 - 2.5 seconds before collision.
A rear-end collision will only take place if the driver has
been inattentive for aconsiderable time regarding avehicle
that has already come to a stop, and only recognizes the
situation approximately 2 seconds before collision. It seems
unlikely that there are many drivers of this kind.
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Fig. 9 Results of simulation (with stationary vehicle)

3.3 Period of inattention while driving

An eye camera was then used for measurements to
determine the extent of inattention to the conditions ahead
during ordinary driving (Fig. 10). This measured the time
spent checking for safety, operating the audio system, and
performing other actions ordinarily taken during driving that
involvelooking away from thefront. The horizontal axisin
the graph shows the forward inattention duration, and the
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vertical axis showsfrequency of occurrence. Astheresults
inFig. 10 show, ordinary actionssuch asoperating the audio
system or checking instruments can result in momentary
inattention of 1 - 2 seconds. Itispossible that if the preceding
vehicle were to decelerate during the seconds of forward
inattention caused by ordinary actions, that a rear-end
collision could result. This can be considered the cause of
many rear-end collisionsthat occur at low to medium cruising
speeds. Based on the above analysis results, the objective
of thisresearch project was set asthe devel opment of abasis
for acollision avoidance assist system that would be useful
in the avoidance of rear-end collisions caused by the
inattentiveness of the driver occurring even during normal
driving. The systemwasdeveloped asacollision avoidance
assist system rather than an automatic avoidance system in
order not to contribute to unsafe driving or invite driver
overconfidence.

4. System concepts

4.1 Concepts of a warning and automatic brake system

A warning system was first considered to provide the
driver with recognition assistance by means of voice
messages or other warnings during times of possible
collisions. In this case, it is necessary for the warning to
function with timing that allows leeway for the driver to
hear the warning, make a judgment, and carry out a
maneuver.

Consequently, driver response time to warnings was
analyzed using adriving smulator. The test was set up so
that thedriver would look off to the sidewhile driving behind
a vehicle moving ahead. During that time, the forward
vehicle would decelerate, and a warning would sound 2
seconds before the predicted collision. Fig. 11 shows the
response time that elapsed between hearing the warning
sound and initiating braking. From this a response time of
about 0.6 - 1.4 second is needed. In the case of awarning
system, therefore, it is necessary to sound the warning with
a timing that alows for this response time as well as the
time required by drivers to decelerate their vehicles.

When extratimeis alowed in order to adapt to alarger
number of drivers, however, the alarm may sound frequently
in normal situations. There is the risk that drivers would
then become accustomed to the warning, so its intended
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Fig. 11 Driver's response time (by driving simulator)

effect could end up being diminished. On the other hand,
when the warning timing is reduced, there isless of atime
margin for judgment and action after hearing the warning.
Therefore, there isapossibility that the warning will not be
fully effective.

This system, therefore, also utilizes automatic braking
to further help assist the driver in avoiding acollision. The
timing for the activation of the warning was set to try to
minimizeinterference with thedriver during normal driving
operation so as not to minimize the effect of the warning.
The system was also configured with automatic brakes to
help compensate for delays in judgment and action by the
driver.

4.2 Study of the control timing

Thedistancerequired for collision avoidance by braking
alone is ordinarily greater than that required for collision
avoidance by steering. The attempt to avoid a collision
with certainty by means of braking alone, therefore, may in
some cases interfere with the driver's evasive steering
maneuvers.®
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Fig. 12 Avoidance operation timing test
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We then studied the timing for system operation by
measuring the actual timing of evasive steering actionstaken
by drivers. Fig. 12 shows the results for measurement of
distance from the preceding vehicle at the time evasive
steering action is initiated with respect to the car’ s relative
speed of approach to the preceding vehicle. The horizontal
axis showsthe relative speed and the vertical axis showsthe
distance at the time avoidance operations are initiated. The
symbolsin the graph indicate the points at which the driver
felt the need for avoidance operations were feel no danger,
feel somewhat dangerous, and feel considerably dangerous
(at the limit for such operations). The lines in the graph
show the margin of time before collision (equaling the
distance between vehicles divided by their relative speed).

The abovefindingsled to consideration of thetwo points
below with regard to the timing for activation of awarning
in this system. The first was that frequent warnings should
not make the driver so accustomed to warnings that the
warning becomes ineffective. The second was that drivers
should not be encouraged to rely excessively onthewarnings
to the point that they feel inattention would be permissible
until a warning is sounded. Taking this perspective, we
decided to set the timing for warnings so that they would
not occur frequently during ordinary driving, but would be
generated approximately 1.7 seconds before the predicted
collision when involving avoidance operations the driver
considers somewhat dangerous. Thetiming for theautomatic
braking (termed emergency braking) was set to avoid
interference with driver operations as much as possible and
when involving avoidance operations the driver considers
considerably dangerous. The timing was set at
approximately 1 second before a predicted collision, which
would activate the brakes rarely in ordinary driving.

4.3 Automatic brake setting concept

Thetiming for the activation of thewarning isset at the
point where ordinary avoidance operations would be
initiated, which is the point where danger of collision is
increasing, so the warning must be recognizable by the
driver. It was decided, therefore, that the warning should
not consist of sound alone, but should also include mild
automatic braking to warn the driver through a physical

Limit to collision
avoidance by steering

Subject vehicle

(D1

About 1sec | collision

channel. Thiswastermed warning braking. Variousstudies
and experiments regarding the intensity of the warning
braking (its deceleration) were conducted repeatedly, and
the appropriate value was determined to be about 0.1-0.2
G. At this setting, the brakes would enhance the warning
effect in conjunction with the sound while al so compensating
for any delay in deceleration operations by the driver. In
addition, this setting should not interfere with the driver's
ability to perform avoidance steering operations.

Thenext point to consi der wasthe amount of deceleration
by the automatic brakesthat operate approximately 1 second
before a predicted collision (termed emergency braking).
One approach was to apply the maximum amount of
automatic braking, since the situation was a predicted
collision. However, experiments verified that with the
inclusion of deceleration from the use of warning braking,
the combined use of deceleration plus evasive steering
operations would make it more possible to avoid collision.
When setting the amount of emergency braking, therefore,
wetook into consideration how the activation of emergency
braking would alter driver attitude and other factors, and
how it would thereby affect the driver’'s evasive
maneuvering. The system is also set up to consider the
braking force applied by drivers when they recognize a
dangerous situation in addition to the automatic braking
force.
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Fig. 13 Avoidance operation during a rear-end
collision
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The questionnaire results show that when drivers caused
or nearly caused arear-end collision, approximately 70% of
them applied the brakes (Fig. 13). The combination of driver
operations and automatic braking was, therefore, considered
to bring about the appropriate amount of deceleration.
Decel eration by automatic braking alsoincreasesthemargin
of timebeforeacollision, thusproviding thedriver agreater
margin of time for judgment and action. This could be
expected to have the effect of making the application of the
brakesby thedriver morelikely evenfor thosedriverswhose
slower response times for making judgments and taking
action madethem previously lessable to apply their brakes.
Fig. 14 presents the sequence of system operation modes.

5. System overview

5.1 System configuration

Thesystem configurationisshownin Fig. 15. Millimeter
wave radar, which excels at environmentally-resistant
sensing, was used for locating vehiclesto thefront. Table1
presents the major specifications. The range is about 100
m, which provides detection capabilities approximately 3
seconds in advance at a relative speed of 100 km/h. The
detection angle extends 16° to left and right to provide
detection of preceding vehicles on straight and gently curving
roads.

The system is equipped with a wheel speed sensor to
measure the subject vehicle speed and ayaw rate sensor to
measuretheamount it turns. Using these quantitative vehicle
condition values, the system extrapol ates the course of the
subject vehicleasshownin Fig. 16 and estimatesthe amount
of the subject vehicle's lateral travel at the location of the
obstacle. Inaddition, the system isequipped with awarning

System-dedicated
Yaw Rate Sensor ECU

Automatic
Brake System

Fig. 15 System configuration

Table 1 Major specifications of the radar sensor
Detection Area Horizontal 280 mrad
Vertical 66 mrad
Maximum Range 100 m
Range Resolution 0.1m
Range Accuracy +1.0m
Sampling Time 0.1 sec

Subject Preceding
vehicle vehicle

B 415

X : Relative distance

Y : Lateral travel estimation 2. U2 2
— + =
R : Turning radius R-Y)"+X"=R
v: Yaw rate V=R.y
V : Velocity
Fig. 16 Prediction of the vehicle locus

unit that warns the driver when the system goes into
operation. A hydraulic actuator is also installed to activate
the automatic brakes.

5.2 Control logic

Fig. 17 presents the basic flow of system control.

The system recognizes preceding vehicles in the front
by radar, and then determines the relative distance to the
subject vehicle (X1), relative speed, and angle of direction.
It also estimates the subj ect vehicle' s course using the speed
and yaw rate measurements, and calculates the estimated
amount of lateral travel. Then it uses the location of the
obstacle and the estimated amount of lateral travel of the
subject vehicleto determine the amount of overlap between
the subject vehicle and the obstacle, after which it determines
the amount of lateral travel (Y) required by the subject
vehicle so that it can be steered away to avoid the obstacle.
The system then cal culatesthe rel ative distance (X 2) required
to carry out that lateral travel. The calculated distance and
the relative distance to the obstacle are used then to judge

Wheel speed Yaw rate Radar
sensor sensor sensor

Obstacle location

« relative distance (X1)
« relative speed

« direction angle

A4 A 4

Prediction of
the vehicle locus

A 4 A 4

Calculation of lateral travel (Y)
for collision avoidance by steering

!

Calculation of longitudinal distance (X2)
for lateral travel (Y)

!

Judgment of danger
(possibility of collision avoidance
by steering)

Control of automatic brake

Fig. 17 Block diagram of basic control
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the danger and carry out automatic braking control and
warning. When X1 becomes shorter than X2 (X1<X2),
automatic braking is activated.

With the physical relationship between the subject
vehicle and the preceding vehicle determined in this way,
the lateral amount of avoidance achieved by steering will
differ between situationswhen the subject vehicleislocated
immediately behind the preceding vehicle (full overlap) and
whenitislocated inan offset location. Therefore, the system
makesitsjudgment by replacing thisdifferenceinthelateral
amount of avoidance by steering with the danger value.

6. System effectiveness

6.1 Simulation results

Simulation was used to demonstrate the system'’s
usefulnessin operation. A comparison with system operation
using only the warning (by sound) was also carried out in
order to determine the additional effectiveness of automatic
braking. Theresponsetimefor driver brake operation after
hearing thewarning was set at 1 second, whichistheaverage
valuefor the responsetimeswith the driving simulator shown
inFig. 11. The emergency braking activation deceleration
when the system goes into operation was set at 0.6 G.

The simulation used a scenario in which the preceding
vehicle decelerates with the subject vehicle behind it. The
simulation conditions specified a vehicle headway time of
1.5 seconds, when following the preceding vehicle, and a
0.3 G deceleration by the preceding vehicle. Thedeceleration
of the preceding vehicle generates arelative speed between
it and the subject vehicle; as the relative distance between
the vehicles decreases the danger of collision increases. At
apoint in this range , the system initiates operation. The
driver is considered to operate the brakes 1 second after
hearing the first warning sound, and the deceleration at the
time of driver operationis0.8 G. Theresults are shownin
Fig. 18. The horizontal axis is the speed of the subject
vehicle when following, and the vertical axisisthe relative
speed at the time of collision. Figure 18 indicatesthat rear-
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Fig. 18 System effect (according to simulation)

end collisions can bereduced when driving at low to medium
speeds, and that the collision speed is lowered at higher
speeds, when the system has automatic braking. These
results and the resultsin Fig. 2 suggest that it is possible to
reduce rear-end collisions caused by momentary inattention.

When the simulation allowed only for the warning (by
sound) without any automatic braking, the collision speed
is lowered by a smaller amount than when the system has
automatic braking, even when assuming the same driver
responsetime (1 second) for applying the brakes after hearing
the warning (by sound). Use of only the warning system,
therefore, requires earlier warning timing, confirming the
usefulness of the addition of the automatic braking system.

6.2 Actual vehicle test results

The next step was to use an actual vehicle to measure
the collision speed reduction effect with respect to a
stationary object. The test method involved placing an
obstaclerepresenting avehicledirectly in front of the subject
vehicle, which drives toward it. The system initiates
operation when the danger of collisionincreases. Here, too,
the driver carries out braking operations approximately 1
second after the warning. Other system’ s parameters are the
same as the smulation.

The test results are shown in Fig. 19. The horizontal
axis is the relative speed (subject vehicle speed), and the
vertical axis is the speed at the time of collision. These
results indicate that rear-end collisions can be reduced at
low to medium driving speeds, where the relative speed is
low, and collision speed isreduced at higher speeds, where
the relative speed is high.

In both the simulations and the actual vehicle tests, the
data indicates that the majority of rear-end accidents occur
at low to medium speeds, asshown in Fig. 2.Therefore, this
system can be considered to have met the developmental
objective of thisresearch project, which wasthe devel opment
of abasisfor acollision avoidance assist system that would
be useful in the avoidance of rear-end collisions caused by
the inattentiveness of the driver.

Subject vehicle Target

7
0

100
c 80 | No brake
o=
0=
S E o0
g
2> With system
.g ‘S 40 .
T 2
© g
&7 20 ~
0
0 20 40 60 80 100

Relative velocity (km/h)

Fig. 19 System effect (according to test results)
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7. Conclusion

We carried out development of a system that uses
millimeter wave radar technology to sense the external
environment in conjunction with a warning and automatic
braking system. This made it possible to compensate for
delays in the driver’s recognition, judgment, and action,
making the system useful in reducing rear-end collisions.
In developing this system,

(1) we found that rear-end collisions can occur during
ordinary driving as aresult of momentary inattention,

(2) asystem was devel oped to reduceinterference with driver
operations and support avoidance operations, and

(3) it was determined that this system is useful in reducing

the number of rear-end collisions that take place at low
to medium speeds.
However, other issues such as mistaken operation and
operational failure also must be analyzed. It will also be
necessary to carry out further verification of system
reliability under a variety of environmental conditions.
In addition, we must take into account changes in
awareness on the part of the system users. This present
system is a collision avoidance assist system that is
intended to do no more than compensatefor driver delays
in deceleration operations. It is not an automatic
avoidancesystem. It should not havethe contrary effect
of encouraging unsafe driving by leading driversto rely
entirely on the system. Furthermore, the system cannot
prevent rear-end collisionsin all situations. Therefore,
before bringing this kind of system to the point of
practical application we need to address these i ssues.
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Technical paper

Development of 7003 Aluminum Extrusions for
Motorcycle Frame Applications

Rowdy JOSEPH* Junichi UEDA**

ABSTRACT

The 7003-T4 alloy as an acceptable material for production of a motorcycle frame was devel oped. In the development of
the material, a designed experiment was planned by which nine 7003 alloy variants were cast and homogenized. The cast
billets were extruded into hollow frame tubes on a production extrusion line and the natural aging response of the material was
evauated. The tendency for recrystallized grains at the surface of the extruded tubes was measured and confirmed to be at an
acceptable level for painting. The reversion and recovery of mechanical properties during paint curing was evaluated and
curing limits were established for mass production. From the results, parametric equations were derived to describe the
rel ationshi ps between mechanical properties, composition and natural aging timeto insure design compliance. Thisdevel opment
has resulted in aframe which is 35% lighter than the tubular steel construction applied to previous models.

1. Introduction

In order to reduce vehicle weight and meet the demands
of the customer, a new dual spar aluminum frame design
has been devel oped for the 2001 Honda Goldwing shown in
Figure 1. A suitable U.S. aluminum alloy, one recognized
by the U.S. aluminum industry and capable of performing
according to the design requirements, had to be devel oped
for extrusion into hollow tubes for the frame body.

A 7003 Al-Zn-Mg alloy was devel oped for extrusioninto
frametubesfor the new Goldwing. Customized alloysbased
on the 7003 chemistry are currently used to produce frame
tubes found on Honda sport class and dirt motorcycles built
in Japan. The development of these alloys resulted in
restricted chemical compositions to optimize mechanical
propertiesand limit therecrystallized layer depth. Thelatter
control being especialy important for those frames having
an anodized surface finish. In order to establish a cost merit
for the extrusion of aluminum tubesin the U.S,, restrictions
on the alloy composition had to be avoided. It was decided
to apply a standard 7003 alloy without restrictions on the

chemical composition. Thestandard 7003 alloy iscompared
to the Honda custom alloy in Table 1. Several designed
experiments were conducted as a means to define the aging
relationships for the standard alloy. Based on the results of
the experiments, the material was found to meet the design
requirements, and paint curing guidelineswere successfully

Fig. 1 2001 Honda Goldwing with aluminum frame body

Table 1 Standard alloy vs. Honda custom alloy compositions

Alloy Si Fe Cu Mn Cr Zn Zr Ti Al
Standard 0.30 0.35 0.20 0.30 0.20 5.0- 0.05- 0.20 Bal
7003 max. max. max. max. max. 6.5 0.25 max. ’

Custom | 0.05- | 0.15- | 0.05- | 0.20-
alloy 0.20 0.30 0.15 0.30

0.80 max. 6.1 0.25 0.06

0.05 5.5- 0.15- 0.01-
Bal.

* Honda R&D Americas, Inc.
** Asaka R&D Center

- 167 -



Honda R&D Technical Review

Vol.13 No.1 (April 2001)

established. This paper describes the procedures used to
develop the 7003-T4 aloy as an acceptable material for
production of alightweight, high strength motorcycleframe.
The authors are hopeful that this datais a useful benchmark
tool for designers and engineers considering extruded
aluminum tubing for similar applications.

2. Description of 2001 Honda Goldwing Frame

2.1 Design Requirements

The frame is awelded assembly consisting of extruded
tubes and aluminum die castings. The dual spars or main
tubeswhich extend from the head pipe to the pivot plateson
either side, are multi-void extrusions having a 3mm outer
wall thickness. Thesetubes serve asthe primary load bearing
structures in the welded assembly and are the focus of this
material development. The down tubes are dual-void
extrusionsthat extend from the head pipeto the front engine
bracket locations. The tubes comprising the rear frame are
round hollow extrusions which support the seat and saddle
bags.

The lightest frame is achieved by minimizing the wall
thickness of each extruded tube. Wall thicknesses are based
on the mechanical strength of the aluminum and in the case
of the new frame, a custom aloy served as the basis for
calculating the thickness targets. The standard 7003 alloy
had to perform as well as the custom alloy during tensile
teststo prevent thicknessincreasesleading to aheavier frame.
The development of the 7003 material, resulted in a frame
body having an average weight of 21kg. Although the 20kg
target was dightly exceeded, a35% decreasein frameweight
compared to the welded tubular steel construction found on
the previous Goldwing was realized. The frame is shown
in Figure 2.

Exposing abit of the frame body provides a mechanical
personality but requires that the exposed area have a high
quality surface appearance. Severa surface finish options
were considered at the onset of development. The original

Fig. 2

Frame body construction

idea was to apply a bright anodized surface for a shiny
metallic appearance. The anodized option requires special
control over the depth of the recrystallized layer which
generates at the die interface during the extrusion process.
Sincegrain growth following recrystallization isunrestricted
at the surface, the surface grainsbecomelarge and the surface
appears coarsened®. This coarsening condition is called
“orange peel” and an exampleisshownin Figure 3. Orange
peel becomes more noticeable when the grains are strained
during bending. Anodizing also enhances this effect, so a
powder paint system was chosen asan alternativeto prevent
gtrict control over therecrystallized layer depth and increased
extrusion costs. The paint would sufficiently cover the
recrystallized surface and provide good corrosion resistance.
Control over the depth of the recrystallized layer was still
required, but to alesser degree. The frame material design
requirements are given in Table 2.

2.2 Material Selection

Initially, several alloys were considered for the
application. The selection criteriaare shown in Table 3.

6061 is commonly applied to automotive structural
applications where strength, corrosion resistance and
weldability arerequired. Although 6061 iseasily arc welded,
the room temperature hardnessrecovery in the heat affected
zone is not good and adequate strengths could not be
achieved.

7075 was also briefly considered. The high Znand Mg
content in this material promote significant strengthening
during natural aging. The Cu content (typically near 1.6%)
is a disadvantage since increasing Cu widens the melting
range and reduces the solidus temperature®. The effect is

IIILillIIIIlIIIlIIIII|IIII|IIII|IIIIIIFI

Fig. 3 Orange peel effect

Table 2 Frame material design requirements
Criteria 7 day aging 30 day aging 90 day aging
Tensile strength (MPa) 235 min. 275 min. 294 min.
Yield strength (MPa) 118 min. 176 min. 186 min.
Elongation (%) 13 min. 13 min. 13 min.
Recrystallized layer depth (mm) 25 max.
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Table 3 Aluminum alloy selection criteria

Criteria Honda Custom Grade 6061-T6 *7003-T4 7075-T6
Tensile strength (MPa) 235 310 324 570
Yield strength (MPa) 118 275 187 505
Elongation (%) 13 12 19 11
Youngs modulus (GPa) 71 69 71 72
Extrudability (hollows) Good Excellent Good Poor
Formability Fair Fair Fair Poor
Weldability Good Excellent Good Poor
Hardness recovery after welding Good Poor Good -
Availability Poor Excellent Fair Excellent
**Material costs $5.00/kg $3.88/kg $4.77/kg No data

*Typical properties after standard aging 7 days at RT

**|Includes casting and conversion. Shipping costs are included for the Honda Custom Grade.

to increase the potential for cracking during arc welding.
Extruding 7075 into shapes having thin wall sectionsisalso
difficult and distortion following press quenching is eminent.
Based on these producibility issues, 7075 was eliminated as
acandidate for this frame tube application.

The 7003 alloy was selected as the best option for
production of the new frametubes. The Zn and Mg content
provide sufficient response to natural aging although the
allowable ranges are wider than those of the Honda custom
aloy. Thelow Cu content (0.2% maximum) narrows the
melting range and increases the solidus temperature which
improves resistance to weld cracking when ahigh Mg filler
metal isapplied®. The custom materia wasdeveloped with
anodized framesin mind and Cr promotes yellowing of the
anodic oxide surface layer, therefore Cr is controlled to a
low level (0.05% maximum) to improve the appearance of
the anodized frames. The new Goldwing frames will be
painted, so the yellowing effect from Cr is not relevant and
higher levelsmay betolerated. The standard 7003 wasfound
to meet the material requirements and was chosen for
production of the frame tubes.

2.3 Manufacturing Sequence

The manufacturing sequence required to create theframe
body is shown in Figure 4. First, round ingots, 178mm in
diameter and 1524mm long are continuously cast and
homogenized. The heads and tails are cropped to eliminate
extreme variationsin composition and microstructures. The
ingots are heated to 510 °C and direct extruded into multi,
dual void, or hollow tubes. As the tubes exit the extrusion
dies, they are quenched and the natural aging cycle begins.
The extruded tubes are next cut to length and formed by
bending into the appropriate shapes. Minor machining and
drilling is performed and thetubes are prepared for welding.

The structure takes shape when the cast head pipe, pivot
plates and engine brackets are joined to the frame tubes by
manual arc welding. The frames passthrough apaint booth
where a polyester urethane powder is applied. Finaly, the
powder iscured at 210 °C for 48 minutes and theframes are
ready to be assembled into motorcycles.

3. Experimental

3.1 Basis

The aging of rapidly quenched Al-Zn-Mg alloys from
room temperature to relatively low aging temperatures is
accompanied by the generation of solute rich zones known
as GP (Guinier-Preston) zones®. Strengthening istheresult
of interference between moving dislocations and these
spherical shaped zones. With increasing aging time, GP
zones increase in size, and the strength of the alloy
increases?.

Extended aging at temperatures above room temperature
transforms the GP zones in alloys with relatively high Zn-
Mg ratios into the equilibrium precipitate known as MgZn,
or M phase®. Inthe case of the 7003 aloy where Znisin
excessof Mg, thesequenceisintheorder GPzones, coherent
precipitate, and M phase (MgZn,) ®. Heating and cooling
of the extruded tubes during production of the frame body
changes the mechanical state of the alloy according to this
aging sequence. | nthe case of the painting process, the stable
tubes in the T4 condition, are exposed to moderately high
temperatures during the curing step. This exposure causes
the sequence to reverse which decreases the hardness, and
therefore the strength, of the tubes. This phenomenon,
known asreversion, is caused by Zn and Mg diffusion back
into the solvent aluminum and subsequent shrinking of the
GP zones.

A 4

Ingot cast Homogenize

Extrude

v

Bend & machine

Arc weld

Powder paint P Paint cure

N

Fig. 4 Manufacturing process
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Table 4 3x5 designen experiment: Chemical variants

Table 5 Reversion and recovery experiment

3.2 Experimental Procedures
3.2.1 Mechanical Properties vs. Natural Aging

Relationships between mechanical properties,
composition and natural aging time were empirically
developed.

The increase in strength during natural aging is aresult
of the growth of GP zonesrich in Mg and Zn solute atoms,
therefore these elementswere chosen asfactors and adjusted
to produce nine variants covering the entire 7003 chemical
rangeinthestandard alloy. Thechemical variantsare shown
in Table 4. Timeand temperature were chosen asthe aging
factors. These levelswere set at 7, 30, and 90 days. With
production locations in mind, the aging temperature levels
wereset at-10 °C, 25 °C and 50 °C to reflect possible natural
aging temperature scenarios.

Tensile coupons were machined from the sample tubes
representing each of the nine chemical variantsdescribedin
Table 4. Coupons were made from tubes representing the
front, middle and rear of each cast ingot in order to capture
inherent process variation. The aging start time (t=0) was
re-established by solution heat treating the couponsinasmall
electric furnace at 435 °C for 1 hour and quenching in air to
represent press quenching. All tensile coupons were
produced according to ASTM B557. The duplicate flat
coupons had a gage length of 50mm and the testing was
conducted according to ASTM ES8.

3.2.2 Recrystallization Tendency

Temperatures at the material/die interface are high
enough during press quenching to cause simultaneous
recovery, recrystallization, and grain growth. Surfacequality
of the extruded tubes is dependent on the depth of the
recrystallized layer and the size of the recrystallized grains
at the surface. Coarse grains, which become strained during
bending produce an undesirable “orange peel” effect.
Controlling recrystallization during extrusion is crucial for
anodized frames, since anodizing amplifies the orange peel
effect. The selection of powder paint reduces the necessary
control over the recrystallized layer depth, however it does
not eliminate orange peel as a factor which reduces
appearance quality. Inorder to estimatetherecrystallization
tendency in the 7003 alloy, a section from each of the aloy
variants was taken normal to the extrusion direction. The
sections were polished, etched to reveal the recrystallized
layer, and observed under alight microscope.

3.2.3 Reversion and Recovery Evaluation

The paint curing cycle was established for mass
production by determining the effect of curing temperature
and time on the reversion and recovery of mechanical
properties.

The painting process consists of pretreatment, powder
paint application, and paint curing stages. The gas fired

Cemical Magnesium (%) . Normal production
; Process variable - - -

variants 0.5 0.75 1 Trial 1 Trial 2 Trial 3
5.00 Al A2 A3 Line speed (m/min.) 1.22 1.83 1.83

Zinc (%) 5.75 Ad A5 A6 Pretreatment (°C) 177 177 177
6.50 A7 A8 A9 Zone 1 (°C) 199 199 210

Zone 2 (°C) 199 204 210

Total cure (mins.) 60 48 48

curing oven contains two zones, each having independent
temperature control. Frames are placed on hangers and
transferred through the curing oven via an overhead
conveyor. Curing temperature and time are partially
determined by the paint selection sinceeach paint isdelivered
with a recommended cycle developed to provide the best
adhesion and appearance for a given substrate. In the case
of the Goldwing frames, a polyester urethane resin material
wassalected. The best adhesion and appearanceisachieved
by curing between 182 °C and 216 °C for at |east 15 minutes
. Thecuring timeis controlled by the speed of the overhead
conveyor carrying the painted frames into the curing oven.
Minimizing curing time resultsin maximum line speed and
production output but requires a temperature setting near
the high side of the supplier’s recommended range.

Three trials were conducted in order to establish the
optimum curing cycle under normal production conditions.
The variables for each trial are given in Table 5. In each
trial, the pretreatment temperature was fixed at 177 °C and
painting was done according to mass production guidelines.
Upon completion of eachtrial, thetest frameswereinspected
for paint adhesion and appearance. Reversion and recovery
of mechanical properties was quantified by measuring the
change in hardness in a section cut from the main tube of
each test frame over aperiod of 50 days.

4. Experimental Results

4.1 Mechanical Properties vs. Natural Aging
4.1.1 Composition Effects

The 7 days aging condition was chosen to illustrate the
relationship between mechanical propertiesand composition.
One week is the typical time between press quenching and
frame welding during production, so it is convenient to
express the strength of the formed tubes after natural aging
for 7 days. The results of tensile strength, yield strength,
and elongation averages are shown in Figures 5, 6, and 7.
The data showsthat tensile and yield strength targets, set by
design, can be achieved across the entire chemical range
when natural aging occurs at room temperature or above.
The aging sequence is owed significantly when freezing
temperatures are encountered so that the 7-day strength
targets are only achieved when the Zn and Mg percents are
at the high end of the specification range. Acceptable
elongation is also achieved for all chemistries. A premise
for using the standard 7003 alloy was that custom chemical
control be avoided. Based on the results, customizing the
alloy composition is not required.
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4.1.2 Natural Aging Effects

Figures 8,9, and 10 illustrate the natural aging response
at-10°C, 25°C, and 50 °Cfor 7, 30, and 90 days. Thedata
shows that the tensile and yield strength targets can be
achieved after a 7-day natural aging cycle except for the
casewhereaging occursat -10 °C. Themechanical strengths
increaseasnatural aging proceedsand theincreasein strength
is proportional to aging temperature. The natural aging rate
is inversely proportional to aging time due to the slowed
growth of GP zones. Under the conditions of this aging
study, the tensile strength increases at arate 0.8M Pa/day at
-10 °C, 0.7MPa/day at 25 °C, and 0.5MPa/day at 50 °C.
Theyield strength increases at arate of 0.6MPa/day at -10
°C, 0.AMPa/day at 25 °C, and 0.3MPa/day at 50 °C.

Although these general trends are known and were
expected, the data allows quantification based empirical
relationships. Regression analysiswas performed to generate
trend lines and equations for each condition. A statistical

450
400 —%
50Deg.C */*/.//.
. 350
g 25Deg.C /
S 300
e
5 /0
g 250
o -10Deg.Co—
= 200
[%]
5]
F 150
100
50 L
1 10 100
Aging time (days)
Fig. 8 Aging impact on tensile strength
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Fig. 9 Aging impact on yield strength
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check on the accuracy of the strength vs. natural aging
equations was made by calculating the RZvalue. The
equations and R?values are givenin Tables 6 and 7. Test
error prevented an accurate trend analysis on the el ongation
data.

The mechanical properties given by the standard 7003
aloy are sufficient after naturally aging for at least 7 days,
except when exposed to freezing temperatures. To prevent
exposure to freezing temperatures likely when transporting
the extruded lengths during thewinter, extrusion and bending
was established at the same plant location. This decision
prevents unexpected changes in the mechanical response to
tube bending and improves control over the dimensions of
the finished tubes for easier alignment during welding.
Special chemical control is not required to guarantee
compliance with the design criteria and the standard 7003
was confirmed to be acceptable for frame production.

4.2 Recrystallization Tendency

The normalized results from each worst case depth
measurement are shownin Figure 11 and aphotomicrograph
showing a typical recrystallized layer is shown in Figure
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Fig. 11 Recrystallization tendency in 7003-T4
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Fig. 12 Typical recrystallized layer in 7003-T4, 200x HF

12. Itisseen that the average recrystallized layer depth is
less than the specification limit given in Table 2, however
there is the potential to exceed this limit. The actual
appearance of mass produced frames was acceptable to the
visual criteria, so no further action was needed to reduce the
potential for recrystallization.

Table 6 Equations, strength vs. chemistry at 7 days

Property

Natural Aging Temperature

Equation

Tensile Strength (MPa)
Yield Strength (MPa)

25°C

58.31 + (117.75 * %Mg) + (30.39 * %Zn)
26.61 + (79.19 « %Mg) + (19.22 * %Zn)

Table 7 Equations and R?values, strength vs. natural aging
Property Natural aging temperature Equation R? Value
-10°C 26.86 In(days) + 167.76 0.98
Tensile strength (MPa) 25°C 25.99 In(days) + 270.05 0.99
50°C 14.94 In(days) + 341.69 1.00
-10°C 19.08 In(days) + 82.50 0.98
Yield strength (MPa) 25°C 14.89 In(days) + 158.19 1.00
50°C 9.87 In(days) + 197.53 0.99
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4.3 Reversion and Recovery During Paint Curing

Hardness of the frame material was considered fully
recovered when a hardness of 75 HRF was achieved. This
valuerepresentsthe as-welded hardness of the extruded tubes
prior to paint curing. Tensile tests were conducted on
sampleshaving amaximum hardnessof 75 HRF to guarantee
acceptable strength and elongation at this target hardness.
Based on the correlation, the tube material was considered
acceptable when recovery to at least 75 HRF was obtained.

Reversion was found to occur in the 7003 tube material
during each of the three paint curing trials. The A356.0
casting material, heat treated to the T6 condition, was not
affected by exposure to curing temperatures. This is
primarily dueto the stability of theMg,Si precipitate formed
during hest treating. Reversion was found to occur in the
welds joining the tubes to the castings, however the high
Mg content inthe A5356 filler metal promotesrapid recovery
and the hardness returned to the as-welded condition within
14 days. Theseresults areillustrated in Figure 13.

Results from the trials conducted under normal paint
curing conditions are given in Figure 14. The line speed
settingsfor Trial 1 and Tria 2 were slow enough to allow a
significant decrease in material hardness. In each of these
two cases, therecovery timewasnearly 15 days. Increasing
the line speed at both the pretreatment and curing locations
during Trial 3 acts to minimize reversion, despite higher
curing temperatures. The frame material exposed to the
conditions of Trial 3 required only 12 daysto recover to the
target hardness. This was the minimum recovery time
recorded for the three Trials, therefore the mass production
paint curing conditions were set to equal those applied to
Tria 3.

5. Conclusions

(2) The standard 7003-T4 aloy, produced in the U.S., has
been developed for production of extruded frame tubes
for the luxury touring motorcycle.

(2) The standard material is shown to meet strength and
surfacerecrystallization requirementsfor thelightweight,
painted frame design.

(3) Empirical relationships have been established to define
mechanical properties as a function of alloying and
natural aging.

(4) A paint curing process has been defined to guarantee the
mechanical propertiesin the final painted product.
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ABSTRACT

High pressure die casting material was devel oped for the use of pistonsin various mass-produced, small, general-purpose
engines. This new material enables a significant reduction in casting tact time, allows a continuous line through the casting
and machining processes, which is impossible to achieve by the permanent mold gravity die casting method (GDC), and
contributes to production cost reduction. This material provides a material hardness of HRB65, which is equivalent to the
material used in conventional methods, dueto the high speed filling of the molten metal into the diesand the quick solidification
of it. Thematerial also accomplishesthe high temperature durability requirements after undergoing ashort T5 process. For the
stabilization of the material propertiesin mass production, various aloy prototypeswere produced and evaluated on strength,
residual stress, seizure, microstructure, and actual engine durability in order to determine the optimal alloy composition.

1. Introduction

Small, general-purpose engines are now used in many
different applications. In Japan, 6 to 7 million units are
produced annually, and accompanying this growth, the
manufacturers are exhaustively studying and implementing
measures for reducing product costs. Honda released GC
engines® and Mini 4-Stroke engine series® in 1997 and we
have continued to supply high-performance, low-priced
engines. In respect to specific engine components, we have
developed a single cam resin gear, an integrated cylinder
head and block, and a FCD crankshaft among other
components in an effort to reduce costs while maintaining
function.

Theuseof auminum aloy for piston materialsisalready
common practice for reducing the weight. The production
of general-purpose engine pistonsat Hondais primarily done
by permanent mold gravity die-casting (GDC). Recently,
however, the small-displacement engines (22-50 cc)
manufactured by Honda and other firms® have begun to
use pistons made by high-pressure die-casting (DC). Cost
reductionsfrom the shape of general -purpose engine pistons
can dready be said to have about reached their limit. On
the other hand, when considering cost reductions from the
manufacturing process used by Hondafor multi-type, large-
volume production (4 million units/year), the greatest
opportunity lies within the use of a continuous production
linethat incorporates casting, heat treatment, machining and
other operations of the process.

*Asakahigashi R & D Center

Themost critical technical issueto be solved for realizing
a continuous production line involving casting, heat
treatment and machining is the time required for the heat
treatment process; this processtakes much longer than other
processes, thereby inhibiting the application of efficient,
continuous production throughout the processes. Thecurrent
requirements for heat treatment time are:

» 5106 hoursfor the T7 heat treatment of GDC pistons,

and

4105 hoursfor the T5 heat treatment of DC pistons.
Thereis no possihility of realizing a continuous production
line unlessthistimeisshortened to about 30 minutes at most.

This paper describes the course of development of the
piston material that combinesthe advantage of short process
time inherent to the DC production method with rapid
solidification. The results of this materia’s evaluation are
also presented.

2. Objectives

Themajor objective of changing the casting processfrom
the conventional GDC method to the DC method was to
create a continuous production line for the manufacturing
process by synchronizing the casting and heat treatment
processes with the machining processasthiswould result in
a considerable improvement in production efficiency. A
further objective of applying the DC method wasto achieve
thefollowing by taking advantage of therapid solidification
and materia characteristics inherent to this method:
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and material characteristics inherent to this method:
* Omission of the solution heat treatment
« Significant reduction in the casting tact time
e Minimization of the amount of machining by
improving the dimensional accuracy of the as-cast
product
The development of amaterial suitablefor the new rapid
heat treatment had the following aims:
 Providing mechanical characteristics such as high-
temperature tensile strength and fatigue strength
e Providing physical characteristics such as high
dimensional stability and thermal conductivity

3. Experimental method

3.1 Test Materials

The GDC casting material, AC8H, with 0.8wt.% of iron
added to protect the mold was used for the tests to identify
differences in the casting methods. This alloy was named
DC8H, and its chemical composition aong with that of
ACB8H are shown in Table 1. Alloys DC8Z/#1-#10 were
used to examinethe alloy composition. Thesewere prepared
for use in testing in the form of aloys exclusively for DC
casting by adding various amounts of Si, Cu and Mg to the
HD2 base metal, HDS. Table 2 shows the target
compositions of the alloys examined, together with the
melting point (mp) measured just before casting. Melting
point was measured with a recorder specially designed for
(AE Meter), which allowed the measurement of liquidus
temperature through solidus temperature of each Al aloy
sample as shown in Fig. 1-a, and the cartridge shell cup for
AE meter shown in Fig. 1-b.

Each test material for apiston with adiameter of 68 mm
wasmelted in agraphite crucible and cast from molten metal
maintained at a temperature of 700°C with a 350-ton cold
chamber die-casting machine. Varioustest pieceswerethen

cut from each cast piston. The shapes of the test pieces used
inthetensile strength test and fatigue strength test are shown
in Figs. 2-a and 2-b, respectively.

3.2 Mechanical and physical properties

The tensile strength test was conducted with an Instron
universal testing machine at a strain rate of 0.3%/min up to
0.2% proof strength, and at a cross-head rate of 3 mm/min
after reaching 0.2% proof strength. The test temperatures

b. Cartridge shell cup for aluminum alloy

Fig. 1 Recording thermometer for molten metal

Table 1 Chemical compositions

Composition| Cu % Si % Mg % Zn % Fe % Mn % Ni % mp °C

AC8H 3.0 11.2 0.9 0.08 0.35 0.09 0.03 569

DC8H 3.0 11.3 0.9 0.07 0.82 0.08 0.03 569

Table 2 Chemical compositions for alloy designing
Composition| Cu % Si % Mg % Zn % Fe % Mn % Ni % mp °C
2.5 10.5 0.8
AC8H ~ ~ ~ <0.10 <0.40 <0.10 <0.05 569
3.5 115 1.4

DC8Z/#1 5.0 14.0 2.0 <25 <11 <0.5 <0.5 550
DC8Z/#2 4.0 14.0 2.0 <25 <1.1 <05 <05 549
DC8Z/#3 3.3 14.0 2.0 <25 <11 <05 <05 552
DC8Z/#4 3.3 14.0 15 <25 <11 <05 <0.5 553
DC8Z/#5 3.3 13.0 15 <25 <11 <05 <0.5 555
DC8Z/#6 3.3 11.5 1.5 <25 <1.1 <05 <0.5 549
DC8Z/#7 3.3 13.0 1.0 <25 <1.1 <05 <05 553
DC8Z/#8 3.3 13.0 2.0 <25 <11 <05 <05 547
DC8Z/#9 3.3 14.0 1.2 <25 <11 <0.5 <0.5 558
DC8Z/#10| 3.5 13.0 1.4 <25 <1.1 <05 <05 554
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Fig. 2 Tensile and fatigue strength test piece under
high temperature

were 200°C and 300°C, and the tensile strength test was
performed after soaking the test piece at each temperature
for 15 minutes. The fatigue strength test was conducted
with an electro-hydraulic servo type fatigue strength tester
with acapacity of £1 tf. Test conditionsapplied wereasine
waveform for the applied load, a stress ratio of -1, a test
frequency of 5 Hz to 17 Hz, and 1.00 x 107 test cycles.
Testing was conducted under these conditionswith test piece
temperatures of 200°C and 300°C.

The hardness test and measurement were based on the
Rockwell hardnesstesting method (JIS 22245). Thethermal
expansion coefficient was measured over a range of 20-
400°C by the TMA method, thermal conductivity was
measured according to the laser flash method, and density
was measured according to the Archimedes method.

4. Results

4.1 Effects of the different casting methods and heat

treatments on the dimensional stability of the piston

In order to assess the necessity of heat treatment due to
the change from the GDC method to the DC method, the
effects of the thermal load on the dimensions and residual
stress of the AC8H-T7 (GDC) and DC8H-F (DC) piston
materials are shown in Table 1. In addition, the effects of
changes in heat treatment conditions on the dimensional
stability and residual stress of the DC8H material were also
investigated.

4.1.1 Dimensional stability and internal residual stress
of the DC material without any heat treatment

The change in piston diameter, which is used as an
indicator of dimensiona stability, was determined from the
dimensional difference before and after evenly heating in
an oven to a temperature that ssimulated the thermal 1oad
during actual engine operation. A machined piston towhich
no heat treatment had been applied was measured, before
being placed in the uniform heating oven at 230°C for 10
hours. The piston was then removed from the oven and
allowed to cool down to room temperature, after which the
dimensions were measured again.

Theresidua stresswas measured after drilling ahole of
30 mmindiameter inthe center of the piston crown to reduce
itsrigidity and attaching strain gauges at the | ocations shown
in Fig. 3. After leaving the strain gauges attached to the
piston for at least 10 hours, they were connected to a data
logger and zero-balanced. The piston was cut at the
centerline between the strain gauges (section x-x in Fig. 3)
to release theresidua stress. The strain was measured after
cutting, and then converted to the internal residual stress.
Two mass-produced AC8H-T7 and two prototype DC8H
pistonswere tested to eval uate the dimensional changesand
internal residual stress, and strict precautions were taken to
avoid measurement error, such as loading the pistons into
the heating oven simultaneously.

The change in diameter in the thrust direction (major
diameter) and the piston pin direction (minor diameter)
before and after thermal |oad testsfor each of the AC8H-T7
and DC8H-F pistons are shown in Figs. 4-a and 4-b. The
results of measuring the internal residual stress are shown
in Fig. 5. Compared to the AC8H-T7 piston, which
increased in diameter only about 20um, the DC8H-F piston
increase by nearly three times that amount (about 60um).
In addition, since the measured stress values during parting
were positive, the residual stress was determined to be in
the centripetal direction thus compressing the piston. In
comparative terms, the DC8H-F piston exhibited valuesfor
the residual stress about one to six times greater than those
for the AC8H-T7 piston.

On the basis of these experimental results, DC pistons
without heat treatment were found to be difficult to achieve
dimensional stability and internal residual stress equivalent
to those of GDC pistons.

Fig. 3 Measurement points for residual stress
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4.1.2 Heat treatment conditions and dimensional
stability of the DC8H material and piston
The measured changesin diameter and internal residual
GDC | 06 | S — |GDC| 0.2 stress of the pistons made of the DC8H materia and heat
bC | 02 .\IL ‘I’ , |IPC_| 35 treated at temperatures of 190°C, 225°C, 250°C and 275°C
~a 4 = for 10, 20 and 30 minutes are shown in Figs. 6-a and 6-b.
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DC | 03 il DC | 45 section 4.1.1; that is, the parts were heated for 10 hours at
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for the internal stress to be released decreased. The heat
treatment conditionsrequired to obtain achangein diameter
and internal residual stress equivalent to those of the AC8H-
T7 piston described in the previous section were heating at
atemperature of at least 225°C for 10 minutesor more. The
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Fig. 7 Influence of heat treatment time on diameter and residual stress changes at 250°C

from anincreased heat treatment duration at 250°C are shown
inFigs. 7-a and 7-b. The graphs show that piston diameter
and internal residual stress changes comparable to those of
the AC8H-T7 piston could be achieved with aheat treatment
duration of about 2 minutes.

Since the AC8H piston is subjected to the T7 heat
treatment, the internal residual stress during casting is
considered to be negligible. Thus, the cause of the internal
residual stress and dimensional changes that occurred is
presumed to be strain resulting from machining. Inaddition,
the cause of the large dimensional change exhibited by the
DC8H pistonisbelieved to betherelease of both theinternal
residual stress resulting from being subjected to high-
pressure solidification during casting and the strain resulting
from machining.

4.2 DC piston alloy composition

Theresultsof aninvestigation of thedimensional stability
associated with the DC method have been described in the
previous section. In this section, experimental results are
presented of the basic characteristics required of materias
in consideration of the control rangefor thealloy composition
when using DC cast alloy materials DC8Z/#1-#10 shownin
Table 2. The casting (molten metal) temperature was the
regular setting standard of 130-150°C above the melting
point, based on the measured melting points of these alloys,
and casting was carried out at 700°C.

4.2.1 Material hardness after casting

The molten metal temperature from the start of casting
up to 100 shots, and the temperature of the piston crown
immediately after removing it from the mold (referred to as
the work temperature) are shown in Fig. 8 for each alloy.
The molten metal temperature could be reliably controlled
to 700+10°C throughout the compl ete casting test, while the
work temperature could bereliably controlled to 380+20°C,
after increasing during the first 20 casting shots while the
mold warmed up.

The work temperature and hardness (HRB) of the as-
cast black skin during the first 10 casting shots for the 10
types of alloy are shown in Fig. 9. The hardness of the as-
cast black skin material was measured after cooling with

work temperature
molten metal temperature

800

700

600

500

400

Temperature (°C)

300

200

0 20 40 60 80 100
Casting shot number

Fig. 8 Changes of molten metal and piston-top
temperature after casting with the increase
of casting shot number

water following the DC process. The first shot, having a
low work temperature, was the hardest. As the work
temperature subsequently stabilized, the hardness of the as-
cast black skin material also became stabilized. Alloy #6
exhibited considerable variations in initial hardness, while
alloy #9 exhibited adecrease in initial hardness as the work
temperatureincreased, thusindicating that these alloyswould
not be suitable for practical use. An evaluation of the
relationship between the added amounts of Mg, Si and Cu
and the initial material hardness for the 10 types of alloy
showed that the target hardness of HRB 65 or higher could
be achieved with minimum contents of 1.4% Mg, 13% Si
and 3.3% Cu.
4.2.2 Heat degradation characteristics

The effects of temperature and soaking time on the
hardness of test piecesDC8Z2/#5-T5 and AC8H-T7 after their
heat treatment (250°C, 30 minutes, T5) are shown in Figs.
10-a and 10-b. In this experiment, the test pieces were
reheated after the heat treatment and then allowed to cool to
room temperature, before the hardness was measured.

The decrease in hardness at each soak temperature
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The decrease in hardness at each soak temperature
exhibited by the DC8Z/#5-T5 material was smaller compared
to the AC8H-T7 material. The results reflect the study of
Fukai et al. with AC8A and B materials.® The difference
in softening is thought to be due to the following: 1) the
increasing fineness of the crystal grain size dueto the rapid
solidification characteristics of the DC process; and 2) the
fine undissolved intermetal lic compounds resulted from not
performing asolution treatment were maintained in aevenly
dispersed state, and these compounds act to resist movement
of thedidocation line. Thereby the decreasein hardness after
heating was reduced.

4.2.3 Selection of the optimum alloy composition and
heat treatment conditions

Since the change in piston diameter was stabilized by
heat treating at 225°C for at least 10 minutes asdescribed in
section 4.1.2, the change in hardness due to age hardening
of each alloy when using the temporary T5 heat treatment
conditions of 250°C for 30 minutes was evaluated as shown
inFigs. 11-a and 11-b. If thetarget initial hardnessis set
to be a minimum of 65 (HRB), the average vaue for the
GDC piston (AC8H-T7), aloys#7 and #10 are not suitable.
In addition, since the test piece for aloy #1 occasionally
exhibited brittle failure during machining, it was also
excluded for the poor machinability.

After evaluating the 10 types of aloy (DC82) according
to various criteria, DC8Z/#2, #3, #4, #5 and #8 were
determined to have desirable mechanical and physical
propertiesasapiston aloy. A new aloy based ontherange
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Fig. 11 Relationship between hardness and heat

treatment time at 250°C

of these compositions was designated as HAS14C4. The
upper, middle, and lower limits of this alloy composition
are shown in Table 3. Table 4 shows the mechanical and
physical properties of HAS14C4 following a T5 heat
treatment (250°C for 30 minutes) in comparison with those
of AC8H-T7. In comparison with AC8H-T7, the thermal
conductivity is about 25% lower, while the other physica
properties are similar. However, the mechanical properties
such as the hardness, tensile strength and fatigue strength
have all improved. The thermal conductivity of HAS14C4
is equivalent to 0.256, the value for a high-performance
engine piston material (A351), and the difference from
ACB8H-T7isconsidered to bewithinthepractically allowable
range.

Photographs of the microstructures of AC8H-T7 and the
upper and lower limit compositions of HAS14C4 are shown
in Figs. 12-a, -b, and -c. The structure after solidification
of the ACBH-T7 material contains white crystal grains of
soft o -Al over abroad range, and large acerous crystals of
eutectic Si isvisible. On the other hand, the structure after
solidification of the HAS14C4 material exhibits the
distribution of extremely fine o-Al, Mg Si, eutectic Si and
so forth. In addition, primary crystal of Si appearing in a
planar form in the microstructure is distributed in larger
numbers and moreuniformly than inthe AC8H-T7 material.
This microstructure is believed to be responsible for the
mechanical properties being equal to or better than those of
the AC8H-T7 material.

Table 3 Chemical composition of HAS14C4

Cu%]| Si% |Mg%|[Zn%|Fe % [Mn%]| Ni% | Al
Upper| 40 [140[ 20 [<25[<11[<05[<05] Bal.
Middle| 3.8 | 135 | 1.7 |<25|<1.1|<05|<05 | Bal
Lower| 35 | 13.0 | 1.4 |<25|<1.1[<05|<05] Bal

Table 4 Physical & mechanical property of HAS14C4

. -, HAS14C4
Physical property |Test condition| AC8H-T7 250°C x 20 min.
Thermal expansion | Room temp.~
coefficient 100°C
(x 10%) Room temp.~ 19.2~20.8 | 19.4~20.3
(°Cch 200°C
Thermal conductivity
(x 10%) Room temp. | 135~ 142 100 ~ 105*
(W/m-°C)
Modulus of
longitudinal elasticity | Room temp. | 735~ 775 745
(MPa)

Density — 2.68~2.74 | 2.68~2.79
Hardness (HRB) — 64 ~ 68 66 ~ 68
Tensile strength 200°C 2.12~2.60 | 2.30~2.80

(MPa) 300°C 0.74 1.29~1.42
0.2% proof strength 200°C 1.98~2.05 | 1.89~240
(MPa) 300°C 0.57 1.00~1.19
Fatigue strength 200°C 0.74~0.78 | 0.83~0.88
107 cycle
(MPa) 300°C 0.33 0.41

* Since the thermal conductivity of A351 is 107 which is almost
equivalent to that of HAS14C4, this result is considered to be

acceptable.
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Fig. 12 Comparison of microstructures with AC8H-T7, HAS14C4/upper limit and HAS14C4/lower limit composition

4.3 Compatibility test
4.3.1 High-temperature piston fatigue strength test

A diagram of the high-temperature piston fatigue tester
isshownin Fig. 13. The results of tests on an HAS14C4-
T5 piston made by the DC process and on an AC8H-T7
piston made by the GDC process are shown in Fig. 14.
Piston failure in the high-temperature fatigue strength test
began with the formation of cracksfrom the pin hole which
propagated toward the top of the piston pin boss in both
pistons. Fig. 14 showsthe change in safety factor with the
number of fatigue cycles based on the maximum combustion
pressure, and demonstrates that HA S14C4-T5 was superior

Thermostatic chamber

Actuator Rod
/
2
] Y]
1 = =1 N
* 'L —Servo
valve
Back pressure Ll
control unit Pressure sensor [_] oil pressu‘re
control unit

Fig. 13 Diagram of high-temperature piston fatigue
tester

to AC8H-T7. Thisresult is consistent with the results for
heat degradation characteristics described in section 4.2.3.
4.3.2 Seizure limit test

(1) Piston test

The experiment on seizure limit, using a test piece cut
from the piston, was performed with the chip-on-disk friction
tester shown in Fig. 15. After attaching the test piece (6 x

2.2
-4
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Fig. 14 Fatigue strength indicated by safety factor.
Safety factor 1 equals to maximum cylinder

pressure.
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Fig. 15 Diagram and photograph of friction tester
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17 mm) to the holding unit on the tester, aload was applied
by the holding unit that pressed the test piece against a
rotating disk made of FC250, a material equivalent to that
of the cylinder liner. The rotating disk was rotated at a
constant peripheral speed of 16 m/sec against the static test
piece. After providing abreak-in period of 3 minuteswith a
selected load, during which oil was dripped on to the test
piece at the rate of 240 cc/min, the supply of oil was
discontinued. The time till seizure was then measured. If
seizure did not occur within 20 minutes, the test was
terminated after 1 x 107 cyclesinthe samemanner asatypical
fatigue test, and the load at that time was determined to be
the “seizure limit.”

30 :
® AC8H-T7
25 O HAS14C4 upper-T5 H
RS A HAS14C4 lower-T5
% 20 A Seizure limit
7—‘.": 15 pressure 1
7 .A_%_J)é;
@ 10
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o »
5 >
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10 100 1000 10000
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Fig. 16 Result of seizure test by friction tester
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: 1
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Clearance of cylinder and piston (um)
Fig. 17 Comparison of time to seizer between

AC8H-T7 and HAS14C4-T5 under the dry
seizure engine test

A comparison of the seizurelimit for materialswith upper
and lower limit alloy HAS14C4-T5 compositions and
AC8H-T7 is shown in Fig. 16. The newly developed
material demonstrated a seizure limit superior to that of
AC8H-T7. The comparison of the solidified metal
microstructures described above indicates that soft a-Al
crystals, which are responsible for seizure, constitute only a
small proportion of the surface area of the HAS14C4-T5
material. Moreover, the microstructure of HAS14C4-T5
contains a uniform dispersion of intermetallic compounds
and primary crystal of Si that contribute to the reduction of
frictional resistance. These factors can be considered to be
responsiblefor the higher seizurelimit of this new material.

(2) Engine test

4-stroke general-purpose engines are often started
without being filled with oil or supplied with engine oil
because 2-stroke engines are more commonly used today as
general-purpose engines. The resistance to seizure was
evaluated by a dry seizure test assuming the first case, and
by awet seizure test assuming the second case. The engine
for the dry seizure eval uation test was prepared by degreasing
the cylinder bore during assembly and applying asingle drop
of ail. Testing was conducted by starting the engine without
engine oil, immediately running the engine at 3600 rpm in
the no-load state and measuring the time until seizure
occurred. The test was conducted with six different values
for clearance between the piston and cylinder.

The results of the dry seizure evaluation test for the
ACB8H-T7 and HAS14C4-T5 pistons are shown in Fig. 17.
The HAS14C4-T5 piston tended to show higher seizure
resistance than the AC8H-T7 piston. Photographs of the
piston surface following the seizure test are shown in Fig.
18. The seizure marks on the AC8H-T7 piston were wider
than those of the HAS14C4-T5 piston, and the marks from
melting tended to be larger.

The engine used in the wet seizure evaluation test was
assembled after applying the usual amount of oil to the
cylinder bore andfilling oil to the lower limit of the oil level
gauge. After initially running the engine for 10 minutes at
therated load, the oil wasgradually drained from the engine,
and the engine was run until it stopped because of seizure.
The amount of oil remaining in the engine was measured,
and the appearance of the piston was observed after the
engine had seized. Theremaining oil intheengineat seizure
was 70 cc for the AC8H-T7 piston and 58 cc for the
HAS14C4-T5 piston. Photographs of the external
appearance of these pistons are shown in Fig. 19. A
comparison of the effects of seizure on the piston surface

HAS14C4-T5

HAS14C4-T5

AC8H-T7

Fig. 18 Pistons after the dry seizure engine test

Fig. 19 Pistons after the wet seizure engine test
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yielded results similar to those of the dry seizure evaluation,
and the seizure resistance of the HAS14C4-T5 piston was
again confirmed to be superior to that of the AC8H-T7 piston.

5. Conclusion

Wehave devel oped anew piston alloy by the DC process
that offersaconsiderably shorter casting and heat treatment
time than the conventiona process to alow the use of a
continuous productionline. Thispiston alloy hasmechanical
propertiesthat are equal to or better than conventional alloys
used with the GDC process, under heat treatment conditions
of 250°C for 30 minutes, and in seizure resistance tests it
demonstrated the performanceis also equal to or better than
that of existing alloys.

Continuous production lines for the manufacture of
general-purpose pistons are likely to beinstalled in the near
future to enhance productivity considerably. Therearegreat
expectations for the results of research into new materias
with enhanced properties and their application to
manufacturing lines to improve productivity.

Acknowledgments

The authors express deep appreciation to Mr. Shunkichi
Kamiyaand Mr. Katsuyuki Tomitaof Kosei Aluminum Co.
Ltd., and to Mr. Koichi limure and Mr. Hiroshi Endo of
Honda Foundry Co. Ltd. for their generous cooperation in
the conduct of this research.

References

(1) Swuzuki, T., Hojo, H., Inoue, S., Moriyama, H. and
Fujinaga, Y.: Development of General Purpose OHC
Engine with Built-in Timing Belt, Honda R&D
Technical Review, Vol. 10, pp. 122-127 (1998).

(2) Shiga, M., Nishida, T., Ryu, Y., Tugekawa, T., Higashi,
K. and Maeda, T.: Development of All Position-
Operatable Small Four-Stroke Engine, SAE Paper
972104.

(3) Fukai, S, Takeuchi, K. and Tanaka, E.: A Study onthe
Elevated-Temperature Strengths of AC8A and AC8B
Aluminum Cast Alloys for Piston, Sumitomo Light
Metal Industries Technical Report, Vol. 4, No. 4, pp.
17-42 (1963).

B authors ®

Yuko YOSHIMURA Kazuyoshi SATO

Yukio SUGIMOTO Takanori SATO

— 184 —



Technical paper

Development of a Chromium-free Pretreatment System
for Aluminum Bodies

Toshiya NISHINO* Koichiro IZUMI*

ABSTRACT

A chromium-free surface treatment method was devel oped for aluminum bodies. By adding fluorineionsand iron complex
compounds to the current zinc phosphate pretreatment bath, an improved zinc phosphate film is formed on aluminum. Also,
increasing the manganese in the pretreatment bath improves the alkaline resistance properties of the zinc phosphate film. As
aresult of these changes, the zinc phosphate film has improved secondary adhesion after water conditioning and improved
filiform corrosion resistance without using a chromium rinse. Therefore, chromium can be eliminated from the paint process
of aluminum bodies. This, in turn, reduces environmental burdens previously posed.

1. Introduction

It is necessary to consider the post-painting corrosion
resistance when using aluminum in automotive bodies
just asis true with the use of steel. Thus, research is being
conducted on various painting techniques. Painting methods
for aluminum automotive bodies and their associated
pretreatment processes devel oped to date are shown in Fig.
1. InJapan, chromating was briefly used asthe pretreatment
method. However, currently the main method applied for
aluminum/steel mixed metal pretreatment isazinc phosphate
treatment, which enablesthe painting of hybrid bodies. With
this treatment, a free fluorine ion (F) is added to the zinc
phosphate solution used for steel bodies, alowing a zinc
phosphate film to be formed on aluminum.

However, it is known that the addition of fluorine ions
lowersthe adhesion of the paint film. Thisisbelievedto be
caused by fluorine compounds adhering to the surface of
the zinc phosphate film and impeding the adhesion of the
paint film. One method for improving adhesionisto apply a
chromium rinse after phosphating to remove the fluorine
compounds.

It is aso difficult to form a zinc phosphate film on a
sanded area of an aluminum body (an area where a body
stamping deformation or welding irregularity has been
corrected by grinding the surface with sandpapers, etc.).
Even with the addition of fluorine ions, a comparison
between such areas and norma areas, where no abrasion
has been applied, showsthem to beinferior in post-painting
corrosion resistance. To solve this problem, a chromium
corrosion-resistant pigment is added to the cathodic
electrocoat (E-coat) to assist in corrosion resistance.

However, asurfacetreatment that utilizes chromium has

* Tochigi R&D Center

a negative impact on the environment and entails costly
wastewater treatment, so the use of a chromium rinse is
gradually declining. It has also been decided in Europethat
the amount of hexavalent chromium used in corrosion-
resistant coatings will be restricted in the future.
Therefore, we began the development of a surface
treatment for aluminum that does not require the use of
chromium. We report in this paper the development of a
method for adding fluorine ions and an iron complex
compound to the zinc phosphate solution as reaction
accelerators. This method enables the elimination of
materials containing chromium from the painting process.

2. Current Surface Treatment Methods

Corrosion resistancein automotive bodies must takeinto
account various difficulties in paint adhesion such as paint
film blisters, delamination and peeling, and resistanceto such
types of post-painting corrosion as scab and filiform
corrosion. It is known that the corrosion resistance of
aluminumisgenerally superior tothat of stedl intheuntreated
state. However, when a zinc phosphate solution for steel is
applied to auminum, an adequate film cannot be formed
and the resulting corrosion resistance is inadequate.

When treating aluminum, therefore, fluorine ions have
conventionally been added to the zinc phosphate treatment
solution as an etching agent to accelerate the formation of
the zinc phosphate film. Fluorine ions are added as
fluorosilicicacid (H,SiF,) and sodium fluoride (NaHF,), and
controlling their concentration regulates the degree of film
formation.

When aluminum ions (Al®) are eluted in the treatment
solution and accumul ate beyond afixed amount, they inhibit
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Material of
Method automotive Pretreatment process
body
Zinc phosphate for
steel automotive Steel Zinc phosphate »
body
IPre'treatmegt f?r | Aluminum —T1 Cathodic
aluminum and stee I
. ) hosph
hybrid automotive Modified zinc phosphate > E-coat
body (1) Steel —— .
Surfacer
Pre'treatment for Aluminum — Chromate .
aluminum and steel - N
hybrid automotive Zinc phosphate Top coat
body (2) Steel
Pretreatment for
aluminum automotive Aluminum — Chromate P
body
Fig. 1 Pretreatment methods for aluminum and steel bodies

the precipitation reaction of the zinc phosphate film. Thus,
they must be removed.® The zinc phosphate reaction on
aluminum and removal of the aluminum ions from the
solution can be described by the following reactions:®

(2) Etching the aluminum surface
2Al + 6HF — 2A13* + 6F + 3H, T

(2) Precipitation of azinc phosphate film resulting from
anincreasein pH value of the aluminum surface
3Zn(H,PO,),

— Zn(PO,), - 4H,0 (Hopeite) + 4H,PO,

(3) Removal of auminum ions from the solution
Al* + 3Na* + 6F — Na,AlF, (Cryolite) |

In this way, the addition of fluorine ions to the current
zinc phosphate treatment for aluminum and steel hybrid
bodies improves the zinc phosphate properties on the
auminum and allows for a continuous treatment.

However, it isknown that an excessive concentration of
fluorine ions reduces the degree of adhesion of the paint
film. Thisisthought to be caused by fluorine compounds

. Rinse after Chromium .
zinc phosphate . No rinse
rinse
treatment
I
weter =
resistance =,
i

Paint adhesion on sanded area after water
resistance test

Fig. 2

adhering to the surface of the aluminum blocking the
adhesion of the paint film. To improve adhesion, it is
necessary to carry out achromium rinsein the post-treatment
processto removethe fluorine compounds. Fig. 2 compares
the results of a water- resistance test with and without a
chromiumrinse after thetreatment. Theresultsdemonstrate
that the chromium rinse improved the water resistance.

Even with the addition of fluorine ions, however, it is
difficult to achieve sufficient film coverage over the scratches
on a sanded aluminum surface, with the result that the
filiform corrosion resistance is lowered on the sanded
surface. It is known that the addition of a chromium
corrosion-resistant pigment to the E-coat improves the
filiform corrosion resistance. Fig. 3 showsthe effect of this
addition.

As aready explained, it has been necessary to use
materials containing chromium to maintain good paint
adhesion and filiform corrosion resistance with the current
zinc phosphate treatment for aluminum and steel hybrid
automotive bodies.
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Fig. 3 Effect of corrosion-resistant pigment in E-coat
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3. Improvement in Zinc Phosphate Treatment
Properties with the Addition of an Iron Complex
Compound

To ensure the post-painting corrosion resistance of
aluminum without using a chromium rinse or chromium
corrosion-resistant pigment in the E-coat, we concluded that
it would be necessary to form a fine and uniform zinc
phosphate film and improve its coverage (the percentage of
the surface covered) by increasing the reactivity of the
treatment solution.

The effectiveness of iron ions (Fe*) as an etching
accelerator for aluminum in an acidic solution is well
known.® @ 1t isalso known that the addition of ironionsto
the zinc phosphate solution forms a fine and uniform zinc
phosphatefilm on asteel surface. However, ironionsinthe
zinc phosphate solution used on automotive bodies (pH 3 —

——@—— Developed zinc phosphate
—A— Current zinc phosphate

25
Q
T
<
7 2 F
o
<
o
O~ |
ST 15
RIS
5E 1f
()
H
2 o5
g
o
o . . . . .
0
0 30 60 90 120 150 180

Phosphating time (sec)

Fig. 4 Phosphating time vs. coating weight of
the zinc phosphate film

3.5, NO, ions contained) form an iron phosphate sludge,
making it impossible to stably maintain a fixed amount of
iron ions over along period of time.

We therefore attempted to reproduce the effect of iron
ions as just described on the formation of a zinc phosphate
film on aluminum, by maintaining the ions in the zinc
phosphate solution asacomplex. We used ammonium iron
citrate ([Fe{ C,H,O,(FEO)(NH,),} ,(OH,),].C.H.O,xH,0) as
the iron complex compound. Figs. 4 and 5 respectively
show the phosphating time plotted against the change in
coating weight and the precipitation of crystalsin the film.
The material used in both caseswas a 6000 seriesaluminum
alloy. The results show that the addition of the complex
compound increased the precipitation of zinc phosphatefilm
and improved the film coverage compared to the current
treatment.

Fig. 6 showsthe electrical potential during the etching
of a6000 series aluminum aloy. Asthe intention here was
to observe the etching behavior during the zinc phosphate
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Fig. 6 Change of electrical potential during
the etching reaction of aluminum
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Fig. 5 SEM images of zinc phosphate films

— 187 -



Honda R&D Technical Review

Vol.13 No.1 (April 2001)

reaction, we extracted the zinc (Zn), nickel (Ni) and
manganese (Mn) (components of the film formation) from
the treatment solution. With the addition of the complex
compound, the electrical potential shifted to noble during
the etching process. Based on this, we hypothesize that the
aluminum etching reaction is accelerated due to the
acceleration of the cathode reaction.

4. Improvement of Water Resistance

It is necessary to grant sufficient attention to paint film
adhesion, because when it declines, the appearance of the
body iscompromised dueto peeling, blisters, etc., eventually
leading to the development of corrosion under the film.

It isthought that there are various controlling factorsin
paint film adhesion performance. These factorsincludethe
paint materials, the method of painting, the chemical
conversion coating method and the metal materials. Various
experimental methods have been devised to evaluate paint
film adhesion. Inthissection, wewill discusstherelationship
between the zinc phosphate treatment and water resistance.

Variousimprovements have so far been madeto the zinc
phosphate solution for steel, with the aim of ensuring water
resistance. For example, when galvanized steel was first
used for vehicle bodies, Mn was added to the zinc phosphate
solution. Thisimproved the quality of the film by replacing
part of it withMn, and it limited condensation during warm-
water dipping. As a result, the water resistance was
improved.®

The zinc phosphate film on auminum is also thought to
be improved by Mn, but the water resistance declines on
areaswhereit isdifficult to form azinc phosphate film such
as sanded areas. Itisalso known, asalready described, that
if excess fluorine ions are added to improve the film
coverage, fluorine compounds are precipitated on to the
aluminum surface, causing adeclinein thewater resistance.

In contrast, a treatment with zinc phosphate to which
iron complex compounds have been added demonstrates an
improvement in the water resistance, as shown in Table 1.
The figures shown as the surface F/Zn ratio represent the

Table 1 Water resistance and F/Zn ratio

Water resistance
(Percentage of F/Zn ratio
remained paint)
Zinc Phosphate for
aluminum and steel 0~50% 5.1
(STD condition)
New zinc phosphate o _
(STD condition) 100% 01-13
New zinc phosphate o
(Drain time < 5 sec) 100% 0
New zinc phosphate o
(Phosphating 10min) 100% 0

* STD condition : Phosphating time 2min, Drain time 30sec

ratio of the atomic densities of fluorine (F) and zinc (Zn) on
the aluminum surface after the zinc phosphate treatment.
These figures were calculated from X-ray photoelectron
spectroscopy (XPS) measurements.

A high water resistance resulted when the drain time (the
time from phosphating to the water rinse) was less than 5
sec (i.e. immediate water rinse after phosphating) and when
the phosphating time was 10 min. The resulting F/Zn ratio
was zero inthiscase, so it is clear that fluorine compounds
had not been formed.

These results enabl e the mechanism for theimprovement
in water resistance to be deduced. AsFig. 7 shows, when
an area of the aluminum surface remains incompletely
covered by the film, fluorine ions in the solution react with
the incompletely covered area until the zinc phosphate
solution is removed by the water rinse, and compounds of
aluminum and fluorine (Al-F compounds) are precipitated.
It is thought that these Al-F compounds inhibit adhesion.
As Figs. 4 and 5 show, the phosphate film coverage was
improved with a treatment by zinc phosphate to which an
iron complex compound has been added, because Al-F
compounds would not be readily produced in this case.
When the water rinse was conducted immediately after
phosphating, no Al-F compounds were formed because the
fluorine ions had been removed. The coverage on the
aluminum surface of the zinc phosphate film was sufficient
with a treatment time of 10 minutes, so Al-F compounds
had not been formed.

We can further point to the surface F/Zn ratio as agood
indicator for judging water resistance.

(1) Drain time after phosphating

\/

Al-F on the surface of aluminum will reduce paint adhesion

Zinc Phosphate Al-F

¥

Aluminum surface

(2) Al-F doesn’t appear on the surface of aluminum covered
with fine zinc phosphate film

me

Aluminum surface

Fig. 7 Mechanism for the decrease in the paint
adhesion

5. Improvement in Filiform Corrosion Resistance

Filiform corrosion is one form of atmospheric corrosion
that occurs with painted metals, etc., taking the particular
form of corrosion growing from a damaged area or from
the edge of the paint film in a thread-like form across the
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surface. Filiform corrosion is particularly common with
auminum, and sufficient attention to the phenomenon is
necessary inthebody painting process. External factorsthat
have been reported to influence the appearance and growth
of filiform corrosion include relative humidity, paint
materias, and pigments.® Asmentioned earlier, one method
for improving thefiliform corrosion resistance of aluminum
when using the current zinc phosphate treatment is the
addition of a chromium corrosion-resistant pigment to the
E-coat.

A modéd of filiform corrosion on aluminum has been
presented © (see Fig. 8) in which the tip of the filiform
corrosion (the anodic section) isin an acidic environment,
while the area around the tip (the cathodic section) isin an
akaline environment.

Fig. 9 shows a comparison of the filiform corrosion
resistance between the current zinc phosphate trestment for
hybrid aluminum and steel bodies and the same treatment
with an iron complex compound added. It is clear that the
filiform corrosion resistance was improved by the newly
developed treatment.

Crystaline
corrosion products
Paint film

Gelatinous

Corroded track

We believe this improvement is due to the increased
coverage of the zinc phosphate film causing the anodic
section to be neutralized by the film according to the
following formula, leading to suppression of the anodic
reaction:

Zn,(PO,), - 4H,0 (Hopeite) + 6H*
— 3Zm** + 2H PO, + 4H,0

Thefiliform corrosion resistance was also improved by
increasing the concentration of Mn in the zinc phosphate
solution. We believe that increasing the amount of Mn in
the film by increasing the concentration of Mn improved

n0r
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2
5 60
é’ O 6xxx Aluminum alloy A (sanded area)
8 50r1
2 B 6xxx Aluminum alloy B (sanded area)
ey
S 401
Q
S 30f
[%2]
o
S 20r
£
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Mn: 800ppm Mn: 800ppm Mn: 1300ppm
Fig. 9 Evaluation of filiform corrosion for each

treatment

Table 2 Relationship between the concentration of
Mn ions and alkaline resistance properties

Anode reaction : Al - AP* + 3e” ] ] o )
AP + 31,0 - AIOH). + 3H* Concentration of Mn Dissolved weight in alkaline
20 = AllOH)s (ppm) (g/m?)
Cathode reaction: H*+e —H
H,O+e — OH +H 800 02036
2H,0 + O + 4e” — 40H
1300 0.0643
Fig. 8 Mechanism of filiform corrosion
Current zinc phosphate treatment system
Degrease Water Conditioner Zinc Water Chromium DI water E-coat
rinse phosphate rinse rinse rinse with Cr
treatment
Remove Cr| |
. by ion
New zinc phosphate treatment system exchange
Degrease Water Conditioner New zinc Water DI water E-coat
rinse phosphate rinse rinse w/o Cr
treatment
Fig. 10 New zinc phosphate treatment process
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the akaline-resistant property of the film, thus suppressing
thefiliform corrosion.

Table 2 shows the relationship between the
concentration of Mn and the alkaline-resistant property of
the zinc phosphate film.

The results of this study indicate that it is possible to
obtain sufficient water and filiform corrosion resistancefrom
body paint without the use of chromium. The removal of
chromium from the painting process will contribute to a
reduction in environmentally harmful substances. Fig. 10
shows an outline of the surface treatment systems.

6. Conclusion

In addition to the currently used fluorine ions, an iron
complex compound wasintroduced as an additiveto thezinc
phosphate treatment for hybrid aluminum and steel bodies
to increase reactivity. We aso conducted studies on the
concentration of Mn that would be required to improve the
film.

(2) The addition of theiron complex compound accelerated
the zinc phosphate preci pitation reaction, thusimproving
the coverage of the phosphate film on aluminum. This
enabled the zinc phosphate film to be precipitated on to
sanded areas which has been difficult with the current
treatment.

(2) Thus, it was possible to suppressthe precipitation of Al-
F compounds, which negatively affect paint film
adhesion, and to ensure sufficient water resistance
without a post-treatment chromium rinse. The filiform
corrosion resistance was also improved in comparison
with the current treatment.

(3) We obtained a zinc phosphate film with superior
alkaline-resistant properties by increasing the
concentration of Mn in the treatment solution.

(4) These results make it clear that it is possible to ensure
sufficient filiform corrosion resistance without the
addition of a chromium corrosion-resistant pigment to
the E-coat.
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Neuenahr, Germany) and Friction Material
Oct. 31, 2000 | JAST/Synopses of the | On Characterizing CVT | Shigeru Kanehara Tochigi R&D Center
International Tribology | Fluids by Means of the | Toru Fujii Doshisha University
Conference 2000 Mean Coefficient of Osamu Fujimura Doshisha University
(Nagasaki) Friction for CVT Using | Ryuhel Kataoka Doshisha University
Metal V-belts
JAST/Proceedings of | On Characterizing CVT | Shigeru Kanehara Tochigi R&D Center
the International Fluids by Means of the | Toru Fujii Doshisha University
Tribology Conference | Mean Coefficient of Osamu Fujimura Doshisha University
2000 Friction for CVT Using | Ryuhei Kataoka Doshisha University
Metal V-belts
Nov. 1, 2000 | JSAE/JSAE Review Introduction to the Takashi Sasaki Tochigi R&D Center
\ol.21, No.4 Optically Accessible Kazuo Y oshida Tochigi R&D Center
Engine for Investigation | Yasuhiro Urata Tochigi R&D Center
of In-Cylinder Kiyoshi Ishii Tochigi R&D Center
Phenomena
Development of Masaaki Saito Tochigi R&D Center
Aluminum Body for the | Shuichiro lwatsuki Tochigi R&D Center
Most Fuel Efficient Kunihiro Y asunaga Tochigi R&D Center
Vehicle Kimitaka Ando Tochigi R&D Center
Stereo Vision Sensor Hiromitsu Yuhara Tochigi R&D Center
Akira Terauchi Tochigi R&D Center
Masakazu Saka Tochigi R&D Center
Masayuki Habaguchi | Honda R&D Americas
Makoto Kawai Tochigi R&D Center
Japan Society of Waste| Evaluation of the Effect | Minoru Makuta Tochigi R&D Center

Management Experts/
The Journal of
Materials Cycles and
Waste Management
\ol.2, No.2

of Automotive Bum per
Recycling by Life-Cycle
Inventory Anaysis

Yuichi Moriguchi

Yasoi Yasuda
Shigeho Sueno

National Institute for

Environmental Studies
University of Tsukuba
University of Tsukuba




Date Conference Title Author Organization
Nov. 4, 2000 | SOCIETY FOR STUDIES ON Hideaki Ono Wako Research Center
NEUROSCIENCE EXPERIENCE Hitoshi Yamada Brain-Operative Device Lab.,
2000 ABSTRACT DEPENDENT Brainway Group, Brain
FORM (New Orleans | LEARNING FOR Science Institute, RIKEN
USA) RELATIONSHIP Y ohane Takeuchi Brain-Operative Device Lab.,
BETWEEN SIGNS Brainway Group, Brain
AND LOCATIONS Science Institute, RIKEN
WITH A ROBOT Takashi Tominaga Brain-Operative Device Lab.,
Brainway Group, Brain
Science Institute, RIKEN
Tadahide Kato Brain-Operative Device Lab.,
Brainway Group, Brain
Science Institute, RIKEN
Gen Matsumoto Brain-Operative Device Lab.,
Brainway Group, Brain
Science Institute, RIKEN
Michinori Ichikawa Brain-Operative Device Lab.,
Brainway Group, Brain
Science Institute, RIKEN
Nov. 6-8, 2000 | STAPP Advisory Development and Y uukou Takahashi Tochigi R&D Center
Committee/44th Vadlidation of the Finite | Yuji Kikuchi Tochigi R&D Center
STAPP Car Crash Element Model for the | Atsuhiro Kounosu Japan Automobile Research
Conference STAPP Car| Human Lower Limb of Institute
Crash Journal, Vol.44 | Pedestrians Hirotoshi Ishikawa Japan Automobile Research
(Atlanta, USA) Institute
Nov. 6-9, 2000 | VERTIS/7th World Intelligent Technologies | Nobuyoshi Asanuma | Tochigi R&D Center
Congress on Intelligent| of ASV (The Research | Makoto Kawai Tochigi R&D Center
Transport Systems and Development of Akio Takahashi Tochigi R&D Center
(Turin, Italy) ASV-2 in Honda) Ryoichi Shigenari Asaka R&D Center
Kazuo Ochi Asaka R&D Center
Vision Sensing in the Hiromitsu Y uhara Tochigi R&D Center
City Traffic Masakazu Saka Tochigi R&D Center
Morimichi Nishigaki | Tochigi R&D Center
Tomoyoshi Aoki Tochigi R&D Center
Effects of Intelligent Y oshimi Furukawa Tochigi R&D Center
Drive Assist Control Masato Abe Kanagawa | nstitute of
System on Driver Technology
Control Performance
from the View Point of
Active Safety
Evaluation of Driver Shinnosuke Ishida Tochigi R&D Center
Assistance System Jun Tanaka Tochigi R&D Center
Satoshi Kondo Tochigi R&D Center
Hiroyuki Kawagoe Tochigi R&D Center
Nov. 15-17, | Mechanical Dynamics | Simulation of metal Ken Kanokogi Tochigi R&D Center
2000 | Italy sr.l,/15th pushing type v-belt for | Hiroaki Hoshino Mechanical Dynamics Japan
ADAMS European CVT KK.
User Conferrence Hideaki Y oshida Tochigi R&D Center
(Rome, Italy) Hirofumi Akagi Tochigi R&D Center
Nov. 16-17, | ESI/PAM Users Development of a Finite | Yuji Kikuchi Tochigi R&D Center
2000 | Conferencein Element Model for the | Yuukou Takahashi Tochigi R&D Center

Asia2000, PUCA MM
(Tokyo)

Anaysis of Lower Limb
Injuries in Pedestrians

Atsuhiro Kounosu

Hirotoshi Ishikawa

Japan Automobile Research
Institute
Japan Automobile Research
Institute




Date Conference Title Author Organization
Nov. 17, 2000 [ ICONIP-2000 7th Evolution of Adaptive Martin Kreutz University Dortmund
International Nonlinear Models AnjaM. Busse Ruhr-University Bochum
Conference on Neura Bernhard Sendhoff Honda R&D Europe
Information Processing
Evolutionary Michael Husken Ruhr-University Bochum
Optimization for Bernhard Sendhoff Honda R&D Europe
Problem Classes with Edgar Korner Honda R&D Europe
Lamarckian Inheritance
On the Intergration of Bernhard Sendhoff Honda R&D Europe
Biological Constraints Ursula Korner Honda R&D Europe
into the Evolution of
Artificial Neural
Systems
Dec. 4, 2000 | MOVIC2000 Development of Active | Hisashi Sano Tochigi R&D Center
CommitteessMOTION | Control System for Low | Akira Takahashi Tochigi R&D Center
and VIBRATION Frequency Road Noise | Toshio Inoue Tochigi R&D Center
CONTROL 2000 Inside Automobiles Tsuyoshi Yamashita Tochigi R&D Center
(Sydney, Australia) Combined with Audio Kenichi Terai Matsushita Electric Industrial
System Co.,Ltd.
Y oshio Nakamura Matsushita Electronic
Components Co., Ltd.
Numecadl International/ | Stage Analysis of Naoki Kuno Wako Research Center
NUMECA Turbine Kouji Murata Wako Research Center
WORLDWIDE USER Toyotaka Sonoda Wako Research Center
MEETING (Brussdls,
Belgium)
Dec. 7-8, 2000 | Technische Akademie | Honda s Current and Tomohiko Kawanabe | Tochigi R&D Center
Esslingen/Technical Future Engine Kaoru Horie Tochigi R&D Center
Academy Symposium | Technologies. Asa

(Ostfildern, Germany)

Solution to the Global
Environmental Problems




Editor's Notes

As is only appropriate at the start of the 21st century, this edition of the Technical Review begins with
technology related to “ASIMO.” Papers on robotic technology have been suggested as candidates for
inclusion in the Review numerous times in the past, but somehow it never occurred. However, the
contributions we assembled for this issue convinced us that the time was right.

The Technical Review came into being in the latter half of the 20th century, and as the quality and
guantity of the papers has grown, it moves into the 21st century with a continued broadening of its
missions. One of these missions has been to produce English translations of all the technical papers
and introductions of new technologies from 2000 forward. Providing access to these papers from the
homepage of the Technology and Information Department has allowed them to be used as reference
materials by a greater number of researchers at Honda’s domestic and overseas research centers, a
system which is showing clear results.

In addition, objective third-party evaluations of the quality are increasingly high. One indication is that
the articles appearing in the Review have a high republication rate in the JSAE Review published by the
Society of Automotive Engineers of Japan, Inc. Our papers are also becoming known as they are
increasingly quoted as references by external organizations. In the same way, opportunities to make
presentations based on articles and papers from the Honda Technical Review at international
conferences and domestic academic meetings are increasing.

We have been publishing the Technical Review twice a year since 1999. If we can say that this is an
established publication based on this increase in paper quantity, we can also say that the positive
evaluations from outside the company are proof of improvements in quality. The Review is a forum for
presenting our engineer’s research, the results of this research and the subsequent contributions Honda
makes to society. The expectations of the journal continue to grow as one of Honda R&D’s missions. We

hope that you will continue to actively utilize the Review as a corporate and personal resource.

(Noboru Sato: Tochigi R&D Center)
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