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ABSTRACT

Aninductive charger and automatic connecting unit have been devel oped to charge the two-seater electric vehicle“ICVS-
City Pal”. Inductive charge coupling isaccomplishedinjust oneaction, that is, by placing aconvex cylinder shaped inductive
charge coupler into a concave shaped inlet. The automatic connecting unit employs a multi-joint robot arm structure to
smoothly connect the unit to the City Pal regardless of dlight variations in stopping position.

1. Introduction

Tests of the futuristic Honda ICVS® joint utilization-
type regional transportation system began in October 1998
at the“Twin Ring Motegi” speedway located in the town of
Motegi in Tochigi prefecture. During the course of that tests,
the City Pal, a two-passenger electric vehicle, was driven
with the aim of becoming a next-generation commuter
vehicle.

ThisCity Pal allowsautomatic parking and pickup before
leasing and after return within an unmanned driving area?.
In addition, asthe battery capacity of the City Pal decreases,
it automatically moves to a stopping position for charging
to be charged by an automatic charging unit. These units
are installed and operated at two locations, the south gate
port within the Twin Ring Motegi speedway and in front of
theHotel Twin Ring. Fig.1 illustratestheinductive charger
and automatic connecting unit.

Fig.1 Inductive charger and automatic connecting unit
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This paper provides an explanation of the overall
configuration of the automatic charging system, the structure
and functions of the inductive charger and automatic
connecting unit, and the operating sequence. This paper
also clarifies the performance of the inductive charger and
automatic connecting unit.

2. Automatic Charging Technology

2.1. Automatic Charging of the City Pal

The automatic charging technology for the City Pal was
designed to attain a high charging rate and to operate
unmanned. Described next are the automatic charger and
connecting system for the automatic charging unit.

2.2. Automatic Connecting

In order to chargean electric vehicle (EV), it isnecessary
to connect the charging port (charging inlet) of the EV with
the charge coupler on the charger.

Automatic charging requires the charging inlet and
charge coupler to be moved automatically within the
connectable range.

The City Pal can move to a stopping position within an
unmanned port automatically and achieve consistent
stopping position accuracy. In addition, the charge coupler
can move within athree-dimensional envelope defined by a
robot arm. After the City Pal has stopped, the charge coupler
moves to a position close to the charging inlet and is then
connected, after which charging of the City Pal begins.

2.3. Structure and Characteristics of the Automatic
Charging Unit
2.3.1. Arrangement of Charging Inlet and Automatic
Charging Unit
e Although conventional automatic charging frequently
involves connecting beneath the floor,® the City Pal has
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a charging inlet on the side of the vehicle, thereby
facilitating manual charging as well.

The automatic charging unit can be installed above the
road, enabling construction costs to be reduced by
eliminating the need for embedding work.

Since arranging the charging inlet on the side of the
vehicleinstead of underneath thefloor resultsinlessrisk
of contamination by rain and mud, the performance is
stable and reliability is high.

2.3.2. Structure of the Automatic Connecting Unit
The automatic connecting unit comprises a biaxial
horizontal multi-joint mechanism, a vertical movement
mechanism and a bal ancer mechanism (see Fig.7), thus
eliminating the need for a position holding force. This
structure enablesthe unit to follow changesinavehicle' s
stopping position and maintain the connection during
charging. Further, the automatic connecting unit can be
easily disconnected during a power outage, malfunction
and so forth.

Connection can be performed with thedriving force of a
small servo motor.

The latching mechanism on the charge coupler conserves
energy, even when charging for several hours, because
no energy is required to maintain the holding position.

2.3.3. Horizontal Multi-joint Structure

Two axes of movement are provided for the horizontal
multiple joints of the robot arm to enable the charge
coupler to move freely within the horizontal plane,
making it possible to set a wide operating range for
connection.

The joints in the robot arm allow it to be folded into a
compact shape when stowed, enabling the automatic
charging unit to be installed in parking lots where there
islittle free space.

The charging cable runs along the robot arm, so the
problem of cable slack does not occur.

2.3.4. Inductive Charging System
The charger employs an inductive charging system. As

shown in Fig.2, this inductive charging system uses

%
|
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Inductive charging structure

electromagnetic induction to transfer electrical power
through a magnetic coupling between a primary coil at the
end of the charging cable and asecondary coail inthecharging
inlet.® Since there is no direct connection of electrical
contacts with this system, the charge coupler and charging
inlet can be easily connected and made waterproof for
outdoor use.

3. Automatic Charging Unit for the City Pal

3.1. Installation Sites

As shown in Fig.3, inductive chargers and automatic
connecting unitswereinstalled at the South Gate of the Twin
Ring Motegi speedway and in front of the Hotel Twin Ring.
Automatic parking at return and delivery to the collection
point as well as platooning®? of the City Pal mainly took
place at the South Gate, with automatic charging was also
provided there. Views of theinstallation sites are shownin
Figs.4 and 5.

HOTEL TWIN RING

Hotel Port

Fan Fun Lab. Port
HONDA Fan Fun Lab.
South Gate Port

HONDA Collection Hall

Fig.3 Automatic charger installation locations
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Fig.5 Hotel Port

3.2. Design Concept

The |ICVSdesign concept isbased on acircle. Sincethe
ICVS project involves numerous sectors throughout the
company, an overall design was employed that strongly
reflects the design image of each sector. The inductive
charger and automatic connecting unit also incorporate this
design concept of acircle.

The housing of the arm coversthe complex moving joints
and cable. Although the cableis completely covered, there
issufficient free space for its movement within the housing.

In order to foster a sense of integration with the
connecting unit and other ICV S, the automatic charger was
designed while taking into consideration the height of the
connecting unit in the standby condition. The shapeisbased
on acircle motif, and a gray housing makes the exterior of
both the automatic charger and connecting unit appear
smaller. The result emphasizes that the two machines are
part of asingle system. Fig.6 showsimage sketches of the
automatic charger before devel opment.

During the course of this development, studies were

Fig.6 Sketched image of automatic charger

conducted on the component shapesand internal arrangement
of the automatic charging unit based on theseimage sketches.
The inductive charger made it possible to save space when
arranging the internal components. The automatic
connecting unit was given along vertical shapefor stacking
the internal components that closely matches the sketched
image.

3.3. System Configuration
A block diagram of the ICV S automatic charging system
isshownin Fig.7.
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Fig.7 Automatic charging system structure

3.4. System Components

A description of the system components and their
functions follows.
(1) Port Controller

The port controller controls the opening and closing of
thelid, the starting of the connection and the interruption of
charging, and it sends out status request commands when a
vehicle is being automatically charged at the port.
(2) Inductive Automatic Charger

Theinductive automatic charger is connected to the port
controller by an RS422A line resistant to external
interference, and performs charging according to charging
commands from the port controller. The power circuit
converts AC 200 V to 100 kHz high-frequency power to
generate an output of 6 kW. Thischarger containscontrollers
for charging and for the connecting unit.
(3) Connecting Unit

The connecting unit is a horizontal biaxial and vertical
uniaxia horizontal multi-joint robot with a charge coupler
mounted on the end of the robot arm. This unit has an
ultrasonic sensor for detecting the presence of avehicleand
measuring the relative distance, and a balance weight for
maintaining position when the servo is off.
(4) Charge coupler®

As shown in Fig.8, the charge coupler has a primary
coil around the outside of a cylindrical ferrite core. An
infrared photoelectric sensor for detecting the location of
the charging inlet on the side of the vehicle, and a light-
receiving element for two-way optical communication

- 3-
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between the charger and vehicle are mounted on the surface
of the charge coupler. The charge coupler contains a small
motorized fan that provides forced air cooling from the
charge coupler to the charging inlet. A microswitch for
detecting connection with the charging inlet isinstalled on
the rear end of the charge coupler support shaft. The
periphery of the charge coupler is provided with a latch to
prevent disconnection by external factors during charging.

(5) Charging Inlet

Thecharginginlet hasasecondary coil around theinside
of the core. During connection, the overlapping coil
arrangement resultsin alarge coupling coefficient between
the primary and secondary sides. The power transfer
efficiency is 99.6%. A reflecting plate for the infrared
photoelectric sensor, a light-receiving element for optical
communication, and a microswitch to detect the connected
condition are installed on the surface of the charging inlet.
(6) Coupler Cover

This covers the charge coupler when not connected to
protect it from the effects of water and dust. During the
connecting operation, the cover is open and closed by the
coupler cover drive motor that operates through a crossed
helical gearbox. It also has aretracting function.

(7) Rectifier

Therectifier rectifiesthe high-frequency power supplied
through the charge coupler and charging inlet, and converts
it to direct current power for charging the battery.

(8) Motorized Charging Lid

The lid protects against the ingress of rain and mud,
damage caused by flying stones and tampering. Thislidis
motorized, and isautomatically opened and closed according
to a command from the IV ECU in coordination with the
start and end of charging.

(9) Manual Lid Switch

Thelid can be opened and cl osed during manual charging
by the manual lid switch located in the floor of the trunk.
(10) IV ECU (Intelligent Vehicle ECU)

This controls all of the vehicle operation systems,
including automatic charging. It aso controlsmotorized lid
opening and closing commands as well as charging request
commands sent to the port controller.

(12) PT ECU (Power Train ECU)

This performs overall control of the EV drive system

and battery management. When the residual battery charge

becomeslow, acommand prompting charging is sent to the
port controller through the IV ECU. In addition, this also
checksthetemperature of the charge coupler and rectifier to
monitor any abnormalities.
(12) Batteries®

Twenty-four 50 Ah Ni-MH batteries are used to generate
atotal voltage of DC 288 V. Thetotal battery weight is 250
kg.
(13) Balance Weight

The weight of the arm and charge coupler are balanced
by two equal weightsinstalled inside the connecting unit to
enable a small servo motor to be used.

3.5. Operating Sequence of the Automatic
Connecting Unit
A detailed description of the operating sequence of the
connecting unit during automatic charging is provided next.
3.5.1. Measurement of the Relative Distance
» Thecharging lid opens in response to a charge reguest
from the port controller.
e The automatic connecting unit rises from the standby
position (see Fig.9) to the operation reference position.
» The relative distance between the vehicle and the
connecting unit is then measured at that position by an
ultrasonic sensor.

Fig.9 Stand-by posture

3.5.2. Opening Operation of the Coupler Cover

» Thecoupler cover that protectsthe charge coupler during
standby opens automatically.

* Thecoupler cover can be retracted by a crossed helica
gear, and it is housed in the upper portion of the
connecting unit.

3.5.3. Search Operation for the Charge Coupler

» The charge coupler moves to the charging inlet search
starting position according to the measured relative
distance between the vehicle and the connecting unit.

e The charge coupler begins a search sweep at the rate of
200 mm/s in front and behind the vehicle while
maintaining a fixed distance between itself and the
vehicle so as not to interfere with the charging lid (see
Fig.10). Theapproximate location of the charging inlet
reflecting plate is detected by an infrared photoelectric
sensor installed on the front of the charge coupler.

» The charge coupler then moves to a position roughly
corresponding to thelocation of thereflecting platewhile
maintaining afixed distance from the vehicle.

» A precision search sweep is then performed at the rate
of 20 mm/s to determine the planar coordinates of the
reflecting plate.

—4 -
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Fig.10 Search action

3.5.4. Connecting Operation

e After the charge coupler position has been corrected by
the amount of offset from the center line between the
location of the reflecting plate and the charging inlet, it
approaches the charging inlet at the rate of 200 mm/s.

¢ The charge coupler slows down to a speed of 20 mm/s
about 50 mm in front of the position where it connects
with the charging inlet, after which the charge coupler
and charging inlet are connected.

e This action activates the connecting switch on the
charging inlet to inform the vehicle that connection has
been completed.

3.5.5. Swinging of the Charge Coupler and
Completion of Connection

¢ When the charge coupler is pushed in towards the
charging inlet by the servo motor (see Fig.11), the
bearing of the charge coupler is disengaged from the
fixing shaft to enable the charge coupler, which had
previously been fixed on the arm, to move freely.

* Thefreed charge coupler isthen connected at the correct
angle to the vehicle and securely locked to the charging
inlet.

¢ At the same time, the center shaft that has been pushed
in by the charge coupler depresses the charge coupler
limit switch, and the resulting signal interrupts movement
of the charge coupler while simultaneously freeing up
the servo.

e Thecharge coupler isfinally stabilized by theresistance
of the robot arm while inserted into the charging inlet.
This completes the connecting operation and charging
then starts.

-

Fig.11 Connecting action

4. Performance of the Automatic Charging Device

4.1. Inductive Charger
Fig.12 shows the charging output characteristics of the
inductive charger.
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Fig.12 Characteristics of inductive charger for City Pal

A charging output of 6 kW is achieved with a battery
voltage of DC 335 V or higher. As aresult of this high
output, the capacity of the City Pal Ni-MH batteries can be
charged from 20% to 100% in roughly 2 hours. A high
vehicle operating efficiency can be achieved as a result of
this short charging time. The charging efficiency is87% or
better over nearly the entire range of the battery working
voltage, whichishigher than thefigurefor conventional on-
board chargers.

On the other hand, the power factor is of the order of
0.85, which is somewhat lower than the figure for
conventional chargers. This has resulted from the priority
placed on minimizing the size of the charger, but can be
improved by adding a power factor improvement circuit in
the future.

4.2. Automatic Connecting Unit

Charging by the automatic charging device can be
performed when the charging inlet installed inside the
motorized lid of aCity Pal parked at the automatic charging
port is within range of the defined three-dimensional stop
position. The conventionsfront and rear of the vehicle, left
and right, up and down, and the pitch, yaw and roll angles
are defined as shown in Fig.13.

The allowable ranges for the relative position and
connection angle between the charge coupler and charging
inlet within which automatic connection is possible are
shownin Table 1 and Fig.14. The actual measured values
are also shown. Thisdevice has been demonstrated to have
aleve of performancethat is morethan adequatefor practical
use based on the allowable ranges and measured values.

Righ
Roll angle

Front Down

Fig.13 Definitions of directions and angles
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Table 1 Test data of automatic connecting unit
Connectaple range of | Automatic stoppable
Items automatic connect range of City-Pal
unit itself
Front-rear +134mm 7 mm
-20
Difference . +5
3 mm
of relative | Leftright +125mm 37
position a
Up-down + 40mm 2 mm
+0.5°
+ 5e
Roll angle 250
Difference 05
of Pitch angl + 50 0.5
connected lich angle 5 -1.5°
angle
Yaw angle + 5o +0.16°

+134mm

''''' +40mm

+125mm

Black frame: Connectable range of automatic connecting unit itself
Yellow frame: Automatic stoppable range of City-Pal
Red point: Ideal center point of connect

Fig.14 Test results for connectable range

5. Conclusion

An automatic charging system was devel oped that uses
an inductive charger and automatic connecting unit. The
following results were achieved through this devel opment.
e The use of an inductive charging system enabled a

cylindrical shape to be adopted for the charge coupler

and charginginlet. Thisallowsconnectionto beachieved
in a single operation to provide contact between the
charge coupler and charging inlet.

* The use of a horizontal biaxial and vertical uniaxial
horizontal multi-joint robot arm for the automatic
connecting unit allows connection to be made regardless
of dight variationsin stopping positions of the City Pal
without causing practical problems.

These achievements have made it possible to minimize
the charging time for the City Pal, maximize operating
efficiency and allow unmanned operation.

6. Prospects

When considering the ideal form of automatic charging
in the future, there are still many problems that must be
overcometo adapt the method to manual operation for home
use due to the allowable range of stopping position.

When considering the development of electric vehicles
inthenear future, it is predicted that the charging equipment
will useahigher power level and belarger in sizeto provide
high-speed charging of vehicles with agreater travel range,

and there will likely be aneed for automatic charging based
on these requirements. It will be necessary to conduct more
studies on practical automatic charging systems that are
compatible with manual operation.
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ABSTRACT

A motor-assist system has been developed and employed for the ‘Insight’ hybrid car. The system consists of an internal
combustion engine as a primary power source, and a motor placed around the engine crankshaft. This construction is highly

compact and offers more flexibility for a power plant layout.

The system’ s functions include absorption of braking energy, idling-stop, driving power assistance, and power supply for
the 12V electrical system. A proper energy management method for various driving modes has been established by combining
thesefunctionsand fuel economy issignificantly improved asaresult. Other control featuresinclude, an active motor vibration
control, which compensates for idling vibration that is unique to 3-cylinder engine, and sophisticated transient torque control
between assist and regenerating modes, which harmonizesthe characteristics of the two power sourcesto ensure better driving

comfort.

1. Introduction

Automotive emissions reduction as ameans of reducing
the greenhouse gas carbon dioxide (CO,) is an important
issuefacing the automobileindustry. One approach takento
achieve this goal is to improve fuel economy with hybrid
power plants, which combine an engine with an electric
motor. During braking, a conventional gasoline engine
wastes the vehicle' s motion energy by converting it to heat
energy viathe brakes. Fuel economy isalso lowered by fuel
consumption during idling.

A hybrid system, in contrast, is capable of:

« Recovering braking energy

* |dle-stopping and restarting with the motor

* Highly efficient recharging and assistance

Various types of hybrid systems have been proposed,
such as the series type, which, based on the electric
automobile, uses the engine to generate electric power; the
parallel type, which centers on the engine and uses a motor
for auxiliary power; and, other designs that strive for an
intermediate approach®®,

2. The Goals of Development

Although capable of using energy effectively as stated
above, a hybrid car can also have lower fuel economy due
to increased system weight.

To achieve a proper balance between the effective use
of energy and weight, the authors devel oped ahybrid system
dubbed Integrated Motor Assist (IMA).

Other objectives are to ensure smooth driving by
harmonizing the two driving power supplies, achieve a

* Tochigi R&D Center

superior idle-stopping feature that ensures smooth restarting,
and constructing system control that makes maximum use
of energy.

3. System Configuration

In developing the system, three major points were
emphasized regarding system configuration, component
layout, and component design.

First, because of body shape restrictions, a compact
component layout and thorough system streamlining were
needed to achieve the enhanced aerodynamic performance
necessary to improve fuel economy.

Second, decreasing the weight of the components
themselves was necessary to improve fuel economy.

Third, the high-voltage system necessitated measuresthat
would assure safety (e.g., prevent electrocution) not only
during normal use but aso during maintenance and in the
event of collision.

To meet these requirements by keeping wiring as short
as possible and thereby assuring high-voltage safety, the
Integrated Power control Unit (IPU), as shown in Figs.1
and 2 was placed outside of the crushable zone, concentrating
the high-voltage componentsin the vehicle rear.

The cooling system chosen for inside the IPU employsa
lightweight forced-air cooling system rather than water
cooling, and features cooling passages that are designed to
minimi ze passage resistance and to prevent the entry of water
and such.

The motor developed is a thin motor designed to be
placed around the crankshaft, between the engine and the
transmission.
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Fig.2 IPU component

3.1. The Engine

As the primary power source, the engine incorporates
numerous new technologies designed to improve fuel
economy®,

Thislean-burn engine has a 1.0-liter displacement. A 3-
cylinder design was chosen in order to reduce mechanical
loss and such. To improve combustion efficiency, existing
VTEC lean-burn technology was given a further evolved
combustion chamber shape.

Other weight reducing technologies adopted include a
magnesium oil pan, the use of resinin such partsastheintake
manifold and headlight cover, and an aluminum exhaust
manifold integrated with the cylinder heads.

3.2. The Motor

An alternating current synchronous (DC brushl ess) motor
was chosen for its superior efficiency. Bearings were
eliminated from the design to reduce mechanical loss, and
the motor was placed around the engine crankshaft to ensure
compactness.

To achieve power performance comparable to that of a
1.5-liter gasoline engine-equipped automobile, motor output
in the assist mode provides a maximum torque of 49 Nm at

1000 rpm and maximum power of 10 kW at 3000 rpm (Table
1). Tofitinside the engine room, the engine was made more
compact, while the motor was equipped with high-thermal-
resistance neodymium magnets to fit in the 60-mm-wide
space between the engine and transmission - highly severe
thermal conditions. Natural air cooling is used.

Table 1 IMA specifications

Engine specifications

Construction Liquid-cooled 3-cylinder in-line
Valve train Chain-driven SOHC 2intake/2 exhaust valves
Capacity (cc) 995
Bore x Stroke (mm) 72.0x81.5
Compression ratio 10.8
Max. power (PS/rpm) 70/6700
Max. torque (kgm/rpm) 9.4/4800
Motor specifications
Electric current AC
Rated voltage (V) 144

10.0/3000 (MT)
9.2/2000 (CVT)
49.0/1000

Max. power (KW/rpm)

Max. torque (Nm/rpm)

- )

Fig.3 IMA motor

3.3 The Battery

The battery used is a custom Ni-MH battery for hybrid
vehicles (Table 2 and Fig.4). It is designed for use under
various conditions, and was provided with the optimum
battery capacity for the electric energy of motor assistance
and regeneration.

The fan motor used to cool and warm up the battery isa
brushless type that assures maintainability and reduces
onboard noiselevels. Thisswitchable motor hastwo speeds:
high and low.

Mounted atop the battery box is an Electronic Control
Unit (ECU) that controls the motor and monitors remaining

battery capacity.

Table 2 Battery specifications
Type Nickel metal hydride (Ni-MH)
Cell voltage V) 1.2
Quantity (cells) 120 (6cells x 20modules)

Connecting method In series

Capacity (Ah)

6.5 (3-hour discharge rate)
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Motor ECU

Battery ECU

Battery box

Fig.4 Battery box assembly

3.4 The Power Control Unit

The power control unit comprisesahigh-efficiency drive
and regeneration Power Drive Unit (PDU) and a DC-DC
step-down converter for 12V power supply generation, both
located on either side of the cooling heat sink case (Fig.5).
This forced air cooled structure enables a compact design
and high-efficiency cooling.

The PDU is also made even more compact and
lightweight by integrating six motor power switching
elementsinto asingle module.

Fig.5 PCU (Power Control Unit)

3.5. ECUs

Enhancements such as a magnesium frame make the
motor ECU and battery ECU approximately 50% lighter than
an ECU with an aluminum frame.

Together, this compact component layout, decreased
weight component enhancements, and cooling system
streamlining make possible the package shown in Figs.6
and 7. This package helps lower the weight of the entire
IMA system to less than 80 kg, or under 10% of vehicle
weight. Further, concentrating the IPU package in the rear
creates a structure that assures high-voltage safety, evenin
the event of collision.

Fig.6 IMA power unit

Fig.7 Rear layout of IMA system

4. Control System

4.1. Required Functions

The basic functions required by this system are energy
absorption during deceleration, idle-stopping, motor assist
to supplement engine output during acceleration, and
generation of a 12-volt system’ s load.

Other requirements include motor operation that seems
natural to the driver, and the ability to disengage the system
to permit driving on engine power alone in the event of
failure, for instance.

The minimum system configuration needed to achieve
these functionsis shown in Fig.8.

The functions of each ECU are listed below.

PCU 12v
battery
: DC-DC || 12v
Tire converter - load
oo— IMA
battery

Motor

L i

Engine Motor Battery
ECU " ECu ¥ EcCu

Fig.8 IMA System block diagram
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1) Engine ECU

Engine control, control mode determination, assist/
regeneration level calculation, idle-stopping determination,
failure detection, etc.
2) Motor ECU

Motor control (assist/regeneration, engine starting),
control mode determination, high-voltage power distribution
control, battery protection control, idling vibration damping
control, control status indication.

PDU cooling, DC-DC converter cooling, failure
detection, etc.
3) Battery ECU

State Of Charge (SOC, i.e., charge level) calculation,
battery protection requirement output, temperature control,
failure detection, etc.

4.2. Driving Conditions and the Flow of Energy

ThelIMA system determinesthe IMA control mode and
the motor’ s assist or regeneration level according to engine
speed, vehicle speed, throttle opening, gear position, SOC
and other vehicle information.

Theflow of energy inthe IMA system comprises atotal
of six directions (Fig.9).

1) Motor assist

2) IMA battery charging

3) 12V load generation

4) Supplying the 12V load from the IMA battery

5) Supplying the 12V power with the DC-DC converter

6) Supplying the 12V power from the 12V battery

These six directions of energy flow correspond to six
energy patterns, according to driving mode and SOC.

Thelist below explainswhich energy pattern corresponds
to which energy flows.

Pattern 1: Driving the motor with the IMA battery, e.g.,
assist during acceleration and engine starting after idle-
stopping.

.............................................. Energy flows (1), (4), (5)

Pettern 2: Absorption of deceleration energy and charging
during cruising and idling.

.............................................. Energy flows (2), (3), (5)

Pattern 3: Supplying only the DC-DC converter power
(12V system load) when charging of the IMA battery is
unnecessary (e.g., at maximum SOC).

.................................................... Energy flows (3), (5)

Pattern 4: Supplying the 12V system load with the IMA

battery during idle-stopping.
.................................................... Energy flows (4), (5)

Pattern 5: Supplying the 12V load with the 12V battery

when starting the engine with the IMA motor.
.................................................... Energy flows (1), (6)

Pattern 6: Starting the engine with the starter (asin an
ordinary gasoline engine-equipped vehicle) in cases where
gtarting withthe IMA motor isnot possible, e.g., at extremely
low temperatures.

............................................................. Energy flow (6)

PCU .
battery
DC-DC | 2 12v
converter load
-
(5)
(3 (4)
— PDU IMA
- battery
______________________________ (1)
g ——
———
2
(1) 2 (3) (4) (5) (6) E
. nergy
IMA mode Condition Assist MAbattery 12V from 12V from 12V from 12V from pattern
Charging Motor IMA battery DC-DC 12v Battery
1. Assist Normal [ ) [ [ ) Pattern 1
: Low SOC [ ) [ ) Pattern 3
2 Decelerate Normal o [ ] o Pattern 2
' High SOC o [ Pattern 3
3. Cruise Normal ([ ) o Pattern 2
' High SOC o o Pattern 3
) Normal o o Pattern 2
4.1dling X
High SOC [ ) () Pattern 3
5.1dling stop o o Pattern 4
) Ignition ON o [ Pattern 5
6.Engine dli °® ° °
start Idling stop Pattern 1
Starter o Pattern 6
Fig.9 Energy flow of the IMA system
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The energy flow as determined by the driving condition
is displayed on the IMA meter (Fig.10).

The SOC meter displays the battery’s SOC with a 20-
segment display, and the assist/charge meter communi cates
the IMA’s operational statusto the driver by displaying the
assist or charging power in rea time.

237... 1678490
E o 7 B

o

Assist

Fig.10 Hybrid meter

4.3. Energy Management

A hybrid car’s SOC must be maintained within acertain
rangein order for motor driving and regenerationto function.
Tothisend, energy management based on driving conditions
is incorporated as described below to maintain the proper
balance between SOC and driving power/regeneration power
control.
1) Assist/deceleration modes

In the assist and deceleration modes, in which the
vehicle' s driving and braking power is emphasized, power
is provided exactly as requested by the PDU’s DC unit,
regardless of the 12V load level.
2) Cruising/idling modes

In the cruising and idling modes, the battery power
balanceis more important than motor output. Because SOC
variation must be kept to a minimum, the battery input
element’s DC power is controlled. This minimizes battery
charge/dischargeloss so that the motor’ sregenerated power
canbeused for thevehiclesystem’s 12V load. Inthe example
in Fig.11, the charging requirement is 2 kW and DC-DC
converter consumption is 0.5 kW. In this case, feedback is
provided so asto maintain the battery side’ s power at 2 kW,
effectively enabling the motor to generate 2.5 kW of power
and thereby providing the power consumed by the DC-DC
converter.
3) ldle-stopping mode

While the vehicle is stopped, unnecessary fuel
consumption is avoided by stopping the engine rather than
idling. Inthisidle-stopping mode, the IMA battery provides
the power needs for the 12V load through the DC-DC
converter.
4) Engine starting mode

In this mode, the engine is started by the IMA motor

DC-DC ™15y joad
N Engine CONVerter pm
IMA
battery
]
| Engine Motor
ECU [2kw charge ECU
request
Fig.11 Energy flow for conventional electric load

using the regeneration energy that is generated during
deceleration. More durable than the starter motor, the IMA
motor assures faster starting and lower levels of noise and
vibration. Thetorque patternin Fig.12 was adopted to enable
the engineto quickly achieveidling speed. Figs.13 and 14,
which show how engine speed rises after a cold start with

9

€8 N

4 AN

© AN

S5 N

24

S AN

=3 N

22 \\

S1

0
0 200 400 600 800 1000 1200 1400
Engine revolution (rpm)
Fig.12 IMA motor torque at engine start

= 2000
=
= 1500 —
£ /
=]
S 1000
e
© 500 =l
5 r\J’r
w 0

0 0.5 1 1.5 2 25 3
Time (sec)

Fig.13 Engine revolution chart (starter motor)

2000

1500

1000 el

i
500

0

Engine revolution (rpm)

0 0.5 1 15 2 25 3
Time (sec)

Fig.14 Engine revolution chart (IMA motor)
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the starter motor and IMA motor, demonstrate how the IMA
motor iscapable of smooth engine restart after idle-stopping.

4.4. Motor Output Control

Improving the controllability of vehicle movement
requires sufficient responsiveness and stability in motor
output control. Although required output depends on such
factors as vehicle speed, engine speed, and SOC, the actual
command value is calculated by switching between open
control and feedback control, taking into account thefidelity
of the motor’s actual output.

As Fig.15 shows, when the difference between current
actual output and required output is large, open control is
initiated to provide alarger change in torque per unit time.
This is continued until the predetermined differential is
reached, after which power feedback control, which also
includesthe DC-DC converter, iscarried out until the target
valueis achieved.

Open Feedback == Required power

control  control —— Actual power

T [ G

5]

S

o)
o

0

-—>
Time

Fig.15 Method of torque feedback

In feedback control, feedback gain is also changed
according to the degree of changein the requested output. A
large changeisinterpreted asatransient state, and feedback
gain isincreased to improve responsiveness.

In times other than when the transient state has been
identified, feedback processing functionsto adjust feedback
gain according to the control mode (e.g., deceleration, assist,
cruising, idle) asshownin Table 3, thus stabilizing vehicle
movement.

Table 3 Feedback gain of control mode

Control
mode . . . .
Gain Deceleration|  Assist Cruise Idling
Gain of
proportional Kpl Kp2 Kp3 Kp4
control
Gain of integral . . . .
control Kil Ki2 Ki3 Ki4
- AN A _
hd
High Middle Low

5. Using Motor Control to Damp Idling Vibration

The Insight’s 3-cylinder engine generates vibration of
nth order x 1 1/2 of engine speed. Therefore, theIMA system,
taking advantage of the fact that the motor is placed around
the engine crankshaft, counters this 1.5-order vibration,
which isthe primary component of vibration, by applying a
torquewhose phaseisreversed relative to thistorque, thereby
damping vehicle vibration during idling (Fig.16). This
processis referred to as damping control.

Without contrpl

Crankshaft m /‘\ i
torque 7y B f \_/

“With control

Motor Regeneratmegeneraty\
torque . .
g \/ Drive \/ Drive

Fig.16 Principle of damping control

The example in Fig.17 gives actual engine torque, its
1.5-order component, and thetorqueto apply during damping
control. This demonstrates how it is possible to use motor
torqueto cancel out 1.5-order vibration, whichisthe primary
component of 3-cylinder engine vibration.

Damping control determines torque phase according to
the parameters of engineload and speed, using theengine's
top dead point signal as a benchmark. The amplitude of the
torque to apply is similarly determined according to the
parameters of engine load and speed.

Crankshaft torque
o

— Engine torque
— Engine torque (1.5th order)
— Motor torque

Crank angle [deg]

Fig.17 Example of engine and motor torque

Generating the waveform of the torque to apply requires
crankshaft angle information, which is obtained from the
top dead point signal.

Thetorque used in damping control and the regeneration
torque used for battery charging are superimposed when they
are output. Thisrelationship is shown in Fig.18; the effects
of damping control, in Table 4.
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vyvy

TDC sensor Calculate
signal crank angle
Engine
y q Calculate
load
torque phase
—» for damping control
> Calculate
Engine - ftogque amplitude |
speed » for damping contro

Motor output

o output torque

Calculate
output torque
for damping control
Output
torque

Calculate

command

for
assist and regenerate

Fig.18 Block diagram of damping control

Table 4 Effect of damping control

Measuring point Effect of damping control

Vibration of steering wheel —-3dB
Vibration of seat -5dB

Sound pressure
of vehicle compartment

-5dB

6. Ensuring Battery Longevity

A battery’s SOC, voltage, and temperature must be
maintained within their predetermined limits during actual
usein order to ensure battery longevity.

The IMA system uses current sensors, battery voltage
sensors, and battery box internal temperature sensors to:

1) Keep the SOC within the appropriate range

2) Keepinput and output power within the upper and lower
limits for battery voltage (voltage power save feature)

3) Restrict input and output power according to battery
temperature (temperature power save feature)

6.1. Voltage Power Save

When the battery voltage exceeds the upper or lower
voltage threshol ds, which are determined by battery current
and battery temperature, the IMA system reducesthe motor’s
current output command value gradually, so that vehicle
motion does not change abruptly. Once battery voltage
returns to within the predetermined range, the restricted
output isgradually returned toitsoriginal level. Fig.19 gives
ablock diagram of this.

6.2. Temperature Power Save

To prevent overheating and assure sufficient accuracy
in SOC determination at extreme temperatures, motor output
limitsare controlled according to battery temperature to keep
battery power below its predetermined upper limit (thisis
the batter temperature power savefeature). With the settings
shown in Fig.20, output control makes it possible to keep
battery temperature within an appropriate range.

%rget powerj @\ctual power

/

Low limit j

Power
\

o

YN

II

/

Battery voltage
/

Fig.19 Power save control by battery voltage

[EnY
o

Power kW

0 10°c 50°C
Low Battery temparature High

Fig.20 Power save action by battery temperature

7. Conclusion

The following achievements were made with a hybrid
system whose motor is designed to function especially for
engine assistance during acceleration and regeneration
braking during deceleration:
¢ Energy management based on driving conditions and

battery SOC helped improve fuel economy.

e A compact packaging designed for high-voltage safety
and superior mountability was achieved.
e An assist/regeneration system that harmonizes engine
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driving power with motor driving power was achieved.
» Motor-based damping control of idling vibration was
shown to damp vibrations of -3 dB to -5 dB.
e The motor assist system was shown to be capable of
smooth restarting after idle-stopping.
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Introduction of new technologies

Development of the Ultra-thin DC Brushless Motor for a
Hybrid Car — INSIGHT

Akiyoshi SHIMADA* Hirohisa OGAWA*
Minoru NAKAJMA* Hiroo SHIMADA*

ABSTRACT

We developed an ultra-thin DC brushless motor for use as the auxiliary drive of the ultra-low-fuel-consumption hybrid
car, “INSIGHT".

Use of an ultra-thin design for this motor overcomes restrictions of the layout construction between the engine and the
transmission. The ultra-thin design was achieved using a concentrated winding for the salient-pole of the split stator and a
centralized distribution bus ring. Utilization of these technologies resulted in a maximum output performance of 10 kW at a
maximum torque of 83.3 N-m while keeping the width of the electromagnetic motor circuits to a mere 60 mm. In addition,
since the use of this arrangement for the motor subjectsit to the effects of water and dirt just as with the clutch compartment,
ajoint chamber and labyrinth construction is used to form adrain. Meanwhile a stator cover and disk sensor are employed to
prevent foreign matter from entering. This design achieves a motor capable of withstanding a harsh ambient environment.

1. Introduction

With the growing importance of environmental issues
involving air quality, the INSIGHT ultra-low-fuel-
consumption hybrid car offering a fuel consumption of 35
km/liter (10-15 mode) has been developed as one solution
to these problems. The Integrated Motor Assist (IMA)
system installed in this vehicle employs a parallel hybrid
system which uses the engine as the main power source and
an electric motor as an auxiliary power source, making it
possible to reduce the size and weight of the entire system,
including the electric motor®.

The objectives that were set for the development of this
motor involved reducing its thickness to allow transverse Fig.1 IMA power unit
mounting of the power train of theIMA systemintheengine
compartment of a 1.5-liter class vehicle while satisfying
required vehicle performance, and ensuring environmental
resistance equivalent to that of the engine. This report =

describes how these objectives were met. I !_ 000
2. Motor Functions and Objectives H Engine

Fig.1 shows the engine and electric motor of the IMA I ‘
system, while Fig.2 showsthe system configuration. Since Transmission
this system is of the paralel hybrid type, the motor has the Battery
functionsof assisting the enginethat servesasthe main power
source according to the performance being demanded,
regenerating braking energy intheform of electrical power, Power Control Unit (PCU)
and generating the 12 VV load component. In addition, the
motor also restarts the engine after it has stopped idling®. Fig.2 IMA system construction

* Tochigi R&D Center
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It was necessary to reduce the size and weight of the
entire power train to realize a vehicle capable of fulfilling
these functions and of achieving a fuel consumption of 35
km/liter (10-15 mode). Inorder to accomplishthis, the motor
iscoupled directly to the engine and positioned between the
engine and transmission. During the course of motor
development, emphasis was placed on a thin design that
would provide good resistanceto the operating environment,
leading to the following technical objectives.

(1) Compact size, requiring the devel opment of athin motor
that allowsthe power train to beinstalled transversely in
the engine compartment of a 1.5-liter class vehicle.

(2) Environmental resistance that ensures durability in the
operating position between the engine and transmission.

3. Technology for Developing the Ultra-thin
Motor

Fig.3 showsthe construction of the stator. The stator is
asalient-pole, concentrated-winding split type, incorporating
acentralized distribution busring and stator holder, and this
construction formed the technological basis for developing
the ultra-thin motor.

Fig.4 showsexamplesof aconventional type of winding
and the newly developed type of winding. Generally, there
are many cases in which the stator is formed into an
integrated unit, and wave winding or salient-pole
concentrated winding istypically used. Thereare problems

Centralized
\\\ distribution bus ring

\"\a = G
VR S - v
M i
" - ‘...' "

Stator holder

Split stator

Fig.3 Stator construction

Wave winding
(Conventional)

Salient-pole concentrated
winding of split stator
(Developed)

Fig.4 Comparison of winding

associated with devel oping an ultra-thin motor incorporating
either of these types of winding.

Wave winding requires an unacceptably wide area for
thewinding transfer portion and along timefor thewinding
process. Inthe case of an integrated stator with salient-pole
concentrated winding, it is necessary to ensure adequate
space for the winding nozzle to move as shown in Fig.5,
otherwise the range over which windings can be provided is
limited. This problem was solved by the construction
described next.

' '.i Winding
e/ area
| %

Integrated stator
(Conventional)

Moving space of
winding nozzle

Split stator
(Developed)

Fig.5 Comparison of winding area

3.1. Salient Pole Concentrated Winding in a Split
Stator

Fig.6 shows the type of salient-pole concentrated

winding for the split stator used in this development. The

use of asplit stator makes it unnecessary to ensure adequate

space for the movement of the winding nozzle, so the

winding range can beincreased by approximately 70% over

Fig.6  State of winding with split stator
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that of an integrated stator. Moreover, by maintaining the
alignment with salient- pole concentrated winding,
increasing the space factor of the windings and combining
with a centralized distribution bus ring, the width of the
electromagnetic motor circuits could be reduced without
compromising the vehicle torque demand.

This type of stator also offers better manufacturability
than anintegrated stator, starting with theyield of thesilicon
stedl plate. In order toimprovetheyield, the stator was split
and blanked as shown in Fig.7. The lamination and fixing
processes are aso relatively simple dueto the use of internal
diecaulking. Inaddition, sincethe split stator allowswinding
work to be donefor each pole, the size of the equipment can
be minimized.

Fig.7 Blanking of flat rolled silicon steal

3.2. Centralized Distribution Bus Ring

This 3-phase motor uses six windings connected in
parallel for each phase as shown by the equivalent circuit in
Fig.8. The red portion of this figure corresponds to the
centralized distribution busring. Thiscomponent isstamped
from a copper plate, and each winding is then connected.
Sincethe six windingswould need to be fixed with thewiring
in the form of a crossover for each phase in a conventional
motor, this would result in manufacturing difficulties.
However, the use of a centralized distribution bus ring
enables the work to be simplified by fusing only at the
terminal portion. Fig.9 showsacomparison of thesewiring
diagramswith and without acentralized distribution busring.

== Centralized
distribution bus ring

\% W

Fig.8 Equivalent circuit of the motor

The crossover portions can be seen to be much simpler asa
result of employing the centralized distribution bus ring.
The three-phase centralized distribution bus ring is
stacked as shown in Fig.10 to minimize the thickness.
Although insulation between the phases could present a
problem with this stacked structure, the required level of
resistance in the operating environment in terms of heat,
vibration and dust required fluorine to be selected for the
insulation coating material. The thickness of the fluorine
coating was determined from the results of durability and
reliability tests, using the data in Fig.11 as the evaluation
criteria. Theresultsof thesetestsunder the harsh conditions
of hot and cold, vibration and dust clearly proved that the
fluorine coating would be optimally suitable. These
technological solutions made it possible to reduce the

mm Centralized
distribution bus ring §

Centralized distribution
bus ring (developed)

Coil wiring (conventional )

Fig.9 Comparison of wiring

Fig.10 Layout of centralized distribution bus ring
12
<10
S8 yd
g e
S 6 /
e /
c
8 4 7
[%2]
E=]
s 2
0

0 20 40 60 80 100
Thickness of insulating coating (um)

Fig.11 Isolation performance curve
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thickness of aconventional motor by approximately 40% to
produce an ultra-thin motor having a thickness of only 60
mm. Fig.12 shows the hybrid power train featuring this
new electric motor, while Table 1 and Fig.13 show the
motor specifications.

4. Durability in a Harsh Operating Environment
Since the motor is located inside the clutch housing

between the engine and transmission, it is difficult to create
a watertight operating environment. Thus, a design was

Jlilm

i
Il
e
=t |

Fig.12 Cross section of hybrid power train

Table 1  Specifications of motor

Motor type DC brushless
Number of phase 3 phases
Number of pole 12 poles
Number of slot 18 slots
Weight 18.6kg
Starter 83.3N-m/2kW
Maximum output -
power Assist 49.0N-m/10kW
Regeneration | 83.3N-m/10kW
100
—_
80 \ Starter
60 .
40 \ ~_ Assist
T 20|\ L
£ o0 A\
S 20
-40 -
60 // Regeneration
-80 y 9
-100
0 2000 4000 6000 8000
Nm (rpm)

Fig.13 Motor power performance curve

developed to makeit difficult for water, ail, etc. to enter this
housing, while also alowing rapid drainage in the case of
ingress. It was also necessary to prevent any contamination
of the motor electromagnetic circuits by foreign matter,
despite the fact that the motor would need to tolerate clutch
lining dust and other magnetic substances. These problems
were solved in the manner described next.

4.1. Water Sealing and Drainage

The motor is provided with a drain and breather to
minimize the effect of water and oil ingress. Particular
attention was focused on drainage, since the bottom of the
motor is at nearly the lowest point of the vehicle in its
mounted position. Inthe case of traveling in wet conditions,
water issprayed from thetires onto themotor housing. This
spray will penetrate into the motor if drainage is provided
simply through holes in the motor housing.

Fig.14 showsthedrainage method employed in the early
stages of development. Although a pipe was inserted into
the motor housing and this pipe discharged away from the
direction of vehicle travel, the high-pressure water spray
penetrated the motor through this drain pipe. The design
shown in Fig.15 resolved this problem by incorporating a
baffled plenum chamber between the drain outlet and the
hole leading into the motor.

Breather

Drain

Down view

Side view

Fig.14 Prototype of drain construction
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<@ Flow of water

Side view Front« —Rear

Down view

Fig.15 Production model of drain construction

4.2. Sealing Against Clutch Lining Dust, Metallic
Particles and Other Foreign Matter

The clutch housing in which the motor is located is
basically open to theatmosphere. Accordingly, external dust
and other foreign matter is able to enter the clutch chamber.
In addition, routine operation of the clutch generates clutch
lining dust and metallic particles within the clutch housing.
Any substantial amount of this dust and foreign matter
accumulating on the windings and magnets of the motor
would have a detrimental effect on its performance. A
labyrinth seal istherefore provided between the stator cover
and commutation sensor disk as shown in Fig.16 to inhibit
the entry of dust and foreign matter from the clutch housing.
This sealing system has been rigorously tested over the
service life of the vehicle.

Cover of stator

____,_|:1
- | =
: W
Caoll — 1T
W
Stator
p—» | Commutation
Magnet sensor disk
Flywheel
T =

Fig.16 Enlarged cross section of
motor & transmission

5. Conclusion

Novel approaches were taken to develop an ultra-thin
motor that would operate reliably under harsh conditionsto
produce a compact hybrid power train.

(1) Salient-pole, concentrated-winding, split stator

The use of this split stator results in an approximately

70% increase in winding range when compared to a

conventional integrated stator.
(2) Centralized distribution bus ring

The conventional wiring and anchoring processes used

for winding crossovers have been simplified by only

needing to perform fusing work.
(3) Effective water sealing and drainage

The use of a chamber structure and labyrinth structure

are combined.

(4) Sealing against clutch lining dust and foreign matter

A labyrinth seal is provided between the stator cover and

commutation sensor disk.

References

(1) Fukuo,K., FujimuraA., Saito,M., TsunodaK.,
Takiguchi,S.: Development of the Ultra-Low-Fuel-
Consumption Hybrid Car - INSIGHT, HONDA R&D
Technical Review, Vol.11, No2, p.1-8(1999) (Written
in Japanese)

(2) Ochiai,S., Uchibori,K., Hara,K., Tsurumi,T.,
Suzuki,M.: Development of the Motor Assist System
for aHybrid Car - INSIGHT, HONDA R&D Technical
Review, Vol.12, Nol, p.7-14(2000) (Written in

Japanese)

— 19 —



HONDA R&D Technical Review Vol.12 No.1 (April 2000)

M author

Akiyoshi SHIMADA Hirohisa OGAWA Minoru NAKAJIMA

Hiroo SHIMADA

— 20 —



Introduction of new technologies

Development of a 4-wheel Electric Wheelchair, MonPal
ML100

Jun HOSAKA*

Tsutomu INUI* Kiyotomi MAESAKA*

ABSTRACT

The MonPal ML100 is a 4-wheel electric motor-driven wheelchair developed with an aim toward achieving personal
mobility while at the same time providing fun, freedom from care and comfort for those with restricted walking capabilities.
It is characterized by arearward tapering design intended to prevent the rear wheels from scraping and snagging.

The power train, which is an integrated transmission and motor type, and the control system were specially developed to

provide improved slope-climbing capabilities.

Various features are incorporated in the operating system. These include an emergency stop function whereby if adriver
gripsthedrivelever firmly, the vehicle will automatically cometo stop; a sudden start prevention function that is employed to
prevent mis-operation related incidents; and, a buzzer notification function.

1. Introduction

The number of elderly peopl e continuesto grow in Japan.
Itispredicted that in the year 2000, one of every six persons
in Japan will be 65 years of age or older, and by the year
2010, this ratio will have increased to one in every five
persons.

Communication with society is necessary for leading a
vibrant life, even after wereach an old ageand are no longer
able to walk fredly. Providing a means to move freely is
important for achieving this communication.

Handle-type el ectric wheelchairs have begun to be used
in recent years as vehiclesfor the elderly. According tothe
Road Traffic Law, electric wheelchairs are included in the
category of wheelchairs for physically challenged persons.
Since the driver istreated as a pedestrian, adriver’slicense
isnot required. Inaddition, accordingto the Japan Industrial
Standards definitions, electric wheel chairsare classified into
standard types and handle types primarily according to their
appearance and application. Handle types are further
classified into threewheel typesand four wheel types. Since
their appearance on the market in 1985, the number of these
handle-type wheelchairs has increased each year. Despite
thisincrease, however, the rate of their proliferation is still
low in comparison with latent needs.

Asapossiblereason for this, apart from the present state
of the transportation infrastructure, there are many casesin
which persons decide not to purchase an el ectric wheelchair
because they feel embarrassed, even though they would like
to have one.

The “MonPal ML100" four-wheel handle-type electric
wheelchair was developed to eliminate this feeling of

* AsakaHigashi R & D Center

embarrassment and to provide support for persons with
restricted mobility thereby encouraging them to go out into
society.

2. Aim of the Development

During the course of development of the MonPal ML 100,
emphasis was placed on the following points in order to
realize enjoyable personal mobility and to provide peace of
mind, comfort and simplicity:

(1) A design that offers both fun and peace of mind
(2) A power trainthat providesreliable power even on slopes
(3) A smooth and comfortable travel control system

3. Overview

The appearance of theMonPal ML100isshowninFig.1,
while the design concept is shown in Fig.2 and the major
specificationsarein Table 1.

Thekey styling concept of “enjoyable personal mobility”
isaimed at proposing anew stylethat isableto bring out the
enjoyment and fun of thevehicle, while a so enabling anyone
to use it with peace of mind. The essential features of the
design are aslisted below.

* A shape that provides a wide step and minimizes the
height of the front end of the body.

* A hood design that reliably makes the driver aware of
the front of the vehicle, while providing a sense of
stability for the legs and feet.

» Emphasisondriving enjoyment by employing aseat with
three-dimensional curvature for better holding and large
rear tires.
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Fig.1 External view of MonPal ML100
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Seat design for
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Large tires that give the feeling
of a nimble and comfortable ride

Fig.2 Design concept

Table 1 Major specifications

Items Specifications
Overall length (mm) 1190
Overall width (mm) 680
Overall height (mm) 1080
Tread (mm) Front: 590/Rear: 530
Curb weight (kg) 94
Motor DC brush type
Batteries (rated at 5 hours 12V 35AH x 2
between recharges) (sealed)

Front: 3.00-4

Tire sizes

Rear: 70/100-8

Drive systems

Direct 2-rear-wheel drive
system (with differential)

Brake systems

Regenerative brake
Electromagnetic brake
Mechanical brake

Maximum speed (km/h) 6
Maximum continuous
Running distance (km) 25

(6km/h, flat road)

The overal layout of the MonPal ML100 is shown in
Fig.3. The chassis dimensions comply with the Japan
Industrial Standards classification for “ electric wheel chairs”
and are compatible with the National Public Safety
Commission model type certification. Driver space hasbeen
ensured by arranging the control unit at the front of the
vehicle, and the battery, charger and power train at the rear
of thevehicle. Thefloor islow (150 mm above the ground)
and flat for easy accessibility and ample driver space. A
rearward tapering designisemployed in which therear tread
is narrower than the front tread to reduce the occurrence of
scraping and snagging of the rear wheels when traveling in
confined spaces.
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Fig.3 Layout of MonPal ML100

The power train was specially developed to be housed
within the rear tread, and is an integrated single unit
comprised of aflat motor and transmission.

The seat is specially shaped to support the lumbar region
from both sidesto provide secure holding against centrifugal
force generated during turning and for the easy access
required by persons with a weak lower back and legs. All
controlsare centrally located on the handle, and are arranged
for convenient operation within easy reach of the driver's
hands. The drive control in particular employs a system
that allows traveling and stopping to be performed with a
single lever preventing fatigue even when the lever is held
for long periodsduring travel. Inaddition, afunctionisalso
provided to stop the vehicle when the drive lever is gripped
firmly by the driver. Full consideration has been given to
ensure peace of mind whiledriving the vehicle by providing
afunction against operation error that prevents the vehicle
from suddenly starting and informsthe driver when an error
has been made, and one that slows the vehicle down
automatically during turning.

4. Component Technology
4.1. Power Train

The appearance of the power train is shown in Fig.4,
while its construction is shown in Fig.5.
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Fig.4 Power train
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Fig.5 Layout of power train

The power train is a three parallel shaft type which
integratesaflat motor into asingle unit with thetransmission
and accommodates the primary reduction gear on the motor
shaft. The braking system incorporated in the power train
consists of an electromagnetic brakein the primary reduction
gear unit that is activated automatically when the vehicleis
stopped, a mechanical brake on each end of the rear axle
that is operated manually, and a regenerative brake in the
form of the motor itself that maintains a constant braking
effect when descending a lope.

4.1.1. Transmission

A new low-noise, lightweight transmission was
developedthat isideally suited for usein eectricwheelchairs.
The reduction gearbox incorporates a three-shaft secondary
speed reducer to ensure that drive power is efficiently
transferred to the large-diameter tires. The drive gear is
formed on the input shaft itself as shown in Fig.6 with 10
helically shaped gear teeth. Thetransmission specifications
arelisted in Table 2.

The gearbox noise level and wear have been minimized
by optimizing the tooth shape and gear trace of each gear.
In particular, rather than being formed by anormal grinding
process, the motor input shaft gears are subjected to two
processes: induction hardening and cutting by and ultra-hard
cutter (skiving).

The gear case is produced by “waved rib forming” to

Fig.6 Input shaft and gear

Table 2 Specification of transmission

Type 3 parallel shaft reduction gear
Input revolution Forward: 0~2832

(rpm) Reverse: 0~983
Reduction ratio 29.3
Clutch type Constant mesh and manual separation
Dry weight (kg) 7.8

minimize the weight and provide high rigidity with the
superior stressflow that results. The standard wall thickness
of the case is only 2 mm, resulting in a 20% reduction in
weight compared with previoustypes. Thiswaved rib shape
is shown in Fig.7.

Direction of molten metal flow

A

Conventional rib

Waved rib

Fig.7 Rib shape

The clutch mechanism incorporates an inverse taper
formed by aspecial rolling process on the clutch engagement
portion to ensure reliable transfer of motive power during
normal travel. The clutch release mechanism employsacam
and detent, which provides a fegling of shifting continuity
operating on acommon axis to minimize operating friction.
The construction of the clutch is shown in Fig.8.
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Counter reduction
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Second reduction gear

Fig.8 Clutch
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Intermsof production technology, various methodswere
employed as processing reduction mechanism. These
include: the integration of three components in one model
through the use of an optimum die construction and flow
simulation; the adoption of a “differential automatic
alignment mechanism” that utilizes the meshing alignment
force of the pinion gear; and directly inserting the shaft into
the die cast skin. The structure of the differential is shown
inFig.9.
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gear Pinion shaft
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gear
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=" Final driven gear

Driving force

Fitting reaction =
force . B
T
. Direction of force to pinion shaft
View Z
Fig.9 Differential
4.1.2. Motor

The flat disc motor has a flatness ratio of 1:8.75 in
contrast to theratio of cumulativethicknessto armature outer
diameter of 1:1 intypical motors. The motor specifications
are shownin Table 3.

Table 3 Specifications of motor

24/360
@140x16 (31 slots)
Wave class B

Motor Rated power (V/W)
Armature (mm)
Winding

Sensor | Revolution

2-phase magnetic pickup

Temperature Thermistor

The relatively large diameter of the motor makes it
possible to incorporate 31 poles, enabling the voltage
between segments to be maintained at alow level.

In addition, the use of alarge-diameter armature provides
good heat dissipation and high overload characteristics to
ensure adequate power even when climbing slopes.

4.2. Control System

A 16-bit micro-controller isintegrated into asingle unit
with the motor driver. The control unit is composed of the
core “travel control unit,” the “indicator unit” that provides
the interface with the driver, and the “power control unit”
that islinked with the charger and isresponsible for overall
system management. The system diagram is shown in
Fig.10, while the inside of the control unit is shown in
Fig.11.

Battery Electric brake
<P —>
. Motor
Key switch >
Light switch Motor encoder

. . Motor temperature
Turn signal switch

Accelerator volume Indicator
Control
unit Horn
Speed volume -
Head light
Direction switch [ >
Turn signal light
Stop switch —
Handle switch Charger
——
Temperature Charge timer
—>

Fig.10 System diagram

Control unit

Fig.11

4.2.1. Motor Driver

The motor driver employs a full-bridge configuration
consisting of two parallel FETs to control forward and
reverse rotation of the motor.

A finned heat sink is incorporated into the extruded
aluminum case to provide high cooling efficiency and
thereby gain maximum motor output.

4.2.2. Control Unit
(1) Travel Control

1. Constant Speed Control

Digital Pl control isused inwhichtherotational speed
and rotation direction are fed back from a Hall I1C
rotation sensor contained in the motor.
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Fig.12 Speed control system

. Optimization of the Acceleration and Deceleration

Patterns

The profiles of the acceleration pattern to the target
speed as set with the speed setting knob, and the
deceleration pattern when the drive lever is opened,
are set to 5 and 10 steps, respectively, for smooth
starting and gentle deceleration.

. Feel-Easy Functions

The travel control system incorporates the feel-easy

functions required for use primarily by the elderly.

« The automatic stop function is activated by tightly
gripping the drive lever. This quickly stops the
vehiclewhenever the driver wantsto stop suddenly.

» The sudden start prevention function prevents the
vehicle from moving forward suddenly when the
power isturned on while gripping the drive lever.

» The automatic deceleration when turning function
automatically slows the vehicle down to 4 km/h
when the steering handle is turned.

. Alarm and Protective Functions

Various alarm and protective functions are provided,
including “overload detection” and “motor
overheating detection” that can occur when climbing
steep slopes, “motor lock detection” if the motor
becomes|ocked such aswhen traveling over abump,
and “low battery detection” that prevents excessive
discharging of the battery.

(2) Control Indicators
Various types of information are conveyed to the driver
by 5 LEDs installed on the control panel.

1

Battery Power Level Indicator

This calculates theresidua battery capacity from the
battery voltage and current and displays the
information in six levels. This indicator returns to
the fully charged display when charging complete.

. Charging Indicator

This indicates the progress of charging in terms of
the battery voltage and elapsed time.

. Error Mode Indicator

This indicates fifteen types of errors that can occur,
including a defective rotation sensor and defective
charger.

. Maintenance History Indicator

This provides a history of the five most recent
malfunctions that occurred to facilitate dealer
inspections.

The travel distance, number of times charged and
charging time are also indicated by LEDs.

. Headlight Indicator

The left LED flashes to indicate that the headlight is
on. This prevents the battery from being discharged
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due to inadvertently leaving the headlight on.
Examples of these indications are shownin Table 4,
while the appearance of the control panel isshownin
Fig.13.

(3) Power Control

Table 4 Indication
Condition Indication Comment
Battery power 00000
Charging 00000
Error mode ( Jolef 1 ) Motor lock
Maintenance history | @ OO (OO |Charge cycle: under 50
Headlight el 1 I J© Lighting on

@ Lighting on O Lighting off © Flashing

N FS b i Ty
MmLE

Fig.13 Control panel

1. Charger

The charger is a constant voltage, constant current
type. Thecharging voltagerangeis29.6-32.3V, and
thecurrentis5A. Theoutput voltageisset according
to the outside air temperature to enable reliable
charging under all temperature conditions. The
charger hasbeen certified by the Electrical Appliance
and Material Control Law.

. Charger Management

A systemisemployed that allowsthe selection of three
charging modes corresponding to the battery statusto
prevent battery deterioration caused by overcharging
fromalow level of discharge. These charging modes
are shown next.

*Normal charging mode

Charging is performed for 5 hours under timer control
after the set voltage has been reached.

*Quick timing mode

Charging is performed for 2.5 hours under timer
control in case the set voltage is reached within 2
hours.

*Qvercharging prevention mode

Charging is quickly terminated the charging current
fallsto 1 A or lower within 1 minute. The set voltage
that operates the charging timer is corrected for
temperature based on an outside air temperature
Sensor.
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Additional power saving features have been adopted
such asan darm function that operateswhen the power
switch is on and a function that automatically turns
off the headlight or turn signals when either has been
inadvertently left on.

3. Travel prevention when charging
A function is provided that activates a buzzer alarm
and prevents the vehicle from being moved forward
by operating the drive lever while the power plug is
inserted into an AC power supply and the power
switch isturned on.

4. Battery
A lead-acid battery is used that is ideally suited for
recharging. The battery is sealed, making it
maintenance-free.

5. Conclusion

TheMonPal ML100isan electric wheelchair possessing
functions that make it well-suited to areas having many
slopes. It supportsthe leading of an enjoyable life by users
with otherwise-impaired mobility. Future products will
evolve in response to the changing needs of society.
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Technical paper

Development of a Closed Crankcase System Engine for

Motorcycles
Osamu KUDO* Y asuo SHIMURA*
Koji TERADA* Nobuaki INUMARU*
ABSTRACT

A compact and lightweight single cylinder engine was devel oped for the off-road motorcycle XR650R. The engine features
a closed crankcase. This engine system addresses the issue of deteriorated oil discharge prevention performance caused by
pressure fluctuations in the crankcase, an issue common to single piston, large displacement engines. A construction was
adopted whereby a bulkhead divides the crank chamber and the transmission chamber housed in the same housing. The
pressure generated by the reciprocating motion of the piston dischargesthe engine oil to the transmission chamber. Asaresult,
the pressure fluctuations in the transmission chamber were reduced, and, subsequently, so was the amount of blow-by gas
discharge. Further, it was possible to reduce the breather chamber volume to 1/5 that of a conventional engine. Moreover,
effects from reduced engine weight and friction loss were obtained.

1. Introduction

The strong demand for alightweight, compact enginein
our XR series off-road sports motorcycleshasresultedin all
models in this series being equipped with single-cylinder
engines having a displacement in the range from 50 to 600
cm®. A single-cylinder engine requires a large-volume
breather chamber to avoid oil discharge via the crankcase
breather that is caused by large pressure fluctuations inside
the crankcase. Thereis also afriction loss by oil agitation
dueto the wide variationsin oil level inside the engine.

Four-stroke engines are typically provided with a deep
oil pan under the crankshaft to reduce this oil agitation loss
and to provide an oil level that does not result in immersion
of the crankshaft in oil. However, large-displacement off-
road motorcyclesrequire ahigh minimum ground clearance
beneath the engine, which must also be mounted as low as
possible in the frame, thus precluding the use of a deep oil
pan. This brings back the issue of oil friction loss.

We have addressed these issues during the course of
implementing a full model change for the XR600R, the
motorcycle in this series having the largest engine
displacement, by developing a new engine with a sealed
crankcase. The fluctuations in crankcase pressure that are
caused by the reciprocating motion of the piston are
accommodated within the crank chamber, rather than being
transferred to the transmission chamber, due to the use of a
sealed bulkhead between thetwo chambers. Thisnew engine
isused in the XR650R model, and this new systemiscalled
aclosed crankcase system.

2. Engine Overview

The two objectives that had to be achieved in the
* Asaka R&D Center

development of the XR650R were as follows:
» Hightorgueat low engine speeds and high power at high
engine speeds
» A dgnificant reductionin engineweight over the previous
model
These objectives were achieved by increasing the
displacement by 50 cm® toimprove the torque characteristics
at low engine speeds, while the change from air cooling to
water cooling and an increased compression ratio improved
the power output at high engine speeds. Theissueof breather
performance is usually encountered when attempting to
increase engine displacement. The closed crankcase system
was employed to addressthisissue. The shape and material
of every engine part was reviewed with the objective of

Table 1 Engine specifications
Model XR650R XR600R
Engine stroke 4-stroke 4-stroke
Number of cylinder 1 1
Cooling system Liquid-cooled| Air-cooled
Lubricating system Dry sump Dry sump
Bore x Stroke (mm)| 100 x 82.6 97 x 80
Displacement (cm3) 649 591
Compression ratio 10.0 9.0
Maximum engine output (kW/ r/min)|  41/6750 31/6500
Maximum torque (Nm/ r/min)|  64/5500 52/5000
Valve train SOHC SOHC
4-valve 4-valveRFVC
Fuel supply system Carburetor | Carburetor
Engine dry weight (kg) 40 45
Crank case Closed Conventional

- 27 —




HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

40 - XR650R
35
XR600R

30 f
§ 25 - - 70
5
g _
>

1S

© 20} -
o 60 2
< o
Wois - 9508

10 F - 40

5 =

0 L ]

1 2 3 4 5 6 7 8
Engine speed (x1000 r/min)

Fig.1 Engine performance curve

reducing engine weight, and a closed deck-type aluminum
aloy cylinder with anickel-cadmium-zirconium-plated bore
was adopted. These changes have increased the maximum
power output by about 30%, improved the low-speed torque
by about 13%, and reduced the engine dry weight by about
5 kg. Even when such added parts as the water cooling
radiator are included, a weight reduction of about 1 kg has

Crank chamber

Balancer shaft

Crankshaft

been achieved. Theengine specificationsareshownin Table
1, while the output characteristics are shown in Fig.1.

3. Improvement of the Breather Performance

Theoil discharge prevention performance of the breather
(breather performance) in a single-cylinder engine can be
improved by enlarging the breather chamber or increasing
the volume of the crankcase. However, both of these
methods conflict with the need to reduce engine weight and
size. Typical concerns that can be encountered when
applying a method to separate the crank chamber and
transmission chamber include crank chamber lubrication oil
processing, and the effect on pressure loss inside the closed
crank chamber. This method, however, is advantageousin
terms of reducing the overall size of theengine. Inaddition,
just as pumping lossisminimal for the deactivated cylinder
in engines that stop operation when the intake valve and
exhaust valve are closed and that have a variable number of
cylinders®, so is the pumping loss that occurs in a closed
crank chamber. A comparative study was therefore
conducted on the following concern items:

(1) Function and settings

* Qil discharge function

* Pumping loss

* Transmission chamber pressure

» Amount of oil supplied to the crank chamber
(2) Effects

* Breather performance

» Scavenging performance

* Friction loss

To air cleaner

Breather chamber

Transmission

o) A

~ Transmission chamber

P

Bulkhead
Qil return path
Reed valve

Fig.2 Section of closed crankcase
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4. Construction and Action of the Closed
Crankcase System

4.1. Construction

A typical motorcycle engine has the crankshaft and
transmission housed within asingle crankcase and lubricated
with the same oil. Asshownin Fig.2, the closed crankcase
system (subsequently referred to as the closed type) is
characterized by having the crank chamber and transmission
chamber separated by a bulkhead with no pressure leakage
between them. The crankshaft and primary balancer are
arranged inside the crank chamber, and a bulkhead to
separate the crank chamber from the transmission chamber
is provided around the outside of the crank weight. An oil
seal is fitted on the outside of the crankshaft bearing to
maintain pressure tightness within the crank chamber.

Oil is pumped to lubricate the connecting rod big end
and crankshaft bearings, and the pistonis cooled by spraying
oil onitsunderside. Theaoil that flowsinto the crank chamber
isdischarged into the transmission chamber from adischarge
port provided benesth the bulkhead through areed-operated
check valve. A breather chamber is provided above the
transmission chamber, and after condensing the ail, the blow-
by gasisdirected to the air cleaner.

4.2. Oil Return System

A schematic diagram of the oil return system is shown
in Fig.3. During the time the piston is rising as shown in
(A), anegative pressure is generated in the crank chamber,
and the reed valve closes to prevent the return flow of oil
and air from the transmission chamber. During thetimethe
pistonisfalling asshownin (B), the crank chamber volume
decreases and the pressure increases. The reed valve is
opened by this pressure, alowing the oil that has flowed
into the crank chamber to be returned to the transmission
chamber.

Piston

Crankshaft

Crank chamber 4 \/
/

N Reed valve Oil return path
A (B)

Fig.3 Schematic drawing of oil return action

4.3. Pumping Loss
Although the crank chamber isclosed, itisstill necessary
for the il that has been supplied to the crank chamber to be

returned to the transmission chamber. The pressureswithin
the crank chamber and transmission chamber, and the
opening and closing of the reed valve when the engine is
running are shown in Fig.4.

Engine speed: 7000 r/min
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Crank chamber pressure
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— Y \ Transmission
g 10 chamber pressure
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& -10 —A 2 £
\ Ry ()
/ \ / \ =
\ \ ©
-20 Y| Reed valve lift 0 12
| X\D 8
-30 N o ok
0 90 180 270 360

Crank angle (deg.)

Fig.4 Pressure in crank chamber and reed valve lift

The pressure within the crank chamber exceeds that in
the transmission chamber between the crank angles of 95°
and 265° (A-B). This difference in pressure provides the
pumping action to return the il in the crank chamber to the
transmission chamber. However, there is a time delay in
the opening and closing of the reed valve with respect to the
changes in pressure (A-C, B-D). The reason for this delay
is believed to be the viscosity and inertia of the oail.
Consequently, there is apotential concern of the back flow
of oil and air into the crank chamber between the crank angles
of 265° and 320° (B-D) when the pressurein thetransmission
chamber is higher than that in the crank chamber and the
reed valveis open.

A study was made of the pumping lossthat occursin the
crank chamber to identify the effects of this back flow.
Supplied lubricant oil and blow-by gasthat passesthe piston
ringsflow into the crank chamber. Their combined volume
is only several cm? for each revolution of the crankshaft,
making it extremely small relative to the swept volume.
Consequently, if an amount is discharged that is equivalent
to the volume flowing in with each cycle, there would be
hardly any change in the amounts of oil and air in the crank
chamber, resulting in an extremely low pumping loss.
However, asthe degree of back flow increases, an excessive
volume is pumped, and this is thought to contribute to an
increased pumpingloss. Fig.5 showsaP-V diagram for the
crank chamber, with the crankcase volume indicated on the
horizontal axis. For the sake of comparison, an engine was
constructed without the bulkhead between the crank chamber
and transmission chamber (subsequently referred to as the
conventional enginetype), and the same measurementswere
performed on that engine.

The pumping loss in the crank chamber is represented
by the hatched areathat is bounded by the P-V plots during
the compression and expansion strokes. In contrast to the
pressure difference that occurs between the compression
stroke and expansion stroke in the conventional engine, no
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Engine speed: 7000 r/min
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Fig.5 P-V diagram of crankcase

such pressure difference existsin the closed crankcase system
engine. The pumping lossin the conventional engineisdue
to acyclein which air is taken in from outside the engine
when the piston rises, and then discharged with the blow-by
gas when the piston falls. In contrast, there is hardly any
risk of back flow from the oil discharge port in the closed
crankcase system engine and, since the combined volume
pumped from the crank chamber to the transmission chamber
islow, the pumping loss was confirmed to be low.

4.4. Reduced Pressure Fluctuations in the
Transmission Chamber

Since avery low volume is pumped between the crank
chamber and transmission chamber, there were lower
pressure fluctuations in the transmission chamber than that
inthe conventional engine. TheseresultsareshowninFig.6.
In this way, the pressure fluctuations in the crankcase of a
single-cylinder engine that result from the reciprocating
motion of the piston werelimited to the crank chamber only.
This effect was confirmed in the closed crankcase system
engine as no pressure fluctuations were transferred to the

Engine speed: 7000 r/min
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Fig.6 Comparison of transmission chamber pressure

transmission chamber. As aresult of verifying the effects
of engine operating conditions on pressure fluctuations, it
wasfound that there were no differences between theintake,
compression, expansion and exhaust strokes, or due to
differences in engine load. Further, we verified that there
were no differences between firing and motoring conditions.

4.5. Oil Feed Volume

Since oil agitation loss caused by the crankshaft tendsto
increase as the amount of oil fed in to the crank chamber is
increased, astudy was conducted to determine the optimum
oil feed volume. Inthe case of aconventiona engine, oil is
pumped to the connecting rod big end, and the oil splashed
from the big end is then used to cool the piston. Therefore,
thereisthe possibility that the oil supplied could exceed the
required volume for both applications. After providing a
piston cooling jet to evaluate the minimum amount of oil
required for both the big end bearing and for piston cooling,
we modified the lubrication system. We determined the
required volume of oil fed into the crank chamber to make
the crank pin and piston temperatures comparable to those
in the conventional engine, and thereby reduced the total
feed volume by 52% as shown in Fig.7.
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Fig.7 Qil feed rate into crank chamber

5. Closed Crankcase System Engine
Performance

The performance of the closed crankcase system engine
was evaluated against a conventional engine without the
bulkhead between the crank chamber and transmission
chamber.

5.1. Improved of Breather Performance

Since the closed crankcase system engine produced a
lower pressure fluctuation in the transmission chamber, a
small breather chamber with a volume in the order of 60
cmd situated at the top of the transmission chamber was able
to achieve adequate performance. In acomparativetest, oil
was discharged from the conventional engine when it was
fitted with this small-volume breather as a result of the
breathing circuit being closed. Therefore a larger breather
was necessary. The breather chamber volume in the
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XR600R, the previous model employing a conventional
breather, was 330 cm®. Thisisroughly fivetimeslarger than
that needed in the closed crankcase system engine of the
XR650R. These figuresindicate how the closed crankcase
system contributed to crankcase size reduction. A
comparison between the breather chambers is shown in
Fig.8.

5.2. Improved Scavenging Performance of the Dry
Sump System

The XR650R employs a dry sump lubrication system.
Anail outlet port is provided in the base of the transmission
chamber to discharge oil into an externa oil tank situated
within the main frame through a scavenging pump. The
reduction in pressure fluctuations in the crank chamber and
enhanced stability of the transmission chamber affected the
scavenging performance. Since a dry sump lubrication
system involves pumping oil under pressurefromtheexternal
oil tank to each part of the engine, it is necessary to stabilize
theail level inthetank. Theclosed crankcase system engine,
with its small fluctuations transmission chamber pressure,
maintained a stable oil level on the outlet side when the
enginewas running. Further, the amount of oil that could be
drawn up into the external tank was greater than that in a
conventional engine. As aresult, the volume of on-board
oil could be decreased to 300 cm?® leading to a consequent
reduction in vehicleweight. Theamount of oil inthe external
tank with the engine running for atotal oil volume of 2000
cm?® isshown in Fig.9.

5.3. Reduced Friction Loss

A comparison of the friction loss is shown in Fig.10.
Thefrictionlossmean effective pressure (Pmf) isrepresented
on the vertical axis, and the pumping loss of the crank
chamber is also shown as represented by mean effective
pressure (defined as PmfP*). There are two reasons for the
decreasein friction loss resulting from the closed crankcase
system engine: the first is the lower pumping loss in the
crank chamber as previously mentioned, and the second is
the lower oil agitation loss.

Inaconventional crankcase, PmfP* increasesdueto the
movement of large volumes of air at the blow-by discharge
port accompanying the reciprocating maotion of the piston.
Inthe closed crankcase system, however, PmfP* islow since
no back-flow occursto accompany the discharge of oil from
the crank chamber. Inaddition, theoil level inaconventional

XR650R(Closed crankcase)

Breather pipe

Breather chamber

engine rises due to deteriorated dry sump scavenging
performance. Pressurefluctuationsalsoincreaseand, since
the ail level changes, there is considerable friction loss by
oil agitation. Inthe closed crankcase system, in addition to
optimizing the oil volume, along oil scraper that protrudes
over the crankcase along the crank weight is provided as
showninFig.11. Inaddition, after optimizing the clearance
for the crank weight, various configuration rel ated methods
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Fig.8 Comparison of breather chamber volume
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Crankshaft

Clearance

Qil chamber

Oil scraper

Fig.11 Detail drawing of sump part

to decrease friction loss by ail agitation were investigated
including the temporary accumulation of oil in a rear oil
chamber. The overall effect was to reduce the friction loss
by 8.7% at an engine speed of 7000 rpm, resulting from a
reduction in the pumping loss of 2.0% and areductioninthe
agitation loss of 6.7%.

6. Conclusion

A closed crankcase system was devised, by which the
crank chamber and transmission chamber are separated, in
a 650 cm? single-cylinder engine for use in off-road
motorcycles. This system prevents the crankcase pressure
fluctuationsthat are characteristic of asingle-cylinder engine
from being transferred outside the crank chamber, thereby
resulting in the following advantages:

(1) Thebreathing performance and scavenging performance,
when applying adry sump lubrication system, were both
improved due to the reduced pressure fluctuationsin the
transmission chamber. This enabled the volume of the
breather chamber to be reduced by 80% in comparison
with the previous model, and the on-board oil volumeto
be reduced by 300 cm®. Both of thesefactors contributed
to areduced engine weight.

(2) The friction loss by oil agitation was decreased by
optimizing the lubricating oil volume, the shape of the
sump part, and by stabilizing the oil level in the engine.
In addition, the pumping lossdueto oil being discharged
from the crank chamber was reduced to a level lower
than that of a conventional engine in which there is
extensive movement of air at the blow-by gas discharge
port. These factors combined to reduce friction loss by
8.7% at an engine speed of 7000 rpm.
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Technical paper

Effects of Connecting Rod Big End Stiffness on
Oil Film Pressure

Kenji SATOH*

Kyoichi MACHIDA*  Katsunori MAKINO*

ABSTRACT

A new thin-film sensor that enables accurate measurement of the oil film pressure of compact bearings for passenger cars
was developed. Using this new sensor, the oil film pressure distribution was measured for avariety of connecting rod big end
stiffnesslevels, and the effect of those changeswasinvestigated. Theseresults confirmed that the oil film pressuredistribution
changes according to variety of the stiffness. Whereas the oil film pressure occurs with one peak in the load direction for a
rigid connecting rod big end, the oil film pressure for an elastic connecting rod big end is dispersed and the direction of the
peak does not match that of theload. In addition, elastohydrodynamic cal culations were performed with the same conditions
as the measurements, and the reasonableness of the measurements and cal cul ations were confirmed.

1. Introduction

Thewidth of connecting rod big end bearings hastended
to become smaller to reduce bearing friction in response to
recent environmental issues, making it more difficult to
ensure durability. Bearingsin particular, which determine
the engine framework, are being required to have their
performance predicted to a level of precision that is
approaching the limits of feasibility from the perspective of
shortening development time.

Engine bearings are lubricated by fluid in theform of an
oil film, and measurement of this cil film pressure is an
important factor for evaluating durability. However, it is
extremely difficult to directly measure the oil film pressure
between diding parts, and there are few cases of thishaving
been successfully carried out.® Although the authors had
previously applied a method in which a diaphragm-type
sensor was embedded in a shaft, this method had the
following drawbacks:

(1) Restrictions on the space required for embedding the
sensor in the case of a small engine bearing for a
passenger car engine

(2) Restrictions on the hest resistance of the semiconductor
gauge

(3) Measurement under high-pressure conditions

(4) The effects of irregularities in the sensor pressure-
receiving portion
We therefore decided to develop a thin-film sensor(®

that would be nearly able to completely overcome these

problems and make it possible to measure the pressure
between dliding parts that has been considered difficult to
achieve in the past. In addition, oil film calculations

(elastohydrodynamic cal culations; EHD) are attempted that

takeinto consideration therigidity of the connecting rod big

end. Such calculations have become practical with the

* Tochigi R&D Center

dramatic improvement that hastaken placein the calculation
environment in recent years, and several calculation results
have been reported.®~ Based on the combined results of
the cal culations and measurements, adiscussionis presented
about the mechanism by which the annular rigidity of the
connecting rod big end affects the oil film pressure.

2. Measurement Method

2.1. Construction of a Conventional Diaphragm-type
Pressure Sensor

Fig.1 showsthe appearance of adiaphragm-type pressure
sensor and the cross-sectional construction of the sensor unit.
A sensor unit 14 mm in diameter and 6 mm thick, in which
a semiconductor strain sensor is attached to a diaphragm
having adiameter of 1.0 mm, isembedded in ahole provided
in the shaft. Electron beam welding is used to secure the
Sensor unit in position.

LTl

14mm

Sensor

Shaft

~_|

Fig.1 Diaphragm sensor
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2.2. Construction of the New Thin-Film Pressure
Sensor

The appearance of the new thin-film pressure sensor is
shown in Fig.2, while the cross-sectional construction of
the sensor unit is shown in Fig.3. Manganin, whose
resistance is sensitive to pressure, was used for the sensor
material, and a pressure- receiving areameasuring 1 mmin
diameter and 20 pmin radial width was formed on the shaft
sliding surface by sputtering. The total thickness of the
sensor, resulting from the combined thickness of the
insulating and protective films, is about 7.2 um. The
chemical ingredient of manganin is shown in Table 1.

B - (/% - _3

wwsQ
wwo't

Y
N2
X@

Fig.2 Thin-film sensor

Protect film (Al,O3 ; 3 um)

Sensor film (Manganin-6 ; 0.6 um)

Insulation film (Al,O3 ; 3.6 um)

Shaft (S48C) /

Fig.3 Sensor part section

Table 1 Chemical ingredient
Cu Mn Ni
Manganin-6 87.6 9.2 3.2

Fig.4 shows a plot of the pressure versus percentage
resistance change. This graph demonstrates the excellent
linearity and low hysteresis performance of the sensor over
abroad pressure range of 0-100 MPa.

Theareaof the shaft wherethe sensor isformedisground
by the amount of sensor thickness prior to processing, and a
small circular shape with an extremely low level of
irregularitiesis maintained even after the sensor is formed.
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Fig.4 Thin-film sensor characteristic

2.3. Overview of the Experimental Device

Fig.5 shows the experimental device used in this study
for measuring the oil film pressure. Roller bearings were
used to support the shaft in order to minimize the thermal
effects of the support bearings themselves on the test zone.
A vertical hydraulic load was applied downward to the
connecting rod. The output from the sensor is led outside
therotor by adip ring, and a Wheatstone bridgeis set up in
front of the slip ring to increase the S/N ratio. An
electromagnetic clutch is installed on the motor side to
protect the apparatus from an overload torque in the event
of bearing seizure or other high torque-generating events.

Oil supply equipment
Support bearings

Slip-ring Connecting-rod Motor

Gear box
Load

Variable resistance bridge box

Electromagnetic clutch

Fig.5 Assembled experimental device

2.4. Measurement Conditions

Fig.6 shows the appearance and Table 2 shows the
dimensions of the test connecting rods. The two types of
connecting rods were tested to identify any difference
attributable to the annular rigidity of the big end in the
distribution of oil film pressure. The Type A connecting
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e Bearing to measure

\J
h Type-B
Type-A X

k Load

Fig.6 Connecting rod

Table 2 Test specification

Type A | B Unit
Conrod Length 138.5 mm
Big-end axial width 30 | 24 | mm
Material SUS304 -
Bearing In-diameter 50 mm
Mean-width 20 mm
Material Cu+Pb -
Oil SAE10W-30 -

rod has abig end which is equivalent to arigid body, while
TypeB, inwhich elastic deformation can occur moreeasily,
has a shape resembling that of the big end used in passenger
car engines.

Thetest connecting rodswere each in one piece, without
a separate big-end cap, and a completely circular bearing
was gently press fitted into the big end.

3. Calculation Method

Commercially avail able software was used for the EHD
calculations. The oil film characteristics were determined
by using Reynold's equation, the fundamental equation of
fluid lubrication. The elastic deformation of the connecting
rod big end was incorporated into Reynold’s equation as a
mass-rigidity matrix contracted from an FEM model.
Calculations were made by assuming the density,
temperature and viscosity to remain constant at al times
within tolerable limits. The connecting rod was used asthe
constraint in the calculations, the load being input from the
shaft. Theinternal roundness of the bearing after it had been
pressfitted into the big end was measured and expressed in
simpletermsinthe FEM model for input into the calculations
to improve the overall accuracy. The FEM model used in
the calculations is shown in Fig.7.

Type-A Type-B

Fig.7 FEM model

4. Comparison Between the Measured and
Calculated Results

4.1. Measured Results of the Oil Film Pressure

Fig.8 shows the results of measuring the distribution of
oil film pressure around the bearing circumference at 3000
rpm for the Type A and Type B connecting rods.

The ail film pressure in the rigid body connecting rod
big end of Type A wasdistributed over anarrow range around
the bearing circumference, and increased with increasing
load, while demonstrating a single peak coinciding with the
direction of the load.

In the case of the Type B big end which can undergo

Type-A
60
M
Fs0 [ [—skn /A
= | |7/ 10kN s \
g 40 — 15kN /A
A
o 30 [
o
E2r
ST
0
0 ) 180 270 360
Bearing angle [deg]
Type-B
60
€ 50 | [—skn
= — 10kN A
240 1 |— 15k /|
2 /N ‘x
8 30 [ \ :
< \ “
©0 : I\
0

0 90 180 270 360
Bearing angle [deg]

Fig.8 Measurement oil film pressure at 3000rpm
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elastic deformation, the oil film pressurewas distributed over
a wider range around the bearing circumference than the
case of Type A. Asload was increased, the broad single
peak was divided into two peaks, one either side of the
direction of the load. In comparison with Type A, the
increase in oil film pressure with increasing load was less
pronounced.

4.2. Comparison Between the Measured Results
and EHD- calculated Results for the Oil Film
Pressure

Fig.9 shows the measured results and EHD-cal cul ated
results for the oil film pressure at 2000 rpm for the Type A
and Type B big ends. The distribution of oil film pressure
around the bearing circumference could be simulated with
considerable accuracy for both the Type A and Type B big
ends. Theseresultsmadeit possibleto confirm theintegrity
of both the thin-film sensor measurements and EHD
calculations.

In order to assess the feasibility limit for predicting
bearing performance, it was thus determined that it is
necessary to use EHD calculations that incorporate bearing
elagticity, instead of using conventional ail film calculations
that assume the connecting rod big end to be arigid body.

4.3. Discussion on the Mechanism for the Change

in Oil Film Pressure
We confirmed from the measured results of thethin-film
sensor that the distribution of oil film pressure changed

Type-A
50 Measured [T

= 5kN

a B Measured
= 40 v 10kN

@ I Calculated
3 30 | | 5kN

e ‘ ------ Calculated
‘5_ 20 | g ‘: 10kN

£

(o)

0 90 180 270 360
Bearing angle [deg]

Type-B
50
Measured
= | 5kN
% 40 Measured
= 10kN
o [ [------- Calculated
= 30 5kN
g ------- Calculated N
S 10kN a
£ A
310 [
\\ ‘
0

0 90 180 270 360
Bearing angle [deg]

Fig.9 Comparison measurement and calculation
at 2000rpm

according to therigidity of the connecting rod big end. This
isbelieved to have resulted from theload causing contraction
of the big end diameter in the direction perpendicular to the
load (referred to as close-in) when there was elastic
deformation in the big end, while a corresponding increase
in bearing clearance in the direction of the load occurs; this
resulted in a reduction in the rate of increase in oil film
pressure in the direction of the load, thereby leading to a
corresponding increasein thedistribution of ail film pressure
in order to maintain the balance.

The mechanism for the change in ail film pressure can
be deduced from theresults of the EHD calculations. Fig.10
shows a 3D contour diagram of the oil film pressure
distribution based on the calculated results, while Fig.11
shows the distribution of oil film thickness also based on
the calculated results. Inthe case of the Type A big end, at
the same time as the oil film pressure increases in the
direction of the load, the oil film thickness can be seen to
become thinnest at nearly the same location. This can be
said to have resulted from no increase in clearance in the
direction of the load due to the absence of close-in sincethe
big end did not deform.

In the case of the Type B big end, however, oil film
pressurein thedirection of theload isrelatively low, and oil
film is consequently relatively thick. Locations where the

Type-A Type-B

Fig.10 3D contour of oil film pressure distribution

N 4
Lid

Type-A Type-B

Fig.11 Oil film thickness distribution
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oil filmisrelatively thin can be seen to exist on both sides.
Increased clearance in the direction of load can be said to
have occurred due to the close-in caused by elastic
deformation of the big end.

Fig.12 shows a schematic representation of the
mechanism for the change in distribution of oil film
thickness.

Rigid body (Type-A)
T

Displacement

Small

‘ Displacement
Small

Load

Elast body (Type-B)

Displacement Displacement

Large Large

Load

Fig.12 Mechanism of oil film pressure distribution

5. Conclusion

(1) The development of a small thin-film pressure sensor
made it possible to directly measure the bearing oil film
pressure in gasoline engines used in passenger cars.

(2) The distribution of the oil film pressure around the
bearing was confirmed to be considerably affected by
the rigidity of the connecting rod big end. The oil film
pressure distribution in a big end with high rigidity
demonstrated anarrow peak in the direction of the load,
and the pressure increased with increasing load. Onthe
other hand, in the case of a big end with relatively low
rigidity likethat used in passenger car engines, two lower
peaks in the oil film pressure distribution resulted, one
being each side of theload, whiletheincreasein pressure
was more gradual with increasing load.

(3) Good correlation was obtained between the measured

resultsand those obtained by EHD cal culations, verifying
the integrity of both. It was confirmed that EHD
calculationsthat allow for elastic deformation of the big
end, and not conventional oil film calculations that
assume the big end to be arigid body, will be necessary
inthefuturefor precisaly predicting bearing performance.
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Technical paper

Bearing Tester Analysis of the Factors in Engine Plain
Bearings Seizure

Kyoichi MACHIDA*  Katsunori MAKINO*  Kenji SATOH*

ABSTRACT

A bearing tester that overcomes the problems of a conventional bearing tester was fabricated and experimental modes
were selected in order to clarify factors determining the seizure limit of engine plain bearings. Using this tester, seizure tests
were performed on copper-lead bearings with an overlay and aluminum alloy bearings, both of which are used as automotive
engine bearings. Bearing hydrodynamics cal culation was performed based on the obtained experimental data. These results
clarified that the seizure limit for copper-lead bearings with an overlay is determined by the occurrence of plasticity flow of
the overlay due to the maximum ail film pressure, and that the seizure limit for aluminum alloy bearingsis determined by the
minimum oil film thickness.

1. Introduction Support bearing
Test bearing
Requirements more stringent than ever before have been Oil feed Gear box O
placed on the plain bearings of automobile enginesin recent lee

years, due to such factors as the reduction of friction level, %E il =T | Motor |
more compact engine sizes, reduced width due to improved o HH
crankshaft rigidity for improving NVH, and a reduced |

. |

amount of lead in the fuel to minimize the burden on the |
environment.®-®
It consequently became necessary to clarify the
mechanism for bearing seizure in order to identify the
parameters for judging the suitability of a plain bearing.
However, since conventional plain bearing testers seem _ _ )
unableto completely break away fromthelevel of arelative Fig.1  Conventional system of the equipment
comparison of bearing performance, it isnecessary to employ
a quantitative evaluation in order to enable a design study
of bearing suitability. In order to achieve this quantitative

Sphere coupling

[ {J1ol

evaluation, it was necessary to devise a new type of plain Thermo couple

bearing tester and the most appropriate experimental 1 _
procedure. This report presents the mechanism for seizure “ Test bearing
as determined by this new bearing tester with the ] m

experimental procedure that was used.

2. Overview and Problems with \ Test shaft center
Conventional Bearing Testers
Fig.1 shows asystem diagram of a conventional testing
system, Fig.2 showsthe conventiona method for measuring \ V1 j
the temperature of the test bearing and sliding parts in the Support bearing
direction of the load, and Fig.3(a) shows the conventional (plain type) ‘
load pattern.© Test con-rod
This conventional test employs a method in which the LT
static load generated by hydraulic pressure is applied to a Static Load
round shaft supported by bearings. Thetest is stopped when v
the indicated temperature at the back of the test bearing, or
the bearing friction torque, reaches a prescribed value. The Fig.2 Conventional bearing part

* Tochigi R&D Center
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(a) Conventional load (b) New load pattern
pattern

Fig.3 Bearing load pattern

reason for stopping the tester before the bearing has

completely seized is to prevent damage to the tester

components that would be caused by the sudden stopping
torque that is generated when seizure occurs. Problems
associated with this testing system are as follows:

(1) The tester must be stopped at a stage before the bearing
completely seizes, despite the purpose of the test being
to analyze seizure.

(2) Thetemperature of the support bearings hasasignificant
effect on the temperature at the back of the test bearing.

(3) The method for assessing contact between the shaft and
bearing involves only visualy examining the bearing
contact state after testing.

3. New Bearing Tester for Seizure Analysis

Fig.4 shows a system diagram of the newly devised
bearing tester, while Fig.5 illustrates the method used to
measure the temperature of thetest bearing and load sections.

Support bearing

Test bearing Torque-limiting clutch

Oil feed Gear box

jOElintE H | Motor }
L g |
O| Sphere coupling

Servo cylinder

Fig.4 New system of the equipment

W
Thermo couplés L

|
¢ U | B
UL |
S 20mm _
c% «> Test bearing
o

Support bearing
(roller type)

\

— —

1|
) TITT

This tester has the following characteristics:

(2) By providing atorque-limiting clutch between the motor
and gear box, testing can continue until the bearing has
completely seized (until the bearing surface meltsor the
shaft and bearing seize solid).

(2) A roller bearing that generatesvery little heat isused for
the support bearingsto minimizethe effects of the support
bearing temperature.

(3) An additional location for temperature measurement is
provided across the bearing width as a method for
assessing whether the shaft and bearing are making
contact. Contact between the shaft and bearing can be
detected by monitoring the temperature balance. In
addition, a design is employed in which sheathed
thermocouples are embedded in holes at the back of the
bearing surface so that the temperature close to the
bearing diding surface can be measured to monitor the
phenomenathat occur on the diding surface. The use of
this method makes it possible to accurately adjust the
shaft inclination without having to view the contact state
of the bearing.

Instead of the conventional method of applying aloadin
steps, a linearly increasing load is applied as shown in
Fig.3(b). Sincearapid temperature rise and seizure tended
to occur when the load was increased in steps as shown in
Fig.3(a), or in other words, since it was determined that the
seizure load varied according to the load increment at each
step and the time the load was held constant, the load is
increased along a linear gradient to avoid the effect of
increasing the load in steps.

Fig.6 shows the results of repeatability testing by this
method.

Although thereis a difference of about 10% in the load
during seizure occurrence, the plots during the course of the
temperature rise and those of the secondary rise in
temperature are nearly identical.

A list of test conditions applied is shown in Table 1.

Tests were conducted on copper-lead bearings and
aluminum alloy bearingsthat aretypically used in automotive
applications.

The structure of an automotive plain bearing consists of
a soft material having outstanding sliding properties
supported on a strong backing plate. The diding materias
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Fig.6 Confirmation test of the repeatability
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Table 1 Tested condition
Shaft rotation speed 3000 ~ 6000 rpm
Feed oil temperature 35~140°C
Feed oil pressure 300 kPa
Radial clearance 13 ~20 um
Oil SAE grade 10 W-30
Shaft surface roughness 0.8 S (Rmax)
Oil feed method Shaft feed

can be broadly classified into those made of lead alloy and
those made of aluminum alloy, each of these being further
classified into several subcategories according to the
performance. In contrast to using an overlay of soft lead on
the sliding surface of copper-lead bearings to achieve
uniformity, many aluminum aloy bearingsuseasinglealloy
layer having aluminum as its main component.

4. Results of Seizure Tests for Individual
Bearing Materials

4.1. Seizure Characteristics of Copper-Lead
Bearings
Fig.7 shows measured results for the diding surface
temperature up to seizurerelative to theload for alead alloy
bearing.
Fig.8 isaschematic drawing of the contact characteristics
of the bearing surface that were observed when the tester

300

Seizure point —»

N

ul

o
T

150 Rising second

100
Rising first

Bearing temperature (°C)

50

0 ! ! ! ! ! !
0 100 200 300 400 500 600

Bearing load (N)

Fig.7 Temperature process of the Pb bearing

A B C D

Fig.8 Characteristic of bearing surface of Pb bearing

was stopped at each of the pointsindicated in Fig.7.
Characteristics at each test point are described next.

A: Thestate during which thetemperaturelinearly increases:
Slight contact is apparent between the shaft and bearing.

B: The state near the end of the linear rise in temperature:
Substantial contact occurs overall.

C: The state during which there is a secondary rise in
temperature: Although greater overall contact occurs, in
contrast to the contact in states A and B whichisapparent
as scratches both upstream and downstream, plastic flow
of theoverlay inthedownstream contact portionisclearly
apparent. Thisphenomenon occursprior to reaching the
melting temperature of the overlay, and indicates flow
dueto physica plasticity.

D: The state after the overload torque clutch has operated:
Flow occurs due to melting of the overlay.

Based on these findings, over the linear range of the
temperature increase, metal contact on the bearing diding
surface progresses, and the temperature increases linearly
relative to the load. A secondary temperature rise is then
initiated at point B, and plastic flow of the overlay isthought
to occur.

Changes in the dliding surface temperature relative to
the load are shown in Fig.9 when changing the oil
temperature, bearing radial clearance and shaft rotational
speed to identify the onset of seizure under the various
conditions.

300

Q Reaching temperature of the last

o

~ 250+

g

= 200+

o

2 150+

5

= 100t

c Feed oil temperature: 60 ~ 140 °C

s 50r Bearing radial clearance: 13 ~ 20 um

ﬁdé Rotation speed: 4000 ~ 6000 rpm
1 1 1 1 1 1 1

0
0 100 200 300 400 500 600 800 1000
Bearing load (N)

Fig.9 Parametric study of oil temperature, radial
clearance and rotation speed on Pb bearing

The measured temperatures were influenced differently
by each of these parameters under the sameload. Although
theload at which seizure occurred is different in each case,
the ultimate temperature can be seen to be within a fixed
rangeunder al the conditions. Thisisbelieved to correspond
to the melting point of the surface layer.

4.2. Seizure Characteristics of Aluminum Alloy
Bearings

Fig.10 showsthe measured results of the sliding surface
temperature leading up to seizure of the aluminum alloy
bearing. Fig.11 is a schematic drawing of the contact
characteristics of the bearing surface that were observed in
the same manner as that for the copper-lead bearing.
A: The state near the end of the linear rise in temperature:

Substantial contact is apparent throughout, which is
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Fig.10 Temperature process of the Al bearing

A B

Fig.11 Characteristic of bearing surface of Al bearing

similar to the case of the copper-lead bearing.

B: The state after the overload torque clutch has operated:
In contrast to the apparent melting of the surface overlay
in the case of the copper-lead bearing, flow occurs due
to adhesion of the surface of the aluminum aloy that has
been picked up from the areawith the vertical scratches
at the center.

Fig.12 illustratesthe process|eading up to seizurewhen
the parameters of rotational speed, oil temperature and
bearing radial clearance were changed.

300
8 Reaching points
e 250 F of the last
g
‘E 200 +
8 150
£
g
= 100
E Feed oil temperature: 35 ~ 140 °C
o 50 + Bearing radial clearance: 15 ~ 20 um
m Rotation speed: 3000 ~ 6000 rpm
1

O 1 1 1 1 1 1
0 100 200 300 400 500 600 800 1000
Bearing load (N)
Fig.12 Parametric study of oil temperature, radial
clearance and rotation speed on Al bearing

The aluminum alloy bearing was determined to have the
following characteristicsin comparison with the copper-lead
bearing:

1. Seizure occurred immediately after completion of the
primary temperature rise.

2. Adhesion within the bearing occurred regardless of the
melting point of the aluminum aloy.

3. There was no correlation between the seizure threshold
load and the dliding surface temperature.

5. Analysis of the Cause of Seizure

5.1. Calculation Conditions

Bearing hydrodynamic cal culationswere made using the
test conditions as input values (load and sliding surface
temperature) to analyze the cause of seizure.

The mobility method™ used in rigid body bearing
calculations was applied. The shaft oil feed holes, lemon
shape and relief shape were not considered in the
calculations.

Fig.13 indicates the sampling points for data input into
the calculation.

The value at which the temperature started to rise prior
tothe secondary risein Fig.13(a) wasused for thelead aloy
bearing, this value being selected to determine the cause of
the secondary rise in temperature.

Thevaluejust before the sudden rise in temperature and
theonset of seizurewas used for the aluminum alloy bearing.

Before point

I Boundary of rising of seizure

| Temperature input Temperature input

Load input Load input

Bearing temperature (°C)

Bearing temperature (°C)

Bearing load (N)

T TR R SN B A

Bearing load (N)
(b) Al bearing

(a) Pb bearing

Fig.13 Definition point of calculation

5.2. Calculation Results

Fig.14 shows the results of the bearing hydrodynamic
calculations. The graph also shows two types of bearing
material. Thefirst isthe standard lead alloy material. The
second is alead + indium (Pb + In) materia in which the
overlay is softer than the standard lead alloy as a result of
the added indium.

Table 2 showsthe hardness of the bearing surfaces used
in these tests.

When the minimum oil film thickness was plotted on
the horizontal axis, and the maximum oil film pressure was
plotted on the vertical axis, the lead alloy bearing
demonstrates a horizontal distribution, while the aluminum
alloy bearing can be seen to demonstrate a vertical
distribution.
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Maximum oil film pressure (MPa)

400
< Pb+In bearing
Seizure
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0
0.4 0.6 0.8 1.0 1.2

Minimum oil film thickness (um)

Fig.14 Calculation result

Table 2 Bearing surface hardness

Material Scale Value
Pb bearing HMV10g 13~17
Pb + In bearing T 10 ~ 13
Al bearing HV5g 42

Thisindicates that, in the case of the lead alloy bearing,
when the maximum ail film pressure becomes excessively
high, plastic flow of the overlay occurs, resulting in a
secondary riseintemperaturethat eventually leadsto seizure.

In addition, the plastic flow of the overlay at a lower
maximum oil film pressure, aswith the lead-indium bearing,
also servesto support the above-mentioned cause of seizure.

6. Conclusion

One aspect of the mechanism for bearing seizure was
quantitatively clarified by solving the inherent problems of
conventional bearing testers and improving the test
procedure.

1. The plastic flow of the overlay that occurred with the
copper-lead bearings material is thought to have led to
seizure dueto the high ail film pressure that wasinduced
between the shaft and bearing.

2. Since aluminum alloy bearings are not provided with a
soft overlay on the bearing surface in the manner of
copper-lead bearings, there is a critical limit to the
minimum oil film thicknessrather than acritical limit to
theail film pressure, and thisisthought to lead to seizure.
The demonstration of thiscritical limit to the maximum

oil film pressure over a wide range of oil film thicknesses

has been clearly shown to be an indicator for defining the
minimum oil film thickness and seizure threshold when
designing bearings.
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ABSTRACT

Having established the measurement technol ogy to measure accessory belt behavior using laser displacement measurement
methods, we were able to clarify the mechanisms causing the belt to run off of the pulley by analyzing the correl ation between
the belt’ s behavior and fluctuationsin input to the belt and by performing belt behavior simulation. Based on our findings, we
were able to create a design tool. We clarified the fact that the belt runs off of the pulley if a resonance occurs due to the
accessory belt’s natural frequency equaling 1/2 of the frequency of belt length fluctuation in the belt tension direction caused
by crankshaft torsional vibration and if the length fluctuation in the belt tension direction exceeds a threshold value. We also
found that lateral vibration occurred due to the existence of a lateral movement natural vibrational mode in the belt itself.
Based on our findings, we created a belt movement limit map and constructed a belt run off simulation enabling usto propose
design tools to prevent the belt from running off of the pulley. In addition, we provided an example of a method used to
investigate the prevention of the belt running off the pulley by presenting the effects of design parameters for crankshaft

related parts.

1. Introduction

Increased interest in promoting global environmental
protection over theyearshasled to callsfor the devel opment
of automotive enginesthat are more environmentally sound.
This movement has been paralleled by a demand for high
engine speed, high output, the most basic aspects of engine
performance. Therefore, research is needed to resolve the
various problems that arise from engine vibration at high
engine speeds.

High speed engines tend to increase the circumferential
speed of an automotive engine' saccessory belt (i.e., V-ribbed
belt) and can potentially result in degraded belt performance.
In fact, problems such as the belt running off of the pulley
have not been uncommon in actual engine development.
However, the vibrational mode and mechanism that are
behind the causes of a belt running off of the pulley have
not been determined and so have resulted in enormous
amounts of time and effort to devel op countermeasures. V-
ribbed belts used as accessory belts create a spring/mass
vibration system between the crankshaft pulley and the
various accessories (e.g., alternator, air conditioning
compressor, and power steering pump) such that torsional
vibration occurring in the crankshaft is transmitted from the
crankshaft pulley to the accessories via the belt. Various

* Tochigi R & D Center

vibrational modes can be exhibited at this time depending
on such factors as the accessories' inertial moment and belt
elasticity. Research on belt behavior and rotational
fluctuation in accessory components has not been extensive,
however, dueto thelack of quantifying technologies. Today,
however, advanced instrumentation and sophisticated
technologies for data processing make it possible to
investigate multiple phenomena simultaneously and in real
time. Thus, analysis of the behavior of high-rpm pulleysand
accessory beltsis now possible.

This paper discusses a measurement method for the
behavior and quantitative displacement of accessory belts
in high speed engines, the mechanism of a belt running off
of apulley, how therelated quantitative limitsare established,
and the process of defining specifications for components
related to the accessory belt.

2. Analysis of the Mechanism of a Belt Running
Off of a Pulley

2.1. Overview of the Accessory Belt System

Research on why an accessory belt runs off of a pulley
began with fixed-tension, biaxial systems having one
accessory (Fig.1) but has expanded to include systemswith
up to two accessories and three axes. This paper, however,
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Fig.1 Structure of accessory belt system

deals with biaxia systems. The engine used was the 2.3-
liter DOHC VTEC (Valve Timing and lift Electronic
Contral) engine shown in Fig.1.

2.2. Factors that Degrade Belt Behavior

The authors have investigated the factors that degrade
belt behavior by comparing the fluctuations in angular
velocity and axisdirection, etc., that occur inthetwo pulleys
and the belt behavior in the portion not in contact with the
pulleys. This research assumes that the belt portion around
the crankshaft and accessory pulley functionsintegrally, with
no slippage or lift relative to the pulley.

Figs.2-a and 2-b show the variables used as influential
factors in the analysis, along with the symbols for those

Sb(t) + Lpo = Shl(t) + Lp(t) + Lpo

=

n

f }
! wa + Awa(t) l
Sca(t) ! P -~ ! | Scc(t)
I Lpo i
(I T
Fig.2(a) Factors in the changing length of the

accessory belt between the accessory
pulley and the crankshaft pulley

Lof, Pulley offset

-
[
Factors in crankshaft axial direction
fluctuation

Ip, Crankshaft pulley incline

Fig.2(b)

variables. The two factors contributing to the belt running

off of the pulley are described below.

(1) Betlength fluctuation in the belt tension direction (Sh(t),

mm): Fluctuation in the length of the belt portion not in
contact with the pulleys.
This is due to fluctuation in pulley circumferential
movement length caused by fluctuation in the angular
velocity of the crankshaft and accessory pulley
(hereinafter referred to as crankshaft pulley
circumference fluctuation and accessory pulley
circumference fluctuation, expressed as Spc(t) and Spa(t),
respectively), and to fluctuation in the belt length of the
portion between but not in contact with the crankshaft
pulley and accessory pulley axes due to pulley run-out
(Lp(t)). Thus, Sb(t) is expressed with the following
equation.

()= Sl (t)+Lp(t)
=oc(t)+ Fpa(t)+ Sce(t) + Sca(t) 1)

As expressed in equations (2) and (3) below, each
pulley’s circumferential fluctuations Spc(t) and Spa(t)
can be determined by integrating angular velocity
fluctuations (Awc (t) and Awa (t)) and multiplying this
by the radius of each pulley (rc and ra). The angular
velocity fluctuation is found by subtracting the average
angular velocity (oc(t) and wa(t)) from the crank pulley
and accessory pulley angular velocity.

Soc(t)=rc [ Awc(t)dt 2
Fa(t)=ra [ Awa(t)dt 3

Aax(t); Crankshaft pulley angular vel ocity fluctuation
Awa(t); Accessory pulley angular velocity fluctuation
rc: Crankshaft pulley radius
ra: Accessory pulley radius

(2) FHuctuationinthethrust direction (Shs(t), mm): Sbs(t) is
defined asfluctuation in the pulley axial thrust direction
occurring between the pulleys (i.e., in the portion not in
contact with the pulleys) due to axial incline in the
crankshaft pulley and accessory pulley, and to pulley
offset (Lof, mm), shown in Fig.2-b.

Thus it is assumed that length fluctuation in the belt
tension direction (Sb(t)) involves the belt running off of a
pulley due to flexure caused by an increase in belt length
between the pulleys; and, that fluctuation in the thrust
direction (Sbs(t)) involves belt lateral offset caused by belt
fluctuation in the lateral direction during operation.

2.3. Measurement Methods

2.3.1. High-Speed Camera Method

High-speed cameras (NAC model HSV-500) were used
to visually capture belt behavior leading up to the belt running
off of the pulley. The two cameras were positioned facing
the back surface and aside surface of the belt (Fig.3-a), and
were used to videotape the belt at a rate of 250 frames per
second. Fig.3-b isan example of theimagesthat weretaken.
The backface of the belt was painted with ladder-like
markings in order to facilitate analysis of belt movement.

2.3.2. Laser Displacement Measurement

A laser sensor (Keyence LX2-03; Fig.3-a) was used to
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Accessory pulley

Laser sensor

High-speed camera

High-speed camera

Accessory belt

Crankshaft pulley

Fig.3(a) Measurement methods of accessory belt
movement using a high-speed camera and

laser sensor

Pl OalE  iSaDE

Fig.3(b) Images of the belt's back-surface (A) and

side-surface (B) taken with high-speed
cameras

precisely quantify belt behavior in the lateral direction after
capturing overall belt behavior using the high-speed cameras.
Thissensor usesaband-shaped |aser beam and alinear sensor
containing a charged-coupled device (CCD), and provides
an output that is proportional to the amount of laser light
that is blocked (Fig.4). The setup shown in Fig.4 therefore
yields an output that is proportional to belt displacement in
the lateral direction. The laser sensor has a response
frequency of 256 Hz and aspatial resolution of 0.5 mm, and
can measure engine speeds of up to 7700 rpm.

2.3.3. Pulley Circumference Fluctuation

Crankshaft pulley circumferential fluctuation (Spc(t)) and
accessory pulley circumferential fluctuation (Spa(t)) were
calculated from the angular velocity fluctuation of each
pulley axis (Amc(t) and Awa(t)) using equations (2) and (3),
and were determined as described below.

First, an accelerometer was mounted to each axis by
means of a jig to measure acceleration (ge(t), ga(t)) at the
given mounting radii (crankshaft pulley = rac, accessory
pulley = raa). These were integrated to determine angular

—— Sheet generator

Accessory belt
/. m‘;&/

Laser sheet
P

Length of accessory belt
lateral movement

—— Detector

Fig.4 Structure of laser sensor

velocity fluctuation (Amc(t) and Awa(t)). Thereasonfor using
two accelerometerswasto cancel out components other than
angular acceleration fluctuation that can exist when pulleys
undergo eccentric motion in opposing sensitive directions.

_ 1
AwcC= Tac [ gc(t)dt 4
Awa= t)dt
wa=-_— [ ga) ®)

2.3.4. Pulley Fluctuation

Fluctuation due to pulley rotation most likely includes
eccentricity of the pulley axisand pulley axisinclinerelative
to the belt line (Fig.2-a). The former was determined by
measuring the distance between pulley periphery and two
gap sensors positioned at a 90° phase angle relative to each
pulley (Fig.5-a).

In the latter, pulley axis mounting and flexion related to
belt tension are believed to be factors, as the pulley side
surfaces do not move in the same plane. This fluctuation
was measured with gap sensors positioned asshown in Fig.5-
b.

3. Experimentation: Results and Observations

3.1 Belt Behavior

Observation of belt behavior using the high-speed
cameras and laser sensors revealed four vibrational modes
(Fig.6), and showed that the phenomenon of abelt running
off of the pulley is caused by lateral movement vibration
(Fig.6-d). Fig.7 illustrates positiona fluctuation in lateral
movement at belt cross-section C-C indicated in Fig.6-d.
This positional fluctuation is belt movement in the thrust
direction, and also indicates movement of the belt back
surface to the outside due to torsion. Theimagesin Fig.3-b
clearly show thistorsional state: in the left-hand image, belt
torsion has caused the markingsto slant, whereasin theright-
hand image belt torsion is causing the cross-sectional width
to change in the manner illustrated in Fig.7. Belt movement
in the thrust direction is as great as 30 mm, which is
equivalent to two times the pulley width.

To identify the causing behind belt lateral movement
vibration, the authors used gap sensors to measure pulley
offset, pulley eccentricity, and pulley side surface incline,
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Accessory pulley

Accelerometer attachment

Gap sensor
(Eccentricity)

Crankshaft pulley
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Accelerometer 2
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Fig.5 Measurement methods of fluctuation input to accessory belt

@

a: Vertical vibration

0

c: Torsional vibration

b: Line vibration

d: Lateral movement
vibration

Fig.6 Vibration patterns

but the resultant measurements were not significantly large.
Thiswas true with measurements taken up to the maximum
alowablevauesfor massproduction control. Thus, no causal
relationship was detected. The results, shown in Table 1,
suggest that belt lateral movement vibration is largely
influenced by belt length fluctuation in the belt tension
direction, which wastherefore made the focus of analysisin
subsequent experimentation.

3.2. Belt Length Fluctuation in the Belt Tension
Direction and Lateral Movement Fluctuation

Pulley circumference fluctuation (Spc(t), Spa(t)) and
pulley axis run-out (Scc(t), Sca(t)) are possible factors in
belt length fluctuation in the belt tension direction (Sh(t)).
Aspulley axisrun-out has been verified in ordinary engines
asbeing only one-tenth of pulley circumferencefluctuation,
it was decided that focus would be placed only on pulley
circumference fluctuation. Fig.8 gives the waveform of
crankshaft pulley circumferential fluctuation (Spc(t)) and
accessory pulley circumferential fluctuation (Spa(t))

A ! B

c T c

Fig.7 Lateral movement vibration at cross section
C-C in Fig.6 Arrows show movement of both
sides of the belt

Table 1 Effect level of fluctuation input to belt on
belt behavior
Direction of
. Iltems Influence
fluctuation
Offset of pulley -
Crankshaft axis alignment Negligible
direction
Pulley incline Negligible
Pulley eccentricity Negligible
Belt tension Fluctuation
direction on pulley Strong

circumference
(by revolution)

calculated with the accel erometer output shown in Fig.5-a
for engine speeds of 2000 rpm and 7500 rpm, which are the
experimental conditions used to represent stable movement
and lateral movement vibration, respectively, in an accessory
belt. In the former case, the circumferential fluctuation
waveform of both the crankshaft pulley and accessory pulley
exhibit the same phase, whereasin the latter case, thereisa
phase difference of approximately 80° relative to the
crankshaft angle (hereinafter “80°CA”). Pulley
circumferential fluctuation, which is a second order
component relative to the crankshaft angle, is such that the
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Fig.9 Characteristics of Spca, Spaa and Sbsa vs.
engine speed

80°CA phase difference between the two pulleys resultsin
approximately opposite phases. Fig.9 shows the results of
using fast Fourier transform analysis (FFT) to track the
crankshaft pulley and accessory pulley circumferential
fluctuation (Spc(t) and Spa(t)) for the given engine speeds;
thetrough-to-peak amplitude of belt lateral movementisalso
shown for comparison. The vertical axis shows, from the

top down, the amplitude of crankshaft pulley circumferential
fluctuation (Spca, mm), amplitude of accessory pulley
circumferentia fluctuation (Spaa, mm), and amplitude of
accessory belt lateral movement (Sbsa, mm). Note that the
amplitude of both the crankshaft pulley and the accessory
pulley circumferential fluctuations have a second order
component that rises in the high-rpm zone, and that the
amplitude of belt lateral movement also tendsto rise along
with it. The second order component of Spaa in Fig.9
suddenly beginsto converge at an engine speed of 6300 rpm,
then rises sharply at 6500 rpm. This corresponds with the
changes in loose-side lateral movement amplitude (Shsa),
indicated by arrows in Fig.9. Similarly, the sudden
convergence and sharp increase in the second order
component of Spaabeginning at 6800 rpm correspondswith
the fluctuation in Sbsa on the tension side.

Next, Fig.10 showsthe second order components of the
amplitude of length fluctuation in the belt tension direction,
which is a composite value that accounts for the phases of
Spcc(t) and Spea(t), as well as the amplitude of belt lateral
movement. As engine speed rises from 2000 to 7700 rpm,
the waveforms of the crankshaft pulley and the accessory
pulley circumferentia fluctuations go from having the same
phase to opposite phases (Fig.8). Consequently, the
amplitude of length fluctuation in the tension direction is
added on rather than being cancelled out, showing an
increasing value that resultsin a marked lateral movement
amplitude in the area where belt length fluctuation in the
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Fig.10 Characteristics of Sha and Sbsa vs.
engine speed
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Fig.11 Relationship between Sba and Sbsa
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belt tension direction (Sba) exceeds0.2 mm. Fig.11, inwhich
the amplitude of belt lateral movement from Fig.10 is the
vertical axis and the amplitude of belt length fluctuation in
the belt tension direction is the horizontal axis, adds the
tension-side and loose-side points from Fig.10 (A, B, a, b)

and measurements of maximum value for different initial

belt tension settings. This graph indicates good correlation
between the belt’ sloose and tension sides, as evinced by the
linear distribution of both. Fig.12 shows engine speed and
thelateral movement vibration frequency (Hz) at which the
accessory belt exhibited lateral movement at different initial

tension settings. The one-to-one correl ation between thetwo
frequencies suggests that the belt vibration frequency isthe
belt’s natural frequency for each initial tension. The reason
that engine speed at peak lateral movement vibrationislower
ontheloosesidein Figs.9 and 10 isthat because belt tension
islower on the loose side than on the tension side due to the
accessory’ srotational resistance, thebelt’ snatural vibrational

frequency is aso lower on the loose side. Combining the
resultsfrom Figs.10 and 11 showsthat belt lateral movement
vibration occurs when engine speed and the belt’s natural

vibrational frequency corresponds in an engine speed area
in which the amplitude of belt length fluctuation in the belt
tension direction is 0.2 mm or greater.

130 Belt tension, 700N

120
600N

110

500N

Frequency of belt lateral
movement (Hz)

100
100 110 120 130
1st order frequency of engine speed (Hz)

6000 7000 8000
Engine speed (rpm)

Fig.12 Relationship between engine speed and
frequency of belt lateral movement when
varying to belt tension

3.3. Analyzing the Mechanism of Belt Lateral
Movement

3.3.1. Lateral Movement Vibrational Modes

The preceding has shown that when engine speed ishigh
enough to create large belt length fluctuation in the belt
tension direction and al so matchesthebelt’ snatural vibration
frequency, the belt resonates and undergoes vibrational
movement in the lateral direction. In this section, the
mechanism of thislateral movement isconsidered. Assuming
one factor behind this lateral movement is the fact that the
belt itself has a natural vibrationa mode at which lateral
movement occurs, the authors used a finite element model

to perform nonlinear natural vibrational mode analysis.

The one-dimensiona string model generally used for
approximation in belt vibration analysis, although capable
of predicting string vibrational mode, could not predict the
vibrational mode of the type of lateral movement seen in
actual engines. Thisisbelieved to be because thistechnique
cannot account for the asymmetry of massand stiffnessin a
belt cross section, which is determined by the core position
and rib height. For thisreason, the authorsperformed analysis
with afinite element method based on a three-dimensional
belt model having the belt shape shownin Fig.13. Thismodel
was comprised of a high-stiffness core portion which
primarily bearsthetensileload, and arubber portion, with a
100:1 ratio between the stiffness of the former and that of
the latter, and an overall belt spring constant of 530 N/mm.
The belt length and width used in the calcul ations were the
same as those of the actual belt (352 mm and 14 mm,
respectively). The calculations sought to determine the
natural vibrational mode with one end of the belt anchored
and the other end subjected to atensileload in the belt tension
direction.

Fig.14 showstheresults of thisanalysis. Figs.14-a and
14-b, which view the belt obliquely from above and dlightly
from aboveinthebelt’ slongitudinal direction, respectively,
show lateral slip to the right and left. The lateral movement
from the center linein Fig.14-b and the upward movement
of one end in Fig.14-a conform to the lateral movement

Code

N, e

Rubber el

Fig.13

Belt model for FEM

(b)

Fig.14 Vibrational mode analysis results of the
accessory belts lateral movement
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observed in an actual belt. This corroborates the
aforementioned findingsthat lateral movement isaresult of
the accessory belt’ snatural vibrational modeinthe direction
of lateral movement.

3.3.2. Lateral Movement Resonance

Belt vibration, which is a manifestation of changes in
tensile load due to fluctuation in pulley angular velocity at
the ends of the belt, can be approximated as vibration of a
string having mass, as it can be thought of asvibrationin a
variable elastic system. The vibrational model is shown in
Fig.15. The Mathieu equation can be used to judge whether
avariabledadtic systemisstableor unstable (i.e., undergoing
resonance). Asaprecise solution isdifficult to arrive at, the
authors focused instead on whether the system is stable or
unstable at a given time. If stable, then the system is
undergoing periodic motion when a disturbance is present.
If unstable, then itsamplitudeincreaseswith time, eventually
resulting in resonance. Using the stability criteria of the
Mathieu eguation, and given a frequency of belt tension
fluctuation of wk and abelt vibration frequency of ®n, asin
Fig.15, then motion becomes unstable when®

on=1/2nk, ok, 3/20k, ...

If wn is substituted with the natural frequency of belt
lateral movement (ws) and wk with the frequency of belt
length fluctuation in the belt tension direction (wb), then the
first solution (wn=1/2 wk) suggests that resonance occurs
when the natural frequency of belt lateral movement s
equals one-half of the frequency of belt length fluctuation
in the belt tension direction (wb). As the frequency of belt
length fluctuation in the belt tension direction (wb) is equal
to twicethe engine speed asin Fig.8, thismeansthat 1/2 wb
isequal to the engine speed, thus agreeing with the observed
resultsin Fig.12.

When applied to lateral movement vibration in an actual
engine, thismeans, in regards to resonance, that belt tension
decreases as mass point m moves away from the center but

g
oD @a=
®n
< 2

o ; Frequency of belt tension fluctuation
o n; Frequency of belt vibration

Fig.15 Vibration model of an accessory belt

increases as mass point moves toward the center, with an
amplitude that is larger than in the latter states and which
most likely increases with time. Moreover, this state of
resonance is believed to actually occur as the lateral
movement vibration mode in Fig.14, and to be what causes
the belt to run off of the pulley.

3.4. Criteria for Belt Running Off of the Pulley

In the analysis described in the preceding section (3.3),
belt lateral movement was analyzed with the specifications
listed as“ Sample1” in Table 2. Next, the authors sought to
develop criteriafor the belt running off of the pulley based
on belt specifications by conducting an experiment with
different combinations of belt ribs and belt string length
(Table 2). Fig.16 shows, for each number of ribs, the belt
length fluctuation in the belt tension direction that caused a
belt of the given length to run off of the pulley. This shows
that a greater belt length or smaller number of ribs causes
the belt to run off of the pulley even with alow belt length
fluctuation in the belt tension direction. Thus, when belt
length and belt length fluctuation in the belt tension direction
are below the line for a given number of ribs, then the belt
will not run off of the pulley, and the design can be judged
appropriate.

Although belt length fluctuation in the belt tension
direction and belt lateral movement are both possible
variables for criteria for belt running off of the pulley, the

Table 2 Variations of the tested belt

Number of rib Belt st(rrirr:rc;]])Iength

4 5 6 282 | 317 352
Sample 1 O O
Sample 2 O O
Sample 3 O @)
Sample 4 O O
Sample 5 O O
Sample 6 O O

Number of rib, 4

Amplitude of belt length fluctuation
in the belt tension direction (mm)

0 Acceptable
o
50
-
Belt string length (mm)
Fig.16 Judgement graph for the accessory belt

running off of the pulley
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authors selected the former because of its good
reproducibility and used it in simulation of a belt running
off of the pulley, described in the following section.

4. Design Tools
This section uses the analysis results described in the
previous section to describe “simulation of the accessory
belt running off of the pulley”. Thisisadesign tool that can
be used to predict and prevent an accessory belt running off

of the pulley when designing componentsrelated to the belt.
This processis described using an example application.

Refine
}[ Design parameter fix j

v

[ (1) Torsional vibration ]

on crankshaft

Amplitude of fluctuation
on crankshaft pulley

circumference
much

[ (2) Belt resonance frequency ]

Belt resonance occurs?

(3) Amplitude of belt length
fluctuation
(belt tension direction)

v

Amplitude of belt
length fluctuation

Too
much

Fig.17 Design flow

4.1. Overview of Simulation
Asthe flowchart in Fig.17 illustrates, the simulation of
an accessory belt running off of the pulley comprises these
primary parts: (1) crankshaft torsional vibration simulation,
(2) belt natural frequency simulation, and (3) simulation of
belt length fluctuation in the belt tension direction, theinput/
output unit, and the judgment unit.
(1) Crankshaft torsional vibration simulation
Crankshaft torsion analysis entails calculating (with the
Holzer equation) the angle of torsion from crankshaft
dimensions and combustion pressure.
(2) Belt natural frequency simulation
Belt vibration analysis entails calculating the belt’s
natural frequency from belt specifications and accessory
layout to determine whether the belt natural frequency
falls within the engine’ s operating speed. If it does not,
then belt vibration will not occur, and so design review
is concluded at this point.
(3) Simulation of belt length fluctuation in the belt tension
direction
Analysis of belt length fluctuation in the belt tension
direction entails using the analysis model in Fig.18 to
perform transient response analysis to calculate a
fluctuation response that accounts for inertial mass on
theaccessory pulley side by defining excitation frequency
as the crankshaft-side fluctuation obtained with
crankshaft torsional vibration simulation. Thisyieldsthe
time series fluctuation shown in Fig.19. Taking phase
difference in this fluctuation into account results in the

Response Excitation
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i
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g ,r//
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Fig.18 FEM model
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Fig.19 Simulation results of the crankshaft and
accessory pulley angle of fluctuation during
rotation
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belt length fluctuation in the belt tension direction shown
in Fig.20. This value is then evaluated with the
af orementioned judgment map for belt length fluctuation
in the belt tension direction (Fig.16).

4.2. A Review of an Example Using the Method for
Preventing Belt Running Off of the Pulley

Fig.21 lists the parameters for assessing effectiveness
in preventing a belt from running off of the pulley. Fig.22
shows those parameters in which improvement was clear.
Accessory pulley hubinertial mass, crankshaft pulley damper
frequency characteristics, and crankshaft pulley inertial mass
were examined beyond the range of mass-production
engines, but there was no significant improvement: belt
lateral movement was roughly 90% that of the base engine
in al cases. In contrast, substantial improvements were
achieved for metal clearance (only 76% of the base engine
at minimum tolerance), which affects crankshaft torsion at
angle, and for journal diameter, which affects crankshaft
rigidity: belt lateral movement was halved by increasing the
diameter from 50 mm to 55 mm. In the latter case, the
absolute value of belt lateral movement was reduced
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Fig.20 Simulation results of amplitude of fluctuation

on pulley circumference
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Crankshaft rigidity

Crankshatft pulley design

substantially, from 4.2 to 2.4 mm, while ajournal diameter
of 55 mm resulted in no cases of the belt running off of the
pulley despiteitsfrequent occurrencewith a50 mm diameter
journal in the experimentation (Fig.23).
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5. Conclusion

The authors established alaser sensor-based method for
measuring and quantifying accessory belt behavior and
elucidated the mechanism of abelt running off of the pulley
by measuring belt movement and belt input, and by
performing belt vibrational mode simulation, thus
determining the following:

1. Phenomena leading up to accessory belt running off of
the pulley

(1) Resonance occurs when the accessory belt’s natural
frequency equals 1/2 of the frequency of belt length
fluctuation in the belt tension direction, said fluctuation
caused by crankshaft torsional vibration.

(2) A correlation exists between belt lateral movement and
belt length fluctuation in the belt tension direction, with
thebelt running off of the pulley whenthethreshold value
is exceeded.

(3) Vibration inthelateral direction occurs asthe accessory
belt itself has a natural vibrational mode for lateral
movement.

2. Achievements made possible by an understanding of the
phenomena

(1) A “graph for use in judging the limit at which the belt
runs off of the pulley” was created.

(2) Simulation of an accessory belt running off of the pulley
was devised as adesign tool.

(3) The above was shown to be effective in preventing the
belt from running off of the pulley by improving design
parameters for engine crankshaft components.
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Technical paper

Knocking Quantification and the Development of a
Knock Intensity Meter

Teruyoshi MORITA*  Masahiro SATO*

ABSTRACT

An algorithm which processes pressure signals in cylinders with a first frequency element and quantifies it based on its
maximum value and statistic processing, and areal time measuring system utilizing the algorithm were established. To attain
high applicability this system employs not only generally applied pressure sensors but also plug washer type sensors that can
be applied to each cylinder for pressure measurements. Further, nearly all of the processing is performed using software
applications. Rewriting of the software is made possible due to the simplified operations and the application of aVME board
equipped with a high performance MCU processing built-in flash ROM. In consideration of expanded application in the
future, the system, further, utilizes a special interface to enable automatic operation with the bench top automatic measuring

system.

1. Introduction

Numerous manufacturers, primarily automobile
manufacturers, are continually striving to develop
revolutionary new technologies for decreasing fuel
consumption, including the development of fuel-injected
gasoline engines and hybrid automobiles, in an attempt to
accommaodate the environmental issues that have surfaced
over the years. It is also important to decrease fuel
consumption and reduce exhaust emissions by improving
the basic combustion characteristics in the case of ordinary
engine development.

In this race to develop new technology, efforts are al'so
being made to develop complex control systems and high-
precision measurement supporting techniques that are
different from thoseinthe past. We havedevel oped asystem
for measuring knocking which is generally considered one
of the limiting factors for improving the combustion
characteristics of an internal combustion engine. This new
system provides greater measurement accuracy than is
possible with conventional methods by applying real-time
measurement techni questhat makeit applicableto automated
operation. A description of thisnew systemisreported here.

2. Objectives of Knocking Quantification

Thetraditional assessment of knocking hasrelied largely
on the sensory perception (hearing and vision) of the person
performing the measurement. Errors consequently occur
due to variations among individuals performing the
measurement, differences among testing laboratories, and
differences due to weather conditions. The result is an
inadequate level of measurement accuracy.

Knocking has been quantified in the past by using

* Tochigi R&D Center

cylinder pressure sensors, acceleration sensors and other
devices, but the complexity of the processing method and
the need for a sophisticated CPU with avery large memory
have made these methods unsuitable for quantifying and
evaluating knocking on areal-time basis. Inaddition, since
the number of parametersthat need to be set during the course
of engine development isbecoming extremely largeto match
the increasing complexity of engines, testing will have to
provide even greater efficiency in the future.
In consideration of these factors, the following four
objectives were established for this development:
1) A method enabling the quantitative determination of
knocking
2) Improved precision for knocking measurement
3) Hardwareallowing thereal-time eval uation of knocking
4) Automatic operation having an interface with abenchtop
automatic measurement system

3. Quantification Method

3.1. Quantification Sensor Selection

It is necessary to select the most suitable sensor as the
first stepin quantifying knocking. Previous methods, which
measured the cylinder pressuredirectly, used an acceleration
sensor and evaluated sound. We evaluated the change in
output of each type of sensor in the presence and absence of
knocking for various ignition timing settings and analysis
frequencies in order to select the most suitable sensor to
quantify knocking. Figs.1, 2 and 3 show the results of the
frequency analysis. Either of the results is an average of
multiple cycles.

Each sensor demonstrated a change in output according
to the ignition timing at a frequency of 7-8 kHz
corresponding to the main component of knocking. In
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Fig.2 Frequency analysis by air-borne noise
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Fig.3 Frequency analysis by
plug washer type sensor

addition, a similar change was observed in the frequency
range of 13-15 kHz corresponding to the secondary
component of knocking. Based on the results of the
frequency analysis, attention was focused on the 7-8 kHz
band. The results summarizing the maximum values of
sensor output relative to the ignition timing are shown in
Fig.4.

In the method whereby cylinder pressure is directly
measured, asignition timing advances, so does sensor output.
However, the correl ation between ignition timing and sensor

10 ‘ :
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Ignition timing (deg)

Fig.4 Sensor linearity by ignition timing

output is low with other sensors. In addition, the cylinder
pressure sensor can be expected to contribute to improved
measurement accuracy due to the large change in output
relative to the degree of change in ignition timing. On the
basis of these results, the method of directly measuring the
pressure was selected for the knocking quantification.

3.2. Quantification Method

Examples of conventional methods that have been
reported to quantitatively determine knocking by monitoring
the cylinder pressure include one that integrates the heat
generation rate and one that integrates this heat generation
rate after filtering the cylinder pressure.®-®-©-.® However,
these methods have the disadvantage of requiring
considerable processing time, and from the viewpoint of real-
time monitoring, cannot be considered suitable. Wetherefore
decided to employ a method for quantifying knocking that
involves filtering the cylinder pressure before statistical
processing. Fig.5 showshow thisanalysismethodisapplied.

When focusing onthewaveform after filtering, examples
of the analysis method involve processing the maximum
value, the amplitude, and the range between the maximum
valueand minimum valueasshownin Fig.6. Whenvarying
ignition timing according to these methods, the output
demonstratesauniform relationship with theignition timing
with both of these methodsasshownin Fig.7. Thereforeall
three methods are able to quantitatively identify knocking.

Highest pressure
Cylinder pressure \

Band pass
filter

¢ |l
S

Pressure

o

Crank angle (° BTDC) Crank angle (° BTDC)

Fig.5 Analysis flow
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Fig.7 Comparison of analysis methods

We decided to apply the method based on the maximum
value output by the cylinder pressure sensor because it
requiresthe simplest processing. Sincethis maximum value
isconsidered to represent theintensity of knocking, thisvalue
is defined as the knocking intensity.

3.3. Knocking Intensity and Frequency

While it is possible for a person to perceive knocking,
this perception cannot discriminate between a single heavy
knock and a series of continuous mild knocks. It is thus
necessary to consider both the intensity and frequency to
quantify knocking. Fig.8 shows the average value and
standard deviation of the knock intensity according to the
degree of ignition advancein the case of sampling 100 cycles.
When the ignition timing is advanced, the average val ue of
the knock intensity increases. This means that intense
knocking caused by advanced ignition timing is occurring.
Similarly, when focusing on the standard deviation of the
knock intensity, the valueincreaseswith anincreasing degree
of ignition advancein the same manner asthat of the average
value.

15

< Average e
-~ Standard deviation

10 /

Knock intensity (kPa)

-5 0 5 10 15 20
Ignition timing (deg)

Fig.8 Average standard deviation of knock intensity

Fig. 9 indicates the frequency distribution when the
knock intensity from Fig.8 is plotted on the horizontal axis.
The number of cyclesfor which the knock intensity exceeds
the threshold level increases with increasing ignition
advance. This meansthat the frequency at which knocking
occurs (number of cycles) isincreasing. On the basis of the
foregoing data, knocking can be evaluated by processing
the cylinder pressure through aband passfilter and focusing
on the maximum value (knock intensity).
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Fig.9 Distribution of knock intensity

3.4. Establishment of the Knocking Threshold Level

Since the conventional evaluation of knocking has been
dependent on the sensory perception (hearing and vision) of
the tester, it is necessary to maintain a correlation with the
conventiona method even when applying anew method for
evaluating knocking. Fig.10 showsthe knocking threshold
level for variousengine speeds. Although thethreshold level
riseswith increasing engine speed, thisisduetotheincrease
in background noise accompanying higher engine speeds as
aresult of maintaining the correlation with hearing.
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Fig.10 Threshold level table

3.5. Verification of the Quantification Method

The quantification method was verified by quantifying
knocking according to the knock intensity as already
described. The verification method consisted of changing
various parameters, including the engine specifications, type
and operating conditions. An exampleisshownin Fig.11.
This method was applied to verify the differencein ignition
timing at which knocking occurred when A/F was changed
at Ne = 1500 rpm with a wide-open throttle (WOT).
Although a difference of 2° occurred due to the difference
in A/F at the threshold level as shown in the figure, this
coincided with the difference in knocking that was
determined by hearing. This quantification method thus
demonstrated a high correlation with the conventional
evaluation method, and can therefore be used with
confidence to evaluate knocking.
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~- A/F=13.5
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£ 100 P -
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Fig.11 Verification of quantification methods

4. Evaluation of Knocking by a Spark Plug
Washer Sensor

It is necessary to install a cylinder pressure sensor in
every cylinder in order to perform a simultaneous on-board

evaluation of knocking for all cylinders. However, it is
difficult toinstall acylinder pressure sensor in every cylinder
of amulti-cylinder engine due to the use of multiple valves
and the closeness of adjacent cylinders. Therefore, a study
was conducted using spark plug washer sensors. This
method, however, involves the problem of the change in
output according to the ignition timing not being clearly
defined dueto the poor S/N ratio of thistype of sensor, even
if the same evaluation method as that used for the cylinder
pressure sensor isapplied. Therefore, when using spark plug
sensors, instead of the averaging multiple cycles, which was
performed when using cylinder pressure sensors, individual
cycles were examined and the number of cycles for which
the knocking intensity exceeded a constant value was
counted. The data were evaluated according to that
frequency. A comparison between these two methods
according to the knock intensity is shown in Fig.12. The
evaluation method based on frequency can be seento givea
uniform relationship relative to the ignition timing, thereby
allowing knocking to be evaluated.
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= 800 | Frequency by washer type sensor 80
3 /ﬂ 170 5
2 600 60 <
2 (8]
3 / // 1998
£ 400 40 ©
% o
S 430 &
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Ignition timing (deg)
Fig.12 Comparison of quantification methods

5. System Configuration

5.1. Overview

The system block diagram is shown in Fig.13. The
majority of the functions required by the system were
achieved with suitable software in accordance with the
previously stated objectives. Inaddition, Fig.14 indicatesa
timing chart for agiven cycle starting from theignition signal
and sensor signal through to the determination of
measurement timing, band pass filtering and detection of
the maximum value (knock intensity).

5.2. Hardware

The basic configuration of the hardware is shown in
Fig.15. This system was realized with a VME board
containing the functionsin the figure in a double-height, 2-
dot package. Four of these boards were housed in aVME
rack, a single board corresponding to the measurement of
one cylinder, so that this system is capable of measuring
four cylinders. The appearance of the knock intensity meter
is shown in Fig.16.
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5.2.1. Ignition Signal Interface
The signal level and pulse number can be selected to
accommodate differences in the ignition system and
distribution system. The following selections are available
for the signal level:
« Battery voltage level (ignition edge: falling)
« Battery voltage level (ignition edge: rising)
* TTL level (ignition edge: falling)
» TTL level (ignition edge: rising)
* Ignition coil secondary side pickup signal
Thefollowing selectionsare availablefor pulse number:
e Individual cylinder trigger (DLI or secondary side
pickup of distributor power distribution); 1 pulse/720°
» Simultaneous firing ignition system trigger; 2 pulses/
720°
» Simultaneous firing ignition system trigger (opposite
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side cylinder); 2 pulses/720°

« Two-stroke engine trigger; 1 pul se/360°

In addition, the pulse number setting can be recognized
by a processor for use in calculating the engine speed and
other parameters.

5.2.2. Sensor Signal Interface

Theanalog filter consists of ahigh passfilter (1 kHz and
above) for canceling the signals according to the combustion
cycle, and alow passfilter (upto 100 kHz) to prevent aliasing
distortion, these being connected in a cascade. Both filters
are achieved with alow order CR filter and can be canceled
by a jumper switch. In addition, a variable-gain (0.1-10)
amplifier is installed between these two filters. The AD
converter employs an oversampling SD modulation system
that allows arelatively ssmple anti-aliasing filter to be used.
This AD converter has a precision of 16 bits, an input range
of -2to+2V, and the sampling rate can be switched between
25kHz and 50 kHz. Inaddition, the sampling rate setting is
recoghized by a processor to perform coefficient switching
of the digital filter.

5.2.3. Data Display Interface

The system isequipped with a 7-segment LED for stand-
alonemeasurement. A singledatagroup prepared in advance
(such asthe knock intensity or knock frequency) is selected,
after which the physical quantities are displayed.

5.2.4. Knock Status Interface

A 12-bit D/A converter (output range: 0-5V) s provided
togiveaTTL output and LED output corresponding to the
results of the knock evaluation, as well as an analog output
corresponding to the knock intensity, for connection to
existing equipment and instruments. Asaresult, thiscan be
used as an interlock, etc. during automatic operation.

5.2.5. Serial Communication Interface

A two-channel serial communication interface is
provided for downloading the measurement results to a
personal computer.

Since one of the serial communication interface channels
allows connection to a network, the measurement results
from multiple knock intensity meters can be incorporated
with a single communications terminal.

5.2.6. Switch Signal Interface

The input from the sensor-type selection switch is
identified by a processor as being either a charge amplifier
output or a spark plug washer sensor output. This enables
switching of the passrange of thedigital filter and the knock
evaluation algorithm.

Theexternal switchinput isrecognized by the processor
asatrigger in the case of rewriting or initializing (returning
to theinitial settings) the knock threshold value.

5.2.7. Processor

The system is equipped with two ordinary
microprocessors (identical MCUS) containing built-in flash
ROM. The functions are divided between the subprocessor
that performsdigital filtering and detectsthe maximum vaue
of knock intensity, and the main processor that performsall
the other tasks. All programs are assigned to the flash ROM
contained within the processor, and both the main and
subprocessor allow program rewriting by aflash writer. The
main and subprocessor are connected in parallel and perform
mutual monitoring. In addition, assigning knock threshold

values, filter coefficients and other constant datato external
flash ROM makesit possible to accommodate rewriting and
initialization of the knock threshold values by using an
external switch for thetrigger, aswell as changing arbitrary
constant data by connecting a personal computer for
mai ntenance purposes.

5.3. Software

Thissection givesan overview of each process, including
software processing that was not shown in Fig.13. In
addition, it is necessary for this system to synchronize and
process multiple external events, and it is equipped with a
real-time OS complying with WITRON specifications for
performing task management and other processing
operations.

5.3.1. Pulse Processing

Pulse processing generates the timing (starting and
ending) of the cal culation and measurement of engine speed
in synchronization with theignition trigger. Thetiming for
starting measurement detects the passage of a prescribed
amount of time after theignition trigger has been generated,
whilethetiming for ending measurement detectsthe passage
of aprescribed crank angle after theignition trigger hasbeen
generated. Processing to generate the timing for ending the
calculation and for measuring the engine speed is performed
in consideration of the crank angle corresponding to one
cycle of the ignition pulse according to the pulse set value
of the ignition signal interface. However, in the case of
actually generating the timing for starting and ending
measurement, a delay in signal processing must be taken
into consideration. Since the effect of this delay increases
with increasing engine speed, the timing is generated by
adding this delay time to both starting and ending points.
Fig.17 shows a comparison between the ideal and actual
measurement timing, which takes into consideration the
delay, that are required as functions of the software.

5.3.2. Digital Signal Processing

Digital signa processing performs FIR filtering of a
maximum of about 63 orders and updating of the maximum
valuesof knock intensity at asampling frequency of 25 kHz
or 50 kHz. Thefilter coefficient is selected from four types
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set in advance by combining the sampling frequency and
sensor-type selection switches.

5.3.3. Statistical Processing and Knock Evaluation

Statistical processing (including the average value,
standard deviation, peak value and knock frequency) is
performed at a prescribed cycle interval for the above-
mentioned maximum values. Moreover, afina evaluation
of knocking is made according to the knock threshold value
and the calculated results from statistical processing.

5.3.4. Processing of Each Output Means

The operation targets consist of thedatadisplay interface
and knock status interface. The data display interface is
used to select and display one of the following parameters
corresponding to the display data selection switch:

« Calculation results of statistical processing

» Knock threshold value

* Engine speed

The knock status interface performs D/A output of the
knock intensity and TTL output corresponding to the knock
evaluationresults. Theseinterfacesare ableto communicate
with an automated measurement system to accommodate
automatic operation.

5.3.5. Rewriting of the External Flash ROM

The following two methods are available for rewriting
external flash ROM containing constant data:

* External switch

« Connection to a personal computer

In the case of rewriting the external flash ROM by an
external switch, the knock threshold values are updated
during normal operation or initialized (returned to theinitial
settings) during startup. For example, if the external switch
is turned on during normal operation, the existing knock
threshold values are replaced by newly cal culated threshold
values.

In the case of rewriting the external flash ROM by
connecting to apersonal computer, rewriting of all constant
data used for maintenance is performed. For example, in
the case of changing the knock resonance frequency as a
result of changing the engine being measured or replacing
the sensors, the newly set FIR filter coefficient can be
updated using the personal computer.

6. Conclusions

1) Knocking was quantified by passing the signal from a
cylinder pressure sensor through a band pass filter and
defining the maximum value as the knock intensity.

2) The quantified knocking data was correlated with test
results obtained by hearing to confirm that the quantified
data could be used for evaluating knocking.

3) A real-time measurement system was developed for
quantifying and evaluating knocking that focuses only
on the maximum values to achieve simple processing.
In addition, this measurement system iscompatiblewith
various ignition signals and other sources as the timing
signals, and it can be used with cylinder pressure sensors
and spark plug washer sensors, giving it a high degree
of flexibility.

4) The system has an interface for outputting knocking
intensity and knocking evaluation flags, making it

compatible with automatic operation and automatic
mapping.
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Technical paper

Analysis of CVT and Automated MT Influence on Fuel
Economy, and the Estimating Improvements
In Fuel Economy

KazuhisaYAMAMOTO* Takashi AOKI*

ABSTRACT

The effects on mode fuel economy by different types of transmissions, CVT and Automated Manual Transmission, were
investigated using the same vehicle and engine specifications while varying transmission ratio range, friction, and similar.
The results are as follows: In the case of the CVT, it was confirmed that a wider transmission ratio range is effective when
driving at relatively high speedswith fewer stop-and-go situations, and friction reduction iseffectivewhen driving at relatively
low speeds with frequent stop-and-go situations. On the other hand, in the case of Automated Manual Transmission, it was
confirmed that a wider transmission ratio range is effective when driving at relatively high speeds with fewer stop-and-go
situations, which is the same asthe CVT, while a combination of awider transmission ratio range, an increase in shift steps,
and an appropriate distribution of transmission ratios is necessary when driving at relatively low speeds with frequent stop-
and-to situations in order to achieve high efficiency power plant operation.

1. Introduction

In the field of transmission technology, efforts to raise
fuel economy have focused not just on raising transmission
efficiency but also widening the transmission ratio range
with larger numbers of shift steps. One example of thisis
the usein awide range of mass-market and compact cars of
continuously variable transmissions (CV T), which permit a
comparatively wide transmission ratio range and high
thermal efficiency during engine operation. Automated
manual transmissions (AMT), which haveroughly the same
mechanism as a manual transmission but which perform
clutch operation and shifting automatically, have been widely
adopted for compact buses and trucks but have seldom been
used in passenger cars because of the unnaturalness drivers
experience during starting and shifting. Now, however, AMT
technology is once again the focus of attention as its high
transmission efficiency can potentially improve fuel
economy.

There are reports of research that used simulation to
determine which transmission type and which specifications
would improve fuel economy. However, past simulation,
while using identical vehicle and engine specifications, has
not been ableto definetransmission ratios or shift schedules
with asingle method, and so could not effectively compare
the effects on the fuel economy of CVT and AMT. The
authors, however, have presented acontrol systemthat allows
the power plant (including both engineand CVT) to operate
at operating points of minimum fuel consumption, along with

* Tochigi R & D Center

a computational algorithm (Gf bottom calculation) for
calculating theengineand CV T operating pointsthat achieve
minimum fuel consumption®-®. Applying this
computational algorithm to AMT permits fuel economy
simulation using the same transmission ratios and shift
schedules.

This paper, using identical methods for establishing
vehicle and engine specifications, transmission ratios, and
shift schedules, describes the fuel economy potentia of a
CVT, which is dightly less efficient but which permits a
wide transmission ratio range, and of an AMT, a stepped-
ratio transmission that, although more efficient, has a
narrower transmission ratio range, and proposes how to
utilize the mechanical advantages of both to further improve
fuel economy.

2. Simulation

2.1. The Conventional Approach

Simulation-based comparative research has long been
carried out to determine optimum transmission type and
specifications with respect to fuel economy. However,
comparative research on different transmission types has
employed trial and error to determine the shift schedule and
transmission ratio combination, which has a major impact
on fuel economy, and so could not determine whether the
fuel economy achieved with the decided-on shift schedule
and transmission ratio combination was the best possible
fuel economy. In short, shift schedule conditions were not
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the same, and so true comparative research under identical
conditions was not possible.

2.2. The Authors’ Approach

The authors proposed a computational algorithm for a
method of determining a shift schedule that achieves the
best fuel economy for a CVT, but did not mention its
application for stepped-ratio transmissions'. Determining
the best fuel economy for the AMT, asit is a stepped-ratio
transmission, requires that the right combination of shift
schedule and transmission ratio be determined. The authors
therefore expanded the above-mentioned CV T shift schedule
determination method, to enable the determination of the
shift schedule and transmission ratio combination that results
in the best fuel economy for an AMT vehicle.

Moreover, because the same algorithm is used to
determine the right shift schedule and transmission ratio
combination, CVT vehicles and AMT vehicles can be
compared using identical conditions on the assessment axis
for minimizing fuel consumption.

2.2.1. Shift Schedule

The computational algorithm for determining the best
fuel economy shift schedule for aCV T vehicle is based on
the following logic.

Thefuel consumption (Gfuel) of avehicletraveling at a
given speed (V) and driving force (F) is expressed as the
integrated value of the engine's net fuel consumption rate
(BSFC), engine power (Pse), and time (Hr), with Pse
expressed as the sum of the tire edge drive power (Psp) and
drivetrain lost work (Psf) needed to drive at a given speed
and agiven driving force. Thisis expressed in equation (1).

3 Gfuel = = { BSFC x (Psp+Psf) x Hr } (1)

The authors, seeing Gfuel, located on the left side of
equation (1), as the performance function, concluded that
one has only to determine the combination of BSFC and Psf
that minimizes Gfuel.

Because BSFC can be changed according to throttle
opening and transmission ratio and Psf according to
transmission ratio and engine speed, etc. while maintaining
the same engine output, the left side of equation (1) can be
minimized by selecting the appropriate throttle opening and
transmission ratio.

Using these computationsto determine the transmission
ratiofor V and Ffor every vehicle operating point yieldsthe
shifting schedule that achieves the operating points of
minimum fuel consumption.

The transmission ratio shown in Fig.1 (marked “R-
AMT” inthediagram) was used in order to apply thismethod
to stepped-ratio AMT transmissions.

If the engine and transmission operating points can be
controlled according to the shift schedule that was
determined with this algorithm, then minimum fuel
consumption can be constantly maintained during vehicle
operation.

2.2.2. Transmission Ratio Combinations

The AMT transmission ratio was determined as described
below:

e The transmission ratio was determined by using the

shift schedule computed as described in section 2.2.1,

At target traction F & vehicle speed V

Engine Drivetrain
torque efficiency

(0]
we| —
- © R1: Best fuel
g economy
EB \\77 é/
oD Low
R_AMT Ratio

Fig.1 Gf-Bottom calculation for AMT

“Shift Schedule,” to calculate, for each mode, the
transmission ratio combination that produced the best
mode fuel economy.

» Thelow ratio was defined so that thelow overal ratio

would be the same as that of the CVT vehicle.

The reason for doing this is to assure that the AMT
vehicle has sufficient driving force at the low transmission
ratio. Automatic transmission-equipped vehicles normally
employ atorque converter as a starting component, while
CVT vehicles employ, for example, a wet multiple disc
clutch, torque converter, or electromagnetic clutch. When
used as a starting component, a torque converter uses its
torque amplification effect to boost starting torque, and so
allows the low overall transmission ratio to be relatively
small. However, when using a starting clutch or such, the
absence of any torque amplification effect requires the low
overall transmission ratio to be relatively high in order to
assure adequate starting driving force. In a manual
transmission (M T)-equipped car, which usesadry clutch as
astarting component, the driving force when starting depends
on how the driver operates the clutch, i.e., alarge driving
force can be generated abruptly by engaging the clutch
rapidly while throttling the engine. However, an AMT
vehicle, because clutch operations are automatic, may not
be ableto deliver adequate driving force when starting with
the same low transmission ratio asan ordinary M T vehicle.
For this reason, the authors have assured adequate starting
driving force by giving the AMT alow transmission ratio
similar to a CVT's low overal transmission ratio, which
was achieved by adjusting the final transmission ratio.

2.3. Fuel Economy Simulation Model

This model determines fuel consumption by first
calculating the necessary driving force based on mode
driving speed; then, adjusting for transmission efficiency,
transmission ratio, engine accessory driving work and such,
and finally determining engine speed and engine power/
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torque. Fig.2 gives ablock diagram of the model.

2.4. Verifying the Accuracy of the Fuel Economy
Simulation Model

The model’s accuracy was verified by comparing the
results of simulation with data obtained during the mode
driving of an actual vehicle.

Used in verification along with aCV T-equipped vehicle
were the vehicle specifications listed in Tables 1 and 2.
Accuracy of themodel wasverified by comparing theresults
of simulation with data obtained by measuring whiledriving
an actual car having the same specifications as this CVT
model.

Tables 1 and 2 summarize the CVT and AMT
specifications used in thisinvestigation. Both vehicleswere
the same model. Other than the actuator that performs
shifting automatically inthe AMT, therewere no significant
mechanical differences between thetwo. The conditionsnot

listed in the tables are as follows.
AMT conditions:
 Transmission friction was assumed to be the same as
that of a 5-speed manual transmission as there is no
significant mechanical difference betweenthe AMT’s
power transmission system and that of a conventional
MT.

* The energy needed for one shift was added to the

engine work as actuator driving work.

Fig.3 shows a portion of the results for the LA4-CITY
mode as an example of comparison and verification. From
the top down, these are engine speed, engine torque,
transmission ratio, and fuel consumption. The red and blue
solid lines represent observed data and simulation data,
respectively.

Thedifference between the observed dataand simulation
datafor engine torque during deceleration is due to the low
accuracy of the data used in simulation for negative-side

Engine speed

| Fuel economy
calculation

F Transmission Enaine model
Body model —Pp» model P ENY
Weight, Shift map, Engine Engine | Fuel Fuel -
\V; Coefficient of Efficiency, characteristic, | power consumption | cOnNsumption
Mode V > ?gsistance Final Ratio, Friction, characteristic,
S Starting . etc. Throttl Fuel cut
%‘I’"erfgc'em of mechanism E)r:g'nee Opec:]titne judgement,
isti u
resistance, g?graetensﬂc, q 'S % etc.
etc. .
Fig.2 Simulation model structure
Table 1 Conditions of verification
Mode us J
Engine Type 1.6L 1ICAM-VTEC 1.5L 1CAM-VTEC-3
Displacement (cc) 1590 1493
Horse power (kKW/rpm) 85/6300 96/7000
Torque (Nm/rpm) 140/5400 139/5300
Automated Automated
Transmission | Type I\/ItetaeJ \C/:'\t/).?lt manual N:etaél \(/:-\k/)_le_lt manual
Yp transmission | YP transmission
Wet-type Wet-type
Starting mechanism multiple disc Au(t:?ur?c,:sﬁed multiple disc Au(t:?l?gfﬁed
clutch clutch
Body Weight (kg) 1247.4 1190.7 1250
Tires 185/65R14 185/65R14
Table 2 Conditions of simulation (Overall ratio)
Mode us
Automated Automated
Transmission type I\/:etz:\el \é'\kﬁlt manual Mtet"’g \é'\t/’$lt manual
yp transmission yp transmission
Overall ratio Low 14.323 14.323 14.323 14.323
2nd 8.382 10.145
3rd 5.297 6.178
4th 3.975 3.975
5th 2.608 3.094 2.608 3.094
Final 5.808 4.407 5.808 4.407
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Fig.3 Result of verification
(Difference between simulation
and experiment)

enginetorque. However, asthisisafuel cut (F/C) range, the
low accuracy of the engine data has amost no impact on
fuel economy calculations. Aside from this, sufficient
correlation does exist between the observed data and
simulation data for the mode.

Fig.4, which gives the mode fuel economy at thistime,
shows a difference of less than 2% between the observed
data and simulation data. The authors therefore judged this
simulation model to offer sufficient accuracy for usein the
further comparison and investigation of fuel economy.

- 40.0 & Simulation 20.0
IS O Experiment
8 350 1.99% 0.05% 4 | 175 S
2 =
s >
> 800y 1150 E
5 5
2 (8]
5 (0]
§ 250 1125 5
it =}
° (TR
>S5
% 200 10.0
US (LA4-combine J (10 - 15 mode)

mode)
Mode

Fig.4 Mode fuel economy
(Difference between simulation
and experiment)

3. Comparing CVT and AMT Fuel Economy

This section describes the fuel economy performance of
CVT- and AMT-equipped vehicles by comparing the fuel
economy of the two. CVT is widely thought to permit
excellent engine efficiency whilethe AMT provides superior
transmission efficiency. In this section, the authors consider
which factors promote greater fuel economy.

3.1. Specifications of the Compared Vehicles
Table 1 lists all specifications other than transmission
ratio, which isgivenin Table 2.

3.2. Comparison of Mode Fuel Economy

The modefuel economy for both of aCVT andan AMT
was compared by simulation for the 10-15 mode and the
LA4-Combine mode (“LA4-COMB").

The results of simulation indicate that AMT vyields
superior fuel economy over CV T under current specifications
(Fig.5).

Fig.6 gives average Pse (“Ave. Psg” in the illustration)
and average BSFC (“Ave. BSFC”) during acceleration and
constant-speed driving in the 10-15 mode. AMT exhibited a
lower average Pse, CVT alower average BSFC, meaning
that the low-Pse AMT permits a low Psf and high
transmission efficiency during driving, the low-BSFCCVT
permits high engine thermal efficiency. Further, another
possible factor in the superior fuel economy of the AMT is
that the differencein average Psefor the CVT and the AMT
islarger than the difference in average BFSC.

_. 450 225
c
% O AMT _
3 400 - O cvT 4 20.0 E
3 r <
= 5.79% 9
S 350} et 7.03% 1 1175 2
> o
E c
S 300} {1150 g
c
S (3]
8 250 {125 8
° . 5 3
>
% 200 10.0
US (LA4-COMB J (10 - 15 mode)
mode)
Mode
Fig.5 Fuel economy
(Difference between AMT and CVT)
Pse (10 - 15 mode) —_ BSFC (10 - 15 mode)
g 400
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Fig.6 Average of Pse & average of BSFC
(Difference between AMT and CVT)
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The graph in Fig.7 represents the relationship of engine
speed to vehicle speed during acceleration and constant-
speed driving in the 10-15 mode.

Inthe vehicle operating pointsthere existsarangewithin
the low-speed range that cannot be used as it used for fuel-
cut and in surge prevention. Fig.7 shows how the CVT
maintains a low engine speed whenever possible while
avoiding thisrange, and how the AMT selectstransmission
ratios that result in low engine speeds whenever possible
during constant-speed driving at 20, 40, and 50 km/h. A
major difference between the CVT and the AMT isthat the
CVT, because of itscontinuously variabletransmissionratio,
permits complete low-engine-speed, high-load driving. In
contrast, with AMT, astepped-ratio transmission, the lowest
engine speed possibleat agiven transmissionratioislimited
to aspecific vehicle speed, so that when vehicle speed rises,
engine speed must aso be increased until the transmission
shifts to the next ratio. The result is high engine speeds
coupled with low load.

2500 [T AmT
= = CVT . .
S 2000 4 PRy - o
= 4 o or :."' /‘1”"
© 1500 R RPN e i
73 M X T LT
2 1000 +.-
g 18 °
W 5o0 Fuel cut and surge area

0
0 20 40 60 80

Mode V (km/h)

Fig.7 Comparison of engine speed

(Difference between AMT and CVT)

3.3. The Impact of Low Transmission Ratios and
the Effect of Optimized Transmission Ratio
Combinations

For this research, in order to have identical conditions
for comparison, the AMT’ sfinal ratio was adjusted so that
itslow overall transmission ratio would be the same as that
of CVT, theresult being alarge overall transmissionratioin
comparison to an ordinary manual transmission. Asaresult,
the AMT transmission ratioswere lessfavorablewith respect
to fuel economy than those of the original manual
transmission. For reference, the effects on fuel economy of
different final ratio and optimized ratio combinations are
discussed below.

These effectswere investigated under the following sets
of conditions.

a Mass production manual transmission ratios

b. Different final ratio

c. Different final ratio + optimized ratio combinations
(same transmission ratios asthose in Table 2)

Table 3liststhe overall ratiosfor each set of conditions.
While Fig.8 shows the results of the investigation. The
inclusion of the LA4-Highway mode (“LA4-HWY™”) in the
LA4-COMB mode obscuresthe effects of transmission ratio

Table 3 Overall ratio
(Difference of final ratio

& ratio combi-

nation)

Mode us J
Conditions a b c a b c

Low 12.097 | 14.323 | 14.323 | 13.189 | 14.323 | 14.323

2nd 6.633 | 7.853 | 8.382 | 7.747 | 8.413 | 10.145

3rd 4.362 | 5.165 | 5.297 | 5.073 | 5.509 | 6.178

4th 3.383 | 4.006 | 3.975 | 3.689 | 4.006 | 3.975

Sth 2.613 | 3.094 | 3.094 | 2.849 | 3.094 | 3.094

Final 3.722 | 4.407 | 4.407 | 4.058 | 4.407 | 4.407
__ 40 20
5 Oa
© 529 Ob =
O 38 3,52% 119 F
D 1.60% Bc =3
= >
> 36| {18 §
e c
o (o]
c (&)
8 34 + 417 2
@ g
) g
=}
Lo32 16

US (LA4-COMB J (10 - 15 mode)
mode)
Mode
Fig.8 Fuel economy

(Difference of final ratio & ratio combina-
tion)

combination on fuel economy, and so the effect that is
apparent is that of the large OD-side transmission ratio
resulting from the change in final ratio.

4. Analysis of the Impact of Transmission
Elements on Fuel Economy

This section considerstheimpact on mode fuel economy
of the transmission elements of friction, transmission ratio
range, and number of shift steps. By comparing thesein the
same modes, the authors investigated how each element
contributes to mode fuel economy in CVT and AMT
vehicles. The authors selected mode fuel economy as the
basis of this comparison as they concluded that driving
patterns with different driving loads and average vehicle
speeds could be analyzed by using the 1015 mode and LA4-
CITY mode to represent driving at relatively low speeds
with frequent stop-and-go situations, and the LA4-HWY
mode to represent driving at relatively fast speeds with
infrequent stop-and-go situations.

4.1.CVT
4.1.1. Transmission Ratio Range Impact on Fuel
Economy

Here, the authorsinvestigate the effect on fuel economy
improvement of awider transmission ratio rangewith smaller
transmission ratios for all ratios except low, thereby
achieving | ow-speed, high-load engine operating pointsand,
therefore, higher engine thermal efficiency and reduced
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friction.

Below are the conditions under which thisinvestigation
was performed.

Transmission ratio range: 5.0, 5.5, 6.0, 6.5

(Thetransmission ratio range was changed by expanding

the OD-side ratio while leaving the low ratio fixed.)

Fig.9 shows the percentage of change in fuel economy
for the transmission ratio range relative to the base
transmission ratio range of 5.5 (the transmission ratio range
of mass production CV T-equipped cars).

A 1.0increasein thetransmission ratio rangeresulted in
a large 5.0% increase in fuel economy in the LA4-HWY
mode, but alessthan 1.0% improvement in the other modes.
(Thesomewhat large 2.5% increasein the LA4-COMB mode
was due to the effects of the LA4-HWY mode.)

6

—— LA4-CITY mode

—=— LA4-HWY mode /
4 [+~ LA4-COMB mode /

—»— 10 -15 mode
) ///
0 —

‘7

-

Fuel economy improvement (%)
I
N

Theresultsalso demonstrate that in the case of the CVT,
the wider transmission ratio range improved fuel economy
in every mode.

Next, to determine the extent of the effect on fuel
economy of low-speed, high-load driving, achieved with a
wider transmission ratio range, in modes using differing
driving patterns, the authors examined the 10-15 and L A4-
HWY modesto comparefrequency of ratio use during mode
driving, average transmission efficiency, and average BSFC.
The data used was collected during accel eration and constant-
speed driving in each mode.

In the case of the 5.5 transmission ratio range, the graph
in Fig.10 dividesthe range of ratio use during modedriving
into 2.608 and below (the OD transmission ratio), 2.608 to
2.9, and over 2.9, and compares the frequency with which
each range was used. The graph for the 10-15 mode (the | eft
half of Fig. 10) shows that the over-2.9 range is used far
more than any other, and that the 2.608-and-below range,
i.e., the wider OD ratio range that accompanies the wider
transmission ratio range, accounts for 13.6% of driving in
that mode. In contrast, the transmission ratio range that is
used far more frequently than any other in the LA4-HWY
mode (theright half of Fig.10) isthe under-2.608 ratio, which
isused 45.1% of thetimeinthe 5.5 transmission ratio range
but 91.2% of the time in the case of the 6.0 transmission
ratio range. In short, the expanded OD-sidetransmissionratio
range is used more frequently in the LA4-HWY mode than

—4 . . .
50 . 6.0 65 in the 10-15 mode, meaning that in the former mode, the
‘ " Ratio range : : expanded transmission ratio range increases the frequency
) _ of low-speed, high-load engine operation.
Fig.9 F[;J_‘]?f' economfy |r?_provement of CVT Fig.11 compares average transmission efficiency and
(Difference of ratio range) average BSFC in the 10-15 and LA4-HWY modes, and
100 10 -15 mode 100 LA4-HWY mode
13.6% 0 ~2.608
S 80 (04%19.5% 63% g 80| 02.608~2.9
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shows the difference between the 5.5 and 6.0 transmission
ratio ranges.

Thereason for theimprovement, albeit dlight, in average
transmission efficiency isbelieved to bethis: With thewider
transmission ratio range, thelower ratio rangesare used more
frequently, and so the increase in transmission efficiency
due to the lower input engine speed exceeded the drop in
efficiency dueto the metal belts' greater friction on the OD
and low sides. The reason for the lower average BSFC is
that the wider transmission ratio range resulted in a greater
frequency of low-speed, high-load operation.

To summarize: Inthe 10-15 mode, the low frequency of
low-speed, high-load engine operation trandlatesinto limited
improvement of average transmission efficiency during
modedriving and limited improvement in fuel economy due
tothelower average BSFC, whereasinthe LA4-HWY mode,
the high frequency of low-speed, high-load engine operation
increases improvement in fuel economy due to the lower
average BSFC. Thisiswhat isresponsiblefor the difference
in fuel economy improvement in the two modes.

4.1.2. Impact on Fuel Economy of Friction

Differences

This section considers the effect on fuel economy
improvement of reducing friction to lower engine work.

Below are the conditions of this investigation:

Scenarios. Belt, oil pump, belt + oil pump

Rate of decrease: 0 — 100%

Thereason for selecting the belt and oil pump asfriction
elementsisthat these two components together account for
the majority of frictioninaCVT (Fig.12).

Fig.13 shows the percentage improvement in fuel
economy for different rates of friction reduction, starting
from afriction reduction rate of zero.

Although there is some difference according to mode, a
0.5% improvement in fuel economy requires aroughly 5%
decrease in friction in the belt-and-oil-pump scenario. In
comparison to the aforementioned need for a 0.5 to 1.0
increase in transmission ratio range (0.1 in the LA4-HWY
mode) to effect a 0.5% improvement in fuel economy,
reducing friction is obviously an effective means of fuel
economy improvement in CV T-equipped vehicles, while a
wider transmission ratio range is effective when driving at
relatively high speeds with less frequent stop-and-go
situations.

Other
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4.2. AMT
4.2.1. Transmission Ratio Range Impact on Fuel
Economy

In this section, as in the case of the CVT, the authors
investigate the effect on fuel economy improvement of a
wider transmission ratio range with smaller transmission
ratiosfor all ratios except low, thereby achieving low-speed,
high-load engine operating points and, therefore, higher
engine thermal efficiency. The effects of transmission and
various friction reductions are also considered.

Whereasthe CV T, being continuously variable, permits
asimplewidening of thetransmission ratio range, the AMT
requires that the proper distribution of transmission ratios
be determined for the new transmission ratio range, and so
the authors first sought to determine the proper distribution
of transmission ratios.

The conditions used in thisinvestigation are as follows.

Transmission ratio range: 4.6, 5.0, 5.5, 6.0

(Thetransmission ratio range was changed by expanding

the OD-side ratio while leaving the low ratio fixed.)

Number of shift steps: 5

Fig.14 showsthe percentage of changesin fuel economy
for the different transmission ratio rangesrelative to the base
transmission ratio range of 4.6 (the transmission ratio range
of mass production manual transmission-equipped cars).

As can been seen, an AMT with a wider transmission
ratio range gets better fuel economy inthe LA4-HWY mode
but not necessarily in the other modes.

Fig.15 showstherelationship of amode’ saverage BSFC
and average Pse to mode fuel economy at different
transmission ratio rangesinthe LA4-CITY modewith alow
ratio that is the same as the low overall ratio of the CVT
(left-hand graph) and with alow ratio that isthe same asthe
low overal ratio of amass production manual transmission-
equipped automobile (right-hand graph).
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Fig.14 Fuel economy improvement of AMT
(Difference of ratio range)

In Fig.15 (left-hand graph):

A transmission ratio range of 4.6 yielded the lowest
average Pse, which represents engine work, but a large
average BSFC, which represents engine thermal efficiency,
for aresultantly low fuel economy.

Therewasno significant differencein average Pseamong
transmission ratio ranges 5.0, 5.5 and 6.0. However, the 5.5
transmission ratio rangeresulted in thelowest average BSFC
and so the best fuel economy.

In Fig.15 (right-hand graph):

A transmission ratio range of 5.5 resulted in the lowest
average BSFC but alarge average Pse, and so fuel economy
was poor. The 5.0 transmission ratio range yielded a large
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average BSFC but the lowest average Pse and so the best
fuel economy.

The preceding illustrates how exclusive focus on
operating points with high engine thermal efficiency does
not always improve fuel economy.

Engine work comprises the work needed for mode
driving and various lost work, the latter of which depends
on the transmission efficiency of the power transmission
system.

Thisshowsjust how important it isto select transmission
ratios and a shifting schedul e that result in operating points
that maximize the improvement in fuel economy when
considering how to improve both engine thermal efficiency
and transmission efficiency.

4.2.2. The Impact on Fuel Economy of Friction

Differences

As with CVT, this section considers the effect on fuel
economy improvement of reducing friction to lower engine
work.

Below are the conditions of this investigation:

Rate of decrease: 0 — 100%

Transmission ratio range: 5.5

Fig.16 showstherate of fuel economy change asrelated
toratesof friction reduction with 0% friction reduction being
base.

In descending order, the largest fuel economy change
ratio for different friction reduction ratio were achieved in
themodesLA4-HWY, LA4-COMB, LA4-CITY, and 10-15.
Improving fuel economy by 0.5% requires a 20% reduction
in friction in each mode.

4.2.3. Impact on Fuel Economy of the Number of

Shift Steps

This section considers the effect on fuel economy
improvement of increasing the number of shift steps to
thereby increasethe degree of freedom and achieve operating
points with greater engine thermal efficiency.

The conditions used in thisinvestigation are asfollows.

Number of shift steps: 4, 5, 6

Transmission ratio range: 4.6, 5.0, 5.5, 6.0
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Fig.15 Relation of Pse, BSFC & fuel economy
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Fig.16 Fuel economy improvement of AMT
(Difference of friction)

Fig.17 shows the percentage change in fuel economy
for different numbers of shift stepsrelativeto abase number
of 5 steps.

Increasing the numbers of shift stepsfrom 5to 6 improves
fuel economy by 0.5 to 1.0%. The percentage improvement
in fuel economy tends to level off beyond a transmission
ratio range of 6.0.

4.3. Summary of the Investigation of Fuel Economy

To summarize the preceding, friction reduction is an
effective means of fuel economy improvement in the case
of aCVT, asisawider transmission ratio rangewhen driving
at high speeds, such asthe LA4-HWY mode. For an AMT,
friction reduction is less effective because of the already-
high transmission efficiency of the AMT, for which awider
transmissionratio rangeisroughly aseffectivefor high-speed
driving asitisfor the CVT.

In continuation of the preceding, the authors next
predicted fuel economy improvements by determining what
the percentage of improvement in fuel economy would be
under conditionsthought to beviablefor bothaCVT and an
AMT.

Below are the sets of conditions investigated.

a. Current specifications

b. Wider transmission ratio range

c. Wider transmission ratio range and fuel economy
improvement techniques

Asfor thefuel economy improvement techniques, awider
transmission ratio range was used for both transmission
types. In addition, friction reduction was used for the CVT,
but for the AMT, alarger number of shift stepswas used, as
friction reduction would not significantly contribute to fuel
economy improvements. The conditions arelisted in Table

10 -15 mode 4.
~ 20 The graph in Fig.18 shows the percentage changes in
2 4, Ratio range- fuel economy achieved with the conditionsin Table4 relative
% S % —— g-g | to conditions a, which were the base conditions.
S 5 0.0 Y- The percentageimprovement infuel economy wasnearly
T2 _10 = s 6.0 the same for conditions a, b, and ¢ with both the CVT and
T g the AMT, verifying no change in the tendency of the AMT
T =20 to result in better fuel economy than the CVT.
LA4-COMB mode
10
z X -%; Ratio range
25 00 —+—4.67 Table 4 Conditions of simulation
S £ —=—5.0
o9 -4 5.5 . .
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- 4. Z —%—
RS 7 6.0 VT AMT
E ‘ ‘ a Ratio range 5.5 Ratio range 4.6
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Fig.17 Fuel economy improvement of AMT
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speed)
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Fig.18 Simulation results under conditions of table 4
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5. Conclusion

A simulation model permitting comparison of a CVT
and an AMT according to the shift schedules that result in
the best fuel economy for each was established to determine
the fuel economy potential of each transmission type. By
using the same technique to determine the shifting schedules
for both CVT and AMT, the authors were able to compare
thefuel economy of these different transmissionsunder more
similar conditions than before.

The findings of thisresearch are as follows:

(1) The AMT is more advantageous than the CVT with
respect to fuel economy.

Regarding further increases in fuel economy:

(2) Reducing friction in the oil pump and belts was verified
as an effective means for the CVT, as was a wider
transmission ratio range for driving at high speeds, asin
the LA4-HWY mode.

(3) Friction reduction is minimally effective for the AMT,
which already has a high transmission efficiency.
However, awider transmission ratio range was verified
to be as effective for the type of high-speed driving
typified by the LA4-HWY mode asitisfor the CVT.

(4) Essentially the same fuel economy ratio changes were
achieved for both the CVT and the AMT when
transmission elements were changed under conditions
felt to be viable, verifying no change in the tendency of
the AMT to be superior to the CVT with respect to fuel
economy.
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ABSTRACT

Thereliability of the power semiconductor devicefor ahybrid car’ smotor driver wasverified by clarifying therelationship
between the unit life characteristics and vehicle usage environment in terms of electric current and heat generation temperature.
A reliability of 99.915% or more and a shape parameter (m) of 5.5 or more were obtained. Further, an evaluation method for

durability and reliability was established.

1. Introduction

Amidst the growing demand for lower fuel consumption
and reduced exhaust emissions from automobiles, the
Integrated Motor Assist (IMA) system has been devel oped
as one means of satisfying these demands. This system
reducesthe amount of fuel consumed by applying an electric
motor located between a conventional gasoline engine and
the transmission to collect energy dispersed by the vehicle
during deceleration, by storing this energy in a battery, and
by assisting the engine with this stored energy to drive the
motor during acceleration.

A power semiconductor device that can perform rapid
on-off switching of alarge electric current isindispensable
for achieving optimum control of the drive and regeneration
energy conversion that takes place in this system. It is
important to accurately verify the durability and reliability
of this power semiconductor device in order to guarantee

Motor / generator

Ni-MH battery

Lg .I
jt
//
Down converter
Fig.1

* Tochigi R&D Center

the quality of the IMA system in the market. During the
development of the IMA system, a method for evaluating
thedurability and reliability of power semiconductor devices
for motor driving was established, a description of whichis
reported here.

2. Overview of the IMA System

Fig.1 showsthe configuration of the IMA system. This
systemincorporates alean-burning variablevalvetiming and
lift electronic control system (VTEC) enginehavingalliter
displacement as the main power source, an ultra-thin
brushless DC motor for the auxiliary power source, apower
control unit (PCU) for converting the electrical power, and
an Ni-MH battery for storing the electrical power. This
system is characterized by continuously using the engine as
the main power source, and supplementing it with theelectric
motor as an auxiliary power source according to the driving

Battery fan

Ni-MH battery

Junction
board

PDU PDU fan

IMA system

— 73 —



HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

conditions. The overall system is simple, and the motor,
battery and PCU can al be made compact and lightweight.
The relationship between the driving conditions and system
status is described next.
» During Acceleration
When a large load is applied to the engine during
acceleration, the electric motor assists the engine by
generating amaximum torque of approximately 5 kgf-m.
e When Cruising
Thevehicleispowered by the gasoline engine alonewhen
cruising for stable operation with low fuel consumption.
e During Deceleration
The motor fulfills the role of a generator to regenerate
the deceleration energy and charge the battery which
would otherwise be dispersed as heat from the brakes.
*  When Stopped
Idling is stopped automatically to inhibit fuel
consumption and reduce exhaust emissions.

3. Functional Overview of the Motor Drive Unit

A functional overview of the power drive unit (PDU) is
shown in Fig.2. The major functional components of the
PDU consist of a power semiconductor device in the form
of an insulated gate bipolar transistor (IGBT), a diode, an
intelligent power module (IPM) containing a built-in
protective function, apre-driver unit equipped with the gate
drive power supply for the IGBT, an input power voltage
sensor and an interface with the ECU, and an electrolytic
capacitor that smooths the power supply current.

[%2]

ignal circuit

Power circuit

Fig.2 PDU block diagram

The motor is a permanent magnet, three-phase
synchronous type. The relative positions of the stator and
rotor are detected by three commutation sensors. A single
cycle that is completed once for every 60° of rotation is
detected by dividing into six parts, and asaresult of switching
six IGBTson and off, the current and its direction of flow to
thethree-phaseterminalsU, V and W connected to the motor
are switched, thereby converting electrical power from the
battery to the motor or from the motor to the battery.

Drive power and regenerated electrical power are

controlled by advancing and delaying or by reducing and
extending the switching timing, and by duty control.

The current that flowsto the IGBT and diode relative to
the current flowing to the 3-phase output can be
approximated by the following expressions:

I (IGBT) = 1/2 x Im x (Duty/100)
| (diode) = 1/2 x Im x (1 - Duty/100) QD
where Im is the output current, and duty is the PWM
duty of the input signal.

Consequently, the current flowing to the power
semiconductor device can be deduced from the output
current, which can be measured in an actual vehicle (motor
input current), thereby making it possible to obtain the loss
(calorific value) per device.

The loss characteristics of the power semiconductor
device relative to the output current are shown in Fig.3.

IGBT
device

Diode
device

Semiconductor
device loss (W)

\4

Output current (Arms)

Fig.3 Power semiconductor device loss curve

4. Method for Evaluating the Durability and
Reliability of the Power Semiconductor Device

The power semiconductor device, which hasan important
function among the constituent components of the PDU,
operates at a high voltage, high current and high speed, and
is exposed to harsh environmental conditions. The
environment in which the components are used involves a
combination of high temperature, humidity and vibration
that subjects the components to stress. Since the power
semiconductor devicein particular generates heat, there are
strict requirements for its temperature environment.
Evaluations of durability and reliability were performed for
the three environmental factors independently and in
combination. In general, modeling these set conditions is
difficult, and the establishment of a modeling technique is
an important requirement. Since the power semiconductor
device is a heat-generating component and is subjected to
particularly severe conditions in use, load testing was
conducted at various temperatures and currents to evaluate
durability and reliability, the results of which are reported
next.

— 74 -



Evaluation of the Durability and Reliability of the Power Semiconductor Device for a Hybrid Car’s Motor Driver

Theinterna construction of the |PM containing the power
semiconductor deviceisshownin Fig.4. Thelocationsthat
reach a high temperature are especially susceptible to
deterioration and malfunction,®” and a summary of the
operating conditions and component malfunction factorsis
shown in Table 1. It can be seen from this table that the
environmental factors and malfunction sites are clearly
defined, and that the junction temperature and case
temperature should be measured as control points. Changes
inthe control temperaturefor various operating temperatures
and currents when used in an actual vehicle are shown in
Fig.5. Typical durability characteristicsrelativeto stressin
the form of temperature, current, etc. are shown in Fig.6
with the accompanying test data, while a Weibull chart is
shownin Fig.7 for determining thereliability from thetime
to breakdown.

The principle verification concept was to determine the
life span characteristicsrelative to the stress of theindividual
component being tested, and then to determine point A in
Fig.6 based on the frequency of the vehicle use and vehicle
life span. Details of the procedures used to evaluate
durability and reliability are given next.

(1) Durability data were obtained for the power
semiconductor deviceal one (refer to thedurability curve
of Fig.6).

(2) Current and temperature data were measured while

Signal connecter
Insulation board

Control board -
Power terminal

Silicon resin I/
M J = ] 1
H\ - = /
7 ‘

Aluminium wire Semiconductor

device

) N \
T

Fig.4 IPM internal diagram

Table 1  Malfunction factors

IMA driving mode Control point Malfunctioning point

Engine-start mode Junction temperature Aluminium-wire

Adjustable-speed mode| Case temperature Chip-solder

Junction temperature (Tj)

Case temperature (Tc)

Ambient temperature (Ta)

Temperature

Driving Stopping —«—— Driving ——»

Time

Fig.5 Vehicle temperatures transition

driving an actual vehicle.

(3) Thedatawere converted to the vehiclelifetime from the
frequency data obtained in (2).

(4) Theactua vehicle datawere converted to asingle point
temperature using the acceleration coefficient of (1),
above this single point is the semiconductor life span
point when applied to an actual vehicle (point A in Fig.6)
(here, the ta component is the excess time relative to
actual capabilities).

(5) Lifegpantesting isperformed under the sametemperature
conditions asthose at point A, before plotting aWeibull
chart (see Fig.7).

(6) Sincepoint A isthe number of cyclesfor thevehiclelife
span at the accel eration temperature, the reliability can
be determined by plotting the Weibull chart (see Fig.7).
Asshownin Table 1 for semiconductor power devices,

the IGBT chip, which is a heat-generating component, and

the aluminum wire and sol der that extend the electrode from
the diode chip are important control points for determining
life span. Thecritical parameter that determinesthelife span
of thealuminumwireisthe current. By measuring the PDU
output current from data obtained when driving the vehicle,
the current per power semiconductor device can be divided
asshowninequation (1). Theinternal junction temperature

difference (DTj) can then be determined from equation (2)

shown next.

Semiconductor life
time curve
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Fig.6  Durability curve
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Fig.7 Weibull chart
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ATj = Rthx { (Im x Vsat) + Psw} @)

where Tj istheinternal junction temperature, Rth isthe
thermal resistance of the IPM package, Imisthe PDU output
current, Vsat is the power semiconductor ON voltage, and
Psw isthe switching loss.

The temperature stress of the solder was determined by
measuring and using the temperature directly below the
IGBT chip. On the other hand, the current and temperature
that determine the individual life span of the power
semiconductor device were verified from the life span data
obtained from a power cycletest (PCT) and thermal fatigue
test (TFT).

PCT isalife span test that accelerates the deterioration
of an aluminum wire carrying aheavy current, and TFT isa
life span test that accel eratesthe solder deterioration caused
by temperature changes.

5. Durability and Reliability Evaluation Results

5.1. Evaluation of the Reliability Relative to Current

Start-up current test conditions were determined by
taking into consideration the engine ail type and viscosity
characteristics at low temperatures as environmental effects
during engine start-up. Since the run-on torque changes
according to the position of the engine crank angle and the
current duration also simultaneously changes, the current
duration was set according to the characteristics of the
various elements and vehicle data. The vehicle start-up test
results are shown in Fig.8.

Thelongest current duration during start-upistlin Fig.8.
The number of timesthe power semiconductor deviceisused
over the course of the vehicle life span refersto the number
of times the ignition key is turned on and the number of
times the engine is started after it has been stopped after
idling. This number islarger than the number of times the

vehicleisstartedin conventional gasoline-powered vehicles.
When the reliable vehicle lifetime has been reached and
determined from the Weibull chart that had been prepared
by plotting actua vehicle datafor PCT durability under the
same conditions as those for vehicle lifetime point A, the
value was found to be 99.915%. |n addition, although the
IPM prototypeinstalledintheIMA wasatrial product made
on aline that was nearly identical to the mass production
line, the form of breakdown at this time was such that the
shape parameter (m) was sufficiently larger than 1 (m=6.2)
according to the Weibull chart, thereby confirming durability
deterioration.

5.2. Evaluation of the Durability and Reliability
Relative to Temperature

The environmental temperature during vehicle use can
be classified into radiant heat from the outside air, vehicle
chassisor road surface, heat from other parts, and heat effects
from the heat generation of the part itself. In consideration
of market use, an environmental dynamo bench wasused in
vehicletests settings, using that assumed a high-temperature
environment with respect to the amount of solar radiation
and so forth. Although the particular environment varies
according to the location where the vehicleis used in terms
of air temperature, amount of solar radiation and other
parameters, a particularly harsh environment was defined
in consideration of global specifications. Thelife span was
also verified by testing vehicles in extremely hot and cold
regions and gathering the test data from those vehicles.

Fig.9 shows the current, temperature and vehicle speed
during genera driving simulated on a dynamo bench. The
case of a similar test performed while changing only the
driving conditions to those for hard driving is shown in
Fig.10. For both general driving and hard driving, the case
temperature (base plate temperature) was 10-12°C higher
than the outside air temperature. Next, driving tests were
performed in the U.S,, the data gathered during general

250

Output current (A)
o

W-phase current

V-phase current
U-phase current

-250

Fig.8 Starter current waveform
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driving are shown in Fig.11, while the data taken during
hard driving areshownin Fig.12. A temperaturerise of 30-
32°C was obtained, which is dlightly higher than the data
obtained on the dynamo bench. In addition, test data from
cold climate region driving are shown in Fig.13. Sinceair
cooling is used in cold- climate regions, the temperature
difference until the fan operating temperature is reached is
larger, with the temperature rising to about 45°C. On the
basisof the aboveresults, when therdliability for thevehicle
lifetime had been determined from aWeibull chart according
to point A by plotting various types of driving test data for
TFT durability, values could be obtained ranging from

Fig.10 Hard driving test on dynamo bench
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E 99.97% to 99.99%. Moreover, when the shape parameter
H (m) was determined from a Weibull chart in the same way
3 asthat used for evaluating the reliability relative to current,
H the m value was found to be 5.5, thereby confirming
durability against deterioration.
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6. Conclusion

Durability and reliability were evaluated by focusing on
the currentsand temperaturesthat affect thelifetime of power
semiconductor devices. Reliability was determined using a
Weibull chart drawn from various vehicle driving data and
environmental test data, aswell asfromindividua life span
test data for the power semiconductor device. Asaresult,
thereliability was determined to be 99.9% or better, and the
shape parameter (m) ranged from 5.5 to 6.2, thereby
confirming durability against deterioration. In addition, a
method for eval uating durability and reliability under alarge
current load and high temperature applied to the motor driver
installed in ahybrid car was also established.
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ABSTRACT

A system was devel oped for aserieshybrid electric vehiclethat is characterized by mechanically separating the engineand
axle to thereby enable operation in the optimum electric generation range. This system was developed to vastly improve fuel

economy without sacrificing vehicle dynamic performance.

The study focused on real-time generating without surplus or deficit in accordance with motor power to improve energy
transfer efficiency and decrease the size and weight of the energy storage unit. At the same time, generating efficiency was
improved by operating the engine with a minimum Brake Specific Fuel Consumption (BSFC). The system was tested on a
1500 kg equivaent inertiawei ght class vehicle whereby it was verified that a 94% fuel economy was achieved in comparison
to gasoline-powered vehicles in the same class, while no sacrifices were made to dynamic performance.

1. Introduction

With increased interest in global environmental issues,
demand has further increased for technology to reduce
automobilefuel consumption. Attentioniscurrently focused
on reducing vehicle body size and weight, and efforts are
also underway to develop engine technologies to improve
fuel efficiency such as direct injection gasoline and diesel
engines. In addition, hybrid systems are attracting attention
as a total vehicle technology, with some hybrid vehicles
having already been released to the market.(V®@

This study focused in particular on the series hybrid
electric vehicle (hereafter “SHEV”) characterized by a
mechanically separate engine and axle enabling operation
in the optimum electric generation range. Further, we
attempted to vastly improve fuel efficiency for a SHEV
without sacrificing vehicle dynamic performance compared
to a gasoline fueled vehicle of the same equivalent inertia
weight class.

2. Aim of This Study

Most conventional SHEV use an energy storage
(hereafter “E/S”) system in which a compact generator is
mounted on an el ectric vehicle.® In these systems, the motor
power is provided by the E/S, and the discharged energy is
replenished by the generator. However, the following
problems make it difficult to improve fuel efficiency.

(1) The E/S weight and size increase in order to guarantee

motor power with the E/S.

(2) The E/S charge/discharge loss degrades energy transfer
efficiency.

In this study, the authors thought that if real-time
generating could be performed without surplus or deficit in
accordance with the motor power, the E/S size and weight

* Tochigi R&D Center

could be reduced and at the same time the charge/discharge
loss could also be greatly reduced and the energy transfer
efficiency improved, thus overcoming these problems. It was
thought that by utilizing the above-mentioned feature of the
SHEV, the engine could be constantly operated in the high
efficiency rangeevenif the generation level wasvaried, thus
yielding vast fuel efficiency improvement effects compared
to the same class of gasoline fueled vehicles.

‘Energy)
storage|
Real-time | 2\ |
generating Engine I G |

Fig.1 Real-time generating and
minimizied energy storage

Next, the effect of real-time generating on transfer
efficiency within the energy transfer system shownin Fig.2
isexplained. Here, nGEN isthe generator efficiency, nE/S
is the E/S charge/discharge efficiency, and nMOT is the
motor efficiency.

The energy transfer efficiency when the conventional
generating method and the real-time generating method are
applied to this energy transfer system can be expressed by
the following equations.
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Engine G t 7GEN
OO enerator E/S
( O ¥ Enersy
storage
nMOT | I Motor

i~

Fig.2 Energy transfer efficiency

Conventional generating method:
Energy transfer efficiency
=nGEN xnE/S(Charge) x nE/S (Discharge) x nMOT

@
Real-time generating method:
Energy transfer efficiency
=nNGEN xnMOT 2

When calculated assuming each of the efficiencies in
equations (1) and (2) above are 90%, the energy transfer
efficiency for real-time generating is 81% while it is 65%
for the conventional method.

3. Control System

3.1. Control System Configuration
Fig.3 shows the overall control system configuration.
The system can be broadly divided into the following
three control units.
(1) Generating control block
(2) Brake Specific Fuel Consumption (BSFC) bottom trace
controller
(3) Engine, generator and motor controllers
The generating control block is comprised of the real-
time generating controller, which forms the base, and the
interval power controller, which turns the generator on and
off according to the E/S state of charge (hereafter “SOC”)
when the generator power requirement is low. This block
determines the target motor torque and generator power

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

requirement based on the acceleration pedal angle and the
vehicle speed.

The BSFC bottom trace controller determines the target
generator power and thethrottle angleto minimizethe BSFC
based on the generator power requirement determined by
the generating control block.

The motor, generator and engine controllers control their
respective control subjects in accordance with the target
torque, target generator power and throttle angle determined
above.

The generating control block and BSFC bottom trace
controller characteristic of thiscontrol system are described
in the following sections.

3.2. Real-time Generating Control

Fig.4 showstherea -time generating controller structure
outline.

This controller determines the basic generator power by
estimating the electric power required to drive the motor
from the target motor torque and the vehicle speed, and then
adding other power consumption. Generating action can be
started before actual power consumption startsby estimating
the power requirement with a feed-forward system. This
improves generating responsiveness, and makes it possible
to reduce temporary discharge from the E/S even when the
motor power changes suddenly, thereby achieving energy
management to minimize charge/discharge | oss.

In addition, the generator power requirement is

Target drive force _ Target
characteristic Traction motor power traction force

Accelerator

pedal angle \
Vehicle L, / + +
speed + +

Other power
requirement

i socw —~ 1+

E/S current

requirement

Generator
power
requirement

E/S current feedback loop

Fig.4 Real time generating control structure

. \ Target throttle
o Generator power angle [TEngine .
Acceleration-—-I pea|-time requirement > controller [ EN9ine
pedal angle : generating —*>O » | BSFC bottom
Lt , trace controller Generator
Vehicle +»-| controller : > Controller [ Generator
speed ! A ' Target
Interval power| . SOC generator power
, controller ! Energy
: E/S current, SOC storage
Target
: traction force .| Motor Traction
: : " | controller motor

Fig.3 System block diagram
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determined by adding a SOC feedback system to the above-
mentioned feed-forward system and correcting the basic
generator power according to the SOC. This prevents E/S
over-charge and discharge caused by the discrepancy
between the actual power consumption and estimated power
due to temporary discharge from the E/S generated during
over-response, recovery of deceleration energy, changesin
motor efficiency and other factors. Thismakesit possibleto
maintain the SOC at afairly constant level.

3.3. BSFC Bottom Trace Control

The generating efficiency is the product of generator
efficiency and engine efficiency. However, since engine
efficiency isdominant over amost the entire operating range,
the degree to which engine efficiency can beincreased during
generation is critical. Utilizing the SHEV feature whereby
the engine revolutions are not dependent on the vehicle
speed, the required generator power can be generated above
the BSFC bottom line shown in Fig.5.4®

80

(o2}
o

I
o

N
o

Engine power (kW)

500 1500 2500 3500 4500 5500 6500
Engine speed (rpm)

Fig.5 BSFC characteristic

Fig.6 shows the BSFC bottom trace control structure
outline. The combination of the engine revolutions and the
throttle angle that minimizes the BSFC with respect to the
generator power requirement determined by the generating
control block is calculated as the target. The actual engine
revolutions are fed back to control the generation of a
generator linked directly to the engine so that the engine
follows the target revolutions, and the engine output is
adjusted by controlling the throttle angle. This makes it
possible to realize superior response characteristics, even
when a particularly rapid generating response is required,

Target NE characteristic

Generator + +
power >
requirement - +

NE

Target generator power

Target
throttle
- angle

Generator power

_,/ Base throttle angle

Target throttle angle characteristic

Fig.6 BSFC bottom trace control structure

by feeding back the actua revolutionsand actively reducing
the engine load to increase the engine revolutions.

3.4. Interval Power Control

As noted thus far, high efficiency generating which
follows the motor power can essentially be performed by
combining real-time generating control and BSFC bottom
trace control. However, Fig.5 showsthat the BSFC degrades
inthelow engine output range. Therefore, when therequired
motor power issmall, the generator iscontrolled at intervals
so that the low output range with poor BSFC isnot used. As
shownin Fig.7, duringinterval power control, generatingis
stopped and power is supplied with only the E/S when the
SOC is at the upper limit or higher, and generating is
performed at alevel that exceedsthe motor power when the
SOC falls below the lower limit. In addition, the engine is
stopped when not generating in order to reduce wasteful fuel
consumption dueto idling.

In this manner, interval power control works to prevent
drops in generating efficiency. However, it also produces
E/Scharge/dischargeloss, sotheinterval power control range
must be determined according to the balance of these two
factors.

SOC

Upper limit

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

Lower limit

Motor power ~ Ge€nerator power

Time——»

Fig.7 Interval power control

3.5. Recovery of Deceleration Energy

Themotor regeneration level was set according to vehicle
speed asshownin Fig.8 in order to avoid giving an unnatural
feel to the driver when decelerating. In addition, the motor
regeneration level is increased during braking to further
increase recovery of deceleration energy.

Regenerating with
accelerator closed

o Y

Regenerating
with brake pedal on

tor power (kW)

'v!o l
[REN RN
N O

_16 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Vehicle speed (km/h)

Fig.8 Regenerative braking power curve
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4. Verification with an Actual Vehicle

4.1. Prototype Vehicle Specifications
The prototype vehicle was a 1500 kg equivalent inertia
weight class, and Table 1 shows the major specifications.

Table 1  Major specification
Model
. Inertia weight (kg) 1500
Vehicle - -
Maximum velocity (km/h) 130
Type DC brushless
Motor | Maximum power (kW) 735
Maximum torque (N-m) 275
Water-cooled
Type gasoline engine
) Displacement (cmd) 1493
Engine -
Valve train SOHC VTEC
Maximum power  (KW/rpm) 95.6/7000
Maximum torque (N-m/rpm)| 139.3/5300
Type DC brushless
Generator | Maximum power (kW) 80
Maximum torque (N-m) 130
Maximum power (kw) 30
Energy -
storage Energy capacity (Ah) 5
Weight (kg) 60

In addition, Fig.9 showsthe maximum motor power line
for the prototype vehicle and the maximum traction line for
a gasoline-fueled 4AT vehicle of the same inertia weight
class. In order to achieve the same dynamic performance as
the comparison vehicle, the motor maximum power was set
at 73.5 kW in order to satisfy the traction characteristics.
The maximum power generation was set at 80 kW in
consideration of efficiency so that the entire motor output
could be provided during real-time generation. Regarding
the E/Sweight, an 80 kW/5 Ah E/Sisrequired to guarantee
maximum motor power for aconventional SHEV . Therefore,
assuming an output density of 500 W/kg, a160 kg E/S must
be mounted. However, with this system the E/S need only

8
Motor maximum power
6 e
Low . .
= Gasoline-fueled automobile
s (4AT)
sS4
b 2nd
©
= 2| 3rd
4th  ——
0 n n n
0 40 80 120 160

Vehicle speed (km/h)

Fig.9 Drive force curve

guarantee the generating response lag during acceleration
and the recovery of deceleration energy. Thus a 30 kW/5
Ah and 60 kg E/S can be mounted, thus realizing a weight
reduction of 62.5%.

4.2. Control Algorithm

Fig.10 shows the transitions in motor power, generator
power and SOC inthe 10-15 mode utilized in order to verify
the behavior of the entire control system. Power isgenerated
during acceleration when the motor power increases, and
power generation is stopped when the generator power
requirement islow such asduring cruising or idling, or when
recovering deceleration energy. The 10-15 mode requires
littlemotor power overal, so generating isfrequently stopped
by interval power control and the SOC decreases when
generating is stopped. However, the consumed energy is
replenished by the recovery of deceleration energy and by
SOC feedback during real-time generating control, so the
SOC is maintained at afairly constant value.

Fig.11 showsthetransition from interval power control
to real-time generating control in Fig.10, particularly during
acceleration. When the motor power reaches the prescribed
valueof 10 kW, the engine starts and generating starts. When
generating starts, generating is performed at the motor power
or higher in order to replenish the energy consumed by
interval driving and the generating response lag, enabling
the recovery of the SOC. In addition, the generator power

Motor power (kW)
Generator power (KW)
Vehicle speed (km/h)

N
o

SOC (%)

Fig.10 System behavior (10-15 mode)
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Fig.11 Generating behavior

and the engine power are about the same. Therefore, the
engine driving point at this time is approximately 15 kW,
2000 rpm, which matches with the engine minimum BSFC
point shown in Fig.5.

4.3. Efficiency

Figs.12 and 13 respectively show the energy transfer
efficiency and enginedriving rangein the 10-15 mode. These
graphs show that the energy transfer efficiency reaches
approximately 80% of theinitial target by performing real-
time generating control, and the enginedriving rangeisalso
on the BSFC bottom line due to the performance of BSFC
bottom trace control.

7
Maximum power line

6 L
o ¥ “ Driving point at real-time generating
ST |
Sal |
= 9T | 85%
B goos 2%
@ 75% .\
=20 70%

60%
1{80%
0

0 10 30 50 70 90 110 130
Vehicle speed (km/h)

Fig.12 Transfer efficiency characteristic
(MMOT x nGEN)
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S60f Wide open throttle power )
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3 //,
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3 Engine control line
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w - Engine driving point
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Fig.13 BSFC characteristic and engine driving point

4.4. Fuel Efficiency

Fig.14 shows the fuel efficiency improvement effects
of each control method in the 10-15 mode. The mode fuel
efficiency ultimately reached 23.3 km/I, thus confirming fuel
efficiency improvement effects of 94% with respect to the
comparison vehicle.

Gasoline-fueled automobile
(4AT) 12'0+16.7%

Real-time generating control
BSFC bottom trace control

14.0

+32.9%

Engine stop |
Interval power control

80N 1+ 25.3%

Regeneration | 23.3

10 12 14 16 18 20 22 24
Fuel efficiency (km/L)

Fig.14 10-15 mode fuel efficiency

5. Conclusions

Focusing onthe SHEV characteristic whereby theengine
and axle are mechanically separated to facilitate operation
in the optimum range of electric generation, the authors
created asystem that vastly improvesfuel economy without
sacrificing vehicle dynamic performance, and achieved the
following results:

(1) The E/S power requirement was reduced and at the same
time the energy transfer efficiency was improved by
performing real-time generating without surplusor deficit
in accordance with the motor power. Thisresulted in an
E/S weight reduction of 62.5% and achieved an energy
transfer efficiency of 80% in the 10-15 mode.

(2) Theenergy transfer efficiency wasraised and generating
was performed to constantly minimize the engine BSFC
by real-time generating control and BSFC bottom trace
control. This resulted in fuel efficiency improvement
effects of 16.7% in the 10-15 mode with respect to the
comparison vehicle.
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(3) Additional fuel efficiency improvement effects of 32.9%
over (2) above were obtained by performing interval
power control and stopping the engine in the low power
range where engine efficiency is poor.

(4) Fuel efficiency was further improved by 25.3% over (3)
above by recovering deceleration energy to ultimately
reach 23.3 km/l. This represents fuel efficiency
improvement effects of 94.2% with respect to the
comparison vehicle.
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Technical paper

Development of CFRP Rotor for Flywheel Batteries

Hiroyuki KOBAYASHI*

ABSTRACT

Carbon fiber reinforced plastic (CFRP) filament winding was sel ected as the forming method for the flywheel battery rotor
due to its high specific energy. In order to prevent the delamination problem that often occurs with this forming process, a
press fit multi-ring construction was employed. This multi-ring construction consists of a CFRP ring with a high elastic
modulus, a CFRP ring with medium elastic modulus and an aluminum ring. A safety factor of 2.0 was set and each rotor ring
was designed and manufactured with the optimal material and dimensions. Rotational tests were performed through 70 000
rpms whereby it was verified that the 2.0 safety factor is maintained. Further, by taking stress measurements up to 50 000

rpm, we were able to demonstrate the validity of the design.

1. Introduction

The effects of global warming on the environment isan
important concern, and one of the main causes of global
warming is thought to be greenhouse effects due to the
emission of large amounts of CO,. Auto manufacturers are
conducting R&D on a wide range of systems such as
reducing fuel consumption rates, alternate fuel vehicles,
eectric vehicles (EV) and hybrid electric vehicles (HEV),
and a number of these efforts have already reached the
practical application stage.

Based on the results of much of this research, current
development trends are focusing on the development of
gasoline/diesel HEV or alternative fuel HEV for the mid-
term, and fuel cell vehicles (FCEV) for the long-term.

This paper reports the results of research on a flywheel
battery rotor which is part of a concept for exploring the
possihility of vast reductionsin CO, emissionsby combining
anHEV system utilizing anatural gasenginewhich haslower
CO, emissions than a gasoline engine of the same output
ratio with the new technologies of aflywhed battery and an
adsorbed natural gas (ANG) fuel tank. (Fig.1)

\

engine

ANG

\ y

Fig.1 Outline of ANG-HEV system

* Tochigi R&D Center

In order to increase the specific energy of the flywheel
battery, fiber reinforced plastic (FRP) is often selected as
the rotor material. FRP is strong in the tensile direction of
the fibers, but extremely weak in the direction 90° to that.
V ariousforming techniques have been devised to overcome
this problem, but the performance anticipated from material
reinforcement has not been obtained. @@ In addition, while
strain and stress during rotation have been theoretically
calculated, these results have not yet been verified through
actual measurement. This study achieved the target
performance by adopting a press fit multi-ring construction
and designing and manufacturing a rotor with the optimal
material and dimensions for each ring. In addition, the
validity of the design was verified by measuring the strain
and comparing the calculated and actual measured results.

This study is a part of the fiscal 1998 research for the
“High Efficiency Clean Energy Vehicle R&D” project
commissioned by the New Energy and Industrial Technology
Development Organization (NEDO). This research aimsto
develop a vehicle with arunning energy consumption and
CO, emissions of no morethan half that of existing vehicles
through acombination of petroleum alternative clean energy
sources and HEV systems.

2. Setting Performance Targets

Flywheel batteries are a type of mechanical battery that
stores kinetic energy in arotating disk. This energy isinput
and output in the form of electricity via a motor/generator
(Mot/Gen) which acts as a motor during charge and a
generator during discharge. Fig.2 shows a concept drawing
of aflywheel battery.

Table 1 shows the performance targets for a flywheel
battery which satisfy both the fuel and motive power
performance targets of an ANG-HEV vehicle.
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—
Flywheel battery | rraction

Mot/Gen motor

High speed bearing

ECU: Electric Control Unit
PDU: Power Drive Unit
Mot/Gen: Motor/Generator

Fig.2 Outline of flywheel battery system

Table 1 Specifications of flywheel battery

Max power 30kw
Usable energy stored 500Wh
Total weight 100kg

3. Design

3.1. Investigation of Materials

Like a chemical battery, in addition to the total amount
of energy that can be stored, high specific energy, high
specific output and high efficiency are also required of the
flywheel when applied asabattery. Of these, the requirement
for the rotor, which is the main unit for storing energy, is
“high specific energy”. Therefore, the author verified the
type of rotor material that would meet the requirement for
“obtaining high specific energy”.

The energy that can be stored was considered assuming
the use of arotating disk such as that shown in Fig.3. The
disk was considered to be a solid disk made of isotropic
materialsin order to simplify the model.

Radius
Thickness
Density

Young’s modulus
Poisson’s ratio
Tensile strength
Rotating energy
Moment of inertia : |
Rotating speed 0

or
ot
P
' E
v
: Smax
:Q

Fig.3 Rotating disk

The amount of kinetic energy that can be stored in a
rotating disk is expressed by the following equation.

1 1
==lw?==rmpritw?
Q=75 2 TP

Next, in consideration of the rotational stress produced

on this disk, the maximum attainable revolutions are the
revolutions at which the maximum stress produced equals
the tensile strength of the materials.

Smax = %pr2 (3 +v) omax?

Therefore, the maximum specific energy that can be
achieved with arotating disk made from a certain material
can be defined by the following equation.

_1 2 - 2Smax

(Q/Wt) max 4 (r o max) P (3+v)

This equation shows that the maximum achievable
specific energy of arotating disk isdetermined by the specific
strength, which isthe value obtained by dividing thetensile
strength of the material by the density.

Based on the above, the results of comparing the
maximum specific energy of various materialsare shownin
Table 2.

Table 2 Comparison of available specific energy

Density |Poisson’s| Tensile Specific

p (kg/m3) ratio strength energy
v Smax Q/Wt

(MPa) (Wh/kg)
Maraging steel (MAS2) 8000 0.31 2942 62
Carbon steel (SCM435) 7830 0.28 1373 30
Titanium (Ti-6Al-4V) 4430 0.19 1177 46
Aluminum (A7075-T6) 2800 0.29 569 34
Thermoplastic (Nilon66) 1140 0.3 78 12
Synthetic fiber (Nilon66) 1140 0.3 665 98
Aramido fiber (Kevlar129)| 1368 0.3 2334 287
Glass fiber (S-Glass) 2103 0.3 3158 253
Carbon fiber (T1000G) 1620 0.3 4459 463

Table 2 shows that carbon fiber reinforced plastic
(CFRP) rotors have the highest specific energy, so CFRP
was selected as the rotor material.

3.2. Investigation of Forming Methods

Carbon fibers are an anisotropic material that exhibit high
tensile strength only in thetensile direction of thefilaments.
Therefore, it was necessary to design a construction which
makes the fullest use of this high tensile strength, that isto
say aconstruction which receivesthe high centrifugal stress
produced by rotationin thetensiledirection of thefilaments.

There are two possible filament arrangements which
receive the centrifugal stress in the tensile direction of the
filament asfollows.
() Arranging the filaments so that they radiate axially

outward in aradia direction from the center.
(INArranging the filaments in ring shapes in the hoop

direction.

Of these, evenly arranging thefilamentsfrom the smaller
center areas to the larger peripheral areas is not possible
with arrangement (1), making it difficult to actually form a
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high strength rotor with this arrangement. Therefore, when
forming a flywheel rotor using composite fiber materials,
filament winding (I1) is selected. (Fig.4)

Tension

Resin bath

/ | /Roving

N

A

Fig.4 Filament winding

Mandrel

3.3. Calculating Rotational Stress

Filament winding formed rotors exhibit strong anisotropy
with an extremely different material constant and strength
inthehhoop and radial directions. Therefore, stresscalculation
using a two-dimensional polar coordinate system was
selected.® The equationsfor calculating the rotational stress
are shown below.

®

«—” |

E0, 60 :
i
i

Er, or

— 1

Fig.5 Stress and strain

The symbolsused for calculation are defined asfollows.

r:  Radius

€0: Hoop strain

c6: Hoop stress

E6: Hoop Young's modulus
v0: Hoop Poisson’sratio
1n6: Hoop coefficient of thermal expansion
AT: Temperature difference
Ef: Fiber Young's modulus
vf:  Fiber Poisson’sratio

p: Density

u: Radial displacement

er:  Radia strain

or. Radia stress

Er: Radia Young's modulus
vr:  Radial Poisson’sratio

nr: Radial coefficient of thermal expansion
Vf: Fiber volume content

Em: Resin Young's modulus

vm: Resin Poisson’sratio

o: Rotational angular velocity

Therelations between the stressand strain are asfollows.

er=or/Er—v0r-c0/E0
£0=06/E6—vr0-or/Er

Which can be simplified as follows.

F=Er-vOr=EO-vro
Er’ =Er/(1-vr0-vor)
E6’=E0/(1-vor-vro)
F'=F/(1-v6r-vro)

The balance between the stress and centrifugal forcein
theradial direction is expressed by the following equation.

d(r-c r)/dr-c0 = - pa?-r2

The relations between displacement and strain are as
follows.

er =du/dr
€0 =u/r

Thus, assuming Er’, E®’ and F' are constants the
following equation is obtained.

Er’ -r2.d?u/dr>+Er’ -r-du/dr-E0’ -u=-p-w?®-r®

By solving this equation and taking into account
temperature dependence, the displacement, strain and stress
are expressed by the following equations.

u=X-r*+Y -r*+A-r’+Fr

er=o,- X reD-oY -rteD+3A .r2+F
€0=X-rlD+Y e+ A r2+F
or=B-X-r@d-C.Y .rte-D+D.r>+G
00=B-0.-X 1O V+C.q.-Y -rC*D+Er+G

A=p-0?(0>vOr?)/(EO-(0*>-9))
B=E6/(c-vor)

C=E6/(a+ver)

D=p-w*(3+vor)/(c-9)
E=p-w*(a?+3vor)/(0-9)
F=(M6-(a2-ngr)+nr-(vor-1))-AT/(0?-1)
G=E0-(n6-Mr)-AT/(c>-1)

3.4. Determining Rotor Specifications and
Investigating Strength
Flywheels are characteristic in that energy is stored as
rotational kinetic energy, so more energy can be stored at
higher revolutions. However, the design requirements were
determined as shown in Table 3 according to the following
required performances and limitations.
» Specific energy requirements as a system
» Canceling out the gyro-moment using two rotors
rotating in opposite directions
* Mot/Gen control capability limit
* Achieving a safety factor of 2.0 based on results for
compressed natural gas (CNG) tanks, etc.
CFRP was selected as the rotor material. In order to
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Table 3 Rotor design requirements

Usable energy stored 250Wh*t
Total energy stored 333Wh
Available speed range 0 to 50000rpm

Operating speed range
Burst speed

25000 to 50000rpm
over 70000rpm
=Rotor Thickness
Inside diameter/outside diameter | =0.7

Rotor radius

*1 Use two rotors for canceling out the gyro-moment

satisfy the performancetargetsnoted in Table 3, theoutside
diameter of therotor was changed and the amount of energy
that can be stored in those rotorsisindicated in Fig.6. This
graph showsthat arotor outside diameter of @270 is needed
to store an effective energy of 250 Wh.

Therefore, the rotor dimensions were determined as
follows.

Outside diameter: 270 (mm)

Inside diameter: 190 (mm)

Thickness: 130 (mm)

500

400 /
WO asown /
1
200 .
/ :
1
100 !
/ \:l

0100 150 200 250270 300

Rotor outside diameter (mm)

Usable energy stored (Wh)

Relation between rotor outside diameter and
stored energy

Fig.6

Fig.7 shows the stress calculation results at 70000 rpm
for a filament wound rotor having an outside diameter of
270 mm and an inside diameter of 190 mm formed with
Toray T1000G, which has the highest tensile strength of
currently available carbon fibers. Table 4 showsthe Toray
T1000G (Vf = 60% CFRP) allowable stress limit and
material constants used for the calculation.

Rotation produces large hoop stress in the tensile
direction of the fibers. Further the elongation at the inner
and outer hoops differs. Therefore stressisalso produced in
theradia direction. Filament winding shaped rotors exhibit

T1000G hoop strength

2500 [— Radius stress exceeds radius—| 50
strength

40
1500 M 30
1000 20

/ iy
500 T1000G radius strength 10

PN

Radial stress o r (MPa)

Hoop stress ¢ 6 (Mpa)

—— : Hoop stress
— : Radius stress

0 0
95 105 115 125 135

Radius r (mm)

Fig.7 Stress of T1000G rotor at 70000rpm

extreme anisotropy and have a construction wherein fibers
distributedin layersintheradial direction arefixed by resin.
Therefore, thetensilestrengthisparticularly low intheradial
direction. Fig.7 shows that the radia stress produced by
rotation greatly exceedstheradia tensile strength for aCFRP
single layer simple ring winding rotor, leading to
delamination in the layers between the fibers. Therefore,
suppressing radial stress due to rotation and improving the
rotor construction to prevent delamination are important
issues.

3.5. Investigation of Construction

The following approaches can be considered to prevent
inter-layer delamination of the rotor:

() Adopting a construction which produces compressive
forcein theradia direction due to rotation.

(I Applyinganinitial compressiveforceto therotor which
exceeds the produced radial tensile stress.

(111 Improving the matrix resin strength.

(IV) Adding reinforcing materialsin the radial direction.

Possible forming methods for each of these are as
follows:

(D: Providing a density slope according to radius so that
inner ringshave ahigher density, or providing an elastic
modulus slope according to radius so that outer rings
have a higher elastic modulus.

(I1): Adopting an integrated construction wherein multiple
rings are press fit with tightening margins.

(111): Using athermoplastic resin matrix.

(IV): Adopting a three-dimensional fiber construction, or a
structure with ring winding disks and radial
arrangement disks adhered together.

Of these methods, forming technologies which satisfy
the required reliability and strength do not exist for (I11)
thermoplastic resinmatrixesor (1V) three-dimensional fiber
constructions. The adhered construction (1V) is commonly
used for FRP, but is excluded here because there have been

Table 4 T1000G material specification

Hoop strength Radial strength Density Hoop modulus Radial modulus Poisson’s ratio
66 max (MPa) or max (MPa) p (kg/m3) E 6 (GPa) Er (GPa) v
2675 15 1568 167.6 10 0.33
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reports that cracking occurs along the reinforcing fibers
rendering this method unusable in forming high strength
disks.® Asaresult of investigating (1) and (I1), amulti-ring
press fit construction (multi-ring construction) with an
internal metal ring was selected. The densities and elastic
moduli for each ring were varied by changing the fibersin
each ring to create aconstruction that prevents delamination.
The fibers used were Toray M40J high elasticity carbon
fibersfor the outer ring, Toray T300 general-purpose carbon
fibersfor themiddlering, and A7075-T6 for theinner metal
ring.

Some filaments are cut when forming and machining
therings. Fig.8 showsthe stress cal cul ation results assuming
an elastic modulus of 95%.

Thestresscal culation judgment criteriaare that the stress
in each part does not exceed the strength limit, and that the
stress in the press fit portions does not become tensile. In
other words, the press fit portions must not separate.

Fig.8 showsthat the stress of the innermost hoop where
the hoop stress is the highest for each ring does not exceed
hoop strength, radial stress does not exceed radial strength,
and the stress on the press fit portions is compressive.
Therefore separation does not occur.

Based on the above, the rotor specifications were
determined to be as follows: outside diameter, 2270 mm,
maximum operating revolution, 50000 rpm, and limit
revolution, 70000 rpm.

Table 5 shows these rotor specifications.

Table 5 Specification of flywheel rotor

Specification of flywheel rotor
Item Specification Remarks
Outside diameter ¢$ 270 (mm)
Inside diameter $180 (mm)
Thickness 26x5=130 (mm)
Weight 6.87 (kg)
Maximum energy stored 336 (Wh) 50000rpm
Outer ring Middle ring Inner ring
Material M40J T300 A7075-T6
outﬂ?;)d 1 210 $235 $190
Inside dia.
(mm) $235 $190 $180
Interference 400 (um) 800 (um)
Vfof CFRP| 60 (%) 60 (%)

4. Rotor Fabrication

Fig.9 showsasinglering (thickness 26 mm) of the CFRP
portion fabricated based on the rotor specifications shown
in Table 5. The inner portion with a lighter color is the
T300 ring, and the outer portion which appears blacker is
the M40J ring. The M40J and T300 rings are mechanically
press fit.

—— : Hoop stress
- : Radial stress

3000 150
2500 125
2000 -3, .100p, strength of M40J 7 100
o — 0
S 1500 Hoop strength of T300 ~—— 5 =
. [}
» 1000 ~———__ Radial stress does not - OK 50 @
g exceed radial strength b=
D Strength of A7075 o
g SO0l Radialstrength of CFRP T R N 2 £
2 ) @
0 ~ 0
-500 -25
A
-1000 —50
N3 .
90 Radial r (mm) 135
() Radial stress is under 0 <> \
= No delamination = OK +—>

A7075

Standard CFRP T300

Radial stress

High modulus CFRP M40J

Fig.8 Stress calculation results
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Fig.9 CFRP ring

5. Tests

5.1. Measuring the Change in Inside and Outside
Diameter Due to Cooling

Carbon fibers have a negative coefficient of thermal
expansion that is near zero. Thus, when carbon fibers are
formed into aring by filament winding and thering is then
cooled, only the resin contracts, and it does not contract in
the direction of the fibers. Therefore, the outside diameter
contracts and the inside diameter expands. The
appropriateness of the dimensional change characteristics
with respect to temperature was verified for the variousrotor
stress calculations. This was carried out by measuring the
inside and outside diameters of the prototype rings a a
normal temperature (27°C) and at -40°C and comparing these
results with the calculated results of expansion and
contraction.

Measurement was performed at four points on each of
the three individual rings for atotal of twelve points.

Fig.10 shows a comparison of the measured and
calculated results, and shows that the measured and

100 Inside diameter
calculation
80
] [ ] ‘
| | | |
60 ..'.l.............l..........l..l.l
0 § Outside diameter

B Inside diameter

@ Average of OD increase

0 B Average of IDincrease

Outside diameter
calculation

Increase of inside/outside diameter (um)

1234567 89101112
Point No.

Fig.10 Increase of inside/outside diameter of CFRP

ring at -40°C

calculated results match closely. Thusthe calculated values
for temperature changein inside and outside diameterswere
verified to be appropriate. Further cold fitting wasjudged to
be possible with the pressfitting margin setting determined
assuming the expansion of the CFRP ring inner diameter.

Fig.11 shows the rotor constructed by cold fitting the
innermost aluminum ring at the temperature of liquid
nitrogen.

Fig.11 Complete rotor

5.2. Rotation Test up to 70000 rpm

A rotation test was conducted up to 70000 rpm to check
whether the prototype rotors could achieve revolutions of
70000 rpm. Fig.12 showstherotor in the set condition. The
test was conducted in a vacuum using a spin tester with the
rotor suspended and rotated by an air turbine.

Axial oscillation was monitored during the test, and the
apparatus was set so that oscillation in excess of a certain
value dueto damage, delamination or any other reason would
trigger a reverse in the air supply to the turbine thereby
causing it to decelerate.

Fig.12 Rotor setting
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The test conditions were set as follows, and the results
of tests conducted using three rotors are shown in Fig.13.
* Degree of vacuum inside the spin tester: 133 Pa(1 Torr)
or less
» Maintain 70000 rpm or more for 3 minutes
Thehorizontal axis showsthe duration, and the vertical
axis shows the revolutions. All rotors were able to reach
and maintain 70000 rpm for 3 minutes without activating
thetrigger.
Based on these results, it was determined that a rotor
could be obtained with a safety factor of 2.0 with respect to
maximum operating revolutions of 50000 rpm.

80000
70000 / \\\
60000
50000
i / \ \ \ — Rotorl
40000 — Rotor2
// 1 \ \ — Rotor3
30000
20000 /// \ \
10000

0

Revolution (rpm)

0 1000 2000 3000 4000
Duration (sec)

Fig.13 Results of 70000rpm testing

5.3. Rotational Strain Measurement

Aluminum rings were press fit into the individual
prototype rings and strain gauges were attached to measure
therotational strain. Thesetestswere conducted using aspin
tester asin the 70000 rpm test. Fig.14 shows the rotor with
the strain gauge attached, and Fig.15 showsamodel drawing
of the measurement points.

Hoop strain was measured at the three points of the center
of the outer hoop and the center side and inner hoop of the
CFRP portion. Radial strain was measured at one point at
the center side of the CFRP portion.

Fig.14 Rotor with strain gauge

26

153; Radial strain

Hoop strain

R115
(R135)

unit: mm |

Outline of strain measurement points

Fig.16 shows a comparison of the strain measurement
results and calculations up to 50 000 rpm. The strain was
measured from two to four times at each point. This graph
shows that extremely good measurement values were
obtained, and that the measured strain closely matched the
calculated values, thus verifying the validity of the filament
winding formed anisotropic rotor design method.

6000

No.1 calculation

No.1 mea =

5000

4000 /
= 3000 A
3 v
5 ,
Z 2000 AV
£ No.3 measured ~
& 1000 No.4 calculation

—————=_—| No.4 measured
10000 2000(1 30000 —,#00UT—— 50p00
~1000 [ —

No.2 measured No.2 calculation
—-2000 )

Revolution speed (rpm)

Fig.16 Comparison of calculation and measured
strain

6. Conclusions

Regarding a flywheel battery rotor,

(1) Materials and a construction that allow the specific
energy to be increased were determined,

(2) Rotor dimensionsand shapesthat satisfy the performance
requirements were determined,

(3) Rotation tests were conducted up to 70000 rpm, and

(4) Strain was measured up to 50000 rpm.

These results proved that a rotor can be obtained which
secures a safety factor of 2.0 over operating ranges up to
50000 rpm. Further, the calculated and measured values
matched closely, thus verifying the validity of the design
method.
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Thermal Behavior Mechanism of Lithium-ion Batteries
for Electric and Hybrid Vehicles

Naoki MARUNO*

Kazuhiro ARAKI* Noboru SATO*

ABSTRACT

Thermodynamics experiment and study were carried out for the Lithium-ion batteries that are expected as the power
sources for electric and hybrid vehicles. It is confirmed that the heat coming in and going out depend on charging and
discharging, respectively. And the heat generation factors will be decomposed to three elements: reaction heat value Q, ,
polarization heat value Q,. and joule heat value Q . Furthermore, the contribution degree of each factor was able to be
expressed quantitatively, by dividing these heat generation factors for charging and discharging.

Theaccuracy of thermodynamicslogic was verified since the thermodynamics cal cul ation coincided with the experimental
data of heat generation for the practical Li-ion batteriesfor EV. It ispossible to utilize the calculation and simulation for the
development of Li-ion battery and the establishment of thermal control technology not only for EV but also for HEV.

1. Introduction

Theactivedevelopment of ectricvehicles(EV), hybrid
eectric vehicles (HEV), and fuel cell vehicles (FCVs) has
been accompanied by |eapsin battery technology as applied
to energy storage. Particularly high expectations are being
placed on advances in high-performance nickel-metallic
hydrogen (Ni-MH) batteries and lithium (Li)-ion batteries.
Ni-MH batteries offer superior performance, reliability, and
safety, and are already on the market in the HondaEV Plus
released 3 yearsago andthe HEV Insight released six months
ago.

Heat control is an important issue in Ni-MH, lithium-
ion, and other cold batteries, which are susceptible to the
effects of heat. Temperatures above 50°C can lower the
charging efficiency or lower thelongevity properties of these
batteries. Heat management must al so take battery reactions
and heat generation factors into account, as exothermic
behavior can vary greatly depending on the battery system.

However, there are almost no papers that discuss the
thermal behavior of electric vehicle batteries from a
thermodynamic perspectively. Only one existing report
quantitatively analyzes the thermal behavior of Ni-MH
batteries®. Working from this report, the authors focus on
lithium-ion batteries, which are expected to have expanded
application in the future, with the goal of clarifying the
exothermic mechanism through analysis of heat generation
factors, and determining the proper approach to heat
management for lithium-ion batteries.

* Tochigi R&D Center

2. The Operating Principle and Characteristics
of Lithium-lon Batteries

A lithium-ion battery generally comprises a positive
electrode of lithium cobalt oxide (LiCo0O,), lithium
manganate (LiMnO, or LiMn,0,), or lithium nickel oxide
(LiNiO,), or ahybrid material comprised thereof; anegative
electrode of hard carbon or graphite; an electrolyte of a
nonagueous solvent comprising ethylene carbonate (EC) or
propylene carbonate; and, LiPF_ asasupporting electrolyte.
Thischarging and discharging reactionsof thistype of battery
are expressed with equations (1) through (3) below.

Positive electrode: LiCoO,—Li, CoO,+ xLi*+xe (1)
Negative electrode: C +xli* +xe  —=Cli, (2
Whole reaction: LiCoO, + C —Li, Co0,+Cli,  (3)

Inshort, these are solid-state reactionsin anintercalation
mechanisminwhich (Fig.1) the negative el ectrode occludes
Lithium ions during charging while the positive electrode
occludes Lithium ions during discharging.

Theuseof electrode active material sthat are lighter than
those in lead batteries or Ni-MH batteries results in the
characteristically large energy density per weight of lithium-
ion batteries. This, combined with their large volume energy
density, is why lithium-ion batteries have replaced Ni-MH
batteries in almost all computers and mobile phone
applications. The next logical step isto develop technology
for largelithium-ion batteries, with the devel opment of such
batteries for EV's and HEV's is gaining momentum.
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Crystal structures of lithium cobalt oxide and lithium manganese oxide as the positive active

material and carbon material as the negative material

3. Impact of the Thermal Action of Lithium-lon
Batteries

The performance of nearly al types of secondary cells
is normally degraded by the action of heat. At low
temperatures, output falls primarily because of the
electrolyte's decrease in electric conductivity, while high
temperatures often lower the battery’s longevity. As an
example, data from the heat-induced capacity degradation
of alithium-ion battery for a1.25 Ah appliance are given.

The experiment conditions were defined as an ambient
temperature of 25°C, 2.5 total hours of chargetime at a 1A
constant current and a4.2V constant voltage, discharging at
aconstant current of 1A, 2A, 3A and 4A, and afinal voltage
of 2.5V. Therewas a 10 minute rest time after charging and
discharging, and the entire process from chargeto discharge
was defined as one cycle. Fig.2 gives the relationship
between cycle count and capacity ratio at each current value
in this experiment. Fig.3 shows the relationship between
current value and average battery temperature during

100 [
\5\&*- 1A
‘\ -u~\.v-_\
~—~ - ‘\ ---_‘\
SR \
~r ‘\ \‘- 4A
2 \ 2A N e
S 60 - \ VT MR
= \‘\ 3A T
& N\
= 40 + \.\
O ,
LI
20 F .
0 20 40 60 80 100

Cycle number

Fig.2 Change of the capacity ratio for each
discharge current

discharge.

Because of the safety issues that still preclude
experimentation that would intentionally induce temperature
increases in a large-sized lithium-ion battery for electric
vehicle application, datafrom appliance batteries were used
instead. However, exothermic mechanisms and effects are
essentially the same.

In Fig.3, the lower battery temperature during 4A
discharge than at 3A discharge is caused by the shorter
discharge time at 4A. Therefore, the minimum voltage of
2.5V was reached and the next cycle was begun before the
battery temperature could rise keeping battery temperature
relatively low.

L et usnext consider degradablerate. The primary causes
of degradation are most likely electrode bulk degradation,
growth of eectrode surfacefilm and changesin composition,
and the accompanying electrolyte decomposition. As
equations (4) through (12) show, degradation progressesdue
to the complex interaction of multiple reactions®-©,
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o 8min. ‘D
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Fig.3 Relationship between the discharge current and

the battery temperature rising



Thermal Behavior Mechanism of Lithium-ion Batteries for Electric and Hybrid Vehicles

e Li+
HCOOCH,  — ' HCOOLil+Alkanes' (4)
Lis .
HCOOCH,  —= ' CH,COLiL+CO M +12H, (5)
2e 2L+
2EC 22 (CH,OCOLi),+CHACH,T (6)

2ROCO,Li+H,0—— 2ROH+ CO,1 +Li,CO,l  (7)

e Li+ |
HO——» LiOHl + 12H,0 (8
2e 2Li+
—»Li,0l + H,T
HCOOCH;+LiOH —— HCOOLi! + CH,OH (9)

Li+
CHOH-"— CHOLIL  + 112H,1 (10)

 3eslir
LPR=p aliFl + PR, (11)

Lin .
-t LRy + LR 1

At the same time, the el ectrode degradable reaction rate
can be expressed with equation (13).

K=1/nF (13)

K: Electrode degradable reaction rate (mol/s)
I: Current value consumed by degradation (A)
n: Reaction order

F: Faraday constant (9.64846 x 10* C/equiv.)

To calculate the electrode degradabl e reaction rate using
equation (13), capacity at the point where initial capacity
has dropped by 20% (this point is defined as cycle life) is
divided by the total amount of time elapsed throughout the
cyclelife, thusarriving at the current valuethat isconsumed

by battery degradation. Asreaction order (n) iseither 1 or 2,
as in equations (4) through (12), equation (13) is used to
calculate the degradable reaction rate at each temperature
for each reaction order. Theresultsarein Table 1.
Defining activation energy as E, (kJmol), gas constant
asR(8.31451 JK-mal), and frequency factor asA (A/moal-s),
Arrhenius equation can be expressed as in equation (14).

1nK=-E /RT+1nA (14)

Equation (14) can then be used to logarithmically convert
degradable reaction rate K from the inverse of battery
absolute temperature. These results are plotted in Fig.4.

This approximation equation verifies that correlation
coefficient R is 0.987, suggesting good correlation. Thus,
the mechanism by which degradation is effected by
temperature change can be approximated using degradable
reaction rate K.

Equation (14) yields the following values: E, = 150.6
(kJmoal), A _, =3.643 (moal/s), A _, = 3.500 (mol/s).

Here, activation energy refersto E_ in Fig.5, and is the
potential energy barrier that must normally be overcomefor
thereaction to proceed. In other words, it isthe energy needed
for the degradation reaction to occur in the lithium-ion
battery.

At low temperatures, the electrode surfacein alithium-
ion battery is relatively stable, as indicated by the energy
level in Fig.5 (the broken line). At higher temperatures,
however, the potential energy level risesto the energy level
indicated by the solid line. In thisstate, the smaller difference
relative to the potential energy in the activated state makes
it easier for the pesk in the illustration to be exceeded, at
which point the degradable reaction rate speeds up.

Resaction energy when n =1 isroughly the same aswhen
n = 2, but frequency factor A exhibits different values. This

Table 1 Degradable reaction rate
1 (A) 1 2 3 4
AT(°C) 11.3 23.7 35.0 29.2
Cycle number (==) 500 38 10 27
Degradable rate: K,_; (mol/s) | 1.25E-09 | 1.99E-08 | 8.24E-08 | 3.23E-08
Degradable rate: K,_, (mol/s) | 6.25E-10 | 9.93E-09 | 4.12E-08 | 1.61E-08
16t = Activated state
n=1y - 18.107x + 38.188 A
Activation energy: E,
-18 +
E at high temp. )
Potential energy level
201\ = 15393 + 33.093 at room temp.
-22
3.2 3.3 3.4 35 3.6

1/AT (T1x10)

Fig.4 Arrhenius plot for the practical Li-ion battery

Fig.5 Energy barrier for chemical reactions
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represents the differing frequency of the various reactions
in equations (4) through (12), and is also seen as aresult of
complex degradation reactions.

The preceding shows how battery temperatureisamajor
determinant of degradation. Next is an in-depth analysis of
the exothermic mechanism operating during charge and
discharge of the battery.

4. Analysis of the Battery’s Exothermic
Mechanism

A battery generally releases and absorbs heat during
charge and discharge reactions. Because areversible battery
maintains a thermodynamic relationship at a constant
temperature and pressure, the release of heat in battery
reactions can be expressed in terms of AG, the change in
Gibbsfree energy equivalent to electric work, asin equation
(15)

AG= AH-TAS (15)

where AH is the battery reaction enthalpy change, T is
absolute temperature, and ASisthe battery reaction entropy
change. If the battery reaction progresses in reverse, then
the discharge and charge reactions are the reverse of one
another, and so the intake and release of hest isreversed as
well. TASin equation (15) correspondsto thermal energy in
the battery reaction, and is expressed as reaction heat value
Q, inequation (16).

Q=TAS=T(-6AG/4T) (16)

On the other hand, asfor AG, if equation (17) holdstrue
when the battery’ selectromotiveforceisE,, Faraday constant
is F, and charge number involved in the battery reaction is
n, equation (16) can be converted to equation (18).

AG=-nFE, (17)
Q=nFT(5E/8T) (18)

However, as the battery’s actual terminal voltage (E)
deviatesfrom equilibrium electromotiveforce (i.e., electrode
potential) dueto electrochemical polarization of the battery,
it isaccompanied by heat generation Q, whichistheenergy
loss due to this polarization. Q  is heat generation during
charge and discharge. The battery reaction also results in
side reactions, self-discharge and such due to electrolyte
decomposition, which are manifested as thermal factor Q_.
Also added is Joule heat Q; whichiscaused by the battery’s
electrical resistance component. Total heat generationinthe
battery reaction, Q, istherefore expressed with equation (19).

Q=Q+Q+Q+Q
=nFT(SEJ6T)*+Q+ Q.+ Q (19)

5. Analysis of the Thermal Behavior of Lithium-
lon Batteries

5.1. Thermal Behavior During Charge and
Discharge

The side reaction accompanying electrolyte

decomposition at the end of the charge period is an

irreversible gas generation reaction, which results in the

generation of flammablegas. Thisisanissuethat necessitates
control in the stage before this side reaction occurs.
Therefore, unlikeaNi-MH battery, theterm Q_isnecessarily
zero. In actuality, the side reaction that accompanies
degradation most likely generates minute quantities of heat
as stated in section 3, but this amount is small enough to
disregard in comparison to other quantities of heat.

During discharge, the battery heat reaction component
(Q,) isexothermic, and so heat stress caused by the battery
reaction isgreater than during charging. The addition of Joule
heat Q resulting from the battery’s electrical resistance
component further increases heat generation during
discharge. Although this heat generation is too large to
disregard in batteries having considerable self-discharge and
such, the self-discharge of currently marketed lithium-ion
batteries is low enough to disregard for the purposes of
analyzing thermal behavior, and so is not addressed here.
Thus, the term Q_ is zero during discharge as well.

In short, in the case of a lithium-ion battery, equation
(19) can be replaced by equation (20) depending on use
restrictions. It should be noted, however, that, asstated above,
the dominant thermal factorsare different during charge and
discharge.

Q=Q+Q+Q=nFT(6E/ST)+Q+Q (20)

5.2. Analysis of Thermal Behavior Factors

5.2.1. Reaction Heat Value: Q,

The reaction heat during charge in alithium-ion battery
corresponds to the heat absorbed when Lithium ions from
the positive electrode are intercalated by the negative
electrode. In addition, aquantity of heat equivalent tothisis
generated during discharge. If total generated heat in
equations(1) and (2) isQ, (k¥mol) and battery charge current
isl_, thenthe corresponding reaction heat value per unit time
(Q,) is as expressed in equation (21). Thus, reaction heat
value per unit timeis expressible with afirst-order function
of charge current.

Q=Q,/(F/3600).I_
=-3.37 x 102.Q,.| (ki/h) (21)

5.2.2. Polarization Heat Value: Qp

Thereason that polarization resultsin adiscrepancy with
theoretical electromotive force in an actual battery reaction
isthat energy isrequired for the diffusion and movement of
atoms in the battery reaction process. Lithium ions have a
low chemical diffusion coefficient of 5x 10° cm?%s9, and
so diffusion and movement inside the electrodes are the
predominant factors. Also discussed in section 3, the
electrode surface degradation accompanying the cycle also
increases polarization. Thus, the key to controlling heat
generation is a structural design that reduces polarization.

R the polarization resistance component that
accompaniesthis polarization during dischargeis manifested
asthe polarization resi stance component corresponding to a
portion of total battery resistance during discharge (R ), and
S0 can be expressed as shown in equation (22), where R is
the electrical resistance component. Polarization heat value
per unit time (Q_) is expressed with equation (23), where |,
is the discharge current. In the case of charging, resistance
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component R and current value | are replaced with R
and | , respectively, yielding equations (24) and (25).

de: th_ Re (22)
Q=1 2R (W)=3.601 2R (KkJ/h) (23)
Rpc: Rc_ Re (24)
Q,=12R (W)=3.6012R (kJ/h) (25)

Because this heat generation is manifested astotal Joule
heat, polarization heat values (Qp jand Qpc) arenot calculated
directly, but rather must be calculated by separating the
pol arization resi stance components out of thetotal resistance
componentsin equations (22) and (24) and then calculating
them asthe heat generation corresponding to that resistance
component.

5.2.3. Joule Heat of the Electrical Resistance

Component: q

Heat generation that is dependent on the battery’ sinternal
resistance is manifested as Joule heat. However, as shown
in equations (22) and (24), internal resistance comprises
electrical resistance and polarization-induced reaction
resistance, with the heat generated being thetotal of thetwo.
As for the latter, as stated in section 5.2.2, Joule heat
generated per unit time dueto the el ectrical resistance portion
is expressible with equation (26), where |, is the discharge
current. Joule heat during charging can be expressed with
equation (27) by replacing I with1_and electrical resistance
R yWithR_.

Q=I 2R (W)=3.6012R_(ki/h) (26)
Q=I2R (W)=3.601 2R _(k/h) @7

Thus, reducing this Joule heat necessitates a material
design and a structural design that minimize the battery’s
electrical resistance component (R), which is determined
by the current network linking the collector and the el ectrode
active material, by the separator (anonconductive material),
and the electrolyte, among others. As Fig.6 shows, R,

Lo
ol

o
o

Internal resistance ratio
H

0 20 40 60 80 100
DOD (%)

Fig.6 Relationship between DOD and internal
resistance ratio

changes depending on the discharge condition (DOD),
increasing in the zone where the DOD vaueislarge. Here,
50% DOD is defined as the baseline value of 1.0.

As Fig.7 shows, the PC/DMCI/LIiPF electrolytes
commonly used in lithium-ion batteries have an electric
conductivity that varies depending on temperature. A shift
in battery temperatureto the low-temperature side therefore
increases the battery’ sinternal resistance.

5.2.4. Heat Balance During Charge and Discharge

(1) Heat balance during charge: Based on the above and
using equation (20), charge heat balance per unit time (Q)
is expressed with equation (28).

Q=Q+Q,+Q=-3.73x10%Q I,
+3.601 *R +3.601*R,
=-3.73x102.Q, | +3.60- >R (kJ/h) (28)

(2) Heat balance during discharge: Similarly, discharge
heat balance per unit time (Q,) is expressed with equation
(29).

Q=Q+Q,+Q=3.73x10%Q 1,
+3.601 R +3.601 >R,
=3.73x102.Q 1 +3.604 >R (kJ/h) (29)

5.2.5. Changes in Reaction Heat and Joule Heat
According to Current Value

Here, equations (28) and (29) are used to analyze changes
in reaction heat and Joule heat according to current value.
In equation (28), the 1st term is the endothermic reaction
heat; the 2nd term, exothermic Joule heat. The 1st termin
equation (29) is the exothermic reaction heat. This
relationship is shown in Fig.8.

The generated heat (Q,) and internal resistance (R)
contained in the 1st and 2nd terms change depending on
DOD. Here, each term’s heat generation is calculated for
50% DOD, arepresentative value. Q, is 9.39 kJ/mol while
internal resistance (R) depends on battery size: 1-2 mQ per
EV cdll, 3-5mQ per HEV cell. Asthese aretest calculations,
changes in the reaction heat and endothermic Joule heat
during discharge were calculated with avalue of 1.2 mQ for

25

10 +

Electric conductivity (m.s/cm)

0 10 20 30 40 50
Battery temp. (°C)

Fig.7 Battery temperature dependence on electric
conductivity of 1.0M-PC/DMC/LiPF electrolyte
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Fig.8 Heat intake and release model of Li-ion
batteries during charge and discharge
process

EV celsand 4 mQ for HEV cells (Fig.9).

During charge, the heat of reaction is endothermic. In
the case of the EV lithium-ion battery, the endothermic heat
of reaction exceeds the exothermic Joule heat up to 70A or
80A. Thus, Q,, the value of heat during charge, is negative,
and the battery temperature drops. During discharge,
however, both the heat of reaction and Joule heat are
exothermic, and the temperature rises continuously. In an
EV lithium-ion battery, the temperature increase due to the
reaction heat makesalarge contribution to total temperature
increase up to 70A or 80A, but beyond that, the contribution
of Joule heat is larger.

In contrast, a low-capacity lithium-ion battery, such as
onedesigned for HEVs, hasalarger internal resistance than
an EV lithium-ion battery, and so the contribution of
exothermic Joule heat exceeds that of the reaction heat at

100

N D O ®
o o o o o
N

Heat value: Q (KJ/h)

-100 ' :
0 50 100 150

I: Current (A)

@®: Reaction heat value at discharge process
QO: Reaction heat value at charge process

@: Jule heat value of Li-ion batteries for EV

&1 Jule heat value of Li-ion batteries for HEV

Fig.9 Relationship between current and heat value

about 20A to 30A. In short, an HEV lithium-ion battery has
a greater frequency occurrence of large currents of 20A or
higher, and so internal resistance must be reduced in order
to prolong battery longevity.

6. Comparison of Simulation and Actual
Measurements

This section compares actua measurements with the
results of heat generation simulation performed using
equations (28) and (29). From battery output (W) in the
vehicle driving mode in Fig.10, mode current value was
calculated with equation (30), after which heat generation
was cal culated with equation (28) for negative current val ues.
Equation (29) was used for positive current values.

I={E-(E-4-RW)*32R (30)

As in equation (31), this heat generation value was
divided by C(kJK) (battery heat capacity) to arrive at AT,
battery temperature change per unit time. In accordance with
the battery component materials, avalue of 3.42 (kJK) was
used for battery heat capacity. AsFig.11 shows, the accuracy
of simulation was improved by also including thermal
radiation rate per unit time (T ) at 25°C in aninsulated state.

AT=Q//C-T (K/h) (31)

Theresultsof simulation are shownin Fig.12 along with
the actual measurements. The actual measurements— which
were taken with a large 80Ah EV lithium-ion battery
wrapped in insulating material and so indicate a battery
temperature in a state approaching an insulated one —
correspond well with the results of simulation. The reason
for the dlight discrepancy between the simulation resultsand
actual measurements starting at 70% DOD isthat the value
of internal resistance R at 50% DOD was used throughout
the simulation process for the purpose of simplification. In
actuality, internal resistance varies depending on DOD,
showing aparticularly large increase in the high DOD zone
(Fig.6). In other words, the simulated values were dlightly
larger than the measured values in the high DOD zone
because theinternal resistance value used in the simulation

200

100 | \

-100 |

Specific power (W/kg)
o

_200 1 1 1 1
1000 2000 3000 4000
Time (sec)

o

Fig.10 Vehicle test mode
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Fig.11 Correlation between battery temperature
and radiation heat with an adiabatic state

was lower than actual internal resistance.

The preceding verifies the theoretical correctness of the
results of exothermic behavior analysis described in section
5. Although the simulation described in this paper assumed
a lithium-ion battery for EV applications, similar trial
calculations are, of course, also possible for HEV
applications, as well.

7. Conclusion

Thermodynamic analysis of battery reactions permitted
thefine categorization of the specific heat generation factors
listed below, and the estimation of a battery’s exothermic
properties.

(1) Heat generation factors can be divided into three types:
reaction heat value (Q), polarization heat value (Qp), and
Joule heat (Qj), expressibleasQ =3.73x 10%Q ¢, Q,=
3.60°R 1%, and Q = 3.60°R I°.

(2) When used as the positive electrode, LiCoO, resultsin
an endothermic reaction heat value during charge. In a
large, 80Ah EV lithium-ion battery, this endothermic
reaction heat exceeds the exothermic Joule heat with a
current value of upto 70A or 80A, resulting in anegative
value for charge heat (Q,).

(3) Further categorizing the heat generation factors into
charge and discharge factors and performing simulation
using these values yield results that corresponded well
with actual measurements, thereby verifying the
correctness of this analytic method.

(4) This method can quantitatively estimate the exothermic
propertiesof lithium-ion batteries of differing capacities,
such as those for EV and HEV applications.

8. Notes

Theauthors' analysisof exothermic behavior mechanism
not only made it possible to quantitatively analyze heat
generation by a lithium-ion battery under actual load
conditions, but also provided guidelines for the design of
lithium-ion batteries for electric vehicles. It is hoped that

w
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w
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Battery temp. (°C)
N N
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Simulation
Experiment
50 100
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Fig.12 Comparison of measured heat value

with simulation data

this paper will help further efforts to develop batteries for
HEV and EV applications.

AG:
AH:
AS

m

f'D_

LOOOHEOTRAA

0,

QL0

a o

0D 00 Y

e

mmﬁmﬁmﬁ

List of Symbols

Change in Gibbs free energy
Enthalpy change of the battery reaction
Entropy change

Activation energy

Absolute temperature

Electrode degradable reaction rate
Gas constant

Frequency factor

Faraday constant

Battery heat capacity

Battery output

Thermal radiation temperature
Quantity of heat

Tota battery heat

Charge heat

Discharge heat

Reaction heat value

Polarization heat value

Side reaction heat

Joule heat

Battery charge current

Battery discharge current

Battery total resistance

Battery resistance during charge
Battery resistance during discharge
Polarization resistance

. Polarization resistance during charge
. Polarization resistance during discharge

Electrical resistance

References

(1) Yoshiyasu Saito, Katsuhiko Kanari, Kiyonami Takano,
ToshihisaMasuda: Therma Measurement of aLithium
Secondary Battery, Battery Technology, Vol.8, p.129-

- 99 —



HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

@

©)

(4)

®)

(6)

)

©)
©)

138(1996) (Written in Japanese)

Noboru Sato, Kazuhiko Y agi: Heat Behavior Analysis
of Nickel Metal hydride Batteriesfor Electric Vehicles,
HONDA R&D Technical Review, Vol.10, p.32-
41(1998) (Written in Japanese)

Zenichiro Takehara Editor: High Density Lithium
Secondary Battery —Reaction and Material
Devel opment—, Technosystem, p.45-49(1998) (Written
in Japanese)

Chusid, O., Ein-Eli, Y., Aurbach, D., Babai, M. and
Carmeli, Y.: J.Power Source, Vol.43, p.47(1993)
Aurbach, D., Ein-Eli, Y. Chusid, O., Carmdli, Y ., Babai,
M. and Yamin, H.: J.Electrochem.Soc., Vol.141,
p.603(1994)

Ein-Eli, Y. Markovsky, B., Aurbach, D., Carmeli, Y .,
Yamin, H. and Luski, S.: Electrochem. Acta, Vol.39,
p.2559(1994)

Aurbach, D., Ein-Eli, Y., Markovsky, B., Zaban, A.,
Luski, S. Carmeil, Y. and Yamin, H.:
J.Electrochem.Soc., Vol.142, p.2882(1995)

Aurbach, D. and Ein-Eli, Y.: J.Electrochem.Soc.,
V0l.142, p.1746(1995)

Ein-Eli, Y., Thomas, S., Chadha, R., Blakley, T. and
Koch, V.: J.Electrochem.Soc., Vol.144, p.823(1997)

(10) Masayuki Y oshio, AkiyaKozawa: Material of Lithium-

ion Secondary Battery and Applications, Nikkan Kogyo
Shimbun Ltd., p.13(1996) (Written in Japanese)

M author &

QARG

Naoki MARUNO

Kazuhiro ARAKI

Noboru

SATO

— 100 -



Technical paper

Development of a Lane mark Recognition System for a
Lane Keeping Assist System

Ken'ichi MINETA*

Kiyozumi UNOURA* Tetsuo IKEDA*

ABSTRACT

A lane mark recognition system that processes images taken by a camerafor aLane Keeping Assist System (LKAS) has
been developed. This system is amain component of the Honda Intelligent Driver Support System. This system uses a new
algorithm that is a combination of Hough transformation and the process of extracting positive and negative edges which are
features of lane marks. By employing this algorithm, we can remove noise and execute high speed image processing with a
special chip. Asaresult, we can processimagesin real time even in such complex situation as a parting road or double broken

line conditions.

In experiments on real images, we were able to verify a high rate of recognition and accuracy of output data sufficient for

steering control.

1. Introduction

Recent advancesin electronics technology have spurred
considerable R&D on intelligent system for automobiles,
and some technologies have already been commercialized.
One advanced experimental system being developed, for
instance, uses laser radar installed on the vehicle front to
detect forward cars and automatically adjust distance to the
forward car®. The authors have devel oped a more evolved
system: the Honda Intelligent Driver Support System. This
system includes the Lane Keeping Assist System (LKAYS),
which recognizeslane marksfrom imagestaken by acamera
and controls Electronic Power Steering (EPS) torque based
on those resultsin order to assist the driver in staying in the
current lane. The issues in developing this LKAS system
were (1.) theinability of conventional line mark recognition
systems to provide sufficient positional accuracy for lane
keeping control and (2.) their inability to handle lane marks
in complex situations such as turnoffs and double broken
lane marks. To overcome these i ssues, we devel oped anew
lane mark recognition system that supports LKAS. This
paper givesan overview of thislane mark recognition system
and describes the results from experimentation using actual
road images.

2. Overview of the System

2.1. Overview of the Honda Intelligent Driver
Support System

The Honda Intelligent Driver Support System is

comprised of two main systems(Fig.1): the Adaptive Cruise

Control (ACC) system, which uses laser radar to determine

the distanceto the forward car, then operatesthe accel erator

* Tochigi R&D Center

Lane mark recognition
(CCD camera)

Detection of the forward car
(Laser Radar)

Lane marks

Fig.1 Main functions of Honda Intelligent Driver
Support System

and brake to maintain proper distance to the forward car,
and LKAS, which assiststhedriver in staying in the lane by
using a CCD camera to take images of the road in front of
the car, then controlling EPS torque according to the lane
marks determined by processing those images. As the lane
mark recognition system discussed in this paper was
developed for LKAS, an overview of LKAS follows.

2.2 The Flow of Processing in LKAS

Fig.2 isaflowchart of LKAS processing, which controls
EPS torque to help the driver to steer in order to keep the
vehiclein the current lane. The data processing designed to
achievethisgoal beginsby taking images of theroad surface
ahead of the car with a CCD camera mounted near the
rearview mirror. Next, these images are processed by the
image processing hardware and the CPU to extract the lane
position and road curvature. This lane information is then
used to calculate the EPS torque that is needed to assist the
driver in staying inthelane. Lastly, thisassist torqueis sent
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Fig.2 Flowchart of the LKAS process

to the ECU of the EPS for use in control of the EPS.

The flowchart in Fig.3 illustrates the image-processing
portion of the process. As is indicated, the lane mark
recognition process consists of two steps. In step 1, several
sequences of points, each representing candidate lane marks,
are identified. In this step, the goal is to extract as many
sequences of points (i.e., lane mark candidates) as possible.
Although these will include guard rails and other objects
that are not lane marks, as well as lane marks that are
unrelated to the car’ scurrent lane (asin the case of aturnoff),
these extraneous sequences of points can be eliminated in
the next step; the primary goal here is to avoiding missing
the actual lane mark. In step 2, the candidate that is most
suitable as the lane mark is selected, and lane information
such aslane position and road curvature are cal cul ated. Past

Detection of candidates for lane mark

Estimation of data
(Calculation of lane information) —

i |- (o)

Past data

| Calculation of assist torque |

Fig.3 Flowchart of the lane mark recognition

datais stored so that lane mark positions can be determined
with greater accuracy in this step. Thus, lane mark position
isestimated by selecting the most likely lane mark candidate
based on consistency with past data, and then statistically
processing the past datatogether with the sel ected lane-mark
seguence of points. Steps 1 and 2 are discussed in detail
later in this paper. First, section 3 describes the process of
extracting sequences of points representing lane-mark
candidates; section 4, the data evaluation process.

3. Method for Extracting Sequences of Points
Representing Lane-Mark Candidates

3.1. Images Used

Fig.4 is an example of the type of images that must be
processed in LKAS. In this system, the first stage of image
processing is edge extraction to eliminate the effect of
changesin density dueto differencesin brightness. Fig.4 is
an edge-extracted image. Because the Honda Intelligent
Driver Support System assumes use on expressways, the
lane mark recognition system al so targets lane marks not on
ordinary roads but on expressways. Expressway
characteristics include merges and turnoffs (b) at
interchanges and service areas, along with double broken
lines at relatively sharp curves (f). Here, “double broken
line” refersto abroken line that is painted on the inside of
an ordinary lane mark, and which is thicker and broken at
shorter intervals, visually increasing the driver’s sensation
of speed so asto encourage him to decel erate. Other elements
that must be addressed include road repair marks (d),
guardrails, and the shadows of guardrails (€). An example
of acomplex image is one resulting from the shadows of a
railway bridge (c).

3.2. The Basic Principles of Lane Mark Recognition
Let us consider the basic principles of how lane marks
are recognized through image processing. In this system,
lane marks are represented using pairs of positive and
negative edges. A positive edge is an edge where density
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Fig.4 Sample of road images (after edge extracting process)

increases when the image is scanned from left to right.
Similarly, a negative edge is where density decreases from
left toright (Fig.5). A point isdeemed acandidatelane mark
when a positive and a negative edge are arranged in such a
way that:

(1) they are within a predetermined distance of each other

and
(2) they appear in the sequence positive — negative when

Positive edge Negative/edge

_-7

/ Asphalt \
~=~ Lane mark =~

Fig.5 Definition of the positive/negative edge

the image is scanned from left to right.

Also employed in the recognition of alane mark is the
linear arrangement of abroken edge. On an expressway, the
portion of alane mark that isrelatively close to the vehicle
is, on the screen, nearly linear, even in places where the
road curves. Thisportionisvalid asit occupiesthe majority
of the screen. Hough transformation®® iswidely used asan
image processing technique for extracting sequences of
points that are arranged linearly on screen, and research on
the use of Hough transformation in lane mark recognition
has, in fact, been carried out®®. Asthis system also utilizes
thistechnique, explained next isthe principle behind Hough
transformation and how it isactualized on acomputer. First,
let usassumethat apoint (x,y) existson plane X-Y, likethat

pP=X-c0s O +y-sin O
L K

X, y)

(b) (©

Fig.6  Definition of Hough transformation (1)

in Fig.6-a. As shown in the figure, p and 6 are caculated
for straight line L, which passes through this point, where p
isthelength of aperpendicular fromtheorigintoL,and 6 is
the angle between this perpendicular and the X axis. The
relationship between x, y, p, and 8 issuch that the following
holds true.

p=X-cosO+y-sind D

When straight line L is rotated around point (X,y) (see
Fig.6-b), p and 6 change. Thischange, when drawn on plane
p-0, appearsasin Fig.6-c. Next, Fig.7 showsthisoperation
performed for multiple points (x, y,) (i =1, 2,...) arranged
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Fig.7 Definition of Hough transformation (2)

linearly on plane X-Y. Here, the intersection of the curves
drawn on plane p-6 correspond to a common line passing
through the points on plane X-Y. Thus, the straight line
passing through the sequence of points is obtained by
calculating the intersection of the curves on plane p-6.

Defining the intersection on plane p-0 as (p,, 6,), then
the straight line can be represented thus:

X:C0s0,+Yy-sin6 =p,

Next, the steps for implementing Hough transformation
on acomputer are given.

(Step 1)

A two-dimensional array corresponding to plane p-6 is

%
8

LSS DIS IS

P EETEI N AR <
ISEREINRSESISL
== 0e%
LSRR
SEREIS
PSSR
SIGER R
IR

¢

[ P max: emax]

Fig.8 Implementation of Hough transformation

prepared (Fig.8). Each element functions as a counter.

(Step 2)

For each point on the image (x, y), p is calculated for a
value of 6 from O [degrees] to 180 [degrees] so that the
counter value of the array element referenced by [p, 6] is
increased by 1 (i.e., voting).

(Step 3)

The above process (Step 2) is carried out for al edge
points.

(Step 4)

The two-dimensional array with the maximum count
valueisselected. Defining theindex of thisarray as[p ., 0
rad: thenin the plane X-Y, this straight line is such that

P =X:COSO _+y-SnO

ax

For instance, if an interval of 1 [degree] is used for 0,
then equation (1) must be solved 180 timesfor each pointin
the image. This process, because it involves the repetition
of ssimple calculations, iswell suited to computerization.

The important requirements for Hough transformation
can be summarized thus:

(1) A linear sequence of points on image plane x-y
correspond to alocal peak in Hough space p-6 (Fig.9).

(2) Theheight of alocal peak in aHough space corresponds
to the number of points in the corresponding linear
sequence of points (Fig.9).

Another characteristic advantage of Hough
transformation isitsability to extract astraight lineindicating
an edge’ sgeneral direction, without dealing excessively with
the edge' sintricate jaggedness. Conversely, itsdisadvantage
is that when edge points are locally concentrated, as with a
double broken line, numerous extraneous lines other than
the one desired are also extracted.

Image plane

Hough space

Fig.9 Hough transformation

3.3. Characteristics of the Lane Mark Recognition
Technique of the Honda Intelligent Driver
Support System

Thissystem, by combining the basi ¢ principles explained

insection 3.2, hasachieved alane mark recognition technique
that can handle double broken lines and similarly complex
images and which is resistant to the effects of noise. This
section describes the characteristics of that technique.

Thefirst techniqueis:

(1) The ability to handle double broken lines and similarly
complex images

AsFig.10 shows, edge extraction from adouble broken

line image resultsin a highly dense concentration of points

I

’.4.
0
(a) Edge image
(c) The result of Hough transformation
with using lane mark features

&.L‘
GO

(b) The result of Hough
transformation without
using lane mark features

Fig.10 Features of the a lane mark recognition
algorithm (1)
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being extracted. In such cases, Hough transformation would
normally result in line segments in many directions being
extracted, obscuring the desired lane mark (Fig.10-b).
Therefore, line segments in these extraneous directions are
excluded during Hough transformation by utilizing the lane
mark characteristics described in Fig.5 in section 3.2
(Fig.10-c). Thismakesit possible to recognize even alane
mark as complex as a double broken line with good
probability.

The second characteristic of thistechniqueis:
(2) The ability to yield sequences of points, not linear

parameters, as the results of recognition

Hough transformation normally yieldslinear parameters,
which, when used as the results of recognition without
modification in the processing of agently curving lane mark
like that shown in Fig.11-a, result in a considerable
mismatch between the resultant line and the actual lane mark
position, preventing sufficient accuracy inlane mark position
(Fig.11-b). One way of avoiding thisisto raise the angular
resol ution of Hough transformation. Thisapproach, although
permitting accurate representation of lane mark position by
making it possible to represent curves with multiple line
segments, is not practical because of the huge volume of
Hough transformation cal culationsrequired. For thissystem,
it was therefore decided to output not the Hough peak itself
that is extracted as the candidate lane mark, but rather the
sequences of pointsthat comprise the Hough pesk (Fig.11-
c). In the next step, which is data assessment, these results
are statistically processed along with past data, yielding a

(a) Edge image

(b) A line by Hough
transformation

(c) Edges extracted
from memory

Fig.11 Featrures of the a lane mark recognition

algorithm (2)

more-accurate lane mark position.

The third characteristic of thistechniqueis:
(3) Ease of hardware customization

Hough transformation, which in this technique accounts
for the largest portion of the calculations, involves the
repeated calculation of equation (1) in section 3.2 and sois
conducive to hardware customization. In actudity, this
system uses customized hardware for these calculations to
achieve speeds nearly 100 times faster than software

processing with system CPUs. This makes it possible to
process an entire image with limited hardware resources,
and to detect the desired lane mark among multiple candidate
sequences of lines, even in cases of turnouts and similarly
confusing lane marks.

4, Data Assessment

The process up to section 3 yields segmented sequences
of points asthe candidate |lane marks. Theseresults are then
used to:

(1) identify the true lane mark and supplement lane marks
that had not been extracted; and
(2) estimate the true position of the lane mark

Anoverview of thisprocessisgiveninFig.12. First, the
sequences of points for each lane mark segment are
projectively transformed from the image coordinate system
to a real world coordinate system. This projective
transformation uses parameters identified in a stationary
state, and so at this point noise caused by road gradient and
vehiclepitch and roll changes, etc., enter. Next, the geometric
interrelationship between the segments on the real world
coordinate systemisdetermined and represented with agraph
and matched with a road shape model similarly expressed
as agraph. This yields a candidate set for the current road
shape whilein motion. At this stage, the misextracted lines
and omitted lines in the matched models are identified to
cal cul ate assessment val uesthat indicate agreement between
the models, aswell asrelative distance between the vehicle
and the lane marks, among others. In the next stage, a map
isdrafted after collecting these candidatesfor acertain short
period of time assuming that the lane marks flow smoothly,
with no change in road structure while the vehicle is in
motion during this short period. Next, candidate lists of
current road shape and maps are generated by categorizing
and arranging under the assumption that the lane marks and
thevehicle sposition in the lane continue smoothly. Lastly,
each candidate list is compared with expressway design
standards to determine the appropriateness of the road width
and curvature change rate, etc. Once the optimum list is
selected, least squares approximation is used to identify the
true position of the lane mark.

il v

Perspective Transformation
transformation into graph

A set of candidates
for lane mark

Road model

£ 5
R -

Making a list of
classification map

v

Optimum selection
y; = f (x) Approximation

v

«Position of lane mark
*Curvature

Fig.12 Flowchart of estimating data
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4.1. Geometric Representation of Road Shape

The set of candidate lane marksis matched with the road
shapemodel in order to select thetruelane mark. Normally,
the graph isrepresented thus, using nodeV and arc E, which
represents the properties between nodes:

G=(V,E)

V hasattributesand attribute value P, which in thissystem
is defined thus:

P = (p, value), p={solid line, broken line, unclear}
“vaue” isthe value of similitudeto p

E = (e, value), ee{ paralldl, serial, unrelated}
“value” isthe value of similitudeto e

Fig.13 Example of graph

If interrelationship E is such that E, =E, then graph G
is a non-oriented graph. If E; # E,, then it is an oriented
graph. In graph matching problems, ordinarily there is no
significant difference between oriented and non-oriented
graphs, which can be used according to the type of problem
in question. This system symbolizes and defines E so that
an absence of any relationship (“unrelated”) is represented
with anon-oriented graph, a“parallel” relationship with an
oriented graph whose orientation depends on the vehicle's
direction of travel, i.e., with the two in a mirror-image
relationship, preventing a match with geometrically similar
structures and making it possible to interpret solutions
uniformly.

An example road shape model is given in Fig.14. This
model’s definition is designed to be comprised of link
information from map data of the current area provided by
the navigation system.

: Loaded file sucoessfuly.

Massage : 1 th position pattern is created

Mas: +
——

elzzzzzzzzo |

Fig.14 Sample of definition of road model

4.2. Matching Principle and Algorithm

Matching of candidate lane mark set graph G, and model
graph G, can be treated as a problem of finding the portions
of the two graphs that both have the same shape. Thus, one
has only to create a combined graph from the combinations
of nodes of G, and G, and then useit to solve the problem of
extracting clique N. Here, no detailed description is given
of the combined graph creation procedure, the N clique
extraction algorithm®, or the method for calculating the
assessment values. However, during creation of the
combined graph, the matching processis sped up by omitting
V,, V, and other combinations that lie outside of the lane on
the assumption that the vehicle is located on the inside of
theroad division.

4.3. Estimating Lane Mark Position and Curvature

N number of lane marks on the real world coordinate
system are expressed with the quadratic function f = ax? +
bx + ¢ (i=1~N), and coefficients a, b, ¢ are calculated with
the method of least squares. In other words, giventhat € is
the error between each function and the original sequence
of points(x;, y,), thena, b, ¢ are solved tominimizee= e,
This is done by solving simultaneous linear equation with
N+2 variables.
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TR L o
Z;Xu Z;X\j PR szj ZXNJ b szijyij
] ] ] L |
o o o o
2)(112 lej > 0 0 G ZYU
i i i = i
Sx" Yy 0 > .0 c, Y
i i i ]
ZXNIZ ZXNI 0 0 2 Cn ZYNJ
i i ] ]

Here, each sequence of points (x”., yij) must betransformed
to asimultaneous coordinate system using information about
the vehicle' s path of mation (%, y, 6). To reduce the amount
of memory required and the cost of coordinate transformation
calculations, this system compresses the point sequence
coordinatesinto the shape of the coefficient matrix of normal
matrix A X=B, for each lane mark, then performs time
correction for each of these coefficient matrices. Fig.15,
which shows the sequences of pointson the map list and the
estimated approximation curves (the coordinate origininthe
illustrationisthevehicle), demonstrates how this method of
estimation has accurately approximated the lane marks,
although lane marks far from the vehicle are subject to the
effects of vehicle movement and other noise components.

5. Hardware Configuration

Fig.16 showsthe LKAS ECU configuration. This ECU
comprises three major parts. the image preprocessing unit,
image processing CPU, and control CPU. Customized
hardware in theimage preprocessing unit performs positive
and negative edge extraction and Hough transformation of
the road images taken by the camera. Thisisthe processing
describedin section 3.2. Intheimage processing CPU, using
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Fig.15

Points in map list and approximation functions
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the results of processing by the image preprocessing unit,
software narrows down the candidate lane marks,
reconstructsthelane mark point sequences, and assessesthe
data as described in section 4. Lastly, the image processing
CPU calculates the road position information and road
curvature and sends them to the control CPU.

6. Results of Experimentation

6.1. Land Mark Recognition Rate

This system was used with actual road images to
determineitslane mark recognition rate. Using aset of road
images taken in various conditions on expressways, the
experimentersjudged theresults of cal culations as successful
if they met the following criteria:

[Criteria] Edges of the target lane mark were detected
over adistance of at least 50 m ahead of the vehicle, with a
guantity and distribution that are sufficient for control
purposes.

This set did not contain images in which lane mark
recognition was completely impossible, e.g., due to road
construction or backlight. Theresultsaregivenin Table 1.
The results for some of the images in the set are shown in
Fig.17.

LKAS ECU

Image processing board

Assist torque
control board

Image
preprocessing
unit

Result of I Road
preprocessiqg information Assist
torque
__I_nie_nlp_t_» Image <----- control CPU —| Sensor/Switch
_ processing CS?;;;?I
Control signal CPU

Fig.16  Architecture of LKAS ECU

Fig.17 The result of lane mark recognition
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Table 1 Result of lane mark recognition
_ Number of Number of Recognition rate
image samples| success
293 274 94%

LKAS, which assumes steering by the driver, requires
decision-making by thedriver inall circumstancesand gives
priority to operations by the driver, and so is capable of
assuring proper performance in thisimage processing.

6.2. Lane Mark Position Accuracy

Road images videotaped on an actual expressway along
with vehicle motion data were computer-processed using
this system; the results are in Fig.18. The data are the road
curvatures and their distribution as determined by image
processing, along with road curvatures calculated offline
from vehicle path information. The section traveled was a
winding section of the Tohoku Expressway, between the
Shirakawa and Nasu Kogen rest areas. In theillustration, a
double broken line section starting at the 80-second mark
has resulted in an abrupt worsening of distribution, but
experimentation that recreated these conditions on a test
course verified assist control to be possible at this level
without causing the driver to experience any incongruity.

0.003 ) 0.3
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0002 /’W\\
E ool : 028
S . % i ';'?( 8
=0 ,/ \ / ekt 8
5 ) w | E
g -0.001 f | ; {1 0.12
c |
3 -0.002/ j
-0.003 : ‘ ; ‘ 0 °
0 20 40 60 80 100
-
AAAAAAAAAAAAA Estimated ___Vehicle 1" [

curvature curvature

(Touhoku expressway » Nasukougen PA to Shirakawa PA)

Fig.18 Estimated curvature and variance

7. Conclusions

Thefollowing conclusionswere reached concerning the
development of anew lane mark recognition algorithm that
combines Hough transformation with extraction of positive
and negative edges, which are used as characteristic of lane
marks:

(1) Eliminating extraneous linear components (noise) and
using customized computer chips to repeat simple
calculations speeds up processing and made possible the
development of alane mark recognition system that can
recognize, in real time, double broken line lane marks
and lane marksin turnouts and other complex situations
on actual expressways.

(2) Testing of the system onimages of an actual expressway
yielded a high rate of recognition and showed position
accuracy to also be of alevel sufficient for steering
control.
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Algorithm for Crash Judgment by Frequency Analysis

Kazuo MATSUDA*

Tsutomu FUKUI* Yukio HIRUTA*

ABSTRACT

A crash judgment algorithm that uses frequency analysis has been devel oped. Thisalgorithm judgeswhether or not acrash
has occurred by cal culating both energy elements and frequency elements. Frequency analysisisimplemented in hardware at
the current microprocessor level using aHadamard transform that does not require multiplication or divisionin the calculation
of frequency elements. This approach improves the accuracy of crash judgments and reduces devel opment time.

1. Introduction

Heightened awarenessin recent years of the importance
of passive safety has led to the inclusion of crash tests in
domestic safety standards. Overseas, no longer are crash tests
limited to the conventional full frontal barrier tests, but offset
crashes, as typified by Offset Deformable Barrier (ODB)
tests are also being implemented. Fig.1 gives examples of
the most common crash tests and the corresponding

Type Mode Figure Acceleration
_, <7 30/35mph
Front 30 mph| = ||
Front35 mph| £ &1 A
e b= b=

Full

frontal | Front 12 mph
crash

I

]

Front 8 mph

Angular|Right /Left 30°
crash 30mph

'?:l‘-’r‘(;

e

Offset
Deformable
Barrier (ODB)

Frontal| Automotive
offset Motor
crash | Sports (AMS)

Allianz

= N 40% overlap Time

Fig.1 Common crash modes and acceleration
wave forms

* Tochigi R&D Center

acceleration waveforms.

There are two important requirements for protecting
occupants in the event of a crash including the following:

» Thebody crash performance needsto absorb the energy

of the crash;

» Thebody crash performance needsto maintain survival

space for occupants; and

» The occupant restraint system performance needs to

minimizeinjury by hel ping prevent secondary impacts
between occupants and interior components.

Crash judgment algorithms control the operation timing
of certain components of such occupant restraint systems,
namely, airbags and seatbelt pretensioners, including the
turning on and off of these components.

The authors have developed a new crash judgment
algorithm that incorporates a new frequency analysis
technique. This paper discusses this agorithm and how it
makes crash judgment easier than before.

2. Crash Judgment Algorithm
2.1. Overview of Electronic SRS

Early SRS placed amechanica sensor inthevehiclefront
and a separate mechanical sensor in a unit located in the

Safing -2 Safing —
sensor Airbag ; : sensor
G
% ;| | Firing
mass ; device‘l:|
’3’( 73{ Main sensor e

Multi point sensing
* Main sensor x 2
« Safing sensor

Single point sensing
» G sensor + CPU
« Safing sensor

Fig.2 Mechanical/Electrical SRS
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vehicle center (Fig.2, left side). With these sensors serving
aselectrical contacts, the system was designed so that when
both sensors turned on simultaneously, electricity would be
delivered to the airbag inflators, inflating the airbags with
gas. Thistype of system is called a mechanical multipoint
sensing system.

In the summer of 1993, a different type of system was
released: electronic single point sensing (Fig.2, right side).
Inthis system, the output from an accel eration sensor inside
the unit (again located in the vehicle center) is processed by
a CPU. When the results of CPU calculation indicate that a
crash has occurred, the unit turns on the firing circuit.

It is the crash judgment algorithm that processes
acceleration sensor output and determines whether a crash
has occurred. Because acceleration differs from one car
model to another, the threshold val ue used to judge whether
a crash has occurred also differs from one car model to
another. “Setting” is the process of determining the right
threshold value for a given car model.

2.2. The Difficulty of Crash Judgment

There are two major difficultiesin crash judgment:

» There are ON requirements and OFF requirements,

each of which demands high reliability.

* ON requirements include a time requirement called

TTF, discussed below.

An airbag must not deploy during normal driving (even
when driving on rough roads) or during light crashes at
speeds of approximately 8 mph BEV in which occupant
injury would be minimal even without airbag deployment.
Here BEV meansBarrier Equivalent Velocity. Onthe other
hand, an airbag can not fail to deploy in a crash in which
deployment is imperative. The performance targets of
deployment (“ON") and non-deployment (“OFF") requirea

0 ms (Crash start)

13 ms (Fire)

high level of reliability.

The performance target of deployment uses a
predetermined time duration from crash start until the
deployment signal is sent to the airbags; thisiscaled Time
toFire(TTF). Ordinarily, TTFisset so that an airbag deploys
at the point where the occupant has been displaced 5 inches.
Since an airbag usually requires 30 ms to deploy, TTF is
equal to [time required for the occupant to be displaced 5
inches] -30 ms. Inthe case of afull frontal high-speed crash,
this value is between 8 and 15 ms, which isthe time before
acceleration rises to the high levels that characterize high-
speed crashes. Fig.3 gives the acceleration, velocity, and
displacement of a high-speed crash. As this example
illustrates, in judging a high-speed crash, it is hecessary to
predict whether this will be a major crash requiring airbag
deployment, i.e., whether high-speed acceleration will occur,
before sufficient crash accel eration has been generated. This
isthe difficulty of crash judgment.

2.3. Overview of Conventional Crash Judgment
Algorithms

In Fig.4, an example of a conventional crash judgment
algorithm, calculations are based on the acceleration
differential, i.e., therate of changein acceleration. Normally,
other data are also used in the calculations, such as the
acceleration integral, which indicates changein vel ocity, and
the double integral of acceleration, which indicates
displacement. According to the technique employed in this
example, table processing is used during acceleration
waveform computations. This allows for calculations to
assess only a predetermined range of data. In cases of such
processing, information beyond this range is sometimes
absent from the body of data, the result being that sufficient
extraction of accel eration waveform featuresisnot possible.

43 ms (Restrain)

Occupant displacement
=5inch
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o
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n 1 \
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Airbag deployment time

Fig.3 High speed crash
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3. Overview of the New Crash Judgment
Algorithm

3.1. The Validity of Crash Judgment by Frequency
Analysis
Theauthors have employed frequency analysisto extract
acceleration waveform characteristics. This method is
already widely used for feature extraction for vibration, as
in voice recognition and mode analysis. Fig.5 gives an
exampl e of theresult of atype of analysistermed Short Time
Fourier Transform (STFT)®4, whichyieldsatimevariation
showing fluctuation in the frequency element of the

acceleration waveform.

The results of this analysis show that in order to make a
crash judgment based on frequency analysis, a mere
frequency element is insufficient. Rather, as indicated in
Fig.6, itisnecessary to cal cul ate the product of thefrequency
element data and the energy at that point. This can also be
surmised from the mechanism in which, during a crash,
energy accumulation (whereby stressfirst accumulatesin a
member) is followed by generation of high frequency
elements, whereby stressis discharged through collapse. A
simplified model of this processis shownin Fig.7.

| Compute dG/dt | | Compute Rdg | | Integrate Rdg
h h TRdG b Compute time
TG I 16 H R P i i average of Rdg
L | 1 L , t
s | =9 | i | Rdg
| Y | S | -
Time < Time a Time &
Crash
- TdG/dt |\ "MRdG [ 1B A TIRdg -]  judgment
| . | |
N | ¥ | \ | data
| -f | v
== | |
il | |
Time! | dG/dt Time
Fig.4 One of previous crash algorithm
1 1 1 1 1 1
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Fig.5 STFT analysis
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Fig.7 Model of generating a crash acceleration

3.2. Realization in ECU: Hadamard Transform

Fourier transform, used in the analysisthusfar, provides
ahigh accuracy of frequency decomposition, but isdifficult
toapply to current sensor ECU hardware because of thelarge
volume of real-number multiplication and division
operations. The authors have therefore selected Hadamard
transform®, which although having a lower accuracy of

frequency decomposition, makes it possible to perform
frequency decomposition with addition and subtraction
alone. This reduces the volume of calculations to 1.9% in
terms of timeratio.

Hadamard transform is a method of frequency analysis

that is characterized by the following.

» Use of a matrix comprising only the (1, -1)
transformation matrix (the only computations are
addition and subtraction)

» Theorigina waveform is expressed as an orthogonal,
square wavegroup (Fourier transform in the broad
sense)

This linear first order transformation can be expressed

with the following equation.

Yo Xo
Y1 _ H X1
- nxn
Yn1 Xn1
Transformed Transformation  Data before

data matrix transformation

- 112 -



Algorithm for Crash Judgment by Frequency Analysis

As shown below, a second-order basic matrix isused to
generate the other transformation matricesrecursively, thus:
2nd order — 4th order, 4th order — 8th order, ..., nth order
— 2nth order.

11
2nd order transformation matrix: Hz = [ 1 _1}

4th order transformation matrix: Ha = [HZ HZ]

H2 —H2

8th order transformation matrix: Hs = £H4 H4]

H4 —H4

(S

-1
-1
-1
-1

nth order transformation matrix: Hh= | H/2 ~ HNn/2
Hn/2 —Hn/2

Fig.8 gives the fundamental function for Hadamard
transform and the resultant frequency characteristicsfor 16th
order, 1 ms sampling. Although the effects of error due to
square wave decomposition do exist, the basic frequency
spectrum has been decomposed in keeping with theory. Here,
SQ refers to sequency, an index in which the order of

Hadamard Transform
(Fundamental function)

Frequency characteristic

Frequency [Hz]| SQ (Fourier transform)
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Fig.8 Frequency characteristic of
Hadamard transform

Hadamard transform corresponds to frequency.

In the example application in an actual crash waveform
inFig.9, 16th-order Hadamard transformisused, generating
16 types of data for each frequency from one piece of
acceleration data. The fact that the peak is at SQ4 indicates
that that is where the correlation between the original
accel eration waveform and the shape of the SQ4 fundamental
function isthe closest. In short, each of the 16 types of data
that have been extracted from the original acceleration data
for each frequency element represents the degree of
correlation between that frequency and the fundamental
function.

Acceleration data Hadamard transformed data
c

=] Time

3

£ M

Q -

2 Time & NMe \ Transform to
0 16 elements
L© Time
o vV
0N

Agreement between
fundamental function SQ4
and acceleration data

Acceleration

5 10 ' 15 20
iTime [ms

Fundamental function SQ4

peak at 14ms
Transformed data '

SQ4

107 15 0

T 5
Time fms

Fig.9 General idea of frequency anasysis

3.3. Overview of the Algorithm

Using the results of analysis up to this point, the new
algorithm decomposes the acceleration signal into energy
elementsand frequency elements. If specific energy elements
and frequency elements (i.e., the Hadamard transform data)
exceed the predetermined threshold value, it then judgesthat
a crash has occurred.

The simplified block diagram and judgment flowchart
in Fig.10 demonstrate how the threshold value for the
frequency element is variable, changing in steps according
to energy element output.
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Block diagram
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integration

Hadamard
transform

| Energy element |

| Frequency element

Judgment flow chart

(Crash judgment>
|
Energy element is large
[Y
Frequency element \ N
is large
[y
Crash No crash

Fig.10 Concept of the crash algorithm

3.4. The Verification Process

Because this algorithm uses frequency elements as the
basisof crashjudgment, itiscrucial to verify toughness(i.e.,
robustness) with respect to variation in frequency elements.
This is because, in a real-world crash outside of the crash
mode for which the algorithm was set, the frequency
elements generated during the crash could vary and prevent
the predetermined requirements from being met.
Conventional algorithms, which base their calculations
essentially on velocity change, have been empirically shown
tomaintain arelatively proportional relationship eveninsuch
situations. For this reason, the authors tested the suitability
of this algorithm with respect to the following parameters.

* The effects of resonance

* Crash velocity and mode

 Frequency variation
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(8] . A
< 20 H . oFF-ON [—Disregardran e\
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O T
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Frequency [Hz]

New algorithm

As for validation of robustness against resonance, the
authors used crash waveforms from past measurements to
verify that thisalgorithm permits easy setting even for crash
waveforms where the resonance of the ECU mounting
bracket was sufficiently large to warrant investigation.
Fig.11 shows the ON characteristics by frequency for a
conventional algorithm and the new algorithm. This shows
how the new algorithm makes it possible to avoid bracket
resonance by using a setting that disregards a specific
frequency element, which would be difficult to distinguish
with a conventional agorithm.

For validation of robustnesswith respect to crash velocity
and mode, barrier testing simulating real-world crashes at
non-regulated velocities was implemented. This was done
with two crash modes, in which the suitability of airbag
deployment was verified. The results are summarized in
Table 1.

To verify the algorithm’s robustness against the effects
of frequency variation, thefrequency elementsof actual crash
waveforms were varied using a random number generator
program. Fig.12 shows the method of generation: The
original acceleration waveform is decomposed into
frequency elements, the amplitude of which isthen changed
with random numbersto produce variationsthat areinversely
transformed to determine the waveform’s usability under
certain restraint conditions.

Table 1 Non-regulation crash modes
Mode Figure Target | Result | Judgement

Full frontal Z| f‘f,fdrf'ph

crash I 15.8 14 O
24mph e IS

Frontal offset | E{ <= 24mph

polecrash  |-Fr@: /700 . _| 433 34 O
24mph — :A;,_'E__

100 ANEEEEEEEEEEEEEESR
© 80 LIS LR
c T
E AAANANEEEEEEEEEREEEEEEEER
2 40 AAAARNAANAAAAAAAANRRESET®
8 OFF AAAAAAAAL AAAAAAI::
& 20 : oFF-oN
= ON
0 I
350 250 150 50

Frequency [Hz]

Previous algorithm

Fig.11 Disregarding a frequency range

~ 114 -



Algorithm for Crash Judgment by Frequency Analysis
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Fig.12 Changing frequency element

4. Validation of Effectiveness

Let usconsider an example of theimproved effectiveness
of this algorithm in comparison with that of conventional
algorithms.

In Fig.13, the feature with which the conventional
algorithm meets only the OFF target are shown as*“ property
1.” Here, the issue is maintaining the ON target.
Conventional algorithm property 2 is the opposite of 1 in
that it meets only the ON target, the issue being the
maintenance of the OFF target. Each line represents the
velocity change of each crash waveform.

In Fig.14, the new algorithm was used for these
waveforms. Note how the new algorithm easily meets both
the ON and OFF targets.

In addition, the algorithm’ ssimplified structure hasmade
it possible to create a tool for automatically searching for

25 I I
== ON target crash
== QFF target crash
20 4
=
g 15 Previous algorithm 1 meets ON areal
==, only OFF target /
% 10 -/ .............. y /
(@) [ ’a m———
s \ et L~
S : "’_ // OFF
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>
/ % Previgus algorithm 2 megts
only ON target
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Time [ms]

Fig.13 Characteristic of previous algorithm
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20 B
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15
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g | OFF
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5
0
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Fig.14 Characteristic of new algorithm

correlation between frequency elements and energy
elements. Thistool hasgreatly reduced the duration of setting
by making it possible to approximate the setting semi-
automatically.

5. Conclusion

By applying the Hadamard transform, the authors have
created a crash judgment algorithm that employs frequency
analysis at the level of microprocessors that are mountable
in current sensor ECU hardware. Moreover, the validity of
this algorithm was demonstrated.

Thisalgorithm improvesthe accuracy of crash judgment
and greatly reduces the amount of time required for setting.

The authors plan to make additional improvements to
further enhance the performance and setting efficiency of
the agorithm, thereby expanding the range of applicable
vehicle models.
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Technical paper

An Application of Occupant Deceleration Control by the
Crash Load Control Structure to an Actual Vehicle

Yasuki MOTOZAWA* Takahiro KAMEI*

ABSTRACT

In order to reduce the maximum val ue of occupant decel eration in avehicle crash, abody structure was devised to approximate
the optimal vehicle deceleration wave form by utilizing the difference of the deformation mode of the body. This concept of

structure was successfully applied to an actual vehicle.

1. Introduction

When considering vehicle crash safety performance,
optimizing the changein vehicle deceleration over timeina
crash (hereafter referred to asthe “ vehicle decel eration wave
form”) is an important issue for simultaneously securing
survival space and reducing injury severity. Previous
research mainly performed optimization using the sensitivity
analysis method®®, but the authors have derived and
generalized mathematical solutions for the optimal vehicle
deceleration wave forms for chest deceleration of the
occupant through mathematical studies using a two-mass
model®. These mathematical solutions have in common a
three-part structure consisting of high initial deceleration,
low or negative middle deceleration, and then constant
deceleration later on.

However, vehicle deceleration is generally determined
by the vehicle structure deformation load in a crash which
is applied to the vehicle mass. This deformation load
increases with the amount of vehicle deformation, which
makesit difficult to reducethe decel eration during the middle
period of a crash compared to that at the start of a crash.
Therefore, the authors devised a fundamental model for
approximating the optimal vehicle deceleration wave form
by reducing the crash load during the middle period of a
crash utilizing the difference in load characteristics of the
deformation mode. In addition, application of thismodel to
an actual vehicle structure was studied.

2. Mathematical Solutions for the Optimum
Vehicle Deceleration Wave Form

Previously the authors had mathematically studied the
vehicle decel eration wave form that minimizesthe maximum
occupant deceleration value using a two-mass model like
that showninFig.1. Here, theauthorsintroduced atransient
function concept and obtained mathematical solutions for
the optimal vehicle deceleration wave form®.

* Tochigi R&D Center

Velocity

Velocity

Seat belt

Occupant Vehicle

Crash load

—

[ .

Coordinate Xm Coordinate Xs

Fig.1 One-dimensional two-mass model

The transient function is the optimal occupant
deceleration wave form that resultsin acompl ete ride-down
condition during a certain short control time after the crash
starts. Solutions of the function are not unique. A
corresponding basic optimal vehicle decel eration waveform
type (shown by eguations (4), (5) and (6)) existsfor each of
the three basic types of transient functions shown by
equations (1), (2) and (3). Here, X _indicates the occupant
coordinate, and X, the vehicle coordinate. In these equations
thetimet_ when control endsisexpressed using the transient
velocity y = m/t . Also, the deceleration wave form after t =
t_isthe constant value C for all cases.

T
[Power polynomial type transient function] (1)

X n=—C [ i Hm-a%] 2

X m:%(l—cosyt)
[Cosinetype transient function] (2)

(e ! [t L ana
Xm—Cn[t 2Ysm2Yt

[Sinetypetransient function] (3)
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These wave forms are shown in Fig.2. The optimal
vehicledecel eration waveform exhibitsacurved form which
differsfor each type of function. However, what each wave
form has in common is a three-part structure consisting of
highinitial deceleration, negative middle deceleration, and
then constant deceleration later on.

3. Study of Crash Load Control Structures

3.1. Study of Target Vehicle Deceleration Wave
Forms

When considering the vehicle deceleration wave forms
shown in Fig.2 as actual target vehicle deceleration wave
forms, creating a negative deceleration wave form for the
middle period of a crash becomes an issue. Vehicle
deceleration in acrashis generally produced by the vehicle
deformation load (crash load) applied to the vehicle mass,
so the crash load is limited to the direction opposite that of
the velocity, and the deceleration tends to increase as
deformation progresses. For this reason, it is difficult to
produce stable low deceleration with conventional vehicle
structures during the middle period of acrash. Furthermore,
the crash load must bein the oppositedirection of thevehicle
mass to produce negative decel eration, making it even more
difficult to achieve with this vehicle structure.

However, when for example the realistic values of o =
701/s and C = 400m/<? are set in the mathematical solution
for the cosine type vehicle deceleration wave form shown
in equation (5), if the control time t_is set to 35 msec or
more, the negative region of the vehicle deceleration wave
form disappears as shown in Fig.3.

When considering thistype of vehicle deceleration wave
form as the target wave form, it is possible for the actual
vehicle deceleration wave form to approach the target by

Time (ms)

Fig.3 Deceleration curves for various t_values

applying control so that the crash load is reduced during the
middle period of acrash.

In addition, the linear combinations of the mathematical
solutions for each different function type are also
mathematical solutions, so various curve shapes can be
considered as long as the optimal deceleration wave form
has the common feature of the three-part structure. For this
reason, even deceleration wave forms which change in a
stepped manner can be approximate optimal deceleration
wave forms. Therefore, the crash load does not necessarily
have to be continuously controlled, and any means of
reducing the crash load during the middle period of acrash
can be considered effective for optimizing the vehicle
deceleration wave form.

Thus, the target vehicle deceleration wave form was
based on the cosine type and arealistic approximate optimal
vehicle deceleration wave form was selected consisting of
an initial high constant deceleration, a constant middle
deceleration of approximately zero, and a constant later
deceleration of value C. Next, methods for controlling the
crash load with the vehicle structure were studied asameans
of creating thiswave form.

3.2. Crash Load Control by Deformation Mode

A number of methods can be considered for controlling
thecrashload. Fig.4 showsthe basic concepts of load control
structures. In consideration of application to existing vehicle

Power polynomial type Cosine type Sine type
800 ‘ 800 ‘ 800 ‘
600 X1 600 Xt | 600 A\ —_X |
~ \ — Xm — — Xm & / \ — Xm
2 Y N\ Y
£ 400 £ 400 E 400
s U/ 5 \ : |\
'@ 200 '«E 200 '§ 200 I
Q Q
2 o N\ 3 o \ 2 o
g 20 40 60 8o 2 N 4o 60 g 2 0 / 40 80 80
-200 -200 -200
-400 -400 : -400
Time (ms) Time (ms) Time (ms)

Fig.2 Wave forms of the mathematical solutions to the transient function forms
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Control method Basic construction

w
Combination of axial o
collapse and bending

Controllable axial
collapse

Breakable fastener

Variation of the
cosine component
(geometry)

Variation of the
cross-sectional area

Variation of the
friction factor
(from static to dynamic)

Fig.4 Methods for controlling the crash load

structures, a method which does not require mechanical
elementsisbest. Therefore, the authors focused on methods
utilizing the difference in load properties related to the
deformation mode.

The vehicle structures which generate crash loads in
general vehicles are hollow metal beam components such
as front side members. When a load is generated on these
structures compression collapse (hereafter “axial collapse”)
or bending deformation is produced. Axial collapseisstable
and generates a fairly constant load, whereas if bending
deformation exceeds the maximum load the load decreases
rapidly. Therefore, if the transition to bending deformation
can be controlled, the load can be decreased at an optional
timeduring the crash. Thiscan be accomplished by anumber

Control method Basic construction

Difference in the maximum _ — —
load between axial collapse I::
and bending

Control brace

Breakable strap

Breakable strap

Fig.5 Methods for controlling the transition
to bending deformation

of methods as shown in Fig.5. Herethe simplest structureis
a combination of the axial collapse and bending zones in
series. A structure was studied which maintainsalargeload
at the start of the crash for a certain time and then rapidly
decreases the load by providing a difference between the
load generated in the axial collapse zone and the maximum
bending zone load.

3.3. Fundamental Model of Crash Load Control
Structure

Fig.6 showsthefundamental model of the devised crash
load control structure. This fundamental model is a hollow
beam component which hypothesizes a front side member,
and is comprised of an axial collapse zone at the front and a
bending zone in the middle. The axial collapse zone has a
shape which concentrates stress to induce regular buckling
deformation. The bending zone has a slightly angled bend
shapeinthe center in order to direct the bending deformation
in a stable manner. The cross section of each zoneis set so
that the axial collapse zone hasadightly smaller deformation
load than the maximum load of the bending zone.

\</A4xial collapse zone

Fig.6 Fundamental model of
a crash load control structure

Fig.7 showsthe deformation processin the fundamental
model. Fig.7-A shows the 1st stage. First, the stress
centralizing shape of theaxial collapse zone causesit to start
deforming immediately after the start of the crash. A fairly
constant load is produced after the axial collapse zone starts
to deform, but the load increases as the regular buckling
deformation advances over the entire axial collapse zone,
and eventually reaches the maximum load of the bending
zone. Fig.7-B showsthe 2nd stage. When the bending zone
exceeds the maximum load, it immediately bends
significantly and the load drops to a fraction of that in the
1st stage. Fig.7-C shows the 3rd stage. As the bending
deformation progresses, the beam bottoms out and the load
increases again at the end of the crash.

Fig.8 shows the results of obtaining the changein crash
load over time through a simulation using a finite element
model created based on the fundamental model. This
simulation attached amass corresponding to avehicleto the
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Fig.7 Deformation process in the fundamental model
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Fig.8 Change in crash load over time
for the fundamental model

rear end of a beam, crashed the beam into arigid wall with
an initial velocity of 15.56 m/sec, and obtained the load
generated on therear end of the beam. The graph showsthat
alarge load is maintained for a certain time at the start of
the crash, the load decreases during the middle period, and
then rises again toward the end of the crash, thus confirming
crash load control based on the fundamental model. These
resultsindicated that it was possible to achieve deceleration
close to the target vehicle deceleration curve without
significantly changing the conventional vehicle structure of
actual vehicles.

4. Study of Crash Load Control in an Actual
Vehicle Structure

Thefundamental model shownin Fig.6 in Section 3 has
an extremely simple structure. However, in an actual vehicle

the engine mount is normally established near the midpoint
of thehorizonta part of thefront sidemember, so thebending
deformation of this part is controlled by the mass of the
engine and the transmission. For this reason, it is difficult
particularly in compact vehicles to adopt a design which
provides abending zone shaped like the fundamental model
in the horizontal part of the front side member. Therefore,
the existing bent shape in the connection between the cabin
and therear end of thefront side member in the conventional
vehicle structure was used as the bending zone, and an
attempt was made to achieve the same functions as the
fundamental model by making the maximum deformation
load of this zone slightly larger than the axial collapse load
of the front side member.

Fig.9 showsthe structure of aproduction compact vehicle
which performs vehicle deceleration control by introducing
this approach. In this example there is almost no change to
the vehicle structure, and reduction of the dummy chest
decel eration was verified through barrier crash tests (Fig.10).

Bending zone

AaN

Axial collapse zone

Front side member (before crash)

Axial collapse zone Bending zone

_m-smlnﬂ“'mu .

Front structure (after crash)

Fig.9 Application of the crash load control method
to a production vehicle
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1st stage
|
|
2nd stage
Rear end of the front side
member where bottoming
occurred in the final stage
3rd stage

Fig.10 FEM simulation of barrier crash test
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5. Conclusions

Focusing on the difference in load properties due to the
hollow beam deformation mode, a fundamental model
was devised for creating low deceleration during the
middle period of acrash, whichisafeature of the optimal
vehicle deceleration wave form. This was achieved by
controlling the changein crash load dueto the transition
from axial collapse to bending deformation by making
the maximum deformation load of theaxial collapse zone
dlightly smaller than that for the bending zone.

A finite element simulation model was created based on
thefundamental model, and the changein crash load over
time was obtained. The crash load was confirmed to
decrease during the middle period and then rise again
toward the end of the crash, thus verifying the
functionality of the fundamental model.

Studies were carried out to apply the concept of the
fundamental model to the bending deformation of the
front side member of an actual vehicle. As aresult, the
dummy chest deceleration in barrier tests could be
reduced without significantly changing the conventional
vehicle structure.

Further studies will be carried out in the future on

structures which optimize vehicle deceleration for various
crash modes.
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Technical paper

Study of Occupant Deceleration Control During a Crash
Due to Vehicle Mass Separation

Takahiro KAMEI* Yasuki MOTOZAWA*

ABSTRACT

In order to reduce the maximum value of occupant deceleration in a vehicle crash, a physica model which utilizes the
separated mass of a vehicle was devised to yield an optimal vehicle deceleration wave form. The validity of this model has
been certified by a mathematical study and a three-dimensional dummy simulation.

1. Introduction

When considering vehicle crash safety performance,
optimizing the changein vehicle deceleration over timeina
crash (hereafter referred to asthe “ vehicle decel eration wave
form”) is an important issue for simultaneously securing
survival space and reducing injury severity. Previous
research mainly performed optimization using the sensitivity
analysis method, but the authors have derived and
generalized mathematical solutions for the optimal vehicle
deceleration wave forms for chest deceleration of the
occupant through mathematical studies using a two-mass
model. These mathematical solutions have in common a
three-part structure consisting of high initial deceleration,
low or negative middle deceleration, and then constant
deceleration later on.®

However, the vehicle deceleration in a general crash is
determined by the vehicle structure deformation load applied
to the vehicle mass. Therefore, the direction of the load
relativeto the vehiclemassisconstant. Thismakesit difficult
to generate negative deceleration. This paper reports on a
physical model devised for generating negative decel eration
on the vehicle, presents a mathematical study conducted
based on thismodel, and examinesthe possibility of creating
an optimal vehicle deceleration wave form. Furthermore,
thevalidity of the vehicle decel eration wave forms obtained
fromthisphysical model are verified through amathematical
study and a three-dimensional dummy simulation.

2. Model for the Separation of Vehicle Mass

2.1. Optimal Vehicle Deceleration Wave Form

In the past the authors had mathematically studied the
vehicle decel eration wave form that minimizesthe maximum
occupant deceleration value using a two-mass model like
that shownin Fig.1. Here, theauthorsintroduced atransient
function concept and obtained mathematical solutions for

* Tochigi R&D Center

the optimal vehicle deceleration wave form®. The transient
functionisthe optimal occupant decel eration wave form that
results in a complete ride-down condition during a certain
short control time after the crash starts. Solutions of the
function are not unique, and a corresponding basic optimal
vehicle deceleration wave form type exists for each of the
three basic types of transient functions.

Velocity

Velocity

Seat Belt

Occupant Vehicle

Crash Load

—

[ .

Coordinate Xm Coordinate Xs

Fig.1 One-dimensional two-mass model

These wave forms are shown in Fig.2, and have in
common a three-part structure consisting of high initia
deceleration, low or negative middle deceleration, and then
constant deceleration later on.

When considering these waveformsasthetarget vehicle
deceleration wave forms for an actual vehicle, creating the
deceleration wave form for the middle period of a crash
becomesanissue. Vehicledeceerationinacrashisgeneraly
produced by the vehicle deformation load (crash load)
applied to the vehicle mass. However, the direction of the
crash load is limited to the direction opposite that of the
velocity, and the deceleration tends to increase as
deformation progresses. For this reason, it was impossible
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Fig.2 Wave forms of the mathematical solutions

to produce stable low or negative deceleration with
conventional vehicle structures during the middle period of
acrash. Therefore, the authors devised anew physical model
as ameans of solving this problem.

2.2 Model for the Separation of Vehicle Mass

Negative vehicle decel eration can be created by applying
acrashload tothevehicleinthedirection oppositethenormal
direction. This requires a new mass, but this new mass can
be created inside the vehicle by separating the vehicle mass.

Fig.3 shows a model with the vehicle mass separated.
Here, the occupant is treated as mass m and the seat belt as
a spring with spring constant k. The vehicle is separated
into two parts, with the part to which the seat belt is linked
expressed by mass M, and called the binding. Similarly, the
remaining vehicle portioniscalled the frame and expressed
by M,. All masses have an initial velocity of V.

The initial high deceleration and subsequent negative
deceleration are required only with the binding. The
coordinate system consists of the occupant coordinate X,
and binding coordinate X, and the frame coordinate X, and
the crash start time ist = 0. At this point the binding and
frame are relatively separated only by the control gap S,
After the crash starts, the respective crash loads F, and F,
act separately on theframe and binding, and these parts move
independently of each other. If the vehicle is designed so
that the binding deceleration is larger than the frame
deceleration at thistime, the gap decreases from S, and the

Vo Vo Vo
< < <
Xm ,—> XB —» Xt
k So
Mg
FB l FC
F+
> Mg

Fig.3 Model for the separation of vehicle mass

two parts eventually contact each other. Thiscontact timeis
labeledt , andthetimefromOtot _ iscalledthefirst control
time. After contact, aload F_ isproduced between the binding
and the frame. Here, F_ acts in the negative deceleration
(acceleration) direction relative to the binding, so if F_ is
sufficiently large, negative deceleration is created on the
binding. The model assumes F,, F, and F_ to be constant
values, and assumes a completely plastic crash. Therefore,
the load F_ is eliminated when the binding and the frame
reach the samevelocity. Thistimeislabeledt ,, and thetime
fromt_ tot iscalled the second control time. After t, the
binding and frame decelerate as a single unit.

However, whileit isclear that negative deceleration can
be obtained from this model, it is not known whether the
optimal vehicle deceleration wave form can be obtained.
Therefore, a mathematical study is conducted next to
determine the possibility of realizing the optima vehicle
deceleration wave form.

3. Mathematical Study of Model for the
Separation of Vehicle Mass

When afixed load is applied to the binding as an input,
the output occupant deceleration wave form clearly shows
the same form as a cosine type transient function, and this
also appearsin the solution for equation (19) noted hereafter.
In addition, the motion equations for this model differ for
the three time regions of the first control time, the second
control time, and thereafter. Therefore, individual cosinetype
occupant deceleration wave forms appear in the first and
second control times, but when these are linked if the
occupant decel eration wave form for the entire control time
satisfies the transient function conditions, namely starting
from the origin, atangential gradient of O at the originand a
complete ride-down condition at t_,, then thiswave form is
a single transient function which combines cosine type
deceleration wave forms.

Based on this thinking, the time regions are related by
solving the equation for each control time with the crash
load and control gap as unknown constantsandt_ andt_, as
independent variables, and using the occupant and binding
conditions at the end of thefirst control timet , astheinitial
conditions for the second control time equation. Then, the
optimal crash load and optimal control gap are calculated
by applying the transient function conditionsto the obtained
occupant decel eration equation.

Whent_ andt_, are set arbitrarily, if these exist asfinite
values, then they also determine the vehicle deceleration.
This is the vehicle deceleration that corresponds to the
transient function, or in other words the optimal vehicle
deceleration wave form.

3.1. Equations of Motion and Condition
First, the motion equations for the first control time are
asfollows, with the time differential expressed as ().

Xin = —2(Xen— Xg) )
)“(B = OL(DZ(Xm— XB) + 0B (2)
)"(f =0 (3)
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Provided that,

- |k —-_m _F _ F
m_\/%'a_MiB'gB_MiBB‘gf_Wff (4

Theinitia conditions for these are as follows.

Xm(0) = Xg(0) =0, X;(0) = S,
Xin(0) = X(0) = X¢(0) = Vo ®)

Also, t  isthetime at which the binding and frame contact
each other, so the condition for t_, is asfollows.

Xa(ter) = Xi(ter) (6)

Next, the motion equations for the second control time
are asfollows.

)"(m = —(DZ(Xm - XB) (7)
Xe = 00?(Xn—Xg) + g5 — g (®)
)"(f =g t+osdc 9)
Provided that,
= Fc -Ms
Jc= Ms , OB My (10)

t , isthe time at which the binding and frame reach the
same velocity, so the condition for t  is:

XB(tcz) = Xf(tcz) (11)

In addition, thetransient function conditionsat the origin
are automatically satisfied by the initial conditions. The
remaining conditions, that is to say the conditions for the
occupant to reach acomplete ride-down conditionat t ,, are
that the occupant deceleration is C, with C being the target
occupant deceleration setting value, and that the occupant
and the binding are traveling at the same velocity. These
conditions are expressed as follows.

)"(m(tt:Z) =C (12)
Xen(tez) = Xa(te2) (13)

Then, the condition equation to maintain the complete
ride-down condition after the control time is that the
deceleration for the entire vehicle and the occupant
deceleration are the same value, or in other words:

Fe+Fs
Mf+MB+m_C (14)

3.2. Solutions to the Equations

These equations can be solved by various methods, but
this study solves the equations by introducing the relative
coordinate as follows.

Xm - XB = Xr (15)

This equation wasthen used to convert the simultaneous
equations (1)(2) and (7)(8) into thefollowing single-variable
equations.

X + (1 + o)X = Qg (16)
5(, +(1+ o)X =—gs + Oc (17)

Based on theinitial conditions (5), theinitial conditions
for X are asfollows.
X(0)=0 , X(0)=0 (18)

Solving equation (16) based on equation (18), the solution
during the first control time regarding to X as follows.

X = —%(1 ~ cospt) (19)
Provided that,
B=wvVl+o (20)

In addition, solving equation (17) with the X (t_,) and X
(t.,) obtained from equation (19), the solution for the second
control timeisasfollows.

X = _% - %cosﬁ(t —te) + %eosﬁt (21)

On the other hand, the ride-down condition equations (12)
and (13) are converted as follows by equation (15).

Xo(tez) :—% . X{tz) =0 22)

Applying these to equation (21) yields the following.

SinB(te —ter)

—(1+0)C
O = (L4 o) B o —te) — St + Sptar. (2D

S‘ nBtcz
S‘ nB(tcz - tc]_) - S nBtcz + S nBtcl

ge=(1+0)C (24)

Then, applying these to equations (6) and (11),

SinB(tee — tea) — K (1 e YsinBt
g=C 'B( 2 —tc) ( }(62). Pteo 25
sinB(tez —te1) — SiNPtez + sinPte

Provided that,
K=1+og+oog (26)

Based on the above equations (23) to (25), the appropriate
crash load is calculated by the following equations.

These equations clearly show that the values are finite.
Therefore, it is possible to obtain the optimal vehicle
deceleration wave form from the vehicle mass separation
model presented in this paper.
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M SInB(tez — ter) — (My + Mg + m)(L — ©3{_)sintez
Si nB(tcz - tcl) | nBtcz +s nBtcl

(27)

_ (Mg + m)sinB(tez —tcr)
P = C 5 B(te —t) —SNPta + SP (28)

(MB + m)SI nBtcz
s nB(tcz — tcl) -9 nBtcz +9 nBtcl

Fc=

(29)

Notethat asacondition for the F, obtained from equation
(27) here to be a positive value, the limitation on the
relationship betweent and t, is derived approximately as

follows.
—tcl + Ktc12 + 3(K7—21)2
\ B (30)

>
teo K_-1

However, thislimitation need to be considered only
when t_, is set extremely small within the range of
ta < 5/*5c 2. In addition, the setting range for t  and
t,is 0<t, <t,<m/Bsothat F, and F_ are positive
values.

The optimal control gap valueis obtained as follows by
calculating X,(t,) and X(t_), and substituting these into
equation (6).

o

2
L (1 - cosBlen)sin(teo —ter) + S K(1 - 2)sinBt,
B 2 te2

S=C

SiNB(tez —ter) — SiNBtez + SiNBtey

(1)

Finally, substituting equation (27) and (28) into condition
equation (14) shows that this equation can not be satisfied
for the period after the control time except the case of t_ =
t,, which has no physical meaning. This means that the
appropriate crash load within the control time is always
insufficient for the required crash load after the control time.
Therefore, one or both of F, and F, must be changed from
the values in equations (27) and (28) at t_, to values that
satisfy equation 14. In this study, F, was changed.

Based on the above analysis results, the deceleration
wave forms given by equations (1) to (3) and (7) to (9) for
the occupant m, binding M, and frame M, are shown in
Fig.4. This example sets m = 33 kg, M, = 40 kg, M, = 500
kg, k = 16 kgf/mm, C=40G,t = 12ms, andt_, =24 ms.

Note that the crash load values obtained by equations
(27) to (29) at thistime are F, = 8.8 tons (until t ) and 20.3
tons (after t ), F, = 2.7 tons, and F_ = 2.4 tons, and the
control gap is S, = 32 mm.

4. Verification through Simulation

The binding deceleration wave form shownin Fig.4 was
input to a dummy simulation model to mathematically
confirm the validity of the wave form. The model used the
ATB program, and applied a three-point seat belt as the
standard binding condition. Load limitersand air bagswere
not applied.

Fig.5 shows the input binding deceleration wave form,
the deceleration response of the dummy’s chest (dummy
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Fig.4 Theoretical vehicle and occupant deceleration
wave form from the vehicle mass separation
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Fig.5 Vehicle and dummy chest deceleration
in a three dimensional simulation

coordinates), and the corresponding mathematically obtained
occupant deceleration wave form.

This figure shows that although slightly delayed, the
graph of dummy chest deceleration matches closely with
the calculated graph, and formsafairly flat portion between
30 and 60 ms.

The slight delay in the dummy graph relative to the
calculated graph isthought mainly to occur because the mass
corresponding to m increases sightly during the course of
the crash due to the effects of the arm and head portions,
and because the spring constant of the seat belt in the
simulation isadjusted so that el ongation isnonlinear in small
elongation regions to match with reality. In addition, the
fluctuation appearing after 20 msis presumed to be because
the dummy forms a complex multi-mass system.

5. Observations

Creating negative acceleration isimpossiblewith amodel
that treats the vehicle as a single mass as shown in Fig.1.
However, this is possible with a model that separates the
vehicle mass. Further, the feasibility of creating an optimal
vehicle decel eration wave form using thismode wasverified
both numerically and through simulation.

The studies presented in this paper use a simplified
physical model. The applicability of thismodel to an actual
vehicle structure has not yet been studied, and various
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technical problems can be expected. Furthermore,
verification not only through simulation but also using actual
dummies must also be investigated in the future. However,
it is significant that this paper has shown the possibility of
creating vehicle deceleration wave forms which include a
negative decel eration portion using only the crash load due
to vehicle mass separation.

6. Conclusions

(1) A vehicle mass separation model which had not been
studied before was devised as a means of creating
negative vehicle deceleration.

(2) It was verified through a mathematical study that the
optimal vehicle decel eration wave form can be obtained
from this vehicle mass separation model, and a
mathematical solution for the optimal vehicle
deceleration wave form was obtained using this model.

(3) The obtained mathematical solution wasinput to athree-
dimensional dummy simulation and the chest
deceleration response was obtained. These results
verified thevalidity of the mathematically solved optimal
vehicle decel eration wave form with respect to reducing
chest deceleration.

Futureissuesinclude verifying the validity of thismodel
using actual dummies and investigating the applicability to
an actual vehicle structure.
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Technical paper

Low Order Modeling of an Acoustic Path for Active
Noise Control and Design Method of Feedback Control

Hisashi SANO* Shuichi ADACHI**

ABSTRACT

In order to reduce the cost of active noise reduction (ANC), this research focused on feedback (FB) control, which
characteristically does by not require reference signal sensors. The purpose of this paper islow order modeling of acoustic
transfer characteristic (plant) between acontrol noise source and an error sensor arranged at the control point; and, the designing
of acontroller based on theresults. Specificaly, thisentails constructing as simple an FB-ANC system as possible (a1 input/
1 output system), then investigating the noise reduction performance of that system. First, the authors employed physical
modeling in order to model the plant in the lowest possible order. In addition, Smith predictor-FB-ANC is presented, and FB-
ANC based on PID (Proportional Integral Derivative) control isdesigned for the low-order plant model obtained. Finally, the
validity of these results is demonstrated with computer simulation using actual data.

1. Introduction

A major issue in active noise control (ANC) isits high
cost. For instance, active control of interior road noise
employing feed forward (FF) control®-® requires numerous
references signals (i.e., input signals) because of the
complexity of input paths. Consequently, installing this
system at low-cost has been considered difficult to achieve.
Another issue is determining the proper placement of
reference signal sensors.

Asameans of resolving theseissues, thisresearch project
focuses on feedback (FB) control, which characteristically
does not require reference signal sensors. In FB-ANC
research, the Tight Coupled Monopole (TCM) method®: ®),
whereby error sensors (i.e., microphones) are placed near
the control noise source (i.e., speakers), is well-known.
However, few cases have addressed FB-ANC from the
control engineering perspective of using modeling and design
of acontroller based on amodel. In recent years, there has
been someresearch from acontrol engineering perspective®-
@9 but FB-ANC researchisstill lessextensive than FF-ANC
research. FB-ANC offers the advantage of a simplified
installation system, yet there have been few investigations
of its strengths and weaknesses with respect to noise
reduction. Hence, clarifying the performance of FB-ANCis
an important prerequisite for further advancementsin ANC
technology.

Against this background, this paper has asits objectives
the low-order modeling of acoustic transfer characteristics
from acontrol sound sourceto an error sensor located at the
control point (i.e., the “plant”), and the designing of a

*  Tochigi R&D Center
** Utsunomiya University

controller based on those results®?. Specificaly, thisentails
constructing assimplean FB-ANC system aspossible (single
input/single output), then investigating the noise reduction
performance of that system. First, physical modeling is
employed in order to model the plant in the lowest possible
order. Next, to create a high-precision model, gray-box
modeling™?, which uses physical modeling information and
experimental data is applied. In addition, Smith predictor
type FB-ANC®® @ is proposed, and FB-ANC based on
Proportional Integral Derivative (PID) control is designed
for thelow-order plant model obtained. Finally, the validity
of these results is demonstrated with computer simulation
using actual data.

Throughout this paper, the terms “speaker” and
“microphone” respectively refer to the control sound source
and error sensor used in this research.

2. Physical Modeling of the Acoustic Path

2.1. Conventional Modeling Techniques

In the field of ANC, system identification is frequently
used as a means of modeling. Least Mean Square (LMYS)
algorithm is widely employed as the identification method
because of low cal culationsvolume, Finite Impul se Response
(FIR) as the identification model because of its stability®®.
Nevertheless, precise identification requires numerous FIR
model parametersin order for impul seresponsesto converge.
Designing an FB controller with an FIR model in accordance
with control theory is also difficult because of the need to
express the plant with an Infinite Impulse Response (1IR)
model.
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On the other hand, there have been cases reported in
which the plant was expressed asan ||R model to reducethe
parameters in the mathematical model, and in which the
Simplified Hyperstable Adaptive Recursive Filter (SHARF)
method was used as the identification method“®. The actual
number of parameters, however, was determined by trial and
error. Therefore, as a means of determining the number of
parameterswith quantitative indicators, we proposed an IR
model identification method that employs a subspace
method“?. Using this model we have expressed the plant
with an IR model having twelve parameters (i.e., a sixth-
order IR filter).

Nevertheless, it isnot clear to what extent the number of
parameters can be reduced while still maintaining the
requisite precision. Therefore, determining thiswill not only
simplify the designing of FB controllers, but it is also an
important factor in achieving low-cost ANC. We therefore
use physical modeling of the plant to obtain ahigh-precision,
low-order model (- 47) (18),

2.2. Physical Modeling

Below, physica modeling is performed separately for
the three components of the plant: speaker, sound field, and
microphonet®.

2.2.1. Physical Modeling of the Speaker

When the speaker’s mechanical system is equivalently
converted into electrical circuits, the transfer function P(s)
from voltage e [V], which is impressed on the circuit
terminal, to vibration velocity v [m/s] of the diaphragm is
expressed as shown below:

_ As
P = @+ as+ Cur (1)
where
= 8 8
1—§apr+mr+LrM

a=r-ry+CulL + A2

where

r[kg/m? = air density,

am] = coneradius,

m[kg] = diaphragm and coil mass,

A = electrodynamic converter’s force factor,

r[W] = coil resistance,

L[H] = coail inductance,

r,[INS'm] = mechanical resistance,

C,[N/m] = dtiffness of the diaphragm support and
s=acomplex number in Laplacian transformation.

2.2.2. Physical Modeling of the Sound Field

We assumethat the distance from speaker to microphone
can be made sufficiently short relative to the wavelength of
the sound to be controlled. Because the effect of direct
sounds, rather than reflected sounds, are predominant even
in a closed space such as an indoor chamber, the effect of
the natural acoustic mode is believed to be minimal.
Therefore, afree sound field isassumed for simplicity’ ssake.

The speaker’s radiative surface is assumed to
approximate a planar piston because vibration velocity of
the diaphragm is equivalent to that of air particles on the
diaphragm. The result is an eguation of transfer function

P,(s) from diaphragm air particle velocity v [m/s] to the
sound pressure at apoint on the central axislocated distance
[[m] from the planar piston. That equation isasshown below:

Pa(s) = pc {@(F)(* %S) 7exp<7 W S)} (2)

where c[m/s] isthe speed of sound“®. When the distance to
the measurement point is extremely long rel ative to speaker
radius, or in the case of a low-range frequency, the
approximation

P9 =p 5 e~ ¢ 6)

holds true. Equation (3) shows that the sound radiation
characteristics comprise derivative element (pa%2l)s and
time delay element exp{—(l/c)s}. As the target of noise
reduction was the 40-500 Hz frequency range, we used
equations (2) and (3) to calculate changesin sound pressure
over distance when 40 Hz and 500 Hz sine waves were
excited. Theradiusis0.0475 which isthe same asthe actual
speaker used in the experiment. Theresults, showninFig.1,
show equation (3) to be fully capable of expressing the
transfer function of asound field when the distanceis0.1 m
or greater.

In addition, when the effects of the natural acoustic mode
are such that they cannot be disregarded, they, too, must be
incorporated into modeling.

o
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° |
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Fig.1 Distance vs sound pressure

2.2.3. Physical Modeling of the Microphone

This research project assumes the use of a condenser
microphone, using stiffness control. Asthe frequency range
to be controlled has flat characteristics, with no phase
differences, the microphone’s characteristics can be
expressed intermsof proportional gain. Here, for simplicity’s
sake, the microphone’stransfer function P, (s) is expressed

- 130 -



Low Order Modeling of an Acoustic Path for Active Noise Control and Design Method of Feedback Control

below:
Pu(s) =1 (4)

2.3. Physical Model of the Acoustic Path

A physical model of the acoustic path can be expressed
with the three af orementioned components. Table 1 gives
the physical parameters of the speaker used. Using the
physical parameters in Table 1 to calculate the transfer
function of the plant for a speaker-to-microphone distance
of 0.1 m, the calculations are as shown below:

P(s) = Ps(s)Pa(S)Pu ()
_ (pAa2))¢ |
T aP+ as+Cur EXp(i €s>

_ 2.03x 107
9.03x 10%? + 12.43s + 3512.6 (5)

- exp(—2.94 x 10%s)
= Pc(s) exp(-79)

where
2.03x 10282
Pc(s) =
e = 5 03 % 107 + 12435 + 35126
7 =2.94% 104

Thus, the plant can be expressed as the second-order
lumped-parameter part P_(s) and time delay element
exp (—1s).

The next step isto validate the physical model obtained.
To do this, system identification was performed by using
input/output data of the plant measured in the semi-anechoic
chamber. A total of 20000 samplesweretaken at asampling
frequency of 1378 Hz. An FIR model with 84 parameters
was used for identification. Bode plots of the physical model
and the results of identification areshownin Fig.2. Although
themodels generally agreein the gain diagram, the physical
model and FIR model in the phase diagram do not agree.
Let us consider the reason for this.

2.4. A Consideration of Phase Difference
The input/output coherence function obtained in the
system identification experiment is shown in Fig.3. These

Table 1 Parameter of the loundspeaker
(Panasonic WS-A10-K)

Parameter | Value
Mass m | 3.1x10° [kg]
Mechanical resistance m | 2.6 [Ns/m]
Mechanical stiffness Cn | 1351 [N/m]
Coil resistance r 2.6 Q]
Coil inductance L |54x10% [H]
Cone radius a 0.0475 [m]
Force factor A 2.98 [Tm, N/A]
Air density p | 121 [kg/m3]
Wave speed c 340 [m/s]

50 T .
Physical model
o
E. ______________________
£ 0
[
O] Identification model
50 0 100 200 300 400 500
Frequency[Hz]
200 T T T T
— Physical model
o <
o, Of—mm~~__ j
o | U=
2] T ——
s200F+ N\ TTTTmee——
o Identification model
400

100 200 300 400 500
Frequency[Hz]

Fig.2 Comparison of Bode plot between
a physical model and an identification
model

o
©

o
o

o
~

Coherence

200 300 400 500
Frequency [Hz]

Fig.3 Coherence function

results suggest that because of the difficulty of producing
noise from the speakers in the low-frequency band (below
40 Hz), coherence was extremely low. In Fig.2, phase is
expressed continuoudly, rather than from-180to 180 degrees
because of the control system design. This meansthat phase
has been calculated based on the phase of a band having
low coherence and low identification resultsréliability. This
resultsin the incorrect calculation of the absolute value for
phasein the high-coherencerange. Thismakesit impossible
to determine whether the phase determined by identification
or the phase calculated with the physical modelsis correct.

In the next section, therefore, phase is accurately
estimated and gray-box modeling using the estimated phase
are performed.

3. Gray-box Modeling of Acoustic Path

In this section, we construct a highly accurate model
using gray-box modeling®?. Here, physical model
information are used for the order of the plant (structural
information about the plant), and system identification data
are used for adjusting parameters.

Physical modeling, a method for directly describing the
dynamic characteristics of the subject in accordance with
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the laws of physics, is referred to as white box modeling-
System identification is referred to as black box modeling
because the subject is considered a black box. Gray-box
modeling isso called becauseit uses both of these modeling
techniques to achieve greater modeling accuracy.

In estimating the phase in the coherent frequency range,
the cross-correlation function is expressed as

Puy(7) = E[uOy(t +7)] (6)

where u(t) is input, y(t) output, and 7—time delay. The
cross-correl ation function determinesthetime delay between
input and output and so can be used to estimate the phase.
Fig.4, which shows the phase estimated from the cross-
correlation function, demonstrates how the estimated phase
very closely approximates not the physical model, but the
identification model. Thisverifiesthevalidity of the system
identification results used up to this point.

Next, we performed gray-box modeling using the
structural information for the physical model along with the
phase estimated with the cross-correlation function, as in
Fig.4. The difference between the phases determined with
the physical model and with the cross-correlation function
was determined and added to the physical model as atime
delay. However, because simply adding to the physical
model does not assure proper expression of phase
characteristics, the parameters of the lumped parameter part
were also adjusted.

Thetransfer function of the model obtained by thisgray-
box modeling is expressed in the equation (7):

200 . .
— N Physical model
[
L
S OR.--~~_ T TTTToee—aoo ]
§ \ Estimated phase|
< ——
o -200 r FIR model(identification) 3

0 100 200 300 400 500
Frequency[Hz]
Fig.4 Estimated phase using
cross-correlation function
50

o Proposed method

o =

System identification

Gain[dB]
o
(
1)

' Physical model

0 100 200 300 400 500
Frequency[Hz]

Phase[deg]

L Proposed method = A

-200
0 100 200 300 400 500
Frequency[Hz]

Fig.5 Comparison of Bode plot

0.4855”
0.155¢ + 45.1s + 4550

The Bode plotsarein Fig.5.

InFig.5, the phase corresponds up to approximately 250
Hz, beyond which it lags relative to the phase suggested by
the system identification model. Thisis because the phases
were compared primarily in the low range -- which is
effectivefor ANC -- dueto the difficulty of getting the phases
to correspond throughout the 0-500 Hz range when
expressing the physical model with a second-order system
and time delay.

P(s) =

el75x 10°s (7)

4. The Proposed Smith Predictor-type FB-ANC

With equation (5), thetarget plant was expressed interms
of the lumped parameter part and the time delay element
that occurs because of the distance delay. The fact that the
plant is atime delay series entails three problems:

1) The inability to express the plant with a rational
polynomial expression makes it difficult to design the
controller in accordance with control theory.

2.) Even when using Padé approximation® for the time
delay element, ahigher degree of approximation accuracy
resultsin ahigher plant order, which in turn makesfor a
high-order controller.

3.) Theexistence of thetime delay element resultsin anon-
minimum phase system, and thewaterbed effect® makes
broadband sound reduction difficult®.

Overcoming these problems requires elimination of the
time delay element. To do this, we propose a type of FB-
ANC using the Smith predictor®- @4 an effective control
technique for chemical and other plants where time delay
elements are predominant.

Asshownin Fig.6, the Smith predictor takesthe approach
of designing a control system by canceling the plant’ stime
delay element to create a closed loop system free of any
timedelay. In contrast, FB-ANC trests noise asadisturbance,
which is added after the plant, and is considered a
disturbance-driven approach because of the absence of
command input. Thus, the Smith predictor configuration
shown in Fig.6 cannot be directly applied to FB-ANC.

However, we have made it possible to apply the Smith
predictor to FB-ANC by doing the following. The design
specifications of FB-ANC are intended to stabilize aclosed
loop system and reduce sensitivity function §(s) in the
frequency band to control (i.e., the transfer function from

Disturbance
D(s)

Command
R(s)

Plant

e >

Error
E(s)

Time delay
element

Fig.6 The Smith predictor
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noise D(s) to error E(s)). With the configuration in Fig.6,
the sensitivity function when disturbance is added after the
plant is determined with this equation:

_ 1+ Pe(9IC (9 L-exp(79)}
ST T e ®

Thus, the plant’s time delay element is reflected in the
sensitivity function. To prevent thetime delay element from
being reflected in the sensitivity function, the authors have
proposed a Smith predictor-type FB-ANC configuration,
shown in Fig.7, in which the sensitivity function is:

1

SO =13 hecE ©)

Disturbance

D(s) g Output of the

Input to the [[]

Ioudspeakerf . f microphone
+
- Nominal plant E(s)
Pc(s) | [ e
Lumped Time delay
parameter element
element
C(s)
Controller

The part of implementation

Fig.7 The proposed Smith predictor type FB-ANC
for a nominal plant

With this configuration, design of the controller to the
plant’slumped parameter part P (s) is possiblewith equation
(9).

The Smith predictor is interpretable within the Internal
Model Control (IMC) framework whose application in FB-
ANC wehave proposed previoudy®: @Y, The Smith predictor
is characterized by its facilitating of control system design
using aP_(s) from which the plant’ stime delay element has
been removed.

5. The PID Controller Design Method

Thissection discussesthe structure of, and design method
for, controllers. With respect to controller structure, focusis
placed on PID control® as a way of achieving low-cost
ANC. Also known as three-term control, PID control is
characterized by asimple structure comprising proportional
control, integral control, and derivative control. PID control
is used quite extensively by the industry, but no cases can
be found of its application in ANC. Therefore, this section
discusses the design of FB-ANC that usesa PID controller.

The design method used by theauthorsisaPID controller
design method that was proposed by Saeki and which enables
the systematic determination of the three design parameters
of PID control@®,

Stated simply, the actual design process beginsby using
the following equation to determine one of the PID control
parameters k from the control constraints of the sensitivity
function in the low frequency band.

CO=kotkig o kg (10)

satisfy the nominal performance conditions (i.ed., noise
reduction as nominal performance) and robust stability
conditions (i.e., stability conditions that account for
uncertainty in the plant model), are solved for each
frequency.

Ks(@) = {[k, ka]| [S(@)| < o (@)/|Ws(jo)]} 11)

Kr(@) = {[ko, ka]| [T (@)| < B (@)/[Wr(i)[} (12)

The elements of the set of the intersection of the setsin
equations (11) and (12)

Next, the following parameter sets concerning kp k_, which

K (@) = Ks(w) N Kr(w) (13)

are now the PID control parameters that satisfy the design
specifications. From the el ements of the set in equation (13),
the parameters are selected and the robust PID controller is
determined.

6. Verification of Control Performance

6.1. Validity of the Proposed Smith Predictor-type
FB-ANC

To determine the validity of the proposed Smith
predictor-type FB-ANC, we used computer simulation to
predict controlled sound pressure. The experiment shown
in Fig.8 simulated road noise. Noise inside the vehicle was
measured and used as noise data for simulation, which was
performed with a discrete time series and a sampling
frequency of 10 240 Hz.

The plant used was the physical model discussed in
section 2. The PID controller designed for the plant’ slumped
parameter portion P_(s) was used as controller C(s), shown
in Fig.7. Given a= 0.58 and b=0.75, the parameters were
selected from parameter set K, which satisfies the nominal
performance conditions and robust stability conditions, and
the PID controller was determined with the following
equation.

Loudspeaker for
secondary source

Microphone Accelerometer

Loudspeaker for
disturbance

Noise
generator

Shaker

Fig.8 Data acquisition experiment
simulating road noise in the cabin
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C(9=02125+ (1% 10%) + % (14)

S

1+s/(2r - 500)

Fig.9 shows the sensitivity function, which was used as
an indicator for predicting noise reduction performance
during control; Fig.10, the results of sound pressure
prediction simulation. A noise reduction of 4to 7 dB is
predicted from Fig.9. In actuality, the results of simulation
indicate a4 to 7 dB noise reduction in the broad band from
40t0 500 Hz, asFig.10 shows. Therewasamarked reduction
of 7 dB in the 100-200 Hz band. An equivalent noise
reduction effect was also verified when the FB-ANC
composition was applied to lumped parameter portion P (s)
of the nomina plant. This verified the validity of the PID
controller designed using the physical model, and thevalidity
of the proposed Smith predictor-type FB-ANC configuration.

Gain [dB]

-20

0 100 200 300 400 500
Frequency [Hz]

Fig.9 Sensitivity function for a physical model

110dB without control
09
)
Sef
-~ 35
37|
f;, S
GI;’ g ' with control
<3|
0 100 200 300 400 500

Frequency [Hz]

Fig.10 Sound pressure level for a physical model

6.2. Controller Based on a Gray-box Model

Next, the control performance of the controller designed
with the gray-box model is compared with that of the
controller designed with a physical model as described in
the previous section. The transfer function of the PID
controller designed with the gray-box model is represented
by the following equation.

S

€9 =015+ 5 c7or - 500)

(1x 10%) + % (15)

The sensitivity function is shown in Fig.11; the results
of the simulation of sound pressure prediction, in Fig.12.
These results demonstrate that noise reduction in the 100-
200 Hz band is superior to that of the controller designed
with the physical model. This confirmsthe validity of plant
models obtained with gray-box modeling with respect to
noise reduction performance.

Gain [dB]

0 100 200 300 400 500
Frequency [Hz]

Fig.11 Sensitivity function for a gray-box model

_10dB without control

e’ with control

A-weighted relative
sound pressure level

0 100 200 300 400 500
Frequency [Hz]

Fig.12 Sound pressure level for a gray-box model

7. Conclusion

Focusing on FB-ANC as a means of constructing low-
cost ANC systems, this paper yields the following
conclusions through the low-order modeling of aplant, and
by designing a simple-structure controller with the results
of said modeling:

1.) By using gray-box modeling asameansof high-precision
low-order modeling, the plant is expressed with asecond-
order series and atime delay element.

2.) Smith predictor-type FB-ANC system eliminating time
delay is proposed for controller design.

3.) By applying PID control to ANC, asimple, robust PID
controller taking into account the uncertainty of time
delay is designed. The validity of the plant model
obtained and the controller designed is verified by
predictive simulation of control performance using
signals obtained from an actual vehicle.
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We next plan to verify the proposed method’ s validity
by implementing in an actual vehicle.

For cooperating with this research, we wish to thank
Utsunomiya University graduate students Toru Sannoudou
(now employed at Matsushita Communication Industrial
Co.), Masayuki Hirano (now employed at |shikawajima-
HarimaHeavy Industries Co.), and Y oshiko Y onetani (now
employed at Matsushita Communication Industrial Co.,
Sendai Research Center).
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Technical paper

Reliability of Pb-free Soldered Joints
for Automotive Applications

Toshihiro OKAMA¥* Kazuhiko HIRATA**

ABSTRACT

Tests were conducted to evaluate the grain growth rate of the structure and the intermetallic compound layer fracture rate.
These tests included the physical properties, aswell as peeling, which isamechanical property of Pb free soldered joints. In
addition, thermal shock tests (accel eration tests) were performed to evaluate the life span as related to thermal fatigue.

First, the grain growth rate and intermetallic compound layer fracture rate of the Pb-free soldered structure were confirmed
to follow the rule of parabolic curves. Next, the life span of Pb-free soldered joints under market conditions was predicted
using Miner’srule of reliability engineering based on the effects of heat stress obtained through accel eration tests and the heat

stress frequency in an automotive application.

1. Introduction

There are environmental concerns regarding the use of
Sn-Pb solder. This has spurred much research toward a Pb-
free solder. Although these global efforts have been led by
Americaand Europe, such research has gained momentum
in Japan, as well, with the recent passage of the Electrical
Appliance Recycling Law (due to take effect in 2001). For
instance, the Industrial Structure Council, of the Ministry of
International Trade and Industry has also designated Pb
reduction asagoal for automotive electronics and electrical
equipment.

A Pb-free solder selected for automotive el ectronicsand
electrical equipment must maintain component functionsin
its respective utilization environment and for the duration
of use. This, in turn, makes it necessary to fully understand
the environment of the solder joints of automotive el ectronics
and electrical equipment. Thegrain growth andintermetallic
compound layer fractures that have been detected in the
solder joints of automotive electronics and electrical
equipment recovered after market use are said to have a
significant impact on reliability, and so determination of
mechanical strength alone (e.g., bulk material strength and
joint tensile strength) is not sufficient for the reliability
assessment of solder joints. There are few reports on
reliability assurance against thermal fatiguefor different Pb-
free solder compositions from both the "micro" perspective
of grain growth and intermetallic compound layer fracture
aswell asthe“macro” perspective of mechanical properties.

The authors therefore studied the grain growth,
intermetallic compound layer fractures, and mechanical
strength of Pb-free solder, establishing testing conditions

* Tochigi R&D Center
** Senjyu Metal Industry

that simulate the actual environments in which automotive
electronic components are used, and using a failure model
to calculatejoint life.

2. Approach to the Reliability Assessment of
Solder Joints

Automotive electronicsand electrical equipment areused
in extremely severe environments. The use of increasingly
compact components hastrand ated into narrower joint width.
Automotive interior components, in particular, are
simultaneously subjected to heat stress, vibration, humidity
and other conditions. The most important aspect of solder
joint reliability is thermal fatigue countermeasures. Solder
hasalow melting point, and it hasadifferencein coefficient
of linear expansion between a substrate and a component
that leadsto considerablethermal stress, which, after repeated
occurrence, can cause thermal fatiguefailure. Pb-free solder
is no exception even though it differsin composition from
Sn-Pb solder and therefore also differsin melting point, grain
growth rate, intermetallic compound layer fracturerate, and
mechanical propertiesand similar, all of which havealarge
effect on solder joint life. The methods and standards for
ng components made with Pb-free solder aretherefore
particularly important. Assessment standards must focuson
wear failure and degradation failure by providing testing
conditions and testing times that simulate actual market
environments, while the assessment method that must be
constructed is one for indoor acceleration testing. As an
example, the authors assess the reliability of bare chip die
bonding.
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3. EXPERIMENT SAMPLES AND METHOD

3.1. Experiment Samples

Elements having low toxicity that are already used in
actual solder applications were selected for the solder used
in this experimentation. With a Sn base, eutectic Pb, Bi, Ag,
Sb, and Zn, aswell asindividual elementsin combination,
were used to create the following solders: Sn-37Pb, Sn-
3.5Ag, Sn-3.5Ag-0.75Cu, Sn-58Bi, Sn-2Ag-0.5Cu-7.5Bi,
Sn-5Sb, and Sn-9Zn. These are the solders from which the
samples for each test were selected. Sn-9Zn was not
subjected to intermetallic compound layer fracture rate
testing or thermal shock testing because its poor wettability
with Ni makes it difficult to establish sample conditions.
Furthermore, Sn-5Sh was not subjected to grain growth
testing because the similar atomic numbers of Sn and Sb
make it difficult to distinguish their phases by microscope.

3.2. Conditions for Intermetallic Compound Layer

Fracture Rate Testing

Experimentation was carried out to determine how the
fracture rate of the intermetallic compound layer fractures
that form during sol der melting and joining differsaccording
to solder composition. Solder was exposed to a high
temperature (120°C) to accel erate fracture growth rates. To
identify the growth process, the solder was measured at the
timesshownin Table 1. Test pieceswere made by soldering
solder paste to Ni plates, after which the thickness of the
intermetallic compound layer fracture formed on the joint
interface was measured. Asfor the method of measurement,
after high temperature exposure was applied for the
predetermined period of time, a test piece was cut so that
the cross-section of the solder would be perpendicular. The
cross-section was then polished and thickness of the
intermetallic compound layer fractures was measured by
observing composition with element mapping and
Backscattered Electron Image (BEI) made with an Energy
Dispersive Spectrometer (EDS).

Table 1 Measurement time

Time (hr) 0 250 500 1000

3.3. Conditions for Grain Growth Testing

Solder with JISA-grade impurity levels was used in all
experimentation, the goal of which was to observe aging of
the structure by accelerating the rate of aging by increasing
temperature. Test pieces were made by dripping
approximately 0.12 cc of flux (activated rosin) onto Ni-plated
Cu sheets (17.5 x 17.5 x 1.75 t), then depositing 0.2 g of
solder. The test piece was covered with paraffin paper and
placed in asolder bath that was set to atemperature of 50°C
over the solder’ smelting point and heated for approximately
30 seconds after the solder melted, thus completing the
soldering process. After being air-cool ed, thetest pieceswere
washed withisopropyl a cohol to removethe remaining flux,
followed by drying.

For testing, samples were placed in a thermostatic
chamber maintained at 120°C and removed at different times

for observation. As Sn-58Bi hasalow melting point (138°C)
and its phase growth is faster than that of the other solders,
samples were removed for microscopic observation (with a
JEOL model JSM-5 310LV microscope) at x1000 and x3500
resolution at 0, 10, 20, 60, 120, 240, 1200, 3000, 12000,
24000, and 30000 minutes. Photographs taken during this
observation were processed by linear analysis. An example
isshown in Fig.1.

For instance, in the case of Sn-58Bi, a straight line of
length L and parallel to one side of the observation results
was drawn, and the size of the Bi phase was determined by
dividing theratio of Bi phases on that line by the number of
Bi phasesintersected.

Number of Ratio of

Sn-58Bi 120°Cx400Hr : .
Bi-phases Bi-phase area

1. 7 - 54

2. 8 58.4

a * KB 6 - 67

. I ram* 4. 5 - 70
5. 5 - 89

- e AL 6. 5 - 30
. W AS. . —- ’ 7. 3 _ 88
8. 2 - 90

& 9. 3 - 55

Bkgr_\aseé" 10. 7 - 70

6.1 - 56.1

Size of Bi-Phase; 35x0.561/6.1=3.21um

Fig.1 Linear analysis data

3.4. Conditions for Peeling Testing

Experimentation was also carried out to determine how
the heating of solder joints would have different effects on
joint strength according to differencesin solder composition.
Test pieces were made by placing solder cut from solder
tapeinto 5x 15 x 0.1 mm strips between sheet copper (Fig.2)
and placing it into asolder bath for reflow. Reflow timewas
set at 20 seconds after solder melting, and solder bath
temperature was set according to each solder’ smelting point:
Sn-58Bi = 200°C, Sn-5Sb = 270°C, other solders = 250°C.
The heating temperature was 120°C, and six heat exposure
times were used to simulate aging (Table 2).

Sheet copper (upper)/'
0.3t x5 x40mm

Solder

Flux 0.1t x 5 x 15mm

Sheet copper (lower)

/ 0.3t x 5 x 40mm

Fig.2 Test piece
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Table 2 Heat exposure time

Time

(min) 60000

0 | 10 | 20 | 60 | 6000 | 12000

For testing, atensile tester (Shimadzu AG-2000B) was
used to perform peeling testing by placing the bent portion
of each test pieceinto the tester’ sgripping device to subject
the test piece to a tensile load. The pull rate was 10 mm/
min®. A constant load was used in this peeling testing
(Fig.3). The point at which cracking occurred was defined
as the end of life of the solder joint. Although peak load
may seem more similar in actual conditions, a relatively
stable constant |oad was used because of the effect on output
of fillet shapes and other conditions.

Pull

/ Peak stress

Constant stress

Y

—
Stroke

:| Pull stress (Kgf)

Fig.3 Pull test method

3.5. Conditions of Thermal Shock Testing

Experimentation was carried out to determine how the
effect of thermal shock on solder joints differs according to
solder composition. Bare chip die bonded test pieces were
selected and an ultrasonic survey instrument was used to
confirm sample quality (Fig.4). Thethreetesting conditions
applied simulated the conditions under which various
automotive el ectronicsand el ectrical equipment areactually
used (Fig.5). Inthermal shock testing, athermal shock tester
was used to determine and compare life of the joint. The
ultrasonic survey instrument was used to observe the solder
joints and determine the state of peeling at different times
(Table 3).

Ultrasonic
survery instrument

S
’

Test subject monitored
from this side

Pd plating

Solder thikness
:0.07~0.1mm

Ti plating

N

Ni plating —

Pd plating

Fig.4 Specification of test subject

min 30 min
- |-

o |

30 min

o |

A3
¥3

120°C, 100°C and 80°C

—40°C

Fig.5 Conditions of thermal shock test

Table 3 Measurement time

Temperature Time (hour)
AT120°C g,7750(?550100000, 1500, 2000,
AT140°C 26040(?6,50100000’ 1732, 3000,
AT160°C 2,0010(30,3 020400, 537, 1060, 1533,

4. Results of Intermetallic Compound Layer
Fracture Rate Testing

Intermetallic compound layer fracturing occurs because
of theformation of intermetallic compounds by Sn and other
solder components due to mutual diffusion between these
metals. Thisintermetallic compound layer fracturing occurs
both during solder melting and joining and during post-
joining high temperature exposure, making the joint brittle
and creating Kirkendall void and cracks. Automotive
electronics and electrical equipment, in particular, are
subjected to repeated heating/cooling cycles, and require
adequate consideration for the lowered reliability that can
result when the thermal stress resulting from the materials
different coefficients of expansion causesjoint cracks, thus
having a major negative impact on mechanical strength.
Fig.6 is an example of intermetallic compound layer
fracturing.

All of the solder used in this testing underwent Sn-Ni
intermetallic compound layer fracturing, the thickness of
which varied depending on the type of solder. Fig.7 also
suggests the occurrence of Sn-Cu intermetallic compound
layer fracturing in Sn-3.5Ag-0.75Cu and Sn-2Ag-0.5Cu-
7.5Bi. The rate of Sn-Ni intermetallic compound layer
fractureisshownin Fig.8. Thisshowsthat in Pb-free solders,
asin Sn-Pb solders, theintermetallic compound layer fracture
rateis proportional to the square root of time, thus obeying
the parabolic law®.

X =k+vD -t

where layer thickness = X, holding time = t, constant =
k, diffusion constant = D.

The compositions exhibiting the slowest intermetallic
compound layer fracture rate were Sn-3.5Ag-0.75Cu and
Sn-2Ag-0.5Cu-7.5Bi, in both of which, asFig.7 aso shows,
Cu is concentrated at the interface, suggesting that the
addition of Cu tends to retard the growth of Sn-Ni
intermetallic compounds®.
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Sn-37Pb Sn-58Bi

Initial After 1000Hr Initial After 1000Hr

T— Intermetallic compound

Nj — Intermetallic compound N

Sn-3.5Ag-0.75Cu

After 1000Hr Initial After 1000Hr
— r Solder

ﬁl(_n;ermetalhc EIgiEpung Intermetallic compound

Sn-Ni

Ni Sn-Cu _T

T—intermetallic compound
Ni Sn-Ni

Sn-2Ag-0.5Cu-7.5Bi

Initial After 1000Hr

Sol?jer

~ Intermetallic compound ‘ 4 Sn-Cu
4 Sn-Ni & g 3 !
i Sn-Cu _T

Ni

NT'_ Intermetallic compound
i

Intermetallic compound
Sn-Ni

Ni T—Intermetallic compound

5um

Fig.6 SEM image of intermetallic compound layer

BEI EDS (Sn) EDS (Ni) EDS (Cu)

Sn-3.5Ag-0.75Cu

Sn-2Ag-0.5Cu-7.5Bi

Sn-3.5A¢g
Scale of concentration

Thick
Sn-5Sb t
Sn-58Bi

V_

Thin

Sn-37Pb

Fig.7 Distribution maps of the intermetallic compound layer of each element
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B Sn-37Pb

5 1 A Sn-3.5Ag

@ Sn-58Bi

| ® sn-5sb

% Sn-2Ag-0.5Cu-7.5Bi
X Sn-3.5Ag-0.75Cu

compound layer X (um)
w

Thickness of intermetallic

|
0 10 20 30 40

Square root of heat exposure time ¢/hr )

Fig.8 Growth pattern of the intermetallic compound
layer

5. Results of Grain Growth Testing

Asin Sn-Pb solder, grain growthin Pb-free solder isdue
to achangein each phase’ ssolid solubility limit density and
surface energy, and has been shown to progress so as to
decrease the free energy of phase equilibrium® at arate that
obeys the parabolic law (Fig.9). The fastest grain growth
rate was exhibited by a Sn-Bi solder, Sn-58Bi; the slowest,
by a Sn-Ag solder, Sn-3.5Ag. Asin the phase diagrams for
these Pb-free solders, a greater change in solid solubility

@ Sn-58Bi (Bi phase)
X Sn-3.5Ag-0.75Cu (Ag phase)
5 B Sn-37Pb (o phase)

A Sn-3.5Ag (Ag phase)
+ Sn-9Zn (Zn phase)
-~ 4
g -
= o
%- [ ] !////
5 2 —
(0] [ '/’/‘ -
o o 0w 4~ P
0' —A A — A A h A
0 100 200 300
Time (ymin)
Fig.9 Change in phase size due to aging of each
solder

limit density at agiven temperature tendsto be accompanied
by afaster rate of grain growth. In addition, Sn-2Ag-0.5Cu-
7.5Bi exhibited peculiar structural change (Fig.10). After
10 minutes of high temperature exposure at 120°C, the Bi
diffused throughout the Sn matrix, resulting in voids where
the Bi had been. Further high temperature exposure was
shown to enlarge or eliminate existing voids and create new
voids. Sn-2Ag-0.5Cu-0.5Bi was omitted from the plot in
Fig.9 asits Bi phase has been eliminated.

Asfor the effectsof grain growth on solder joints, because

Sn-37Pb

Sn-58Bi

Initial After 400Hr

Initial After 400Hr

i

Sim

Sn-3.5Ag-0.75Cu

Initial

Sn-Ag-Phases

Initial After 500Hr

- :

Sn-Ag-Phases

Sn-2Ag-0.5Cu-7.5Bi

Initial

[sn-Phases [#1 & "

'-.._-..-r_‘". "

» g Y i 3
Sn-Ag-Phases éup.;m [

Initial After 100Hr

Ly
o SR

Fig.10 Aging of Pb-free soldered area relative to temperature
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solder joint peeling due to thermal shock isthe result of the
formation and progression of microcracks caused by local
plastic deformation (i.e., diding deformation of dislocation),
which in turn is caused by repeated stress at the site where
maximum stressis concentrated, peeling inthe solder interior
is also most likely due to grain growth. Degradation of the
solder joint strength dueto grain growth isgenerally thought
to obey the law of Hall-Petch®.

Therelationship between phase(i.e., crystal particle) size
and strength is expressed in terms of strength p thus, where
D is average phase diameter:

p=k+D

This shows how greater phase growth through high
temperature exposure decreases strength and makes peeling
more likely.

6. Results of Peeling Testing

Fig.11 shows that high temperature exposure of 500
hoursat 120°C caused Sn-9Zn, a Sn-Bi solder, to undergo a
marked drop in solder load as determined by measurement
of peeling load. As for the drop in load of Sn-2Ag-0.5Cu-
7.5Bi, the high temperature exposure caused the Sn-Cu
intermetallic compound layer to increase in thickness,
causing Bi in the solder to remain on the surface between
the intermetallic compound and the solder. Eventually, Bi
density on the surface increases to the point where brittle
peeling occurs. Onefactor in the decreased load of Sn-58Bi
is believed to be the marked effect of Bi cleavage, aresult
of grain growth. The sharp declinein the peeling load of Sn-
9Zn is believed to be due to the formation of Kirkendall
void because of the high diffusion rates of Cu and Zn®. In
contrast, Sn-Ag solder remained stable, showing little change
inload. Thisisbelieved to be because of the slow growth of
the Sn-Cu intermetallic compound, and the resultant few
factors degrading the intermetallic compound/solder
interface.

7 B Sn-37Pb
l A Sn-3.5Ag
6 ﬁi " X Sn-3.5Ag
— 5 ‘é\‘ -0.75Cu
g 4 * Sn-2Ag
9 .ﬁ"\l 0.5Cu-7.5Bi
£ 3¢ ;s @ Sn-55b
= 2 X @ Sn-58Bi
e~ o |+ snozn
1 —
0 | | | |
0 10000 20000 30000 40000

Time (min)

Fig.11 Pull strength of connection point after high

temperature exposure

7. Results of Peeling Testing

Theresultsof thermal shock testing (Fig.12) and peeling
testing (Fig.13) verified that peeling startswithintermetallic
compoundsin the case of Sn-58Bi and Sn-2Ag-0.5Cu-7.5Bi,
which are Bi solders, but in the solder interior in the case of
all other solders. Thisisbelieved to be because of the extreme
hardness and brittleness of Sn-58Bi and Sn-2Ag-0.5Cu-
7.5Bi, which does not elongate and which, consequently, is

Sn-37Pb Sn-58Bi

—Si o—Si

1 Intefmetallic compound

St P ————e s .
Solder Intermetallic compound

e— Crack

Sn-3.5Ag-0.75Cu

—Si

Intermetallic com{gound

Solder : Crack

*intermetallic compound

” e—Crack
Intermetallic compound Solder

e—Crack

10pm —

Fig.12 SEM image of cracks after thermal shock
(under Si chip)

Sn-37Pb Sn-58Bi

o—Cu

Intermetallic compound =

._Crack‘ T_Bi

Sn-3.5Ag-0.75Cu

rlntermetallic compound
T Solder | e—Crack ©

Sn-3.5Ag

rlntermetallic compound Intermetallic compound

" Solder

T __Solder e—Crack e—Crack

Sn-2Ag-0.5Cu-7.5Bi Sn-5Sh

Cc=—(c[ «—Cu

izl Gamaeie ‘l rlntermetallic compound

e 2 .
tSOIder o—Crack

T_Bi e—Crack

10um ——
Fig.13 Peel strength of soldered area due to aging
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unableto withstand distortion at theintermetal lic compound/
solder surface during thermal expansion, and so begins to
peel at the surface where strength is lowest. In addition,
intermetallic compound growth rates (i.e., change rates) are
highinthe case of both solders. Therefore peeling most likely
began at theintermetallic compound surface. Other solders,
in contrast, have alow intermetallic compound growth rate
(i.e., rate of change) and are softer than Sn-Bi solders with
respect to elongation. Thus no peeling occurs at the
intermetallic compound/solder surface. Instead, it beginsin
the solder interior, where strength is lowest.

8. Prediction of Solder Joint Lifespan

8.1. Heat History in Automotive Applications

Thermal fatigue is the most important issue in the
reliability of the solder joints of automotive electronics and
electrical equipment. Thisis because these solder joints can
ultimately undergo thermal fatiguefailure dueto thethermal
stress and thermal distortion caused by repeated self-heat
generation by the elementsthemsel ves, cooling, the manner
and frequency of use, and seasonal changesin environmental
temperature.

8.2. Thermal Fatigue Life Diagram

The thermal fatigue failure of a solder is believed to be
compound fatigue/creep failurein which fatiguefailure, the
primary condition, causes creep to accelerate. Generally, the
relationship expression for the thermal fatigue life (Nf) of
solder jointsis expressed with the Coffin-Manson empirical
equation:

NfecC - ™ - (Ag)™ - exp(Q/ Kk - T)

where C = material constant; m, n = exponents, f = cycle
frequency, Ae= plastic deformation, Q = activation energy,
k = Boltzmann constant.

If Cand f are constant aand the creep term is coefficient
K, then

Nf =a-K - (Ag)"

Taking thelogarithm of both sidesresultsinthefollowing
equation

logNf=-nlog Ae + log aK
y=-n-X+a-K

which resultsin a straight line on the log-log graph.

8.3. Calculation of Expected Life

In the mechanical design of a solder joint, not only the
material strength but also the S-N curve, which indicates
the relationship between stress and the number of cycles, is
also important. A typical method for predicting joint life
with an SN curve is Miner’s rule, which states that when
cyclic stress Sn (avarying stress) isapplied nt times(i.e., S1
=1time, S2 =twotimes,...) , and Nt isthe life cycle when
stress St is applied, then

k
t§1r1t/ Nt=1

is the cumulative fatigue resulting from this varying
stress®.

Thermal shock testing with different values of AT was
carried out to determine Nt, the life being defined as the
cycle number at which peeling equal to a certain surface
area or beyond occurred. Fig.15 is the life diagram for
different values of AT. A typical example of the thermal
shock testing resultsfor AT = 140°Cisgivenin Fig.14. The
stress frequency to which components are subjected in
market conditions is also listed in Fig.15 to account for
utilization frequency and season changes and such®”. Table
4 gives the results of marketed Pb-free solder joint life
predictions made with theseresultsand by applying Miner’s
law.

- After 1732 After 4000 - After 1732 After 4000
Initial cycles cycles Initial cycles cycles
L - e L
=)
Sn-37Pb Sn-3.5Ag 1 "' .
E =il
h 2
s '-l 5 B
i
. Sn-3.5Ag F T
Sn-58Bi -0.75Cu < ¥
'.'L -
- e
i
Sn-2Ag |
-0.5Cu Sn-5Sb B 'i
-7.5Bi 1

Fig.14 Cracks in soldered area due to heat impact (Red areas represent cracks)
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Fig.15 Requirement line for thermal fatigue
Table 4 Predicted life of solder joint
; Sn-2Ag-0.5|Sn-3.5Ag
Sn-37Pb|Sn-58Bi |Sn-3.5A9 "~ "7 581 | _o.75cy | S"OSb
Time to
failure 0.93 4.57 0.79 0.95 0.85 0.90
(N)

The results show all solders other than Sn-58Bi to have
alife equal to or greater than that of Sn-37Pb.

9. Conclusion

The findings of thisresearch are asfollows:

(1) Theintermetallic compound layer fracturerateand grain
growth rate of Pb-free solder was shown to obey the
parabolic law, being proportional to the square root of
time.

(2) The results of the thermal fatigue life prediction of Pb-
free solder joints in automotive applications showed all
solders other than Sn-58Bi to have alife comparable to
that of Sn-37Ph.

(3) Miner’s law, which is concerned with reliability
engineering, can be used in thelife prediction of Pb-free
solder joints.

The authors plan to perform similar life prediction for
different solder compositions, different methods of soldering,
and different environments (e.g., heat, thermal shock, and
vibration) as anext activity.
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ABSTRACT

TheMagic FormulaTire Model, recently utilized in maneuverability analysisfor automobiles, was applied to amotorcycle
simulation model. The correlation between the simulated and measured characteristics for straight running stability and
turning performance was compared with those of the current Carpet Plotted Tire Model. Further, the ease of use of the Magic
Formulawasinvestigated. Theresults show that correlation with actual tire characteristicsishigh for the Magic FormulaTire
Model and, further, that the changing of tire properties can be easily accomplished with this model.

1. Introduction

Tire properties are an important determinant of
motorcycle maneuverability, and tire models are crucial to
behavior simulations employing a mechanical analysis
language. The Carpet Plotted Tire Model (CP Tire Model)
has traditionally been used as a tire model for expressing
properties that include the nonlinear effects of the large
camber angle characteristic of motorcycles.

For the CP TireModel, Linear interpolation methodsare
used to smoothly express tire properties from discrete
measurement data. However, using small increments in
interpolation to assure accuracy not only requires processing
huge amounts of data, but also makesit difficult to change
tire properties.

In this paper, the application of the Magic FormulaTire
Model (MF Tire Model) to motorcycles is discussed.
Specifically, the correlation between simulation and actual
measurement in straight running stability and turning
performance, and the efficiency of changing tire properties
are discussed.

2. A Tire Model for Motorcycles

Motorcycles have different tire slip angles and camber
angles during running than automobiles (Fig.1) ®-©,

They therefore require a tire model that is capable of
assuring accurate representation even with large camber
angles.

2.1. The MF Tire Model

Lateral force (Fy0) in the motorcycle version of the MF
TireModel, which consists of latera force and camber thrust,
isshown in equation (1) described below. The second term
in equation (1) isthe equation for camber angle. Inequation
(1), o represents tire slip angle, ¥ camber angle, and Fz

* AsakaR&D Center

N
(6]

Motorcycles

w
o

=
(&)1

Automobiles

Camber angle (deg)

1
0 5 10
Slip angle (deg)

Fig.1 Comparison of motorcycle tires with automobile
tires for tire slip angle and camber angle

vertica load. Aswiththe MF equation used for automobiles,
thetire model’ slatera force FyO0 is determined by the“MF
coefficients” By, Cy, Dy, Ey, By, Cy, Ey, and Shy, and by
variablesindicating atire’ scondition: vertical load, tiredlip
angle, and camber angle. Values pO through p17 and YO
through y9, which are determined by smoothing
measurement data, aretermed “MF parameters’ and are used
to represent differencesin tire properties.

Fo= Dysi n[Cyarctan{ Byay-Ey(Byay-arctan(Byay))}
+ Cyarctan{ Byyy -Ey(Byyy -arctan(Byyy))}] (D]

o= a+§, @)
C,= P, ®)
D, = p,exp(p,df )(1-p,%2)A,F, 4
E, = {p,#p%7 +(pstP,%)san(c )} 4, ©)

K, = pgF gsin[p,arctan{ F, / (p,,+p, 7 F ,A}]
(1P, YDA, )
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B,=K,/(CD,) ©)

Sy= Puts ®

C,=Puhs )

Ky = (p+p,df )F A, (20

E, =Py (11

B,=K,/(CD,) (12)
where

F - Nominal load
d =F -F _/F
F’z() = FZOIQ

Total aligning moment (Mz0) isrepresented by equation
(13). Again, the MF coefficients are Bt, Ct, Dt, Et, Br, Dr,
Sht, and Shr; the MF parameters are g0 through ¢25, 10,
and y11.

M_, =-D cog Carctan{ Ba-E (B o-arctan(B,c))}]

cos(x)F yO,QEO)+Drcos[arctan(Brozr)] cos(o)
o, =o+S, (§,=0) 833
o =a+S, (15)
7, = Yy (16)
B, = (g,+a,df +q,df )(1+ay+q,lyDA, /A, (A7)
C=q, (18)

D, = F(0s+a,df)(1+q |y, (R, / F A, (19)

Et = (q10+qlldfz+q12dfzz){ 1+(q13+q147/z)

(21 marctan(BC 1)} (20)
B =q,/4 (21)
D, = F (q,,+q,.df +(q,,+q,,df )y+(q,,+0,,df )
I DRAA, (22)
S, = q,,+q,.df +(q,,+q,.df )y, (23)
where

R, Unloaded tire radius
A Pneumatic trail
7, Scaled camber angle

2.2. The CP Tire Model

Splineinterpolation was performed with the datafor tire
lateral force and total aligning moment, which were obtained
from different combinations of vertical load, tire dip angle,
and camber angle using atiretester. Fig.2 isan example of
the resultant spline displayed on acurved surface. Tiredlip
angle and vertical load were used to calculate, for each
camber angle, tire lateral force and total aligning moment

Camber angle

Lateral force / Moment Mz

Verticg loag

Fig.2 Surface planes of tire properties

on the data surface. Inthe event that no data surface exists
for acorresponding camber angle, the program was designed
to perform linear interpolation between the previousand next
surfaces.

3. The Simulation Model

The motorcycle model used in the simulation is
comprised of eight elements (Fig.3): front tire, rear tire,
sprung steering components, unsprung steering components,
engine, main body, rider, and rear swing arm. There are
nine degrees of freedom of movement: six degrees in the
main body, one degree in the steering, and two for the front
and rear suspension. The front and rear suspension has
nonlinear springs and speed-dependent damping units. The
rider is secured to the main body, so only therider’ smassis
takeninto account. Therigidity of theframe, steering system,
and rear swing arm are not taken into account. The running
simulation assumes open loop running with no feedback
control of the steering system by therider.

Sprung Rider
steering components

Rear swing arm

Unsprung
steering

Fig.3 Motorcycle simulation model by
multibody analysis language

4. Tire Properties

Tire properties were measured using the flat plank tire
tester shown in Fig.4.

The basic data measurement for the tire model used in
the simulation was three vertical loads, camber from -5
degrees to 45 degrees; and, tire dlip angle, —10 degrees.
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Fig.4 Flat plank tire tester

The results of simulation might differ from prediction
when a bias exists in the measurement data.

An example of this would be when tire lateral force or
total aligning moment occurs in the straight running state
(i.e., camber angle and tire slip angle are both 0 degrees),
particularly when operating at lower motorcycle velocities
inthe simulation. In such cases, thishiasisremoved inthe
smoothing stage of the MF Tire Model, wherein the MF
parameters are determined. Fig.5 shows measurement data
and a post-smoothing curve. The horizontal axisisthetire
slip angle; the vertical axis, tire lateral force. This shows
that bias in the measurement datais no longer present after
smoothing. In the CP Tire Model, measurement data is
approximated directly with a spline function.

Then, the difference of properties between two types of

1500
Camber angle=0
1000 - — Measurement data
— Smoothing data
g 500 -
8
S o v
® A
2
8-500 - Bias
1000 |-
-1500 1 1 ]
-0.1 -0.05 0 0.05 0.1

Slip angle (rad)

Fig.5 Comparison of tire measurement data before
and after smoothing

rear tires (A, B) obtained from the measurements is
explained. In the graph, tire dlip angle is shown on the
horizontal axis while tire lateral force and total aligning
moment are shown on the vertical axis. The curve
representing the lateral force of Tire A has a sharp incline
during straight running, i.e., both camber angle and tire slip
angle are zero degrees (Fig.6). Near 30 degrees of camber
angle there are differences in the absolute value of latera
force. Therefore, Tire A exhibitslarger lateral force. During
straight running, the curve indicating the total aligning
moment of Tire B hasalarge dope, but thereisno significant
difference near 30 degrees of camber angle. This shows
that the camber thrust stiffness of Tire A islarger than that
of Tire B. Fig.7 indicatesthefront tire'slateral force, total
aligning moment, and camber thrust.

2000 Camber angle 10, 8001
— Reartire A:y=0 —R ire: A Sli le=0
L ! 5 600 ear tire: ip angle
1500 — Rear t!re B:y=0 o - — Rear tire: B Slip angle =0
21000— — Rear t!re A:y=0.5236 % 5 Camber angle Z 400
9 500F Rear tire B: y=0.5236 £ - — Reartire A:y=0 § 200k
S ok S-10 — Reartire B:y=0 £ ok
T g -15F 9]
@ -500f £ o0l £-200-
S S
—-1000F = o5 ) §-400}
— Rear tire A: y=0.5236
-1500- -30 Rear tire B: y = 0.5236 -600-
-2000 1 1 1 1 -35 ! 1 1 1 -800 1 1 1 1 1 1 1 1
-0.2 -0.1 0 0.1 0.2 -0.1 -0.05 0 0.05 0.1 -0.8 -06 -04 -02 0 02 04 06 08
Slip angle (rad) Slip angle (rad) Camber angle (rad)
Fig.6 Characteristics of rear tires for lateral force, moment Mz (aligning torque and camber torque),
and camber thrust
1200 10 800
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800 Camber angle =0 . ~ Slip angle =0
= £ 5 Z 400
< 400} z =
3 N 2 200r-
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= Q - -
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Fig.7
and camber thrust

Slip angle (rad)

Camber angle (rad)

Characteristics of front tire for lateral force, moment Mz (aligning torque and camber torque),
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5. A Comparison of Running Simulation and an
Actual Running Test

5.1. Test Method

Table 1 lists the specifications of the test motorcycle,
which was equipped with a steering angle sensor on the
steering column; asteering force sensor inside the handlebar
pipe, 2-kg (mass) yaw and roll gyro-sensorson thefuel tank,
and a 2-kg data recording system on the passenger seat.

A front tire having the properties shown in Fig.7 was
used. Two different rear tires, onefor each test mode, were
used in the straight running stability test. The tire
combinations used for this actual running test are shown in
Table 2. Thebody behaviorsrecorded were steering torque,
steering angle, yaw rate and roll angle. A pulsating steering
torque was input at 165, 185 and 200 km/h. During the

Table 1 Test motorcycle specifications

Items Specifications
Wheelbase (m) 1.401
Caster angle (deg) 23.7
Caster (m) 0.095
Height of center of gravity (m) 0.537
Curb Weight (kg) 204.0

Table 2 Tire specifications for actual running test

Test 1 Test 2
Front tire 130/70ZR16 130/70ZR16
Rear tire | Tire A: 190/50ZR17 Tire B: 180/55ZR17
0.2 5~

—— CP tire model
—— MF tire model

0.15F - & - Actual measurement
-k-\. =
w01 | X T4l -
~ > -
3
0.05F

0 I I I I I I I

circular turning test, the rider approached a constant 45m
radius at constant velocity. The rider leaned with the
motorcycle until steady stateturning wasachieved. Thetire
combinationsare“ Test 2” indicated in Table 2. Therange
of thetest velocitieswas 40 to 60km/h by 5km/h increments.

5.2. Simulation Results

5.2.1. Straight Running Stability

A comparison between the actual results, the CP Tire
Model, and the MF Tire Model has been undertaken under
the test conditions of Test 1 and Test 2 illustrated in Table
2. In these tests, yaw rate peak gain relative to steering
torque, damping resonance frequency, and yaw rate damping
ratio are presented as changes relative to velocity in Figs.8
and 9 respectively.

From Test 1, as velocity is increased, both the CP Tire
Model and the MF Tire Model have the tendency of low
damping ratio, although there are only slight changesin the
damping resonance frequency. Thistendency corresponds
with the actual measurements.

A comparison between Tire A and Tire B reveals
corresponding trends. Tire A showsahigher damping ratio
and damping resonance frequency than Tire B having lower
lateral force, thereby providing high stability.

The absolute values for yaw rate peak gain relative to
steering torque are dlightly different from the measured
values, but show a corresponding trend.

In the comparison between Tire A to Tire B, itisshown
that Tire A with large lateral force capability has a smaller
gain than Tire B.

The increase in the lateral force capability of the rear
tire generally leads to the higher stability.

Therefore, these results are considered appropriate @@,

J _-e---"¢
£ ql -
s 8 &
4

- = [}
[
[oR
Q
§4_‘///"
2 ./-.—/.
8

1 1 ] 0 1 | 1 1 ]

3
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Velocity (km/h)

Velocity (km/h)

190 200 210 160 170 180 190 200 210
Velocity (km/h)

Fig.8 Comparison between simulation and experiment for damping properties in Test 1

0.2 5
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—&— MF tire model
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Fig.9 Comparison between simulation and experiment for damping properties in Test 2
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Thetimedomain datafor steering torque, steering angle,
andyaw ratein Fig.10 asoindicatesthat theMF Tire M odel
iscloser totheactual running resultsthanthe CP TireModel.

5.2.2. Turning Performance

Fig.11 shows time domain data for steering torque,
steering angle, yaw rate, and roll angle obtainedinacircular
turning simulation performed with the CP Tire Model and
the MF Tire Model. Lateral acceleration was 0.5 G. The
tendency and absolute values of steering angle, yaw rate,
and roll angle indicated by both tire models correspond to
the actual measurements. The steering torque and steering
angle relative to lateral acceleration are shown in Fig.12.
The tendency and absolute values of steering angle closely
correspond to the actual measurement. Hence, the CP and
MF Tire Models closely predict the actual measurements.

—— CP tire model
20 |- —— MF tire model
—— Actual measument

-10
-20

Steering torque (Nm)
o

Steering angle (deg)
W N P O P N W

N W
o O
I 1

Yaw rate (deg/sec)
5 o &
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ﬁ;
{
1

20 |-
30 ] ] ] ] ]
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Fig.10 Comparison between simulation and

experimental steering torque, steering
angle and yaw rate
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n ]
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Thereis, however, asignificant differencein steering torque
properties. This is most likely due to the fact that the
simulation model assumed open loop control, with no
feedback control of the steering system. It isalso necessary
to consider arider model that accountsfor steering operations
and individual differences among riders and so forth.

Asfor theapplicability of the CPandthe MF TireModels
to motorcycle simulation models, it takes almost the same
period of time to convert the same amount of tire
measurement datainto theindividual dataformat. However,
looking at the ease of analysis, the MF Tire Model is more
efficient in tire changes and parametric studies.
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Fig.11 Comparison between simulation and

experimental steering torque, steering
angle, yaw rate and roll angle
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Fig.12 Comparison between simulation and experimental steady state turn
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6. Conclusion

Motorcycle simulations performed with the CP Tire
Model and the MF Tire Model verified the correlation of
these models with actual measurements, and confirmed the
following.

(2) With respect to straight running stability, the MF Tire
Model showsbetter correlation with actual measurements
in comparison with the CP Tire Model.

(2) With respect to turning performance, the MF TireModel
shows roughly the same correlation with the actual
measurements as the CP Tire Modd.

(3) The MF TireModel based on the tire measurement data,
which is applied to the Motorcycle Simulation Modd,
facilitates changesintire properties better in comparison
withthe CP TireModel. Inorder toimprovetheaccuracy
of motorcycle simulation, it is necessary to adopt frame
rigidity and the dynamic properties of the rider in the
simulation model.

Furthermore, it is also required to develop atool that is
capable of calculating tire properties and expediting
parameter studies.
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Technical paper

Development of High Fatigue Strength Ultra-Fine
Grained Stainless Steel for Cylinder Head Gasket

Takashi KATSURAI*

ABSTRACT

Fatigue testing of metallic cylinder head gaskets has shown that there is a performance discrepancy between the original
sheet material and the manufactured gasket. It was determined that this discrepancy was caused by the grain boundary
cracking that occurs during head forming. Therefore, an improved austenitic stainless spring steel possessing high fatigue
strength was devel oped to improve gasket performance. Thisnew steel featuresagrain-refined structure achieved by controlling

recrystallization with reverse transformation.

The developed steel has a composite structure consisting of a rolling induced martensite structure and a recrystallized
austenitic structure by reverse transformation having an average grain size kept to within 1 ~ 2 um. When this material is
applied to acylinder head gasket, fatigue strength isincreased 30% and thereisno loss of combustion gas sealing performance.

1. Introduction

As engine performance improves, conventionally
common graphite or similar inorganic cylinder head gaskets
(hereafter referred to as “head gaskets') are being replaced
by metallic gaskets, which offer superior durability and
functionality. AsshowninFig.1, the head gasketsare made
from thin sheet stainless steel (approx. 0.2mm), such as
SUS301, and utilize the repul sive force of the beads formed
thereon to form seals against combustion gas, cooling water
and lubricating oil. Thebead sedl for the combustion chamber
(hereafter referred to as* bore bead”) is subject to the harshest
environment comprised of high temperatures and high
pressure gas. Furthermore, in recent yearsthe bore bead has
tended to be used in increasingly even harsh environments,
particularly due to the following three factors: (1) lower

Cylinder head

Rubber coated
stainless steel plate

Stainless steel

Cylinder head gasket

Cylinder block ’

Bore bead
Fig.1 lllustration of cylinder head gasket

* Tochigi R&D Center

engine rigidity due to thinner cylinder heads and cylinder
blocks and the change to all aluminum parts with the aim of
reducing engine weight, (2) reduced center distances dueto
expanding bore diameters with the aim of reducing the size
of high output engines, and (3) higher compression ratiosin
order to reduce fuel consumption.

Under these conditions, there is an increase in cylinder
head lift caused by combustion pressure (hereafter referred
to as “gap”). This leads to repeated crushing of the bore
head by the cylinder head with each explosion and the
resultant concern about reduced fatigue life. However,
fatigue test results for the thin material sheets before bore
bead forming and for the gasket after bore bead forming do
not always show the same tendencies, making it impossible
to judge applicability of the stainless steel sheet materialsas
agasket material based on fatigue strength.

Therefore, the causes of the discrepancy in fatigue
characteristics between material and product were clarified
by analyzing the state of bore bead fatigue cracking
propagation, and an austenitic stainless steel sheet with
greatly improved fatigue strength was devel oped. This paper
reports these contents.

2. Causes of Bore Bead Cracking

2.1. Bore Bead Fatigue Strength

The head gasket isformed so that the bore bead encloses
the combustion chamber, so that the gasket is arranged
between the cylinder head and the cylinder block. During
operation, a stress amplitude actslocally under high tensile
stress at the foot and the underside of the bore bead peak as
showninFig.2. Thegap reactsto thisstressamplitude, with
a greater stress amplitude produced on gasket bore beads
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Non-combusted state

Area of high tensile
stress concentration

_—

-

Tensile stress

TEngine start
T Assembly of engine

Time

Combusted state

Fig.2 Tensile stress of gasket during engine running

for engineshaving larger gaps. For thisreason, gasket fatigue
strength is generally evaluated using the gap instead of a
single stress event.

Therefore, crack limit displacement was set as an index
for expressing gasket fatigue strength. Crack limit
displacement isthe displacement of the no fatigue cracking”
limit of the bore bead when acompressive load isrepeatedly
applied tothe borebead for up to 107 cyclesduring vibration
fatigue tests .

2.2. Discrepancy between Material and Bore Bead
Fatigue Characteristics

Fig.3 showstheresults of planar bending fatigue strength

measurements taken in the direction perpendicular to 0.2

900

850

800

750 [ J

700 °

650 ®

600

Fatigue limit at 107 cycles (MPa)
[ )

550

500
400 450 500 550 600
Vickers hardness (HV)

Fig.3 Relationship between fatigue limit stress and
hardness for as-rolled sheet

mm thick SUS301 steel sheets with varying hardnesses.
These results show that the fatigue limit increases linearly
asthe hardnessincreases. Inthesetestsall cracking occurred
from the surface, and the effects of non-ferrousinclusions®-
® which cause the variations in the fatigue limit generally
seen in high strength materials were not evident.

Next, Fig.4 shows the results of similar fatigue tests
performed on bore beads manufactured using SUS301
materials of varying hardness. These results show a clear
linear relationship between crack limit displacement and
hardness. However, in contrast to the fatigue characteristics
of the material, the crack limit displacement dropped asthe
hardness increased. In order to determine whether this was
caused by the test conditions, minute strain gauges were
affixed to thefoot of cracked bore beads and the fatigue test
results in Fig.4 were replaced with mean stress and stress
amplitude. These results are shown in Fig.5, and indicate
that although cracking is not affected by mean stress, it is
highly dependent on stress amplitude. According to these
tests, thefailurelimit stressamplitude did not vary with mean
stress but rather was fairly constant at 90 MPa.
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Fig.4 Relationship between displacement of gap and
hardness
Solid line shows the displacement of gap
against failure
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Fig.5 Effects of stress amplitude and mean stress on
fatigue strength after 107 cycles
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These results showed that the fatigue characteristics of
the stainless steel sheet materials and the gasket products
did not match, and that high material fatigue strength did
not necessarily indicate superior fatigue characteristicswhen
manufactured into agasket. In other words, bore bead fatigue
strength cannot be improved simply by increasing the
material fatigue strength®®,

2.3. Bore Bead Cracking Condition

During bore bead forming, stress concentrates|ocally at
the bead foot and peak as shownin Fig.6. In particular, high
compressive stressisapplied during bead forming at the bead
foot, a starting point for fatigue failure. This is why the
fatigue strength of the head gasket product exhibits reverse
material fatigue strength tendencies. Further, thisisthought
to bethe effect of local stress concentration during forming.

Fig.7 showstheresults of observing the bead foot surface
condition with a scanning el ectron microscope during bead
forming and during a fatigue test. These results show the
following fatigue conditions: a) although some grain
boundary erosion was confirmed to have occurred in the
acid-washing process after cold rolling and annealing, the
surfacewasfairly clean before bead forming; b) bead forming
caused cracking to occur at the grain boundaries, creating

T

Tensile stress

Compressive stress

!

Fig.6 Distribution of stress in section of
bead-formed sheet

Before fatigue test
(As bead-formed)

As rolled

undulationsinthe surface; c) inthe early stagesof thefatigue
test, fatigue cracking advanced from the grain boundary
cracks generated during bead forming; d) in the latter stages
of the fatigue test, fatigue cracking advanced further and
developed into large cracks.

Thus, the cause of the discrepancy in fatigue strength
characteristics between gasket and material isthought to be
dueto the micro-cracksat the grain boundaries of the material
surface generated during bead forming which easily lead to
fatigue crack initiation®. Therefore, fatiguetestswere carried
out with the same load using test pieceswhereon the surface
of the bead foot was polished after bead forming to remove
the grain boundary cracks produced by bead forming and
unpolished test pieces. Asshownin Fig.8, thiswasconfirmed
to extend the crack occurrence life by approximately 15
times.

Based on the above results, the discrepancy in fatigue
strength characteristics between material and gasket iscaused
by the generation of micro-cracksin the grain boundaries at
the bead foot surface due to bead forming. Conversely, it
can be said that drops in fatigue strength produced when
machining gaskets can be reduced by suppressing the
formation of micro-cracks in the grain boundaries”.

Polished after
bead-forming

Not polished

1.0E+03 1.0E+04 1.0E+05 1.0E+06
Number of cycles to fatigue crack initiation

Fig.8 Effect of polish after bead-forming on fatigue
crack initiation

After fatigue test
(2 x10* cycles

After fatigue test
(4 x 10* cycles)

Fig.7 Surface of bead foot profile
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3. Techniques for Suppressing Grain Boundary
Cracking

3.1. Investigation of Grain Refinement Methods

Grain refinement which disperses deformation stressand
improves grain boundary strength is thought to be the most
effective means of suppressing grain boundary cracking.
SUS301 is a metastable austenitic stainless steel which
attains high strength by inducing a martensite structure
through cold rolling. As shown in Fig.9, the sectional
structure of the completed material after cold rolling hasan
induced martensite structure within former austenitic grains
elongated in the rolling direction.

Rolling direction 25um

Fig.9 Microstructure of SUS301 after cold rolling

Thegrain refinement obtained in the completed material
dependsheavily on controlling the cold rolling and annealing
steps in the final processing. In the final processing, the
material structure undergoes a “reverse transformation
sequence’ in which the martensitic structure is annealed to
form austenite and thisisretransmitted to form the composite
austenitic and martensitic structure by thefinal rolling. This
final grain refinement is heavily dependent on the prior
austenitic grain size. The control of this prior austenitic
structure is accomplished by controlling the driving forces
that govern recrystallization. Therefore, it is particularly
important to control the strain energy of the cold rolling
before annealing as well as the thermal energy of the
annealing process.®-1Y),

3.2. Investigation of the Optimum Component
System

The critical manufacturing processesfor grain refinement
are the cold rolling and annealing processes. However, the
material componentsalso have agreat effect ongrain growth
behavior in the annealing process.

Fig.10 showsthechangein austenitic recrystallized grain
sizewith reverse transformation with respect to the annealing
temperature for two types of steel, SUS301 with a carbon
content of approximately 0.10% and SUS301L wherein the

25.0 ‘ ‘ ‘
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20.0 0] SUS301 (0.10%C) r
15.0 O

teeet T
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Fig.10 Effect of carbon on recrystallized grain size

carbon content was reduced to approximately 0.02%. When
carbon-content ishigh, therecrystalli zation start temperature
increases and, further grain growth also progresses rapidly,
which facilitates roughness. In contrast, when thereislittle
carbon, recrystallization starts from a relatively low
temperature and the grain growth behavior is also slower,
making this an effective means for refinement.

Fig.11 shows the half-value width of X-ray diffraction
of austeniticgrainsintheannealed SUS301L. Thehalf-value
width caused by recrystallization drops sharply at around
800°C, indicating that the start temperature for
recrystallization with reverse transformation exists in this
temperature area. In addition, there is almost no changein
the half-valuewidth at temperatures above 800°C, suggesting
that recrystallization is complete and grain growth is
occurring.

Inthismanner, lowering the carbon content isan effective
means of controlling grain refinement. However, since bore
bead spring performance must al so be ensured when applied
asahead gasket material, an appropriate amount of nitrogen
was added to the developed material to compensate for the
drop in matrix hardness resulting from the lower carbon
content.
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& 7 (111) | |
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Fig.11 Relationship between half-value width of X-ray

diffraction and annealing temperature
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3.3. Grain Refinement Limit

Fig.12 shows the relationship between the average
crystallized grain size and the hardness of the developed
material after annealing. Whenthe average crystallized grain
size was 2.0 pm or less, the reverse transformation
recrystallized austenitic structure was acomposite structure
consisting of rolling induced martensite structure enclosed
by areversetransformation recrystallized austenitic structure
asshowninFig.13. Likethefull recrystallized single-phase
austenitic structure, the relationship between the average
crystalized grain size and hardnessfor thistype of composite
structure exhibits a clear linear relationship following the
Hall-Petch formula®®d,_ |f grain refinement is further
pursued to achieve an ultra-fine grained structurewith agrain
sizeof 1.0 um or less, theratio of rolling induced martensite
structures increases and this structure is no longer enclosed
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Fig.12 Relationship between hardness and average

recrystallized grain size

Fig.13 Transmission electron micrograph of
post-bright annealing
(Average of grain size: 1.0~2.0um)

by the reverse transformation recrystallized austenitic
structure as shown in Fig.14. As aresult, the relationship
between grain size and hardness does not follow the Hall-
Petch formula, so the limit of grain refinement effects for
this materia is thought to be up to approximately 1.0 pm.

3.4. Effectiveness of a Composite Structure

The developed material lowers the carbon content and
adds nitrogen to SUS301 in order to control refinement of
thereversetransformation recrystallized structure. Therefore
the machining hardness behavior after cold rolling differs.
Fig.15 shows a comparison of hardness after 48% cold
rolling. First is the complete austenitic structure with an
average full recrystallized grain size of approximately 2.0
pm. In this case, grain refinement strengthens the grain
boundary, resulting in an increase in hardness of
approximately 10 HV compared to SUS301L whichisalow
carbon material like the developed material. However, this
is still approximately 30 HV below the target SUS301
material hardness (470 HV).

lum

Fig.14 Transmission electron micrograph of
post-bright annealing
(Average of grain size: less than 1.0um)

480
Reduction: 48%

470
460
440
430

Vickers hardness (HV)
N
A
o

410
SUS301L Full Partially SUS301
recrystallized recrystallized
grain grain

Fig.15 Comparison with hardness after 48% cold
rolling
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In order to raise the hardness, the first thing that comes
to mind are methods of increasing the cold rolling reduction
rate. However, increasing the reduction rate more than is
necessary increasesthe amount of rollinginduced martensite
structure produced and greatly deteriorates the workability,
and therefore is inappropriate.

Next, the amount of added nitrogen can be increased to
raise the solid solution strengthening performance. However,
the nitrogen partial pressure (pN,) cannot be raised with the
normal Argon Oxygen Decarburization (AOD) refining
method, making it difficult to increase the nitrogen to the
same level as carbon. Increasing the chromium also raises
thenitrogen solid solidifying process, but thisincreases costs.
Furthermore, if large amounts of nitrogen are added, the
nitride solid solution treatment temperature rises sharply,
making it difficult to establish grain refinement as a mass
production process. In addition, methods of increasing
hardnessthrough aging a so increase costs, and are therefore
inappropriate.

Therefore, when an ultra-fine grained composite structure
consisting of rolling induced martensite structure and reverse
transformation recrystallized austenitic structure having an
averagegrainsizeof 2.0 umor lessisadopted, the synergistic
effectsof astronger matrix and further grain refinement make
it possible to obtain hardness equivalent to SUS301 with
the same rolling reduction rate.

3.5. Bore Bead Fatigue Strength Improvement
Effects

Fig.16 showstherelationship between theaveragegrain
size of the reverse transformation recrystallized structure
after bright annealing and the fatigue strength of this same
material cold rolled to a hardness of HV470 and having a
formed bore bead. These results show that the fatigue
strength increases asthe grain size becomes smaller not only
for the full recrystallized structure material, but also for the
partially recrystallized composite structure material
containing martensite structure. In these tests, the bead crack
limit displacement wasincreased by approximately 35% by
refining the crystallized grains to achieve a composite
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Fig.16 Relationship between limit gap of fatigue

failure and average recrystallized grain size

structure state of approximately 2.0 um, or about 1/15 the
average SUS301 materials grain size of approximately 20
to 25 um.

However, this tendency holds true only for an average
grainsizeof 1.0 um or more wherethe rel ationship between
the crystallized grain size and hardness follows the Hall-
Petch formula. Based on these results, even if a martensite
structure remains after annealing, most of itisenclosed by a
reverse transformation recrystallized austenitic structure.
Therefore fatigue strength improvement effects can be
obtained from grain refinement within if the material fals
within arange that follows the Hall-Petch formula

Asdescribed above, the authors devel oped a metastable
austenitic stainless steel for application as a head gasket
material having acomposite structure consisting of areverse
transformation recrystallized austenitic structure mixed with
a martensite structure, and an average grain size which is
controlled to 1 to 2 um. Thisdeveloped material was named
NAR301L-HS1, and ensures the same level of hardness
needed to seal high pressure combustion gas as SUS301,
whileat the sametimedramatically improving gasket fatigue
strength.

4. Effects of Application to an Actual Vehicle

Fig.17 shows the results of bore bead fatigue tests
performed up to 107 cycles using test pieces. These results
show that even taking into account the variance in fatigue
strength due to hardness and crystallized grain size, the
composite structure grain-refined material has acrack limit
displacement approximately 30% higher than SUS301.
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Fig.17 Relationship between displacement of gap

and hardness after cold rolling

Fig.18 shows the results of applying the composite
structure grain-refined materia to the head gasket of anewly
developed engine. This engine uses the basic structure of
same-bore pitch engines (A to D) currently on the market,
while aiming for even higher output. The maximum
combustion gas pressure (Pmax) is higher than conventional
engines, and the maximum gap is also increased by
approximately 50%.

For this reason the crack limit displacement of the
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Fig.18 Effect of application of cylinder head gasket
for new model engine

SUS301 material 3-layer structure head gasket used in
conventional engines is exceeded by a wide margin.
Therefore, ahead gasket with superior fatigue characteristics
was considered necessary. Generally, the crack limit
displacement isincreased by increasing the number of bore
bead layersto reducethe gap load on each layer, or astepped
type gasket which concentrates the load on the bore is
adopted to reduce the gap itself. However, all of these
countermeasuresinvolve exclusive partsand increased costs.
On the other hand, the newly developed composite structure
grain-refined material makes it possible to develop a low
cost head gasket with superior durahility.

5. Conclusion

The bore bead fatigue failure mechanism of the cylinder
head gasket was analyzed, crystallized grain refinement with
acomposite structure was proposed asameans of improving
fatigue strength, and a new material was developed. As a
result, the following conclusions were obtained:

(1) The discrepancy between the fatigue strength
characteristics of the material and the head gasket was
caused by cracking at grain boundaries due to bore bead
forming, and fatiguefailureinitiated and advanced from
these grain boundary cracks.

(2) Refinement of the crystallized grains is an effective
means for suppressing grain boundary cracking.

(3) Refinement to an average grain size of approximately
1.0 pum is possible by controlling the reverse
transformation recrystallization behavior. The material
forms a composite structure with an average grain size
of 2.0 ym or less consisting of rolling induced martensite
structure enclosed by a reverse transformation
recrystallized austenitic structure. In addition, the
rel ationship between grain size and hardnessfollowsthe
Hall-Petch formula.

(4) Metastable austenitic stainless steel was developed for
application as a head gasket material. This material has
a composite structure consisting of martensite structure
and a reverse transformation recrystallized structure.

Further, theaveragegrain sizeiscontrolledto 1 to 2 um.
This ensures the level of hardness needed to seal high
pressure combustion gas as possessed SUS301, while at
the sametimeimproving gasket fatigue strength by 30%
or more.
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Development of High-sealing Foamed Rubber Gasket
Material
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ABSTRACT

A high-performance durable formed rubber gasket material characterized by both superior compressive recovery and
adaptability to rough surfaces was developed for automotive internal combustion engine sealing applications. Research was
performed on gaskets exhibiting high sealing properties and a simplified fastening structure. As a result of the research, a
gasket was produced with low surface pressure sealing properties that far exceed those of the conventional gasket materials
due to the structure of the base rubber material, which is a foamed rubber material with a closed cell construction, and the
optimization of the additive composition. The application of this gasket to an engine intake system facilitates the streamlining

of the fastening structure.

1. Introduction

Internal-combustion engines that are lighter, more
compact, and less expensive are a universal goal of the
automobileindustry. Recent progress toward achieving this
goal includesthe switch by automobile manufacturers from
aluminum alloys to resin materials, and magnesium alloys
asstructural materialsprincipally for air intake system parts,
and the development of lightweight, compact engines
through part modularization. Against this background, the
field of fastening seal structures is facing the inability of
rubber coated metal (RCM), joint seats, mol ded rubber rings
and other conventionally used materials to provide the
requisite sealability in some areas. Thisis dueto lower seal
surface flathess and increased roughness, lower flange
stiffness, fewer joint bolts, and smaller bolt sizes. Thus,
materials capable of sealing at lower joint surface pressures
are needed®-®.

In response, the authors have used a high-compressive-
recovery foaming material to develop agasket material that
offers better low-surface-pressure sealability than existing
gasket materials.

2. Determinants of Sealability

2.1. Analysis of Sealability Performance Factors

In a given fastening state, possible sealing pressure is
generaly determined with the experimental equation (1)
below. Thus, sealability can be improved by raising the
gasket coefficient, surface pressure, and surface roughness.

* Tochigi R&D Center
** Honda R& D Europe (U.K.) Ltd.
(at Tochigi R& D Center at the time of development)

Possible seal pressure=k xp xexp (pxr) (1)

k: Gasket coefficient

p: Seal medium viscosity
p: Surface pressure

r: Surface roughness

These seal ability determinantscan befurther dividedinto
sealing surface conditions, tightening force, flange stiffness,
and gasket material properties (Fig.1). Improving any one
of thesefactorswill improve sealability and thereby achieve
advanced performance. However, improvements madewith
existing technology have run counter to the goal of
lightweight, low-cost engine components.

Thus, reconciling reduced weight and low cost on the
one hand with sealability in a system requiring seals on the
other callsfor atechnique whereby the compressiverecovery
of the gasket is improved and, at the same time, surface
hardness (an indicator of conformability to the sealing
surface) islowered in order to improve the sealability of the
gasket itself and to compensate for the lower sealability that
resultsfrom reduced flange thickness (stiffness), fewer bolts
(tightening force), and the elimination of surface processing,
to thereby assure a lightweight and low cost gasket.

More specifically, a decreased weight, a streamlined
fastening structure, low cost, and sealahility are all possible
with ahigh-performance gasket possessing sufficiently high
compressive recovery, low surface hardness, and excellent
durability and reliability to offset the reduced fastening seal
functionality that has resulted from the switch to materials
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Fig.1 Sealing performance factor analysis chart

such asresins and magnesium alloys primarily in engine air
intake system partsin recent years.

2.2. Improving the Compressive Recovery of Gasket
Materials

NBR, FKM and other heat-resistant rubbersare currently
the most widely used rubbers in automotive engine gasket
applications where low hardness and high compressive
recovery are required. The authors chose the approach of
achieving even grester compressiverecovery by intentional ly
creating air spacesin thistype of rubber in order to combine
the elasticity of rubber with that of gas. Such structures,
generaly referred to as foamed rubber, are widely used as
fillers and damping materials for electrical appliances.

Fig.2 shows an evaluation model for the compressive
recovery of asingle cell in foamed rubber. This model, in
which arubber tube is placed between two aluminum alloy
plates that simulate the flange surfaces, permits use of the
desired gas in the air space and the setting of the desired
pressure. Table 1 gives the conditions under which the
compressive characteristics of rubber and air were evaluated
with this model.

Compression load

Specimen
Air space (NBR)

P
Pressure gauge\/ Pressure regulator
valve

Displacement
gauge

Fig.2 Compressibility evaluation model

Table 1 Compressibility test condition
Specimen specification

Diameter 40.0 mm

Thickness 6.0 mm

Material NBR

Rubber hardness 60 Hs
Compression speed 0.1 mm/min

Even at low compression surface pressures, the gas
exhibits greater compressibility than the rubber (Fig.3). In
particular, at asurface pressure of 5 Mpaor less, the gas has
more than twice the compressibility of rubber.

Fig.4 shows the change in compressibility at different
gas volumes, determined by changing the gas volume in a
simple model of rubber and gas, and demonstrates that
compressibility increased with gasvolume, in almost perfect
agreement with the theoretical line.
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Fig.3 Comparison of compressibility between
rubber and air
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The preceding demonstrates that the combining of rubber
and gas is a logica method for improving the sealability
determinants of low hardness and high compressihility, as
theresult isacompressibility that increaseswith gas content
per unit of volume.

Next, the authors examined how compression
characteristics are affected by the method of fixing gasin
the rubber in two types of foam: an open-cell foam, inwhich
cellsareexposedto outsideair, and aclosed-cell foam. These
open- and closed-cell models were created by opening or
closingan air valvethat connectsthe air spacesin the rubber
sampleshownin Fig.2. Theresults (Fig.5) indicate amarked
differencein compressive recovery between thesetwo types
of foam, i.e., open and closed-cell: closed-cell foam had a
compressive recovery rate 1.5 times higher than open-cell
foam. Thisis because in closed-cell foam, the air is unable
to escapeto the outside and so its el asticity supplementsthe
system’s compressive recovery.

Thus, closed-cell foam, having better compressive
recovery than open-cell foam, can provide greater pressure-
resistant sealability and so is superior as a gasket material.

20 ‘ ‘
Foam volume = 30vol%

Open-cell foam%

(
10 }

Closed-cell foam

\ ]

0 20 40 60 80
Recovery (%)

15

Surface pressure (MPa)

~—— |

Fig.5 Relationship between foam cell type and
compressive recovery

3. Rubber Foaming

The most commonly used method of rubber foaming is
chemical foaming, in which apyrolytic foaming agent such
asazodicarbonamideis added to rubber, which isthen heated
to generate N, CO, and other gases that are dispersed
throughout the rubber. This technique makes it relatively
easy to create afoam structure, and resultsin foamed rubber
with relatively large (100 to 500 pm), cross-linked air
bubbles. Fig.6-a is a cross-section photograph of chemical
foaming.

Asfor the suitability of such foamed rubber for sealing
parts, the high compressibility promised by Fig.4 is
achievable, but the cross-linked air bubblesmakeit difficult
to achieve high compressiverecovery (Fig.5) and, moreover,
permit the seepage of the sealing medium, eventually
culminating in leakage, afatal defect for a gasket material.

To compensate for this shortcoming, the authors turned
to micro-capsule foaming, which dispersesrelatively small,

closed (i.e., non-cross-linked) cells throughout the rubber.
This is done by filling a vinylidene chloride capsule wall
with alow-bailing-point hydrocarbon, which is aliquid at
room temperature but which expands upon heating, to thus
yield foamed rubber. Foamed rubber produced by this
method contains closed-cell, microscopic air bubblesassmall
as 20 um (Fig.6-b) and has greater compressive recovery
than open-cell foamed rubber (Fig.7). The disadvantage of
micro-capsule foaming is the difficulty of manufacturing :
For example, it isdifficult to mix the rubber and the capsule
because of the capsule wall’s low solvent resistance, while
foam propertiesare highly dependent on foaming conditions.
To achieve the consistent production of a gasket material
with both high sealability and durability, the authors chose
the material specifications described in thefollowing section
for a foamed rubber gasket produced by micro-capsule
foaming.

b) Micro-capusule
foaming

a) Chemical foaming

Fig.6 Cross section pictures of foamed rubber

Surface pressure = 5MPa
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Closed-cell
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Open-cell Rubber
foamed rubber Coated Material

Fig.7 Compression characteristics of foamed rubbers

4. Material Specifications for a Foamed Rubber
Gasket

4.1. Elements of a Foamed Rubber Gasket

A foamed rubber gasket produced by micro-capsule
foaming has a structure such as that shown in Fig.8, and its
primary sealability determinants are cell structure, base
rubber, and primer (Fig.9)®®, The authors determined the
optimum specifications for a high-performance gasket for
these parameters.
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4.2. Base Rubber Properties

With the microcapsul e technique, the foam properties of
foamed rubber are greatly dependent on the Mooney
viscosity of the base rubber. Foaming propertiesare excellent
when the rubber’ s Mooney viscosity is below 50 poise, but
drop sharply as Mooney viscosity exceeds this value
(Fig.10).

4.3. Foaming Conditions

To obtain good foaming conditions, micro-capsule
expansion must occur below the temperature at which the
base rubber begins to vulcanize (Fig.11).

Thisentails determining the proper foaming temperature
by considering the method of rubber vulcanization and the
solvent injected (i.e., alow-boiling-point hydrocarbon).

Foamed rubber coat Foam Base rubber

(closed cell)

Foamed
rubber
coat

Primer Base plate
Base plate

Fig.8 Schematic drawing of foamed rubber gasket

Table 2 Foaming test conditions
Foaming temperature 150°C
Foaming time 30 min
Micro capsule content 10 PHR

Foam structure

Foamed
rubber
gasket

Cell diameter

—| Material types I FKM I
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Fig.10 Relationship between rubber Mooney viscosity
and volume function of foaming
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Fig.11 Formable area in foamed rubber production
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Fig.9 Component parts drawing of foamed rubber
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4.4, Defining the Base Rubber Specifications

Base rubber selection must consider the environment in
which gasket parts are used. As a representative example,
this section considersfluorine rubber, which, among rubbers,
offers exceptiona thermal and fuel oil resistance. The base
rubber to be used asthe substrate for afoamed rubber gasket
requiresexcellent durability and reliability in order to assure
retention of cell structure, one of the necessary properties.

Fig.12 showshow compression set, whichisanindicator
of base rubber (fluorine rubber) durability, tendsto decrease
as fluorine content is increased, and that compression set
can be minimized with a fluorine content of 65% or more.

Fig.13 showstheeffect of carbon black content, another
determinant of the base rubber’s thermal resistance.
Essentially, a base rubber with higher carbon black content
undergoes less compression set and exhibits consistent
thermal resistance at a content of 60 PHR or more.

4.5. Defining Cell Structure
In designing gasket parts using the foamed rubber
materia thus created, the authors focused on the foamed
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Fig.12 Relationship between fluorine contents and
compression set
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rubber’ scell structurein their investigation of therelationship
between sealability and material specifications. Figs.14
through 16 givetheresults of evaluation of possible sealing
pressure and compression set (indicators of sealability and
durability, respectively) for different combinations of three
determinants of foamed rubber properties: foaming rate,
particle size, and coating thickness. The test conditions are
givenin Table 3.
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Fig.14 Optimization of foaming volume in relation to
sealing performance and compression set
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Table 3 Components of foamed rubber and sealing
test conditions

Base rubber FKM (F content=65%)

Carbon black content 60PHR
Foam type Closed-cell
Foaming temperature 150°C
Vulcanizing temperature 250°C

Foaming rate 120% (basic)

Particle size of foam 25um (basic)

Thickness 80um (basic)

Surface pressure=0.5MPa

Seal test conditions Sealing temp=—30°C

Compression set
test conditions

Heating temp=120°C

Holding time=24hr

The relationship of foaming rate (Fig.14) to sealability
and compression set issuch that ahigher foaming rateresults
in better sealability but worse compression set. Larger
particle sizes (Fig.15) improve sealability but worsen
compression set. A thicker coating layer (Fig.16) also
improves sealability while worsening compressive set.

Thus it was verified that a trade-off relationship exists
between possible sealing pressure (i.e., seaability) and
compressive set (durability and reliability) for each of the
determinants of foamed rubber layer properties, and that an
optimum value also exists for each.

5. Sealability of Foamed Rubber Gaskets

5.1. Low-Temperature Sealability

Thelow-temperature seal ability of foamed rubber gaskets
wasevaluated firstin view of automotive engine applications.
Ordinarily, a rubber gasket exhibits reduced sealability in
low-temperature environments due to hardening of the
rubber®. However, in contrast to the precipitous declinein
sealability that gaskets made of molded rubber (typically
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Fig.17 Sealing performance at low temperature

used for resin part sealing) undergo at -20 °C and below
(Fig.17), agasket made of foamed rubber devel oped by the
authors displays consistent sealability, proving that this
combination of low hardness and high compressiverecovery
assures superior sealability even when the same rubber
material is used.

5.2. Sealability at Low Surface Pressures

In alight weight, low cost system, the gasket must seal
at the lower fastening surface pressures that accompany
reduced tightening forced flange stiffness. Commonly used
RCM losesitssealahility at low surface pressures. However,
the authors’ foamed rubber gasket, provides four times the
sealability of RCM even at surface pressures below 3.0 Mpa
(Fig.18), and it maintains its sealability even at a surface
pressure aslow as 0.5 Mpa. Thismeansthat agasket between
an intake manifold and the cylinder heads (Fig.19) would
require only 1.5 bolts (Fig.19-b) to assure sealability if made
of foamed rubber, instead of the approximately 2.5 fastening
bolts per intake port (Fig.19-a) required with current gaskets.
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Fig.18 Relationship between fastening pressure and
sealing performance

a) Fastening bolt layout in a RCM gasket

] ] ] o
Q '\BOHZ
o

7 K

@ Intake port

b) Fastening bolt layout in a foamed rubber gasket
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Fig.19 Fastening bolt layout depends on gasket type
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5.3. Surface Roughness and Flatness Adaptability

The surface roughness adaptability and flatness
adaptability of the seal flange of afoamed rubber gasket are
shown in Figs.20 and 21, respectively. As for surface
roughness adaptability, sealability ismaintained to asurface
roughness of Rt-80 um, suggesting applicability in the
unprocessed statefor the casting surface of light-metal alloys.

Asfor flatness adaptability, sealability is maintained to
a fastening surface clearance of 0.6 mm, again suggesting
applicability, in the unprocessed state, to the deformation
and waviness that are generated during, for example, the
molding of resin parts. Thus, foamed rubber gaskets possess
excellent properties as automotive sealing parts, and can be
applied to streamline hel p fastening seal structuresand lower
their cost.
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Fig.20 Relationship between surface roughness and
sealing performance
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6. Example Applications to Engine Gasket Parts

This section describes applications in the air intake
system gaskets of an automobile engine. The gaskets were
those in the engine of the Insight (a mass production hybrid
car): agasket between the cylinder head and EGR plate, and

a gasket between the resin intake manifold' s throttle body
spacer and thethrottle body. The gaskets comprise afoamed
rubber coating over athin metal substrate; their shapes are
shown in Fig.22.

FKM was used as the base rubber for the EGR plate
gasket, a part which is subjected to athermal load of up to
130°C by the EGR gas. NBR is used as the base rubber for
the throttle body gasket asit is subjected to arelatively low
thermal load of 100°C or less. Detailed specifications for
each gasket are given in Table 4.

A) EGR plate gasket

B) Throttle body gasket

Fig.22 Foamed rubber gasket for a engine air intake
systems

Table 4 Foamed rubber gasket specification

Throttle body

Gasket gasket

EGR plate gasket

FKM NBR

Base rubber (F content=65%) (AN content=40%)

C.B content 60PHR 40PHR
Foaming type Closed-cell Closed-cell
Foaming rate 120% 120%
Foaming size 25um 25um
Thickness 50um 100um

This engine's fastening seal specifications called for a
minimum of two gaskets when designing with RCM, the
currently used gasket material . Replacing RCM with foamed
rubber made possible a single-layer EGR plate gasket, a
thinner EGR plate, and fewer fastening bolts. Similarly, the
foamed rubber also permitted a single-gasket design for the
throttle body gasket, aswell as athinner plate.

In durability testing with an actual engine, no loss of
sealability was exhibited by the foamed rubber gasket.
Further, the gasket also possessed sufficient durability and
reliability with asealing pressure of 150 kPaor higher after
testing.

— 165 —



HONDA R&D Technical Review

Vol.12 No.1 (April 2000)

7. Conclusion

The authors developed a closed-cell foamed rubber
gasket whose high compressive recovery and low surface
hardness make it applicable to sea parts for automotive
internal-combustion engines. In comparison with
conventional RCM or molded rubber gaskets, this foamed
rubber gasket offers superior sealability at low surface
pressures, and also at low-temperature and on rough-
surfaces. The authors demonstrated that the high sealability
of this foamed rubber gasket can help streamline fastening
seal structure by permitting fewer fastening bolts, thinner
seal flanges, and unprocessed seal surfaces.

Foamed rubber gaskets are a potentially effective
approach to seals for new components made of the resin
materials, magnesium alloys and other new materials that
automakers are expected to use to achieve lighter, less-
expensiveinternal combustion enginesfor their automobiles.

8. Acknowledgments

For the inestimable cooperation with this research, the
authors wish to express their most sincere gratitude to Mr.
AkiraTanaka, Mr. Kenji Misumi, and everyone else at Japan
Leakless Industries.

References

(1) Miyuki Nakade: Trends and problems of recently seal
materials, Industrial materials, vol.35, No.5, p.17-
21(1983) (Written in Japanese)

(2) NorimasaHonda, Masaharu Kawachi: Fluororesinsand
rubbers for seal materiass, Industrial materials, vol.35,
No.5, p.35-41(1983) (Written in Japanese)

(3) Tadashi Kouda: Reliahility and evaluation of rubbers
as parts for vehicle, Japan rubber association journal,
vol.55, No.11, p.31-39(1982) (Written in Japanese)

(4) Takaomi Satogawa: Fluoro elastomer handbook, Fluoro
rubber chapter, Tokyo, Daily industrial newspaper co.,
p.545-611(1990) (Written in Japanese)

(5) Yaoji Mori, Syuji Nishihata: Property and prescription
designs of oilproof rubbers, Japan rubber association
journal, vol.58, No.3, p.66-74(1985) (Written in
Japanese)

(6) Yoshio Araki: Property and new application of fluoro
elastmer, balker review, vol.20, No.12, p.9-16(1977)
(Written in Japanese)

Bl author &

Yasunori MURAKAMI Junpei YOSHIDA Takuya AOKI

Atsuo YAMAGUCHI

— 166 —



Technical paper

Development of Lightweight Oil Pans Made
of a Heat-Resistant Magnesium Alloy

Seiichi KOIKE*

Tsuyoshi BABA**

Kazuhiro WASHIZU*  Shigekazu TANAKA*
Kazuo KIKAWA*

ABSTRACT

A new heat-resistant magnesium alloy (hereafter referred to as “ACM522") for die-casting based on the Mg-Al-Ca-RE
system has been developed. Inthe 150°C temperature range, ACM 522 yields high creep characteristics which are superior to
the conventional AE42 heat-resistant magnesium alloy for die casting. Further it exhibits an excellent resistance to both heat
and corrosion which is equivalent to ADC12 general-purpose aluminum aloy. Use of magnesium for oil pans has raised a
number of problems such as axial force drop in the bolted areas and, until now, oil pans made of magnesium had not been
applied to mass-produced automobiles. The authors applied the ACM522 for il pans and achieved a 35% weight reduction

compared to conventional oil pans made of aluminum.

1. Introduction

Reducing weight to improve the fuel economy of
transportation vehicles is important for the effective
utilization of limited energy resources and global
environmental issues. In the fall of 1999, Honda released
its “Insight” hybrid car that achieves the lowest fuel
consumption in the world, at 35 km/liter, for a mass-
produced, gasoline-engined vehicle. The engine was
developed exclusively for use in a hybrid system, and the
application of weight-reduction technology throughout the
vehicle, including theincreased use of lightweight materials,
hasresulted in the lightest one-liter enginein theworld. An
external view of this engine is shown in Fig.1. Reducing
the weight of the oil pan, one of the engine's heaviest
components, was essential to achieving this light weight.
The use of magnesium for the oil pan would usually have
resulted in a significant decrease with time in the clamping

Fig.1 Honda integrated motor assist engine system

*  Tochigi R&D Center
** \Wako Research Center

force at the bolted joint when using the general-purpose
AZ91D and AM60B alloys, so a new, heat-resistant
magnesium alloy was needed. This newly developed aloy
hasasits basic components Mg-Al-Ca-RE and demonstrates
outstanding heat resistance and corrosion resistance. In
addition, this alloy also possesses suitable molten fluidity
and low hot cracking for die-cast production. Oil pansmade
of this alloy were 35% lighter than conventional aluminum
oil pans. Thispaper describesthe material propertiesof this
newly developed ACM522 heat-resistant magnesium alloy
and presentsan overview of oil pans madefromthismaterial .

2. Background

Magnesium alloy is the lightest metallic material for
practical use, having a density of 1.78 g/cm®. Its use for
automobile parts, portable tel ephone equipment and home
appliances isincreasing at a rapid pace due not only to its
light weight, but also to its strength-to-weight ratio, specific
rigidity, electromagnetic shielding and ease of recycling.
However, when applying to automobile engine and
transmission parts, it is necessary to use a heat-resistant
magnesium alloy that can be easily cast at alow cost. The
function of the oil pan isto hold the engine lubricating oil
by sealing the bottom of the engine. The design that is
typically employed isto bolt the oil pan to the underside of
thecylinder block. Sincethetemperatureinthat areaduring
engine operation can reach up to 150°C, oil pans have
conventionally been made of sheet steel or a die-cast
aluminum alloy. When attempting to make an oil pan out of
a typical magnesium alloy such as AZ91D, which has
balanced mechanical properties, castability and corrosion
resistance, there is a substantial decrease with time in the
clamping force of the bolted joint, thus creating the need to
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develop anew hest-resistant magnesium aloy for die-casting
that does not suffer from this defect.

Severa types of magnesium alloy have been devel oped
in the past for heat-resisting applications. The AS41 and
AS21 alloys offer good creep resistance by crystallizing the
intermetallicMg,Si compound at the crystal grain boundary.
In particular, although the castability of AS21, which has a
low aluminum content, is inferior to that of AS41, it has
outstanding creep resistance. In addition, athough AE42
has creep resistance egqual to or better than AS21, it has
problems in terms of casting due to its high material cost
and susceptihility to hot cracking.®? In addition, an Mg-Zn-
Al-Ca-based heat-resistant alloy hasrecently been devel oped
in which Zn is the main added element to supplement Al
and Ca® Thisalloy has been reported to have better creep
resistance, corrosion resistance and die-castability than
AE42.

We established the following alloy development
objectivesfor anew heat-resistant magnesium alloy capable
of being applied to oil pans.

(1) Creepresistance and corrosion resistance comparableto
die-cast ADC12 aluminum alloy.

(2) Hot cracking properties equivalent to AZ91 and AE42
to enable mass production of oil pans.

This newly developed alloy is based on an Mg-5Al
composition in consideration of die-castability, and contains
Ca and Ce-based misch metal for improving the heat
resistance. Moreover, a small amount of manganese has
been added to improve the corrosion resistance, resulting in
the final Mg-5A1-2Ca-2M.M-0.3Mn aloy (ACM522).

3. Experimental Method

3.1. Test Pieces

A master alloy prepared in advance was melted in a
melting furnace in a protective atmosphere of SF,, CO, and
air. After melting, the temperature was maintained at about
700°C, and thetensile test pieces and creep test pieces were
cast with a 350-ton cold chamber die-casting machine. The
resulting test pieces were used while still in the cast state
after removing the burrs generated at the parting line of the
die. On the other hand, the fatigue test pieces were taken
from an oil pan cast with a1000-ton cold chamber die-casting
machine and, the chilled layer on the surface was removed
by machining before being used for fatigue testing.

The shapes of the tensile test, creep test and fatigue test
pieces are shown in Fig.2. In addition, a sample cut from
the tensile test piece was analyzed by ICP for its chemical
composition. Theresultsof that analysisareshownin Table
1.

3.2. Mechanical Properties

The tensile test was performed with an Instron type
universal tester at astrain rate of 0.5 mm/min. Testing was
performed at room temperature, and at 100, 150, 180 and
250°C. Thetest wasstarted at each temperature after holding
at that temperaturefor 10 minutes. Elongation wasmeasured
with an extensometer, while the 0.2% proof stress and
maximum tensile strength were determined by preparing
stress-strain curves.
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Fig.2 Die casting test specimens:
(a) tensile specimen
(b) creep specimen
(c) fatigue specimen

Table 1 Chemical composition of ACM522 alloy
Al Rare earth| Ca Mn Fe Cu Ni
wit% wit% wit% wt% ppm ppm ppm
5.3 2.6 2.0 0.17 19 18 <1

The creep test was performed in compliance with JIS Z
2271. A singlelever, 3-ton creep tester having alever ratio
of 10:1 was used for the test. Testing was performed at
temperatures of 150, 180 and 200°C. The temperature was
held to within £1.5°C by PID control. Creep elongation
was determined by pinching a protruding portion of the test
piece with an extensometer jig, reading the amount of
displacement outside the furnace and recording the mean
value of two linear gauges on the left and right sides. A
load equivalent to the prescribed tensile stress (50-100 M Pa)
was applied after allowing the test piece to reach the set
temperature and then holding at that temperature for 20
hours.

Thefatigue characteristicswere evaluated by apulsating
tensile fatigue test at a stress ratio of 0.2 and frequency of
25 Hz. Testing was performed at room temperature, and at
120° and 150°C.

3.3. Corrosion Resistance Test
Corrosion resistance was eval uated by a salt water spray
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test. The test piece was obtained by cutting out a plate
measuring 25 x 20 x 3 mm from theflat surface of adie-cast
magnesium aloy oil pan. The cut surfaces of the test piece
were ground with #1500 waterproof abrasive paper. The
test method was in accordance with JS Z 2371, whereby
the test conditionsinclude a salt water concentration of 5%
NaCl apH of 6.7-6.8, under the atmospheric conditions of
35°C and 99% humidity. After 400 hours of spraying, the
test piece was boiled and washed in a 10% agueous chromic
acid solution before being washed with distilled water. The
test piece allowed it to completely dry and then it was
weighed.

3.4. Physical Properties

Density was determined according to the Archimedes
method. Thermal constants such as the specific heat and
thermal conductivity were determined by the laser flash
method. Electrical conductivity was measured by the four
terminal measurement method, and thermal expansion was
measured with a push rod type vertical thermal expansion
meter. The vertical elastic modulus and damping capacity
were determined according to the resonance method.

3.5. Hot Cracking Test

The ring test method developed by Singer and Jenning
was used for measuring hot cracking. Thistest issuited for
evaluating hot cracking in the semi-solid phase. The shape
of the ring-die plate is shown in Fig.3, and cast iron was
used for the material. The bottom of the casting die was
coated with BN as an adiabatic mold release agent, and the
casting die was held at the prescribed temperature to cast a
700°C melt. Cracking was evaluated as the total length of
cracks that formed in the cast ring test piece.

P $150mm .
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Fig.3 Ring-die plate for hot-cracking test

3.6. Bolt Load Retention Test

The test piece used in the bolt load retention test was
sampled from a die-cast biscuit portion. An axial tension
bolt incorporating a strain gauge in an M6 bolt (internal
thread length of 2.5 D) wasused. The test piece was placed
in a constant temperature oven at 150°C, and the changein
axial tension was measured by the method indicated in the
schematic drawing in Fig.4. A similar bolt load retention
test was performed on AZ91D alloy for comparative
purposes.

M6 bolt

i

Strain gage

ACM522

Fig.4 Bolt load retention test assembly

4. Results and Discussion

4.1. Mechanical Properties

The temperature dependence of the strength properties
of ACM522 are shown in Figs.5, 6 and 7. AZ91D, AE42
and ADC12 are also given for comparison. As shown in
Fig.5, thetensile strength of ACM522 is inferior to that of
AZ91D. Although thetensile strength at room temperature
isinferior to that of AE42, ACM522 demonstrates superior
tensile strength at temperatures of 100°C. and above. In
addition, as shown in Fig.6, although the 0.2% proof stress
of ACM522 isequal to that of AZ91D at room temperature,
itisbetter than AZ91D at temperatures of 100°C. and above.
ACM522 demonstrates better propertiesthan AE42 over the
entire temperature range from room temperature to 250°C.
As shown in Fig.7, AE42 demonstrates the highest value
for elongation. The elongation of ACM522 is about 3% at

300 T
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S 250 ' AZ91D
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© 200 |
2 i
Q2 [ ACM522
% 150 |
E i AE42
m -
£ 100 [
5
50 : : : : :
0 50 100 150 200 250 300

Temperature (°C)

Fig.5 Ultimate tensile strength of ACM522 alloy
compared with conventional die casting
alloys
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Fig.6 0.2% yield strength of ACM522 alloy compared
with conventional die casting alloys
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Fig.7 Elongation of ACM522 alloy compared with
conventional die casting alloys
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Fig.8 Stress-strain curves of ACM522 alloy

room temperature, which is equa to that of AZ91D, and
this elongation increases as the temperature rises. In a
comparison with general-purpose die-cast ADC12 aluminum
aloy, the tensile strength of ACM522 is inferior over the
entiretemperature range, whileits 0.2% proof stressisequal
to that of ADC12 at room temperature, and the decreasein
strength at high temperatures is greater for ACM522. The
elongation of ACM522 is higher from room temperature to
250°C. Typical stress-strain curves at each temperature are
shownin Fig.8. Sincethe amount of work hardeningislow
and ACM522 demonstrates a stress-strain curve shape
similar to that of AE42, the strengthening mechanism of
ACM522 is not in the form of solid solution strengthening
or precipitation strengthening, but is believed instead to be
the result of agrain boundary compound phase that inhibits
slippage of the crystal grains.

The stress at which the creep elongation at 100 hours of
ACM522 reaches 0.1% at each test temperature is shownin
Fig.9 as compared with various other die-cast alloys. The
stressthat yields 0.1% creep el ongation was calcul ated by a
logarithmic approximation of the creep elongation (X) and
stress(Y), rearranging to theformulaY =axlog(X) + b and
determining the stress at 0.1%. The creep strength of
ACM522 is roughly comparable to that of ADC12 over a
temperature range of 150-200°C, and the ACM522 alloy
demonstrates outstanding creep strength properties that
surpass those of AE42.
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Fig.9 0.1% creep strength of ACM522 alloy
compared with conventional die casting
alloys

Fig.10 showsthe SN curvesat roomtemperature, 120°C
and 150°C for ACM522. The fatigue strength decreases as
thetemperaturerises, thefatigue strength after 107 repetitions
being 130 M Paat room temperature, 100 MPaat 120°C and
80 MPaat 150°C

The microstructure of ACM522 was observed in order
to examine the mechanism by which it is strengthened.
Fig.11 isaphotograph of the SEM image microstructure of
die-cast ACM522. The phase consisting of black granules
dispersed within the pro-eutectic o. phase is the Al-Ce
compound phase. The lightly colored compounds are
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Fig.11

SEM image microstructure of ACM522 alloy

thought to be Al-Caand Mg-Ca. Asaresult of thisrelatively
fine intermetallic compound phase being finely dispersed
along the grain boundaries of the a phase, the grain
boundaries are strengthened. This is considered to have
produced the superior creep properties.

4.2. Corrosion Resistance

Fig.12 shows the corrosion rate of ACM522 after 400
hours of the salt water spray test ascompared tothe AZ91D,
AE42 and ADC12 alloys. ACM522 exhibits corrosion
resistancethat issimilar to that of AE42, whichisconsidered
tobefavorable, andissuperior tothat of AZ91D and ADC12.
The corrosion resistance of magnesium alloys has been
reported to be greatly affected by the presence of impurities.®
Typical examples of impuritiesinclude Fe, Cu and Ni. Itis
known that magnesium alloys are able to demonstrate
outstanding corrosion resistance if a critical impurity level
existsat whichthe corrosion resistance decreases, andif these
impuritiesare controlled to be below that critical level. This
is the reason why the corrosion resistance of ACM522 is
superior tothat of ADC12. Inaddition, theform of corrosion
of ACM522involved preferential dissolution of the o phase,
indicating corrosion behavior similar to that of AZ91D and
AE42.
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Fig.12 Corrosion rate of each alloy of the salt water

spray test in 400 hours for some die casting
alloys

4.3. Physical Properties

A list of physical propertiesis shownin Table 2. The
physical properties of AZ91D, AE42 and ADC12 are also
shown for comparison. Although the thermal conductivity
and electrical conductivity of ACM522 are lower than the
valuesfor ADC12, they are somewhat higher than those for
AE42. ACM522 aso exhibits the lowest value for thermal
expansion among al the other magnesium alloys. Thisis
advantageous with respect to temperature changein abolted
joint. The damping capacity is equal to that of the other
magnesium alloys and die-cast aluminum materials.

Table 2 Physical properties of some die cast alloys
Properties ACM522 | AE42 AZ91D | ADC12
Density (g/cm3) 1.79 1.81 1.81 2.70
Specific-heat (J/kg*°C) 0.91 0.96 0.96 0.96
Thermal conductivity (W/mK) 86.9 78.6 53.8 100
Electrical conductivity (%ICAS) 225 20.3 12.7 27.0
Thermal expansion (/x10€°C) | 25.6 27.7 28.5 24.0
Modulus (GPa) 45 45 45 69
Damping capacity (%) 0.325 NA 0.289 0.305

4.4. Hot Cracking

Thering cracking test was performed on AZ91, AM60,
AE42 and ADC12. Crackingin AZ91 and AE42 occurred
over amaximum of 20 mm, whilering cracking did not occur
in ADC12.

The relationship between ring cracking and the
composition of ACM522 was investigated by varying the
amount of Al, Ca and RE, its main components. Fig.13
indicates the relationship between hot cracking and the
amounts of added Al and Cawhen the amount of added RE
was held constant at 2%.

When the amount of Al was 2-3%, large cracks formed
even if atrace amount of Cawas present. Asthe amount of
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Fig.13 The effect of Al and Ca content on the total
hot-crack length for the ACM522 alloy with
rare earth = 2wt%

Al was increased, the length of the cracks decreased; when
the amount of Al reached about 5% and the amount of Ca
was set to approximately 2% or less, hot cracking was at
about the same level asthat in AZ91 and AE42.

4.5. Bolt Load Retention Test

Fig.14 showsthe changein axial tension of abolted joint
at 150°C. The axial tension increases slightly immediately
after placing in the high-temperature furnace due to the
difference in thermal expansion between ACM522 and the
steel bolt. In the case of AZ91D, the axial tension
subsequently decreased rapidly with time, and essentialy
dropped to zero after 1000 hours. In contrast, there was
hardly any decrease in the axial tension in the case of
ACMB522, even after 1000 hours. This is the result of the
outstanding creep strength of ACM522 inhibiting set-in
fatigue of the bolt seat and internal threads.

10

ACM522

Load (kN)

O L L L L
107 10* 10° 10* 102 10°
Time (hr)

Fig.14 Bolt load retention test at 150°C

5. Overview of Magnesium Alloy Oil Pans

A photograph of the exterior of an oil pan made of
ACM522 isshown in Fig.15. Thisoil pan weighsonly 2.5
kg, despite allowing for the direct attachment of an air
compressor and ail filter to the side of the oil pan, and weighs
35% less than an aluminum oil pan. An oil pan with a
complex shape was created by integrated die-casting to take
advantage of the high degree of freedom in shape offered by
die-casting. A design was employed to minimize variation
inthewall thicknessin order to prevent hot cracking during
die-cast forming, and the wall thickness of typical sections
was set at 2.5-3.0 mm. In addition, ribs were positioned as
necessary to ensure adequate rigidity.

Fig.15 Appearance of magnesium oil pan using
ACM522 alloy

Since the oil pan is located at the lowest point of the
engine, it issubjected to amore severe corrosive environment
than other engine parts due to being splashed with water
and mud on theroad during vehicletravel. Inaddition, when
magnesium alloy isplaced in acorrosive environment while
in electrical contact with a dissimilar metal such as carbon
steel, the magnesium serves as an anode and is selectively
corroded. Consequently, it is necessary to take measuresto
prevent galvanic corrosion by reducing the potential
differencethrough placing ametal such asaluminum having
an electrical potential close to that of magnesium between
the magnesium and dissimilar metal or by inserting an
electrical insulating material between the two. In the
development of thisnew magnesium alloy oil pan, measures
to prevent corrosion were employed basically by inserting
anodic oxidation-treated aluminum washers under each stedl
bolt. Anticorrosion measures were also provided for the
drain plug and other boltsthat are frequently removed during
maintenance by providing separate alumite-treated plates.

Although there was initial concern over greater noise
and vibration levelsthat would result from decreased rigidity
around the bottom of the engine, this could be compensated
for by making small changes to the shape of the oil pan.
The results of these changes are shown in Fig.16. Asa
result of a one-third octave analysis of the vibration noise
above and below the engine side mounting bracket,
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Fig.16 The effect of frequency of side mounting
bracket (2 000rpm, 250mmHg)

attenuation was obtained in the range of 70-500 Hz by
increasing the flange thickness and by reviewing the shape
of the curved surfaces and so forth. This was particularly
effectivein reducing the noiselevel in the 200-400 Hz band
that presents a problem in the form of crankshaft pounding
noise and engine acceleration noise.

6. Conclusion

This report has presented an evaluation of the material
properties of the newly devel oped heat-resistant magnesium
aloy, and an overview of alightweight magnesium cil pan
made of thisalloy.

(1) The newly developed alloy is based on an Mg-5Al
composition for die-castability, and contains Caand Ce-
based misch metal for improved heat resistance.
Moreover, a small amount of Mn is added to provide
good corrosion resistance, resulting in thefinal Mg-5Al-
2Ca2M.M-0.3Mn material (ACM522).

(2) ACM522 demonstrates creep properties and corrosion
resistance comparable to those of ADC12, a general-
purpose die-cast aluminum aloy.

(3) A magnesium oil pan made of ACM522 alloy was 35%
lighter than a conventional aluminum oil pan.

This lightweight magnesium oil pan is employed in the
engineinstaled inthe“Insight” hybrid car that hasachieved
the lowest level of fuel consumption intheworld, at 35 km/
liter, for amass-produced, gasoline-engined vehicle. It went
into mass production in November 1999.

It isexpected that the application of thismagnesium alloy
will be expanded in the future to include engine and
transmission parts requiring a high level of heat resistance.
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ABSTRACT

By applying atourniquet type (rolling type) catalytic converter can, which is adaptable to the diameter of the substrate, a
stable holding pressure can be successfully obtained. Additionally, by using of adouble layer mat material, consisting of an
inner layer of ahigh heat resistant aluminafiber and an outer layer of the current vermiculite containing material, the rate of
holding pressure loss due to mat degradation isreduced. A combination of these two techniques allows the canning of 21200
cell, thin wall substrate without breakage and, further, enables in-use durability requirements to be met.

1. Introduction

Withincreasing demandsfor reductionsin regulated toxic
substancesin automobile exhaust for environmental reasons,
improving the performance of exhaust cleaning catalystsis
a critical area of development. One effective means of
improving the performance of exhaust cleaning catalystsis
the use of thin wall substrates with high cell densities,
enhanced warm-up properties, and faster light-off®@,
However, thin walled substrates are difficult to can with
conventional converter technology due to their reduced
strength. A typical conventional canning method isto wrap
the substrate in amat materia that combines aluminasilica
fiber and vermiculite and then compress the mat material
with aclamshell type case so that the substrateisheld by the
surface pressure created by the compression of the mat.

One reason for the inapplicability of conventional
canning technology to low-strength substratesisastructural
problem with the clamshell case, which cannot assure stable
surface pressure because of unequal pressure distribution
and other factors. Additionally, the considerable decline in
pressure due to fiber breakage and other forms of mat
degradation necessitated high initial pressures to allow for
subsequent degradation®.

In response, the authors both reeval uated converter cases
from a structural standpoint and combined this with an
improved mat material to develop converter canning
technology for application to low-strength, thin-wall
substrates. This paper describes said technology.

2. Breaking Strength of Thin Wall Substrates

Thinner walls generally mean reduced strength. Further,
cells tend to deform during the extrusion molding of the
substrate asaresult of higher cell density. Thisdeformation
facilitates buckling and subsequently leads to reduced

* Tochigi R&D Center

Deformed

e
(T 11T

easily breaks

Fig.1 Cell shape of 1200 cell substrate

strength (Fig.1). Cell deformation is particularly likely to
occur near the outer wall due to the unequal flow rate of the
substrate material when it passes through the dlit face plate.
| sostatic strength, which is used to assess substrate strength
isthe pressure at which breakage occurswhen the substrate’ s
outer surface is subjected to water pressure or some other
type of uniform pressure. Therefore, a cell’s weak areas
determines the cell’ s isostatic strength.

Isostatic strength according to wall thickness is shown
in Fig.2. A 600-cell substrate has an isostatic strength of at
least 20 kgf/cm? and can be canned at a surface pressure of
up to 20 kgf/cm? without breaking. The lower isostatic
strength of 900- and 1200-cell substrates limits them to a
canning pressure of 5 kgf/cm? or less.
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Fig.2 Actual isostatic strength of thin wall substrates

3. Technical Issues in Low Surface Pressure
Canning

One method commonly used to hold a ceramic substrate
inastainlesssteel case consistsof arranging ametallic mesh,
meat or other holding material between the case and substrate,
and utilizing the resultant pressure to hold the substrate in
place.

A mat compressed and packed into aconverter generates
a surface pressure according to its packing density. When
the surface pressure generated by the holding seal mat (the
“holding pressure”) exceeds the strength of the substrate,
the substrate breaks. Further, asthe substrate is subjected to
forces such as vibration and exhaust gas pressure that try to
move it (“moving force”), if the holding pressure is
insufficient, the substrate will not be held stable. Therefore,
surface pressure is the most important specification in
converter design and it must always be kept less than the
substrate strength yet higher than the minimum pressure
needed to withstand moving force.

Case
: ~ Mat
+ + + +P F: Moving force on catalyst
F

P: Holding pressure on catalyst

\—KCatalyst

Fig.3 Converter schematic illustrating major design
factors

Fig.4 expresses the relationship between substrate
strength and holding pressure. The height of the barsin the
graphindicatethe surface pressure variation that resultsfrom
uneven surface pressuredistribution, dimensional variations
in the substrate and case, and variations in mat weight.
Maximum surface pressure, including this uneven surface
pressure distribution and variationsin components, must not
exceed the upper limit for surface pressure, as determined
by substrate strength. The right-hand bar in each bar pair
represents the reduced surface pressure of the degraded
holding material, and demonstrates the need for aminimum

Holding pressure

Thin wall substrate
(1200 cells, 900 cells)

Current type substrate
(600 cells)

Ps : Maximum pressure for minimum strength of 600 cell substrate
Ps’ : Maximum pressure for minimum strength of thin wall substrate
Pm : Minimum pressure required to keep substrate in case

Fig.4 Required radial pressure range for a thin wall
substrate

holding pressure, i.e., the holding pressure that must be

maintained to resist moving force after degradation, and

which must also alow for variation in components. As stated

above, the holding pressure specification must be below

substrate strength but high enough to resist moving force.

This is a very narrow range for low-strength, high-cell-

density, thinwall substrates, making canning difficult. These

design guidelines entail three technical issues that must be

resolved to achieve low surface pressure canning:

1. Uniform distribution of surface pressure

2. Adaptability to component variation and consistency of
mat packing density

3. Minimization of surface pressure loss due to mat
degradation

4. Improved Technology for Low Surface
Pressure Canning

4.1. Assuring Uniform Distribution of Surface
Pressure
Fig.5 is a schematic diagram of the clamshell type

- Substrate ===

Rc
: : Clam shell type

Load

Case

Substrate

Mat

Tourniquet type

Fig.5 Schematic of canning technology
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currently used in mass production and tourniquet type
canning.

In clamshell type canning, a substrateis wrapped with a
holding mat and canned through a pressurization process
with a case having an upper and lower portion. The case
outside diameter R_is designed to be smaller than R , the
outside diameter of the mat when it is wrapped around the
substrate. The mat, once compressed and packed between
the case and the substrate, generates a holding pressure.
However, the portion of the case that first contacts the mat
is the portion from the perpendicular to 6 = arc sin (R/R ).
This portion of the mat is dragged and compressed, by the
case, asit moves perpendicularly. Thisresultsin variations
in the mat’s packing density and, consequentially, in an
uneven distribution of surface pressure. Thistendency toward
uneven surface pressure distribution makes the clamshell
technique unsuitable for low surface pressure canning.

The authorstherefore examined the tourniquet type case
asaconstruction that would assure uniform surface pressure
distribution. Thistechnique entailsfirst creating the case by
rolling a stainless steel sheet into a cylindrical shape and
then inserting a substrate wrapped with amat into this case,
which isthen compressed to complete the canning process.
Unlike clamshell canning, thistechnique permitsuniformity
of surface pressure as the direction of holding seal mat
compression during canning is aigned with the center of
the honeycombs.

Fig.6 indicates the surface pressure distribution of
clamshell and tourniquet type cases, and shows that the low
anglearea(i.e., 0 = 30°) of aclamshell type case hasahigh
pressure area that is generated due to variations in the mat.
Anareaof high surface pressure a so exists at the apex where
0 = 90°. The higher surface pressure at the apex is most
likely due to the substrate being compressed by the low-
angle portion of the mat that is dragged by the case. In
contrast, the tourniquet type case exhibits uniform surface
pressure distribution.

< 15
: |
°
:;m/ Clam‘shell
o 10 ‘
5 }
[}
g 7 fx‘\Lf_ ?
S W £ W LN ¥ Y
o ¥ M ] |
C .
=} Tourniquet
: ~ |
0
0 60 120 180 240 300 360

Angle (Degree)

Fig.6 Comparison of clam shell and tourniquet
canning techniques

In addition to the tourniquet type, theinsertion type case
construction also assures uniform surface pressure
distribution. Insert type cases are constructed by first forming
a cylindrical case of a predetermined diameter and then
inserting the mat-wrapped substrate into the case while
compressing the mat. Although a uniform distribution of

surface pressure is assured by the cylindrical case and the
fact that the mat is compressed in the same direction as the
substrate center, a rise in surface pressure occurs in the
canning process as the mat must be sufficiently compressed
to fit into the case during insertion.

Table 1 summarizes this comparison of case
constructions. Based on these results, the tourniquet type
case construction to achieve low surface pressure canning.
Further, the tourniquet type construction facilitates variable
control of case diameter as discussed in section 4.2.

Table 1 Comparison of each case structure to adapt
lower level pressure
Increased : Lower
Pressure | pressure Vigggle level
distribution|  while diameter pressure
canning absorption
glslénshell Unevenly | Higher Difficult Impossible
Tourniquet Uniform Lower Easy Possible
type
g;grnon Uniform Higher Difficult Impossible

4.2. Consistency of Mat Packing Density

Mat surface pressure is determined by packing density
during compression. Variation in packing density can result
from variationsin substrate diameter, case diameter, and mat
surface density and subsequently result in changesin surface
pressure. Consistent surface pressure thus depends on the
ability of the construction to adapt to variations in these
components. To arrive at a method capable of efficiently
achieving consistent surface pressure, the authors calcul ated
the effect of each component on mat packing density, as
determined with the following equation.

GBD. = WA. _ 2xW.A.
CL Dcase - Dcat

G.B.D.: Mat packing density

W.A.: Mat surface pressure (weight per unit area)
CL: Clearance between the case and the substrate
Dcase: Case inner diameter

Dcat: Substrate outer diameter

Three parameters were compared in terms of variability
by calculating the change in packing density that occurred
when one of the three parameters was changed within its
range of variation (according to mass-production data for
the component in question) while leaving the other two
parameters constant. These results, in Fig.7, show how
substrate diameter, which changes according to dimensions
during extrusion molding and compression during baking,
has five times the dimensional variability of the case.
Therefore, as the substrate has the greatest impact on mat
packing density, adaptability to this dimensional variation
is effective.

The preceding shows tourniquet type canning to be a
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Fig.8 The effect of case diameter adapted to
substrate

superior canning techniquethat makesit possibleto measure
individual substrate diameters and adjust case diameter
accordingly. Moreover, this technique reduced variability
in mat packing density by 0.062 g/cm?, and reduced mat
packing density variation (i.e., surface pressure variation)
by 34% beyond what would be possible with aconstant case
diameter (Fig.8).

Another possible method of tourniquet type canning,
aside from controlling dimensions as described above is to
wrap a belt around the case and pull with a constant |oad.
Although the constant load is meant to assure uniform
holding pressure by absorbing component variation, other
variation factors such as case el asticity, friction between the
belt and case, and load variations are generated rendering
thistechnique unsuitablefor thelow surface pressure canning
intended for application with a surface pressure of 5 kgf/
cm? or less.

4.3. Minimizing Holding Seal Mat Degradation

Lastly, holding seal mat improvementsdesigned to assure
therequisite holding pressure after degradation are discussed.
Current mass-production holding seal mats are comprised
of an aluminasilica ceramic fiber to which vermiculate has
been added. Vermiculite is a natural mineral having a

multilayered structure of flat mica crystals containing for
examplemetallicions. Vermiculites possessing suitable high
temperatures expansion properties are used in the mat
(Fig.9). Vermiculiteis added to the mat to prevent the drop
in holding pressure that would otherwise occur at high
temperaturesduetoincreased clearance between the stainless
steel case and the ceramic substrate, each of which undergo
different rates of thermal expansion. Aluminasilicaceramic
fiber is a relatively inexpensive, amorphous ceramic fiber
that has a50% al umina content and whichiscommonly used
as a heat insulator. Ceramic fibers such as this are created
by hardening molten alumina silica into a fibrous form by
means of compressed gasor centrifugal force, theresult being
ahighly irregular structure, i.e., avitreous state. A vitreous
stateisoneinwhich aliquid has been supercooled to achieve
a viscosity close to that of a solid without undergoing
crystallization. Asitishested, avitreous substance undergoes
changes in state, first softening and then under going
fluidization or crystallization. When thefibers such asthose
used in the mat material are subjected to a strong load at
temperatures below 900°C, they start to soften. This leads
to contraction that causes the fibers to break or deform.
Above 900°C, precipitation of mullite crystals leads to
extreme contraction, causing further breakage and
deformation that is manifested as a marked functional
degradation. Thus, mat improvement must begin with the

Chemical formula of vermiculite (example)
(Mg, gCag 1 Fe¥* ;47 Ti* 05K 1)(Sia 1Alg 3) 010 (OH)y,°3/2H,0

Fig.9 Microscope photograph of expanded vermiculite

- Brdl_{en

Alumina-Silica
amorphous fiber

Alumina fiber

Fig.10 Fiber condition after bench durability test
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selection of afiber having superior thermal resistance. The
authors therefore chose to investigate aluminafiber: afiber
that undergoes almost no contraction below 900°C, offers
suitable elasticity, and has a high alumina content and a
correspondingly low crystallization rate. SEM photographs
of fiber conditions after bench durability testing (Fig.10)
show that breakage and deformation of the alumina silica
fiber occurred in the portions of the mat that had a
temperature of 800°C. If extensive, this condition would
causethe mat to loseitselasticity, reducing surface pressure
to the point that the required holding force could not be
obtained. The SEM photo of aluminafiber, however, reveals
no such breakage or deformation, demonstrating that the
material retains sufficient elasticity even at high
temperatures.

Fig.11 shows the results of a comparative pressure
retention performance test. In thistest, mats were subjected
to repeated heating and cooling and to changesin clearance
comparable to that resulting from thermal expansion of a
case. The residua pressure ratio was calculated from the
load determined with aload cell. These results demonstrate
the superior pressure retention performance of a mat made
with aluminafiber. In addition, observation of the fiber after
this bench durability test showed no difference between the
pre- and post-test conditions, reflecting animproved thermal
resistance.

o
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S 1 Alumina mat

o = I —]

o
»
L]

Ratio of residual pressure (-)
o ¢
N

Silica-Alumina mat —

== i
0.2
0
0 100 200 300
Cycle
Fig.11 Durability test on thermal cyclic condition

The authors therefore decided to use this alumina fiber
to create matswith improved pressure retention performance.

The results of a pressure test at different temperatures
and different clearances (Fig.12) show that a mat made of
aluminasilicafiber containing vermiculite (the conventional
mat) generated a maximum surface pressure at the high
temperature after one cycle, whereas the alumina fiber mat
exhibited maximum surface pressure at an early stage, that
is, at anormal temperature. Theresidual pressureratio after
no more than 5 cycles was calculated relative to this
maximum pressureratio, whichwasassigned avalueof 1in
both cases. The conventional mat underwent alargedropin
pressure at the high temperature after two cycles, falling to
aresidual pressureratio of 30% after five cycles. In contrast,
the vermiculite-free alumina fiber mat underwent an
expansion in high temperature clearance and exhibited a30%
residual pressureratio at ahigh temperature. Thus, athough
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Fig.12 Pressure test on thermal cyclic condition

almost no pressure loss occurred that related to the cycles
and ultimately, pressure retention performance was not
improved.

To address thermal expansion of the case, the authors
considered two-layer constructions such as that in Fig.13,
in which a highly thermal resistant alumina fiber mat was
placed on the substrate side, which is exposed to high
temperatures, and aconventional mat was placed onthe case
side. The vermiculite in the conventional mat prevents
pressure loss during thermal expansion of the case, while
the aluminafiber minimizes degradation by acting as a heat
insulator. Additionally, the elasticity of the alumina fiber
mat provides holding pressure. Thus, thistwo-layer structure
prevents pressure loss at high temperatures due to thermal
expansion of the case while also minimizing pressure loss
due to degradation.

Next, the authors sought to optimize vermiculite content
and the weight per area ratios between the two layers.

Vermiculite, as already stated, is added to prevent
pressureloss at high temperatures due to thermal expansion
of the case, an appropriate amount must be added: adding
too little fails to have the desired effect, while too much
results in excessive expansion force. The authors placed a
two-layer mat between upper and lower hot platesof different
temperatures to determine the relationship of hot plate

Catalyst

./E/Alumina fiber mat
~__ &~ uminasilcafiber

with vermiculite mat

Fig.13 lllustration of double layer mat
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temperature to changesin thetwo-layer mat’ s pressure under
conditions in which clearance increased according to hot
platetemperature (Fig.14). Pressure declined gradually prior
to vermiculite expansion, but began to increase when the
average temperature between the upper and lower plates
reached 350°C; maximum pressure was reached at roughly
600°C. Mats differing in vermiculite content were prepared
to determine the difference between pressure at normal
temperature and maximum pressure at roughly 600°C. This
showed that a 10% to 15% vermiculite content in terms of
the total weight per area of the two layers resulted in a
maximum surface pressure (at high temperatures)
comparable to surface pressure at initial room temperature
(Fig.15).

Using the vermiculite content thus determined, the
authors next investigated the weight per area ratio in the
two-layer mat. Thiswas done by preparing atwo-layer mat
comprising aluminafiber matsof differing weightsper area,
performing a cyclic test under temperature change and
clearance change conditions similar to those in Fig.14, and
then determining surface pressure after 600 cycles. The
results (Fig.16) show that aratio between the two layers of
4:6 (alumina fiber mat:conventional mat) yielded the best
pressure retention performance. A higher weight per area
ratio for the alumina fiber mat resulted in less per-cycle
surface pressureloss at high temperatures, but beyond 40%,
the effect was diminished. Thisis believed to be because of
the lower contribution ratio of the heat insulator layer to the
conventional mat layer. In contrast, a high weight per area

Ratio of pressure (-)

35 85 145 220 260 325 470 500 500 Upper plate
50 150 250 350 450 550 650 750 850 Lower plate

Temperature (°C)

Fig.14 Pressure balance of room temperature and

high temperature
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Fig.16 Pressure keeping performance according to

the weight per area ratio of the alumina
fiber mat

ratio for the alumina fiber mat tends to result in a dlightly
larger drop in surface pressure after maximum surface
pressure at high temperature isreached in thefirst cycle. A
mat’ ssurface pressure normally undergoesadlight drop after
reaching its maximum point; thisisthe mat’ s creep property.
Particularly at high temperature in the first cycle, creep is
large because the fiber binder inside the mat burns, freeing
thefiber fromits constraint, whilethefiber itself movesdue
to thermal expansion, relocating itself so as to weaken the
load. For thisreason, aluminafiber will most likely undergo
less breakage and deformation and have greater creep at a
high temperatureinthefirst cycle than the conventional mat.
As a result, the per-cycle surface pressure retention
performance at high temperature should offset the surface
pressure drop due to creep at a high temperaturein the first
cycle, so that 40% is the highest surface pressure retention
performance from initial room temperature through all 600
cycles.

To summarize the preceding, the optimum component
ratio for the two-layer mat can be expressed with the
following equation.

W.A(total) = W.A(a)+ W.A(c)
= W.A@+W.A(cf)+W.A(cv)
W.A(8)/W.A(total) = 40%(+10%)
W.A(cv)/W.A(total) = 10-15%
W.A.(a): Aluminafiber mat weight per area
W.A.(c): Conventional mat weight per area
W.A.(cf): Weight per area of the conventional mat’s
fiber and binder
W.A.(cv): Weight per area of the conventional mat’s
vermiculite
W.A (total): Weight per area of the overall two-layer
mat

Finally, Fig.17 is a comparison of the surface pressure
retention performance of aconventional mat and atwo-layer
mat with optimized components. This showsthat in contrast
to the conventional mat, whose surface pressure dropped to
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Fig.17 Pressure test under thermal cycle conditions

zero after 400 cycles, the two-layer mat retained roughly
50% of its surface pressure even after 1000 cycles.

5. Conclusion

In devel oping canning technol ogy for thinwall substrates,
the authors arrived at the following conclusions:

¢ Thetourniquet type case structureis capable of achieving
auniform distribution of surface pressureand soissuited
to low surface pressure canning.

¢ Inatourniquet type case, changein mat packing density
was reduced 34% by adjusting case diameter to match
substrate diameter.

e Thedrop in surface pressure due to degradation can be
minimized with atwo-layer mat having an aluminafiber
mat onthe catalyst side. Furthermore, optimizingtheratio
between thetwo layers and the vermiculite content makes
possible a50% surface pressure retention rate after 1000
thermal cycles.

¢ Combining the above technol ogies permits canning at a
surface pressure of 5 kgf/cm? or less, thereby allowing
theuse of low-strength, thin wall substrates, such as 1200-
cell substrates.
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Technical paper

Development of an ABS/PA6 Polymer Alloy for Body
Panel Applications

Atsushi TAKEUCHI*

ABSTRACT

An ABS/PAG6 polymer alloy has been developed as aresin for body panels of vehicles with an aim toward overall vehicle
weight reduction. Compared to conventional resins, this resin has improved surface appearance and the balance between
dimensional stability and impact resistance. A “Sink Mark Evaluation Standard” was established for surface appearance, and
theratio of acrylonitrile-butadiene-styrene (ABS) resin and Polyamide6 (PA6) was adjusted to satisfy thisstandard. An ABS
resin ratio of 50% or more was found to be effective for sink mark performance. Thefiller type and amount were important
for the balance between dimensional stability and impact resistance with tal c possessing particle diameter of 2um being found
to be effective target achievement. This resin shows a 45% weight reduction over stedl panel productsin the front fender.

1. Introduction

The use of resin body panels has been the subject of
investigation for more than 50 years as ameans of reducing
vehicle weight. Fiber Reinforced Plastic (FRP) and Shest
Molding Compound (SMC) made of thermoset resin
reinforced with glass fiber have been used for some time.
Recently, advances in materials technology and the desire
for recyclability have prompted the use of non-fiber-
reinforced thermoplastic resins.

Honda has applied various thermoplastic resins to its
mass production models, such as polycarbonate (PC)/
acrylonitrile butadiene styrene (ABS) resin polymer alloys®
for front fendersand other parts, and polyphenylether (PPE)/
polyamide 6 (PAG) polymer alloysfor such partsastheside
sill garnish. Itisreported that resin materials that have been
developed for body panelsby other companiesinclude PPE/
polyamide 66 (PA66) polymer alloys, PC/ polybutylene
terephthalate (PBT) polymer alloys, and other thermoplastic
resin materials®.

This paper describes a new thermoplastic resin material
which offers superior surface appearance and a balance
between the coefficient of linear thermal expansion and
impact resistance, and which is capable of reducing the
weight of body panels.

2. Development Aims and Concept

2.1. Weight Reduction and Superior Aerodynamic
Performance

When fuel efficiency goalsare given high priority in car
development, it is essential to meet the initial goals for
vehicle weight and aerodynamic performance. Aluminum
is generally considered the most effective light-weight
material because of itsrelative stiffness.

The graph in Fig.1 shows the weight reducing effects
with an equivalent surface stiffness®. This graph indicates
that when asteel panel isassigned an arbitrary value of 100,
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Fig.1 Weight reduction effect at equivalent surface
stiffness

resin and aluminum have a weight reducing effects of
approximately 30% and 50%, respectively.

However, auminum has limited formability. Thus, in
order to create designsthat providethe requisite aerodynamic
performance, it isnecessary to use an appropriateresinswith
superior shape flexibility in the appropriate place. Fig.2

Front pillar garnish

Rear wheel
house skirt

Front fender

Fig.2 Application of plastic parts for body panel
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provides examples of the shape effects possible with resin
components.

2.2. Weight Reduction with Thinner Parts

From the viewpoint of design technology, thinner parts
are another possible means of decreasing weight. However,
a simply reducing a panel’s thickness degrades a part’s
stiffness, some sort of innovation is needed.

For instance, with resin parts, ribbing is sometimes used
on the backside of apart to compensate for the reduction in
stiffness due to the reduction in thickness. Such ribbing
permits weight reduction by allowing thinner parts that, at
the same time, retain the required stiffness.

However, cautionisrequired in creating adesign assuch
ribbing can cause sink marks that degrade the surface
appearance of a part.

Theauthors, by quantifying these sink marksto develop
clear standards for product appearance, aimed to develop a
resin material that would satisfy surface appearance
requirements even when back ribbing is used.

2.3. The Proper Balance Between Dimensional
Stability and Impact Resistance

Resin materials exhibit greater dimensional changes
under temperature changes than metallic materials and so
must have a sufficiently low coefficient of linear thermal
expansion in order to minimize the loss of fit and finish
quality due to dimensiona change. Fillers have generaly
been considered asaway of reducing the coefficient of linear
thermal expansion®®,

However, because a filler also reduces the impact
resistance of resins, the author strove to develop a resin
material with both a low coefficient of linear thermal
expansion and exceptiona impact resistance.

3. Defining Target Value

3.1. Quantification of and Standards for Sink Marks

Asthere have been no clear criteriafor judging sink mark
appearance qudlity, oftentimesjudgments are based on visual
inspections. This resulted in variations as related to the
individual performing the inspection. Therefore, the author
decided to defineastandard for sink marksthat are allowable.

In measuring sink marksin the surfaces of molded parts
using asurface roughnesstester (Fig.3), depth [V] and width
[H] were determined to be the factors necessary to classify
sink marks.

Following the classification method in Fig.3, the author
created various sink mark samples. It then measured sink

Temporary line of flat surface

Actual measurement line

Depth [V]

A 4

I

Width [H]

Fig.3 Surface profile of sink mark

mark depth [V] and width [H] and also had the sink marks
visually assessed by a panel of 50 personsto determine the
extent of sink mark prominencethat isallowablewith respect
to surface appearance. Based on these results, the range
where at least 80% of the panelists judged the sink mark as
“alowablewith respect to surface appearance” was defined
as the “alowable range for sink marks,” and the boundary
line of that range was defined asthe“ Sink Mark Evaluation
Standard.” Thisallowablerangeand boundary lineare shown
in Fig.4. The boundary lineis represented as a straight line
from the origin to the point with a 7 mm width [H] and 1
mm depth [V].

=
o
T

Depth [V] (um) ————>
P NN W
o o (6] o
T T T T

Target zone

o
3

1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11

Width [H] (mm) ———>

® ; Acceptable ratio more than 95%
A ; Acceptable ratio more than 80%
; Acceptable ratio less than 80%

Fig.4 Distribution map of various sink mark profiles

3.2. The Proper Balance Between the Coefficient
of Linear Thermal Expansion and Impact
Resistance

Table 1 gives, for the partsshownin Fig.2, the maximum

length, allowable clearance, the variation in temperature
between room temperature and maximum ambient
temperature, and the coefficient of linear thermal expansion
required in accordance with temperature variation. These
data yield a target coefficient of linear thermal expansion
for resin materials of 5.5 x 105 cm/cm-°C or less.

Thetarget impact resi stance was 50J, comparableto that

of the ABS/PC polymer alloy, which isbeing applied tofront
fenders.

Table 1 Limits of CLTE" for applied parts
Allowable | Variationin| . -
Length : ; Limits of CLTE
NO. Part name dimension |temperature| -5 o
(mm) change (mm)|  (deg.) (x10°cm/cm-°C)
1 |[Front fender 850 2.5 50 5.8
2 |Front pillar garnish 1450 4 50 5.5
3 |Rear wheel house skirt 700 2 50 5.7

*CLTE: Coefficient Linear Thermal Expansion
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4. ABS/PA6 Polymer Alloy

4.1. Reasons for Selecting the ABS/PA6 Polymer
Alloy

Intheinjection molding of aresin, moltenresinisinjected
into adie. It is solidified by cooling asthe die with which it
isin contact absorbstheresin’s heat. It isthen removed asa
molded part. When the molded part hasribbing, adifference
in thermal capacity exists because of the different cross-
sectional thickness of the ordinary surface and the rib
members. Consequently, the molten resin in each coolsand
hardens at different rates, resulting in a difference in
volumetric shrinkage, which, it is believed, is manifested
on the surface as sink marks™.

Therefore, resin materia sthat resist sink mark formation
aresaid to bethosethat areresistant to the effects of different
cooling rates and which have low volumetric shrinkage®.
As amorphous resin materials have low volumetric
shrinkage, the author sought to develop an amorphous ABS
resin material offering low cost and broad applicability.

ABSresinshave been widely used ininterior and exterior
automotive parts but normally possessinsufficient chemical
resistance, impact resistance and dimensional stability for
use in body panels. The author therefore considered
combining this resin with other resin materials to create
improved material performance.

The candidates selected for combination with ABSwere
PC, PBT, and PAG; the propertiesof each areshownin Table
20,

The chemical resistance of PC is difficult to improve
because of thematerial’ samorphousnature. PBT, apolyester
resin with a high specific gravity, is unsuitable for use in

Table 2 Basic data of plastics

PC PBT PA6
Chemical resistance Poor Good Good
SpECIfIC graV|ty 1.2 1.4 1.1

—_— ) —_—
2um 2um

(a) Without compatibilizer
Fig.5 TEM photographs of ABS + PA6 mixture

(b) With compatibilizer

weight reduction applications. PA6 was therefore selected
as the component to add to ABS because of its chemical
resistance and low specific gravity.

Fig.5 is a transmission electron microscope (TEM)
photograph of an ABS/PA6 mixture. The black portionsare
the ABSresin. Assimple mixing resultsin phase separation
(Fig.5-a), a compatibilizer that acts on ABS and PA6 was
added to create a polymer aloy with uniform differentia
scattering (Fig.5-b), thusimproving the properties required
for use in body panels.

4.2. Effects on Sink Marks

The effects on sink mark formation of this ABS/PA6
polymer alloy were examined using atest die with ageneral
thickness of 2.5 mm and a rib thickness of 1.25 mm. The
resin materials examined were ABS/PA6 polymer aloys
with an ABS-to-PAG6 ratio of 70/30, 50/50, and 40/60. These
were compared to polypropylene (PP), which is used in
bumpers and instrument panel foundations, and PPE/PA66
polymer alloy, which is used in vehicle body panels. The
width [H] and depth [V] of sink marks in samples molded
with the test die were measured; the results arein Fig.6.

Depth [V] (um) —————>
w

2 —
A
&
11— O O
Target zone
L4 V/H < 1pm / 7mm
C
I I
0 5 10
width [H] (mm) ———>
@ : ABS/PA6=70/30
O : ABS/PA6=50/50
O : ABS/PA6=40/60
/\ : PP (bumper)
O : PP (instrument panel fundation)
< : PPE/PAG6

Fig.6 Test results of sink mark measurement

The ABS/PA6 polymer alloyswith an ABSresin content
of at least 50% were aesthetically effective with respect to
sink mark prevention, satisfying the aforementioned sink
mark standards. In contrast, PP and the PPE/PA66 polymer
alloysfell far short of the standard for sink mark depth.

4.3. The Optimum Balance Between the Coefficient
of Linear Thermal Expansion and Impact
Resistance

Talc comprising an inorganic mineral filler was added

tothe ABS/PAG6 polymer alloy to determineits effect on the
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coefficient of linear thermal expansion. Threetypes of talc,
each with a different particle diameter, were used: 2 mm, 4
mm, and 10 mm. Fig.7 givesthe coefficient of linear thermal
expansion for different combinationsof talc particle diameter
and talc quantity.

These results demonstrate how smaller talc particle
diameter and greater talc quantity resultin alower coefficient
of linear thermal expansion. Talc with aparticle diameter of
2 mm was more effectivethan the other two typesin lowering
the coefficient of linear thermal expansion, and so was the
subject of further investigation.

Fig.8 shows the effect on impact resistance and the
coefficient of linear thermal expansion of different quantities
of talc having a2 mm particle diameter. Also shownin Fig.8
for comparison’s sake are the properties of an ABS/PC
polymer alloy used in actual mass production automobiles.

Impact resistance and the coefficient of linear thermal
expansion exhibited a positive correlation. As an impact
resistance of 50J or more with acoefficient of linear thermal
expansion of 5.5 x 10° cm/cm-°C or less was the target for

T é Particle size
\ ) 2um
6 O A O 4um
N A 10um
o
A e
L
£
m(J
S 4
X
w
5
O 3
l l l l

3 5 10 15
Additional ammount of talc (%) ———>

Fig.7 Effect of particle size of talc on CLTE
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@
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<
o
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CLTE (x10%cm/cm:°C) ——>

Fig.8 Relationship between DuPont impact strength
and CLTE

resin materials for body panels, the composition indicated
by an arrow in Fig.8 was selected as the basis for an ABS/
PAG6 polymer aloy for body panels.

5. Properties of ABS/PA6 Polymer Alloys

Based on the above, the author proceeded with his
investigation of ABS/PAG6 polymer alloys by focusing on a
composition having an ABS content of 50% or more and
talc with a particle diameter of 2 mm. Moldability and
chemical resistance were optimized by considering ABSand
PA6 content and each component’ s molecular weight, etc.,
arriving at an ABS/PA6 polymer alloy with the target
properties. Table 3 gives the basic properties.

Table 3 Basic properties of the ABS/PA6
polymer alloy

Properties Typical value
Specific gravity 11
Tensile strength 40MPa
Flexural strength 60MPa
Flexural modulus 2200MPa
DuPont impact strength 533
(at -30°C)
thermal expanaon 5x10%cm/om-<C

6. Part Performance

This section discusses the author’ s investigation of part
performance.

6.1. Effects of Rib Sink Marks on Molded Part
Surface Appearance

The model in Fig.9-a was used to evaluate the
appearance of sink marks caused by ribs in alarge molded
part (evaluationincluded deviation). Themodel used a 1,000
mm x 800 mm model of variable general thickness.

Theribs comprising therib lattice on the backface of the
model had a thickness of 0.8 mm, an intersection of 1.25
mm, and an interval of 100 mm. With general thicknesses
of 3.0 mm, 2.5 mm, and 2.2 mm, sink marks were measured
at thelatticeintersectionsand in the straight portions between
intersections.

Both the depth [V] and width [H] of the sink markswere
measured using the method described earlier. The standards
for allowable sink marks were as described above: a
maximum depth [V] of 1 mm at awidth [H] of 7 mm. The
measurements for [V] were therefore converted to a7 mm
width equivalent; the mean values and maximum and
minimum values of the measurements are shown in Fig.9-
b.
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Intersection

(a) Model with ribs and rib design

Q ; Intersection rib point
@ ; Straight rib point
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(b) Evaluation results of sink mark

Fig.9 Sink mark appearance evaluation using model with ribs

As the graph in Fig.9-b shows, the aesthetically
allowablerib (including variationsin the molded parts) when
genera thickness is 2.5 mm was found to be a straight rib
with athickness of 0.8 mm and no intersections.

6.2. Effect of Ambient Temperature on Product
Surface Appearance

A test was carried out to determine the effect of ambient
temperature changes on part fit. Theresultsfor afront fender,
arepresentative part, are given.

Dimensional change in the front fender was measured
after at least four hours of exposure, to aninfrared lampina
55°C atmosphere thereby raising the fender’s surface
temperature to 74°C + 2°C, the high ambient temperature.
To develop standards for dimensional changes,
mesasurementswere made at seven locations (Fig.10-a) using
ahood. Next, dimensional change after at least 4 hoursin a
-30°C atmosphere, the low ambient temperature, was
measured in the same manner as with the high temperature.

The results (Fig.10-b) show that front fender point “&”
underwent a maximum dimensional change at the high
temperature of 0.5 mm, which was within the allowable

elongation range of 2 mm (the allowable change for point
“g” was 0.5 mm).

These results demonstrate the effectiveness of an ABS/
PAG6 polymer alloy having alow coefficient of linear thermal
expansion.

6.3. Impact Resistance at Low Temperatures

The impact resistance of a resin material is normally
lower at lower temperatures. Therefore, the author
investigated impact resistance in a low-temperature
atmosphere (-30°C) likely to be experienced in actual use.

Front fenders mounted to a vehicle were struck with a
steel ball attached to a pendulum mechanism in order to
evaluate deformation, cracking and other aspects of impact
resistance. Theimpacted part is shown in Fig.11. The steel
ball weighed 4 kg and was positioned at a height of 50 cm.

Fig.12 shows the results of this impact resistance test,
in which two types of front fender were used: one made of
ABS/PAG6 polymer alloy, the other made from asteel panel.
Test results were assessed on the basis of deformation area.

In contrast to the steel fender, whose extremely large
deformation area would have necessitated replacement, the

§ 3
o _ 2
2E
© £ 1
% = .—.\b.
= 5 0 - " = — - L » L - r “
5% A-zot
g8 -1 A
c
2 2
aec -3
a c d e f g
Measurement point
—@— ; Hot stage
--A-- ; Cold stage
—m— ; Return to room
(a) Measurment points (b) Test result temperature
for dimension change
Fig.10 Hot-cold cycle test for front fender
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Fig.11 Impact test points on front fender
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Fig.12 Comparison of deformation area between
ABS/PAG6 polymer alloy and a steel panel

ABS/PAG polymer alloy fender showed no cracking and no
large deformation, even in a -30°C atmosphere, thus
demonstrating its superiority as aflexible resin material.

7. Conclusions

An ABS/PAG6 polymer alloy for body panels was
developed as a means to decrease automobile weight. The
materia’ s propertieswere enhanced through aninvestigation
of sink markson amodel with ribsand dimensional changes
resulting from changes in ambient temperature.

Sink marks were prevented by making use of the
properties of amorphous ABS resin; dimensional stability
was assured with afiller of optimum type and quantity, and
optimum balance between the coefficient of linear thermal
expansion and impact resistance.

The author’ s findings are as follows.

(1) Maximum allowable sink markswere those with adepth

[V] of 1 mm and awidth of [H] 7 mm.

(2) An ABS resin content of at least 50% was effective in
preventing sink marks.

(3) Talc with a particle diameter of 2 mm was effective in
lowering the coefficient of linear thermal expansionwhile

also assuring proper impact resistance.

An ABS/PAG6 polymer alloy front fender with a general
thicknessof 2.5 mm and aweight of 1.17 kgwas45% lighter
than asimilar steel front fender.
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Symposium Compact Ni-MH Noboru Sato Tochigi R&D Center
(Beijing, China) Batteriesfor HONDA
City Pal
Development of the 2- Masami Ogura Tochigi R&D Center
Seater Small Electric Yoshinori Mita Tochigi R&D Center
Vehicle HONDA City Tatsuo Takahashi Tochigi R&D Center
Pal
Electrically Powered Chiaki Kumagai Asaka R&D Center
Small Commuter Toru Hayashi Asaka R&D Center
Vehicles Kaoru Hatanaka Asaka R&D Center
Development of VRLA | Masaaki Hosokawa YUASA Corporation
Batteries for HONDA Sinji Yamada YUASA Corporation
ICVS Keiichi Hasegawa YUASA Corporation
Yasuhide Nakayama | YUASA Corporation
Masahide Yokoo Asaka R&D Center
Kyoichi Ariga AsakaR&D Center
Toru Takeda Asaka R&D Center
Oct.23-28 | Society for On the Perception of Masashi Ito Wako Research Center
1999 | Neuroscience/29th Series of Vowels Based
Annua Meeting on the Dynamic
(Miami, USA) Information
Intuitive Global Hiroshi Tsujino Wako Research Center

Decision Can Be Made

by a Simple Parall€l
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Date Conference Title Author Organization
Oct.25-27 | ECM/TPOsIN High Performance TPO | Motoki Yamada Idemitsu Petrochemical
1999 | AUTOMOTIVE '99 for Bumper Facia: 1999 Yoshihisa Saeki Co.,Ltd.
(Novi, USA) Honda Odyssey Hi . Tochigi R&D Center
iroyuki Yamamoto . ;
Honda Engineering Co., Ltd.
Oct.25-28 | SAE International Fall | The Effect of OW-20 Hideki Tanaka Tochigi R&D Center
1999 | Fuelsand Lubricants | Low Viscosity Engine | Takashi Nagashima Tochigi R&D Center
Meeting and Oil on Fuel Economy Takayuki Sato Tochigi R&D Center
Exposition Shoji Kawauchi Tochigi R&D Center
(Tronto, Canada)
Oct.29, 1999 | SAMPLE/6th Japan Application of Metal Seiichi Koike Tochigi R&D Center
International Matrix Compositesto
SAMPLE Symposium | Automotive
& Exhibition Manufacturing
Nov.1, 1999 | “Neura Networks’ A Modd of Edgar Koerner Honda R& D Europe
Journal, Pergramon Computationin
Press/Nov.1999 Neocortical
Architecture
Nov.8-12, | 6th World Congress Advanced Safety Yukinobu Nakamura | Tochigi R&D Center
1999 | on Intelligent Vehicle (Panel Session)
;I-Trfgﬁf (? rtc?n/gtde;;s An A_daptive Automatic Shl nya !\Iotomi. _ Tc_>chi gi R&_ D Center
' Steering Control System | Shinichiro Horiuchi Nippon Univ.
Using Generalized Toshiyuki Nippon Univ.
Predictive Control Tamatsukuri
Theory
Evaluation of Driver Satoshi Kondo Tochigi R&D Center
Assistance System Nobuyoshi Asanuma | Tochigi R&D Center
Shinnosuke Ishida Tochigi R&D Center
Manabu Ikegaya Tochigi R&D Center
Jun Tanaka Tochigi R&D Center
Autonomous Vehicle Kazuya Tamura Tochigi R&D Center
Control System Akihiko Takel Tochigi R&D Center
Equipped with a Tooru Saitoh Tochigi R&D Center
Navigation System
Cognitive Performance | Tsutomu Asoh Japan Automobile Research
of Visual Messages on Institute
In-Vehicle Display and | Hiroyuki Kamiya Tochigi R&D Center
Driving Behavior Hajime Ito YAZAKI Corp.
Nov.14-19 | ASME/1999 How to Measure the Yukitaka Takahashi Tochigi R&D Center
1999 | International Internal Forcesof a Toshibumi Suzuki Tochigi R&D Center
Mechanical Combustion Engines Naoki Kamimura Tochigi R&D Center
Engineering
Congress &
Exposition
(Nashville, USA)
Dec.1, 1999 | Engine Technology Decisions, decisions Noboru Sato Tochigi R&D Center
International/Electric

& Hybrid Vehicle
Technology '99




Editor’'s Notes

Vol.12 No.1

The memorable celebration of Honda's 50th anniversary just one year ago has made us all
appreciate the immensity of Honda's cumulative contributions to technology. The Honda R&D Technical Review
has just celebrated its 10" anniversary and is now being published twice a year. The last issue, Vol. 12, No. 1
was published in the second year of the new semiannual system and the editorial board
members continues to become more adept at its editorial tasks. The understanding and cooperation
we have received from the employees in regard to our technical paper related
activities have been tremendous and are greatly appreciated.

The key words “environment” and “safety” characterize many of the papers we have published in recent

years. The papers included in this edition have such themes as "reduced resource consumption," "reduced

energy consumption," "weight reduction,” "downsizing," "recycling," "global warming," "low fuel consumption,”

"low exhaust emissions," "low noise," "secondary cells and electric energy," "electric propulsion,” and "crash
safety." Each of these papers came into being as a result of applying remarkable advances in electronics and
computer technology as well as the efforts required to “create products appropriate for the times."
This year represents the start of a new millennium. To each of our readers in his or her place of research, it
is our wish that the *Honda R&D Technical Review* be used as a tool that
generates synergism between the motorcycle, automobile, power product, and fundamental research
divisions, leading to the birth of many new areas of technology. And
we, the members of the Committee for Technical Papers, look forward to the day when
so many papers are submitted for publication that we find it difficult to select those that will be published
in future Technical Reviews.
In closing, we ask for your continued support of and cooperation with the *Honda R&D Technical Review.

(Shinichi Koizumi: Asaka R&D Center)
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Editor’'s Notes for English Version

The 1st edition of the English version of the Honda R&D Technical Review has been completed.
We had considered issuing an English version of the journal over the years, and now it has finally come about.
In preparation for the English version, we set English quality as a high priority. In order to achieve the level
we were aiming for, we requested that various North American associates review these technical papers. I'd
like to express my thanks to all the people who helped us with their cooperation.

The following North American associates provided us with their cooperation and expertise:

(Naomi Akita:

Hideyuki Adachi

Gwendolyn Altenhof

Karen Arneson Honda North America

Bill Bezilla Honda R&D North America Inc.  North Carolina Center
Marci Bird Honda R&D North America Inc. Ohio Center

Scott Blanford Honda R&D North America Inc. Ohio Center

Jeff Brown Honda R&D North America Inc. Ohio Center

Dennis  Chung Honda R&D North America Inc. Ohio Center

Alex Damman Honda R&D North America Inc. Ohio Center

Jim Dykeman Honda R&D North America Inc. Ohio Center

James  Erickson Honda R&D North America Inc. Ohio Center

Darin Garrett Honda R&D North America Inc. Ohio Center

Ross Goldberg Honda R&D North America Inc. Ohio Center

Lee Goldring Honda North America

Dennis  Graham Honda R&D North America Inc. Ohio Center

Greg Harbin Honda R&D North America Inc. Ohio Center

Edwin Itano Honda R&D North America Inc. Ohio Center

Bill Kelley Honda R&D North America Inc.  Ohio Center

Ben Knight Honda R&D North America Inc. Los Angeles Center
Raj Manakkal Honda R&D North America Inc. Ohio Center

Robert  Proctor Honda R&D North America Inc. Ohio Center
Gordon  Schroeder Honda R&D North America Inc. Ohio Center

Josh Sigmund Honda R&D North America Inc. Ohio Center

John Turley Honda R&D North America Inc. Ohio Center

Philip Vais Honda R&D North America Inc.  Ohio Center
William  Willen American Honda Motor

Yuji Yamamoto Honda R&D North America Inc. Los Angeles Center

Honda R&D North America Inc.
Honda R&D North America Inc.

Honda R&D Co., Ltd. Tochigi R&D Center)

Ohio Center
Ohio Center











