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Introduction of technologies
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Research on Electric Power System for Honda 
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ABSTRACT

An ultra capacitor has been utilized as a back up power source to give the Honda fuel cell vehicle acceleration 
performance rivaling that of a conventional vehicle. To control the difference in voltage between the two power sources 
at system start-up or takeoff from idle stop, a VCU (Voltage and current Control Unit) has been set between the fuel cell 
and the high-voltage device for the traction motor. The VCU charges the ultra capacitor gradually by chopping control of 
the current from the fuel cell, equalizing the voltage of the fuel cell and the ultra capacitor. This prevents the occurrence of 
over-current at system start-up or takeoff from idle stop. When the ultra capacitor is being charged with regenerated braking 
energy, chopping control of the current from the fuel cell by the VCU electrically separates the fuel cell and the ultra 
capacitor, and the current from the fuel cell is restricted.  This enables the energy provided by regeneration to be utilized for 
charging the ultra capacitor.

*   Tochigi R&D Center

1. Introduction

In December 2002 the Honda FCX fuel cell vehicle 
became the world’s first fuel cell vehicle to be marketed in 
Japan and the U.S. The vehicle is fueled by pure hydrogen, 
and represents an attempt to exploit an alternative energy 
source in consideration of the future exhaustion of the 
world’s oil reserves. By utilizing pure hydrogen as a fuel, 
the vehicle produces no CO2 and achieves a zero level of 
emissions. Vehicles employing a fuel cell, which produces 
no pollutants, are being focused on as the way of the 
future in the automotive field, and the FCX is designed as 
one ideal form in which a zero-emission vehicle should be 
realized(1).

Development of the FCX did not focus solely on the 
environmental performance of the vehicle. The aim of 
the development was to produce a vehicle that matched 
the performance of conventional vehicles, for example, 
acceleration performance, high responsiveness, and 
smooth drivability, which tend to be sacrificed when 
environmental performance is a development focus.

The transient power performance of a fuel cell is not 
as rapid as that of a gasoline internal combustion engine. 
A level of acceleration performance equivalent to that of 
a vehicle employing a gasoline engine cannot currently 
be obtained in a vehicle which relies only on a fuel cell 
as its power source. Therefore, a Honda ultra capacitor 
has been used in combination with the fuel cell in the 
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FCX as the electric power system to improve acceleration 
performance.

When the fuel cell and the ultra capacitor are used in 
combination, the difference in voltage between the two 
power sources becomes an issue. To eliminate this voltage 
difference, a voltage and current control unit (VCU) that 
regulates the output of the fuel cell has been set between 
the fuel cell and the high-voltage device for the traction 
motor.

This paper will discuss the principle of operation of the 
VCU and the actual performance of electric power control. 

2. Study of the Power Train System

Table 1 shows the results of a comparison of power 
supply systems(2). The simplest of these systems is that 
in which the motor is driven directly by the output of 
the fuel cell. In addition to this type of system, there are 
also systems providing power assist and braking energy 
regeneration mechanisms, in which a battery or an ultra 
capacitor is used in combination with the fuel cell.

When only the output of the fuel cell provides the 
driving force, driving performance depends entirely on the 
output characteristics of the fuel cell. The transient power 
performance of the fuel cell is inferior to that of a gasoline 
engine. In particular, it is difficult to ensure equivalent 
driving force during acceleration to that provided by a 
conventional gasoline engine vehicle when using this 
type of system. In addition, this type of system requires a 
startup device for starting the generation of power in the 
fuel cell from system shutdown status.

The types of systems that utilize a battery or an ultra 
capacitor as an energy storage unit in combination with 
the fuel cell were studied next. Here, the use of a nickel 

metal-hydride (Ni-MH) battery was taken as the base 
case, because this battery is at present conventionally 
employed in high-voltage applications. A comparison of 
the output characteristics of the Ni-MH battery and the 
ultra capacitor is shown in Fig. 1. It is clear from Fig. 
1 that the ultra capacitor has a very high power density 
in comparison with the Ni-MH battery(3). This output 
characteristic is particularly desirable for automotive 
dynamic performance, which requires high acceleration 
performance over a short period of time.
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Table 1   Comparison of system configurations

Fig. 1   Comparison of power density of Ni-MH battery 
and ultra capacitor
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Voltage differences between the power sources become 
an issue when the fuel cell and the Ni-MH battery are used 
in combination. The fuel cell and the Ni-MH battery have 
specific current-voltage characteristics which are different 
from each other. It is therefore necessary to employ a high-
voltage control mechanism which enables the voltage of 
the Ni-MH battery to be constantly maintained at the same 
voltage as the fuel cell in order to provide power assist 
and charge the battery with regenerative braking energy 
in accordance with the current-voltage characteristic of 
the fuel cell. On the other hand, the voltage of the ultra 
capacitor can be varied according to the current-voltage 
characteristic of the fuel cell, and the output current 
characteristic is very stable. Therefore, when electrically 
connected to the fuel cell, the ultra capacitor is capable of 
constantly maintaining the same voltage as the fuel cell. 
This makes the use of the high-voltage control mechanism 
unnecessary when the ultra capacitor is employed.

The comparison discussed above led to the selection 
of the ultra capacitor as the backup power source for 
the FCX, given its superiority to the Ni-MH battery in 
(1) enabling instantaneous high-power assist, and (2) 
eliminating the requirement for a high-voltage control 
mechanism.

3. Principle of Electrical Control Using VCU

When the system is shut down, and the fuel cell and 
the ultra capacitor remain connected with the high-voltage 
device, electricity gradually leaks away as dark current 
from the vehicle. At this time, as the hydrogen storage 
tank valve has closed，electric power is generated by the 
fuel cell from the hydrogen remaining in the hydrogen 
supply pipes. This may cause negative pressure in the 
pipes and have a bad influence on the fuel cell stack. In 
addition, the ultra capacitor continues to discharge，and if 
its voltage falls below the threshold level, the system will 
not start-up.

To prevent this situation, relay units are set between 
the fuel cell and the high voltage devices, and the ultra 
capacitor and the high voltage devices. When the fuel cell 
and the ultra capacitor are electrically disconnected by the 

relay units, their voltages have a difference. If these relay 
units are connected while there is a difference in voltage 
between the two power sources，it is possible that an over-
current could occur in the circuit connecting the fuel cell 
and the ultra capacitor. A VCU, which regulates the output 
current of the fuel cell by chopping to gradually reduce the 
difference in voltage with the ultra capacitor，is therefore 
required. In this system, the VCU is set between the fuel 
cell and the high-voltage devices for the traction motor. 
Figure 2 shows a system diagram of the VCU and the 
high-voltage devices.

The operation of the VCU and a diagram of the 
current-voltage control waveforms are shown in Fig. 3. 
IGBT is switched on or off by a control signal, which 
enables chopping of the output current from the fuel cell. 
In other words, IGBT functions as a switch. When IGBT 
is on, the current from the fuel cell, IFC, becomes the 
current to the high-voltage devices, IOUT. The current IOUT 
becomes the current flowing into IGBT, Isw, and finally 
returns to the negative side of the fuel cell. Therefore, IFC 
= IOUT = Isw.

When IGBT is off, the current path from the fuel cell 
is closed and the current IFC does not flow. Instead, the 
inductor placed in the current path charges electromagnetic 
energy by its inductance, and the discharge of this energy 
supplies the current when IGBT is off. This discharged 
current becomes the current flowing to diode 2, ID, and 
flows into the high-voltage devices. In other words, ID = 
IOUT. The inductance of the inductor is designed to charge 
an amount of electromagnetic energy corresponding to the 
amount required for the current when IGBT is off. The 
total current flowing to the high-voltage devices becomes 
IOUT = ISW + ID. The ability to vary the ratio of on to off 
in IGBT enables the output current of the fuel cell to be 
continuously varied.

At the same time, the current from the fuel cell is 
used to charge the ultra capacitor. The voltage of the ultra 
capacitor, VCAP, increases as charging proceeds, until 
it becomes the same level with VFC, the voltage of the 
fuel cell. VFC becomes smaller as IFC becomes greater. 
When VFC = VCAP, the VCU stops chopping and remains 
constantly on.

Fig. 2   System diagram of VCU and high-voltage devices
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4. Verification of the VCU Operation in a 
Vehicle

4.1. Operation at System Start-up
Figure 4 shows fuel cell voltage, VFC, and current, IFC, 

ultra capacitor voltage, VCAP, and current, ICAP, when the 
system is started up and the fuel cell begins generating 
power from system shutdown status. When the system 

Fig. 3   Diagram of VCU current control mode
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is started up, first the relay unit for the ultra capacitor 
starts to operate, and then the relay unit for the fuel cell 
operates. The voltage of the fuel cell is different from that 
of the ultra capacitor. Chopping by the VCU charges the 
ultra capacitor with current from the fuel cell, causing the 
voltage of the ultra capacitor to approach that of the fuel 
cell gradually. When the voltages are equal，the VCU 
stops chopping and constantly remains on.
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4.2. Operation at Takeoff from Idle Stop
To control the consumption of electric power, the fuel 

cell in the FCX is provided with an idle stop function 
which goes into operation when a traction command for 
the motor has not been received for a certain period of 
time. Because the VCU is 100% off during idle stop, a 
difference in voltage occurs between the fuel cell and 
ultra capacitor. Figure 5 shows the voltage and current 
profiles of the fuel cell and the ultra capacitor when the 
vehicle takes off from the idle stop mode. When a traction 
command goes to the motor while the vehicle is in the 
idle stop mode, the VCU starts chopping. Continuous 
chopping equalizes the voltages of the fuel cell and the 
ultra capacitor，after which the VCU stops chopping and 
constantly remains on.

Power assist mode by the ultra capacitor at acceleration 
from a standstill can also be seen in Fig. 5. The fuel 
cell attempts to provide current to the motor when the 
traction command is received, but there is a slight time 
lag between the idle stop mode and restarting power 
generation. Current is output from the ultra capacitor to 
compensate for this output delay. Current continues to be 
provided from the ultra capacitor even after the fuel cell 
begins to generate electricity, because it has not generated 
the level of power required for acceleration. The amount 
of current from the ultra capacitor gradually diminishes as 
the amount generated by the fuel cell increases, and power 
assist stops when the amount of power generated in the 
fuel cell reaches the required level.

4.3. Operation of Regeneration during Braking
The FCX is able to charge the ultra capacitor with 

energy regenerated during braking. The voltage and 
current profiles of the fuel cell and the ultra capacitor in 
the regeneration mode are shown in Fig. 6. When the 
vehicle begins to decelerate, the power generated by the 

fuel cell is controlled to the minimum, and the motor 
starts regenerating braking energy. As a result, the current 
from the ultra capacitor becomes negative, and the ultra 
capacitor begins to charge with regenerated energy. 
However, because the VCU is constantly on when braking 
starts，the ultra capacitor is charged with energy from the 
fuel cell in addition to energy from braking regeneration. 
To reduce charging from the fuel cell, and to maximize the 
amount of charging from braking regeneration, the VCU 
starts chopping to electrically disconnect the fuel cell 
and the ultra capacitor. This enables output power from 
the fuel cell to be restricted, and the energy provided by 
regeneration to be increased.
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5. Conclusion

A voltage and current control unit (VCU) has been 
utilized to control the power provided by the fuel cell in 
a fuel cell vehicle that also uses an ultra capacitor as a 
power source. The following results have been obtained:
(1) Chopping by the VCU when the system is started up 

and when taking off from the idle stop mode controls 
the current from the fuel cell, enabling the difference 
in voltage between the fuel cell and the ultra capacitor 
to be eliminated.

(2) In the regeneration mode, chopping by the VCU 
electrically disconnects the fuel cell and the ultra 
capacitor, enabling the energy from the fuel cell to 
be restricted. This enables the energy provided by 
regeneration to be utilized for charging the ultra 
capacitor.
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Research of Micro-gasturbine Generator

Koichi SHINMURA* Koji YAMAGUCHI* Sadachika TSUZUKI*
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ABSTRACT

Research has been conducted on a micro-gasturbine generator as a compact distributed energy resource in order to improve
energy usage efficiency. While aiming at a low emission level by introducing a premixed, lean-burning combustor, the engine has
achieved a generation efficiency of 30.8 percent and the system achieved 26.7 percent by also adopting a recuperator and by
reducing the heat and mechanical loss within its compact structure. Electricity output from the high-speed generator is converted
into commercial power and supplied to the power grid. The engine, inverter and other auxiliary devices have been arranged into
one compact package, achieving the highest performance and lowest noise level in the 40 kW class. Further modifications of the
engine have improved the efficiency to 32.9 percent at the engine end.

 * Wako Research Center

1. Introduction

Most electrical power demand thus far has been supplied
by large-scale thermoelectric, hydroelectric, and nuclear
power plants. Higher efficiency has been pursued by
increasing the scale of these facilities, but this has in turn
created the issues of long construction periods, mounting
equipment costs, and transmission loss over the long
distances to the demand sites. Factors, such as global trends
toward electric power deregulation and the increased
environmental load of nuclear power plants and other
facilities, have raised interest in distributed generation. Of
these, micro-gasturbine generators are gathering attention due
to expectations for lower costs from mass production and for
reduced environmental load as a result of improvements both
in generation efficiency, by adoption of a recuperator, and in
low emission combustor performance(1), (2).

2. Research Aims and Themes

Honda is tackling the practical application of advanced

environmental technologies. As a part of these efforts, the
company has promoted research on distributed energy to
improve energy usage efficiency and to meet a part of the
electrical power demand.

This research’s aim is to realize a micro-gasturbine as a
distributed generation (grid connect) system based on the
concepts of 1) superior cost performance through high
efficiency generation and long life, 2) environmentally
friendlier with low emissions, and 3) a quiet and compact
package. The research themes were as follows.

Themes
Engine
• A high efficiency, compact recuperator
• A compact, high-speed generator for a simple shaft

configuration
• A premixed, lean-burning combustor for a low exhaust

gas emission level
Electric power conversion system
• A compact and long-life inverter
• Optimum control for improving the electricity quality
Package
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• A compact package with a small installation space
• Easy maintenance
• Quiet

3. Major Specifications and Overview

Table 1 gives the major specifications of the newly
developed generator system, and Fig. 1, Fig. 2 and Fig. 3
show internal and external views and the system
configuration. The gasturbine engine of this system uses a
recuperator to recover the energy of the exhaust gas, and has
a simple, single spool structure with a high-speed generator
directly coupled to the centrifugal compressor and radial
inflow turbine.

The fuel used is ordinary town gas 13A which is
pressurized to approximately 560 kPa by a fuel gas booster
and then supplied to the gasturbine engine through a metering
valve. The 1.3 kHz high frequency AC generated by the
high-speed generator is converted to DC by the converter unit
of the electric power control system, and then converted to
commercial 3-phase AC by the inverter unit and connected to
the grid.

Table 1   Major specifications of micro-gasturbine 
generator

The auxiliary oil system lubricates the engine shaft
bearings and cools the generator stator, and the oil cooler fan
also ventilates the package interior. In addition, an air pump
is used to ensure the differential pressure at the bearing oil
seal.

The package design was divided into upper and lower

Fig. 1   External view of micro-gasturbine generator

Fig. 2   Internal view of micro-gasturbine generator

Fig. 3   System diagram of micro-gasturbine generator
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sections as shown in Fig. 2 to allow efficient ventilation of
the package interior. The engine and other heat sources are
located in the upper section, and the engine air intake duct,
electric power conversion system, electrical fittings and other
components with low heat tolerance are located in the lower
section. The required maintenance space was also reduced by
adopting a layout that allows all components to be inspected
and replaced from the front during periodic maintenance. The
size is the smallest in the 40 kW generator class.

The dominant noise is the noise leak from the ducts. To
reduce this noise, a 3-vent structure with sound absorbing
material was adopted for each duct. This reduced the noise
level to 65 dB (A)/l m (a level that allows daytime operation
in a commercial district).

Figure 4 shows the engine and system performance. A
generation efficiency of 30.8% at the engine end and 26.7%
at the system end was achieved under standard atmospheric
conditions. This is the highest performance level in the
40 kW class (Fig. 5). In addition, gasturbine performance
generally drops as the air temperature rises, but these effects
were suppressed by varying the engine speed.

The engine combustor adopted the premixed,
lean-burning method(3) using a multi-venturi mixer that
generates a homogenous air-fuel mixture. This method
allows stable combustion while suppressing the flame

temperature, and achieved an emission level of 3 ppm or less
(NOx, CO, HC at 15% O2) over the wide operating range
from 50% to 100% engine load (Fig. 6). This is lower than
the average value for all power plants including nuclear
power plants(4).

4. Engine

The gasturbine engine efficiency generally tends to drop
together with the size. This is caused by 1) increased loss due
to a relative increase in the rotor tip clearance, 2) limitations
on raising the turbine inlet temperature (difficulty in
incorporating a complex cooling structure), and 3) a relative
increase in the bearing and other mechanical losses.

The efficiency of the newly developed engine was
improved by adopting a regenerative cycle using a
recuperator which recovers the heat of the exhaust gas
(Fig. 7). In addition, the recuperator has a multi-tube
structure with an annular shape. This made it possible to
locate high temperature parts on the inside and to cover the
outer circumference of the engine with low temperature air
from the compressor, thus greatly reducing the radiation loss
to the outside from the turbine exit passage, the recuperator,

Fig. 6   System emissions and efficiency 
(at inlet temp. 24 °C)

Fig. 4   System and engine performance characteristics

Fig. 5   Honda engine compared with current trend

Fig. 7   Flow chart of recuperated gasturbine cycle
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etc. Mechanical loss was reduced by adopting a single spool
structure with the high-speed generator directly coupled to
the centrifugal compressor and radial inflow turbine, thus
eliminating the need for reduction gears. Figure 8 shows the
engine structural drawing. This structure is axially
symmetric, which reduces the stress on high temperature
parts with a large temperature gradient.

Table 2 gives the engine specifications, and Fig. 9 shows
a comparison of estimated and experimental results of the

improved engine efficiency through exhaust heat recovery by
the recuperator. The Version 1 engine mounted in the system
had a recuperator temperature efficiency of 87.6% and a
generation efficiency at the engine end of 30.8%. In contrast,
the Version 2 engine was further modified to reduce friction
and improve the recuperator temperature efficiency to 90.6%,
thus achieving a generation efficiency of 32.9% at the engine
end(5).

The gasturbine engine efficiency can be improved by
increasing the turbine inlet temperature (TIT), but this has a
large effect on the life span of high temperature parts. The
newly developed engine set the TIT at 900 °C in
consideration of this life, and the results of FEM analysis
with the accuracy confirmed by high temperature spin tests
and measurements of turbine component temperatures during
operation provided prospects for a turbine life span of 60 000
hours.

In addition, engine overspeed burst tests were conducted
to verify that fragments did not fly out of the engine even in
the event of rotor burst, and the safety was confirmed.

The recuperator and the high-speed generator, which are
the major components, are described below.

4.1. Recuperator
Table 3 and Fig. 10 show the major specifications and

the external view, respectively. The annular shaped
recuperator has compact and highly efficient counterflow
passages.

Table 3   Recuperator specifications

Fig. 8   Cross-sectional view of micro-gasturbine engine

Table 2   Engine specifications at ISO conditions

Fig. 9   Relationship between cycle pressure ratio and 
engine efficiency
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Fig. 10   Front view of recuperator with two different 
passage types

The main factor lowering the recuperator temperature
efficiency is generally an uneven air and exhaust gas flow
profile. Figure 11 shows the results of estimating the drop in
temperature efficiency due to the flow profile. Line A shows
the case when the exhaust gas and air flow profiles match,
and line B shows the case when these do not match.
According to these estimation results, the target flow profile
value needed to achieve the target efficiency of 90% has a
standard deviation of 0.07 or less (area Q in Fig. 11).

When the heat exchange plates are arranged radially in an
annular shaped recuperator, the passages become tapered
with a narrower passage width on the inside and a wider
passage width on the outside (Fig. 10). This produces a
distorted flow which causes the efficiency to drop (point P in
Fig. 11). To prevent this distorted flow, an involute shape
was adopted which has a constant passage width at any cross
section. In addition, the air passage turns the flow, so the flow
profile easily becomes slanted towards the inside. Therefore,
the flow profile was equalized by placing ribs in the turn

sections to control the flow (Fig. 12). Temperatures inside
the recuperator were measured to confirm the effect. The
results are shown in Fig. 15. The temperature drops at a
constant gradient from the inlet to the outlet, indicating that
heat transfer is performed evenly throughout the entire
recuperator.

The heat exchange plates have a primary surface structure
that does not use fins or other separate parts. The stainless
steel plates that form the exhaust gas passages are corrugated
plates shaped into fins. These are matched with rib-pressed
stainless steel plates that form the air passages, and both are
laser welded along the sides to form a pair (Fig. 13, Fig. 14).
510 of these plates are then brazed into an integrated annular
shape to create air and exhaust gas seals. The size and weight

Fig. 11   Calculated effect of flow distortion

Fig. 12   Air flow profile at 100%N

Fig. 13   Plate model of passage

Fig. 14   Laser welded cell (Involute shaped)

Fig. 15   Measured temperature of recuperator
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were reduced by using small air and exhaust gas passage
heights of 0.5 and 0.8 mm, respectively, and raising the
coefficient of heat transfer. The total seal length for all 510
heat exchange plates is 306 m for the laser welded portions
and 122 m for the brazed portions, but the leak amount was
kept to 1% or less (equivalent to a non-sealed area of
φ2.7 mm).

Preventing flow distortion and developing a brazing
method for a leakless recuperator fulfilled the recuperator
efficiency target of 90% or more.

4.2. High-Speed Generator
The high-speed generator is a permanent magnet type and

is directly coupled to the engine. Table 4 gives the major
specifications, and Fig. 16 shows a structural drawing of the
rotor. Using an integrated shaft reduces the number of
bearings which in turn reduces mechanical loss; however, the
shaft length must be shortened to avoid shaft bending
resonance, and the structure must be capable of supporting a
low strength magnet at high revolutions. In addition, a
sufficient amount of magnetic flux must be ensured with this
limited size, and rotor eddy current loss and stator loss must
also be reduced.

To ensure the amount of magnetic flux needed for the
required output, the generator rotor uses a permanent magnet
(Nd Fe B) with a high magnetic flux density. This magnet
was shrink fitted onto a high strength nickel-chrome alloy
tube to create a structure with a compressive load even at
high revolutions.

Rotor eddy current loss not only lowers the efficiency, but
also heats the ring, resulting in demagnetization of the
magnet due to the temperature rise and a lower magnet
compressive load due to thermal expansion of the ring,
ultimately impairing basic functions. The teeth in a slot type
stator have low reluctance so magnetic flux passes easily
through the teeth, causing fluctuation of the magnetic flux
which can easily produce eddy currents on the rotor surface.
As a countermeasure for preventing this eddy current loss, a
slotless type stator was adopted in which the coil is arranged
in a cylindrical shape on the inside of a toothless core
(Fig. 17). The coil is formed by heat pressing self-bonding
wires (Fig. 18).

Table 4   Generator specifications

Fig. 16   Cross-sectional view of generator rotor

Fig. 17   Structures for slotless and slot stator

Fig. 18   External view of stator coil

In addition to copper loss caused by the resistance inside
the coil, stator loss also includes eddy current loss which
occurs inside the strands due to magnetic flux fluctuations
and circulating current loss which is caused by the phase
difference between each strand in an in-phase bundle. Both of
these losses can be reduced by using fine strands (φ0.3), and
by adopting Litz wire twisted together with strand bundles.

Ensuring a sufficient amount of magnetic flux and
reducing both rotor eddy current loss and stator loss in this
manner resulted in a generator efficiency of 97%.

5. Electric Power Conversion System

The electric power conversion system must ensure an
output electric power quality that conforms to the grid
connect guidelines and other regulations(6), (7), (8), and must
also be highly efficient and compact.

Table 5 gives the achieved values and the major
specifications. The electricity quality as measured on an
actual grid shows a power factor of 0.99 and a total harmonic
distortion (THD) of 3.5%, both of which easily clear the
respective standard values of 0.95 or more and 5% or less as
prescribed by the grid connect guidelines and other
regulations. With this high power factor and measures, such
as reducing the DC filter loss, the efficiency achieved was
95.1% at rated power.

Table 5   Electric power control unit specifications
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Figure 19 shows the block diagram. This electric power
control system is comprised of a converter unit that
commutates the high frequency AC from the high-speed
generator into DC, a DC filter capacitor group, an inverter
unit that converts the DC into commercial 3-phase AC and
connects it to the grid, and a DC/DC converter for the
auxiliary power supply.

Figure 20 shows the power drive unit (PDU) which is
the major portion of the electric power conversion system.
The hot switching devices (converter and inverter) and the
DC/DC converter are concentrated in a single area over a
heat sink to increase the cooling efficiency and reduce the
size. In addition, the converter and inverter have been
combined into an integrated structure and the output control
responsiveness has also been improved. This made it possible
to reduce the DC filter capacitor charge/discharge loss, and
achieved high efficiency with a small volume while ensuring
the required long life span of 60 000 hours.

Fig. 20   Detail of power drive unit

5.1. Converter Unit
When converting the AC voltage of the high-speed

generator to DC, systems that use ordinary diode
commutation only can provide a low DC voltage at low
engine speeds and cannot supply electric power to the grid. In
addition, there is also the disadvantage that an inverter must

be installed separately to power the generator as a motor
during engine startup.

On the other hand, the pulse width modulation (PWM)
system can generate the desired DC voltage at any engine
speed, making it possible to supply electric power to the grid
over a wide range from low speed to high speed.
Furthermore, starter functions can be obtained by simulating
inverter action with the PWM, which helps to reduce the size.
For these reasons, the PWM system was adopted for the
converter unit, and by performing vector control for each
phase current enabled high efficiency and stable operation
over a wide operating range.

5.2. Inverter Unit
The inverter must ensure an electricity quality (power

factor, harmonic distortion, etc.) that conforms to the
above-mentioned grid connect guidelines and other
regulations, and must also possess functions to protect the
grid when trouble occurs, such as when isolated operation is
detected. In order to satisfy the required electricity quality,
high accuracy grid voltage phase detection and high-speed
current waveform shaping control were adopted. As a result,
the low-order harmonics were reduced and the LC filter in
the output stage only needed to eliminate the switching
harmonics, which helped to reduce the size. In addition, the
various processing needed for the grid connect protection
functions was performed by software, making it possible to
satisfy the required functions without adding new dedicated
circuits or other components.

6. Engine Control

The generator must not only provide the rated power, but
must also be capable of continuous generation at partial
power (rated or less). There are two methods for controlling
the output with a single spool gasturbine engine such as this
system. The first is to fix the engine speed and lower the
turbine inlet temperature (TIT) and the turbine exhaust
temperature (TET) as shown in Fig. 21, and the second is to
lower the engine speed and operate near the temperature
upper limit. In consideration of the engine characteristics, the
latter method which has less of a drop in engine thermal
efficiency was adopted.

On the other hand, the gasturbine engine speed changes

Fig. 19   Block diagram of electric power control system
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when TIT or TET reaches the upper limit depending on the
air temperature (T1) and air pressure (P1), so control that
allows operation which traces an efficient line under any
atmospheric conditions is required. When a method that
directly feeds back the TET and other temperatures is used,
the transient characteristics prevent the control period from
being shortened, which means that stable control and a fast
transient response cannot be obtained. For these reasons, the
stability was improved by adopting an engine speed control
method that uses engine performance map data.

Figure 22 shows this engine control block diagram. The
TIT and TET characteristics relative to the engine speed and
output are converted to map data, and the appropriate
operation line at that time is derived from that map and the
sensed T1 and P1 (upper block). The target engine speed is
then obtained and engine control is performed based on this

operation line and the required output value (lower block).
T1 and P1 are not subject to sudden changes, so the operation
line update interval can be made sufficiently longer than the
engine speed control period, thus reducing the processing
load. This control method succeeded in reducing the engine
speed fluctuation at rated power to ±100 rpm or less.

In addition, the engine characteristics may change
gradually when operated for long periods, but these
time-based changes are supported by sensing the TET and
periodically correcting the initially set map based on the
difference from the TET assumed from the map.

7. Conclusions

Research on a micro-gasturbine generator as a compact
distributed energy resource was conducted in order to
improve the energy use efficiency, and the following results
were obtained.
(1) A generator system equipped with a high efficiency

regenerative cycle engine was developed which satisfied
the life span and safety requirements. This system
achieved a generation efficiency of 30.8% and 26.7% at
the engine and system ends, respectively. These are
currently the highest reported values in the world for the
40 kW class. In addition, further improvements to the
engine unit resulted in a generation efficiency of 32.9% at
the engine end.

(2) An emission level of 3 ppm or less was achieved over the
wide output range from 50% to 100% by a premixed lean
burning combustor that uses a multi venturi mixer. This is
lower than the average value for all types of power plants
including nuclear power plants.

(3) The engine, inverter and other components were arranged
into a compact package in consideration of heat and ease
of maintenance, and the low noise level of 65 dB (A)/1 m
was achieved.

Fig. 21   Engine performance

Fig. 22   Engine control block diagram
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Presentation of RC211V Equipped with 
4-stroke Engine

Hisashi KADOMASU*

ABSTRACT

The 4-stroke engine road racer, RC211V, has been developed with the concept “Launching Honda’s own advanced technology
in pursuit of speed and functionality.” Employing a lightweight, compact 4-stroke V-type 5-cylinder engine for the first time in
the world, the aim was to realize linear torque characteristics, easy operational traction characteristics, highly controllable
handling and improved turning ability when compared to 2-stroke road racers. A semi dry sump crankcase utilizing the
transmission room for the oil tank, and a pressure controllable fuel injection system were adopted to achieve the engine
performance targets. In addition, the specified minimum weight of 145 kgs for 5-cylinder engine motorcycles was satisfied by
employing a new type of aluminum twin spar frame, a low gravity fuel tank, and a Unit Pro-link suspension, as well as through
weight reductions for each of the parts.

 * Asaka R&D Center

1. Introduction

The WGP500, the pinnacle of motorcycle road racing
world championships, became known as the Moto-GP in
2002. In meeting the new regulation standards that allow
4-stroke engine configurations with a maximum
displacement of 990 cm3, Honda has developed a road racer
configured with a new type 4-stroke engine instead of the
conventional 2-stroke type.

2. Development Concept

On the WGP road racing circuit, even on models

configured with an exceptionally powerful engine,
motorcycles tend to suffer from fast tire wear if they are not
provided with linear torque and easy operational traction
characteristics. Since tire wear is directly related to a
reduction in lap time performance, it is imperative that the
load exerted on the tires be reduced. Moreover, motorcycles
need to be easy to control in progressive tire wear conditions
in order to maintain a stable fast speed through to the final
stages of the race. Taking these points into consideration, a
design featuring an engine offering maximum power and
operational ease, a body frame offering highly controllable
handling, and a suspension system offering favorable traction
characteristics were targeted to enable a fast pace ride over
the entire race circuit.
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3. Overview of RC211V

Figure 1 shows an external view of the RC211V and
Table 1 lists the major specifications. The size of the
RC211V frame is similar to the lightweight compact 2-stroke
engine configured NSR500, which has won both individual
and manufacturer’s titles at the WGP500 seven times over
the last eight years. A study of vehicle weight and maximum
power output was conducted by comparing engine sizes with
different cylinder configurations and types, and by the
positioning of power/weight ratios standardized in
accordance with new regulation guidelines. Under the new
regulation standards, a multi cylinder engine configuration,
which is advantageous in terms of its power output, becomes
disadvantageous in terms of vehicle weight. Conversely, an
engine configuration with fewer cylinders offers an
advantageous vehicle weight but suffers from insufficient
engine power output. As the vehicle weight and engine
power are increased, there is a greater tendency toward tire
wear as previously described. After considerable

deliberation, the most compact V-type 5-cylinder engine was
selected for its superior balance of engine output and
complete vehicle weight. Table 2 lists the regulation
specifics and Fig. 2 shows a comparison of the power-weight
ratio for the respective engine configurations.

4. Engine

In approaching engine design, the three component
motion characteristics, the inertia momentum of roll, pitch
and yaw were targeted for reduction while improving
maneuverability. Toward this end, the vehicle’s structural
assembly was taken into consideration and a design closely
approximating a sphere form was finally decided upon.
Conclusively, the V-type 5 cylinder configuration, taking up
the smallest sphere layout, was adopted. Figure 3 shows the
comparison results of the different engine sizes and Fig. 4
shows a cutaway drawing of the engine. Figure 5 shows the
analysis model of the crankshaft. This engine is designed to
cancel out the primary and coupling vibrations without a
balancer mechanism. The engine is configured with a counter
weight that weighs 50% of the reciprocating parts on each
cylinder. Imbalances are cancelled out in cylinders 1 and 2
and 4 and 5 by 25% each and the remaining 50% imbalance
(25% + 25%) was cancelled on cylinder 3. This has
effectively cancelled out the primary vibration. Figure 6
shows a schematic diagram of the crank balances. As
cylinders are positioned symmetrically centered around
cylinder 3, the coupling oscillation is logically zero.
Eliminating the balancer from the engine and reducing
relentless concerns with a lack of strength in frame body
parts caused by engine vibration have contributed to a
reduction of the overall vehicle weight. Computer analysis
was applied and optimal settings for valve timing and the
various intake and exhaust system specifications were
obtained in order to achieve a greater level of power output
without losing the flat torque characteristics associated with
the 4-stroke engine configuration. As a result, the targeted
output level has been achieved. The output and torque values
have been increased significantly over those for conventional
2-stroke engines and the amount of fuel flow has been
considerably reduced. Figure 7 shows a comparison of the
performance curves for the NSR500 and RC211V.

Fig. 2   Comparison of power-weight ratio

Fig. 1   External view of RC211V

Table 1   Major specifications
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Table 2   Regulation of Moto-GP (from 2002)

Fig. 3   Comparison of engine size

Fig. 4   Cutaway drawing of RC211V engine

Fig. 5   FEM analysis model of crankshaft

The crankcase is constructed of aluminum casting and a
semi dry sump crankcase has been configured to use the
transmission room for the oil tank. Each crank chamber
throw is sealed. Three scavenging oil pumps have been
placed to each of the throws. These pumps have fortified the
discharge of the oil and blow-by gas from the oil feed fitted
beneath the oil separator plate to the transmission case. The
discharged oil is directed into the oil pan from the
transmission room. A constant negative pressure of about
70 kPa is generated in the crankcase while the engine is being
driven. Figure 8 shows the structure of the crankcase and
lubricating mechanism. Adopting this mechanism has
reduced the pumping loss that occurs behind the pistons and
the oil agitation loss in the crank system compared with the
conventional wet sump configuration. Also, the maximum
output has been improved by 4% and friction has been
reduced by 19%. Figure 9 shows a correlation between the
output and friction. A complete dry sump configuration
requires a separate oil tank and oil piping which increases the
overall weight of the vehicle. On the other hand, the semi dry
sump configuration incorporates a layout design that is
integrated with the engine, making it approximately 1 kg less
than the complete dry sump configuration.
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Fig. 6   Weight balance of cylinder

Fig. 7   Engine performance curve

Fig. 8   Structure of crankcase

Fig. 9   Effect of new crankcase

5. Fuel System

The throttle body is configured with a deflective
multi-hole twin injector. An injector is fitted to the upper and
lower sides of each cylinder. Sharing the fuel injector for
both the low load and high load areas has been instrumental
in achieving driveability and greater output. Figure 10
shows the structural overview of the twin fuel injectors.

Employing a fuel pressure regulator that enables the
injector pressure to change continuously has improved the
output transient characteristic. Figure 11 shows a structure
view of the pressure regulator and Fig. 12 shows examples
of fuel pressure programs.
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As the throttle opens and closes, there is inevitably some
fuel remaining in the inlet port. Estimation control of this
adherent fuel amount that flows in the next combustion cycle
was employed to optimize the air fuel ratio mix and has
improved drivability and fuel consumption.

6. Frame Body

In conventional 2-stroke engine road racers, the fuel tank
is fitted above the engine and in front of the rider. A full tank
of gasoline in the early stages of a race provides a high center
of gravity, which causes sluggish handling and makes it
difficult to travel the race circuit from the start at a fast pace.
Furthermore, as the remaining gasoline is consumed dramatic
shifts in handling and stability occur which creates a
handicap in terms of balanced lap times. On the RC211V,

part of the fuel tank is positioned beneath the sheet cowl
which lowers the positioning of the stored gasoline to
concentrate the vehicle’s mass. This also serves to provide
ease of handling in full tank conditions and provides a
minimal level of gravitational fluctuation as the fuel level
decreases during the race. This configuration has enabled a
dash start in the early stage of the race and also promotes a
stable lap time over the duration of the race. To lower the
positioning of the stored gasoline while preserving the
capacity of the air box located above the throttle body and the
24 liter tank capacity, there is a need to keep as much space
as possible beneath the sheet for the fuel tank. Adopting a
unit pro-link suspension system on the RC211V has removed
the need for a suspension mount on the top side of the body
frame. This has created a large space for the fuel tank beneath
the sheet. Figure 13 shows the structural layout of the
motorcycle. In designing the basic body frame structure,
CAE analysis was conducted based on a new theoretical
approach to fabricating a suitable level of structural stiffness.
The analysis has yielded a completely new set of
measurements. The resultant design incorporates a 17%
lateral flexure increase and 23% improved resistance to
twisting in comparison to the NSR500. This has served to
attain a frame body stability that is able to support high
engine output exceeding 160 kW, and to improve the turning

Fig. 10   Twin injector

Fig. 11   Structure of fuel pressure regulator

Fig. 12   Program of fuel pressure control
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ability. To achieve better deceleration performance than the
conventional lightweight 2-stroke engine road racer, the
frame stiffness in the direction of pitching has been preserved
and the vehicle stability during braking has been improved.
Figure 14 shows a CAE analysis model of the mainframe
body stiffness.

7. Suspension

The unit pro-link suspension stabilizes the turning
behavior of the motorcycle at the exit of a corner and
displays superior rear traction. Also, the unit connector is
attached to the topside of the swing arm instead of
connecting the rear cushion unit to the topside of the frame
body. This has removed the necessity for reinforcing the
frame body unit connector as typically applied in
conventional designs. This offers the advantage of greater
flexibility in setting frame stiffness values. Figure 15 shows
a comparison of rear suspension systems.

8. Fairing

Contemporary motorcycle road racers emphasize
improved wind protection for the rider and lower air
resistance values. While the fairing tends to envelop the
entire motorcycle, it is contrary to the motorcycle’s handling.
The fairing on the RC211V has been designed to reduce the
surface area air contact and was implemented to provide ease
of handling and stability against cross winds, while achieving
a balance between air resistance and wind protection. A total
projection surface area and air resistance values lower than
the NSR500 were achieved to provide an improved level of
handling performance. Figure 16 shows an external view of
the 2002 RC211V model and the NSR500 model released in
1998.

9. Electrical System

The new type ECU incorporated on the RC211V is
assembled in a single unit that provides ignition timing

Fig. 13   Comparison of motorcycle size

Fig. 14   Frame body stiffness model with FEM

Fig. 15   Structure of unit Pro-link
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control, FI setting control and actuators control in addition to
data logger functionality. The ECU and meter offer CAN
(Controller Area Network) capability developed by Robert
Bosch GmbH in 1989 and transmit data according to standard
serial ISO communication protocols. The meter provides
multiple displays including water temperature and lap time as
well as failure information and sensor condition. Display
modes are controlled with the selector switch on the left side
of the meter. Employing CAN capability has enabled a
simple signal line design to achieve a lightweight harness.
Figure 17 shows an external view of the ECU unit and
meter. Bluetooth protocols have been adopted to provide
condition adjustments such as fuel injection settings and
mode (Map) changes. In accordance with race regulations,
real time interactive communication is prohibited while the
motorcycle is traveling, and allowed to operate only after the
engine has stopped. Data logging settings and data uploads
can be performed immediately after the engine is stopped. A
quantitative analysis of any mechanical problem perceived by
the rider can be performed by conducting full-time
measurements of a range of engine and body related
conditions including vehicular speed, engine speed, throttle
opening, gear positioning, suspension stroke, etc. This
enables the most accurate machine settings.

Figure 18 shows an external view of the Bluetooth unit
and a sample of measured logging data.

Fig. 17   ECU unit and CAN meter

Fig. 18   Bluetooth unit and logging data sample

Fig. 16   Comparison of external view
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10. Conclusion

The RC211V is configured with a V-type 5 cylinder
4-stroke engine which provides output characteristics that are
easy to handle, and has achieved the target performance
including a compact configuration and superior traction
performance from the Unit pro-link suspension. The machine
won both individual and manufacturer titles in the 2002
Moto-GP class. We will continue to explore technologies
using the RC211V, which is a leader among Honda super
sport motorcycles.

 Author 

Hisashi KADOMASU
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Development of Variable Mowing System (VMS)

Christopher OSBORNE* Dean HARTLEY* Vincent PRINZO*

ABSTRACT

The HRX217 lawnmower was developed for general consumer use based on the key concept of maximizing performance in
both the bagging and mulching modes of operation. Performance has been increased by the development of a variable mowing
system (VMS). The variable mowing system allows the customer to select either the bagging or mulching configuration for their
lawnmower by easily rotating a lever. This gives the customer a never before achieved control on the performance of his/her
lawnmower. Notably, this is done without the customer having to remove or replace any parts, or use any tools. The VMS
technology was also achieved without an increase in cost to the customer over existing mulch plug technology. Lastly, the VMS
significantly reduced the overall quantity of grass clippings collected in the bagging mode, therefore reducing the environmental
impact of grass clipping disposal.

 * Honda R&D Americas, Inc.

1. Introduction

Approximately 5 million lawnmowers are purchased in
the USA each year. As part of our lawnmower developments,
we strive to provide new and innovative features to improve
the lawn mowing experience for our customers. It was during
interviews with customers that we noticed an increasing
number of lawnmower users that want to be able to bag a
portion of their lawn and mulch the remaining (Fig. 1). The
existing models can accommodate this situation, but the
customer is required to remove parts from the mower and
store them. Many times these parts are lost or inconvenient
when the customer is ready to change modes(1), (2). From this
customer demand, the variable mowing system (VMS)
(Fig. 2) was developed, and this report will detail the
background of this development. Fig. 1 Mulching performance
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2. Development Goals

The development concept for this product was defined as
a high-performance lawnmower that anyone can easily
operate. In specific terms, the goals were as follows:

(1) Attain best in class performance in both mulching and
bagging modes (this normally requires two separate
models each designed for their respective purpose)

(2) Increase the convenience for the customer to convert
between mulching and bagging modes. Achieving this
ability without the use of any tools was also a goal of the
development.

(3) Provide new functionality by allowing a partial
mulch/bag operation that allows the customer to choose
what percentage of grass clippings were mulched or
bagged.

Table 1   Major specifications of HRX217

(4) Improve bagging performance by increasing the distance
that the customer can mow between bag clearings, while
maintaining the high appearance standards expected by
the bagging customer.

3. Basic Configuration

Table 1 lists the major specifications of the HRX217
lawnmower shown in Fig. 3.

The HRX217 distinguishes itself from other lawnmowers
by its main new technology, the VMS. The VMS is exclusive
to the Honda HRX, and this is the first machine in the world
to use such a technology. The VMS itself consists of several
components that replace the conventional mower mulch plug
(Fig. 4).

Fig. 3   HRX217 PP1 Machine

Fig. 2   Clipping path in various modes of VMS
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Fig. 4   Mulch plug part from previous model

The grass flow with the VMS can be controlled by
merely rotating a lever behind the engine to place the mower
in either mulch mode, bag mode, or someplace in between.
This allows the customer to select their lawnmower’s mode

by simply rotating the clip director knob, without the need for
additional parts or the use of hand tools. The direction of the
grass clippings is controlled by means of a rotating shutter
scroll located under the housing and hidden from operator
view. As the customer rotates the convenient lever on the top
of the mower (Fig. 5), the shutter is placed to either allow
clippings to escape through the back of the mower into the
bag, or when the lever is placed in the mulch position, the
shutter scroll closes off the bag chute and diverts grass
clippings to the ground for mulching (Fig. 6).

This actuation is achieved by means of a lever that rotates
on a boss molded into the polymer cutter housing of the
lawnmower. This lever is held in its various positions by
means of notches molded into the opening in the cutter
housing in which the lever is installed. These notches provide
not only the full mulch and full bag positions, but also
8 positions between. These additional settings allow the
customer to choose the amount of grass clippings that are
bagged or mulched, depending on their own preference and
lawn conditions.

Several different constructions were considered before
arriving at the final shape seen in Fig. 7. Some ideas that the
team evaluated included a shutter that closed across the bag
chute in a linear path. This proved to be difficult to support in
the outermost position and was abandoned in favor of the
rotating type of shutter. Once the final shape and
configuration was chosen as the rotary type (Fig. 7), the

Fig. 5   Clip director (VMS) control area model

Fig. 6   Prototype in both positions

Fig. 7   VMS mechanism and components

Fig. 8   Ramp scroll



Honda R&D Technical Review Vol. 15 No. 2 (October 2003)

– 28 –

shape was modified numerous times in order to maximize the
flow of grass clippings and minimize clogging of the opening
to the bag chute. After showing this concept to customers in
focus groups, the sales division decided to name this feature
the “Clip Director” (Fig. 5). This name conveys the ability of
the customer to direct the grass clippings as they want for
their own conditions. It is also important to note that the
Honda HRX217 is the first Honda mower to achieve the
specification of “4 in 1” in the box. In other words, without
purchasing any additional parts, the customer can mulch, bag,
discharge, or leaf shred (four functions by one machine, also
known as 4 in 1). This is a milestone achieved only by the
introduction of this model.

The improved performance of the HRX217 lawnmower
in the bagging mode was achieved by the use of ramp scroll
(Fig. 8).

This scroll is added to the underside of the cutter housing
slightly forward of the rotating shutter scroll. The ramp scroll
provides a downward airflow just before the beginning of the
bag chute. The airflow helps reduce the number of clippings
directed into the bag, and forces some clippings into the
blade to be cut into smaller sizes before being stored in the
bag.  The ramp scroll also decreases the cross sectional area
of the cutter housing at the entry to the bag chute. This
decreased area causes an increase in air velocity, which helps

prevent grass clogging during mulching and VMS operation,
and helps fill the bag more efficiently during bagging. The
ramp scroll is an integral part of the VMS system and helps
improve its overall performance significantly.

The improved performance in the mulching mode was
achieved by several changes. New blade shapes were
introduced with the primary design change being an
increased offset between the upper and lower blades cutting
edges (Fig. 9). This allows for a more efficient cutting of the
grass with less clogging of the cutter housing under severe
conditions. The most significant effect on the mulching
performance was achieved by optimizing the cutter housing
shape itself (Fig. 10).

Allowing enough volume for the amount of grass
clippings cut, while maintaining enough vacuum lift to pull
the clippings up into the housing, is the key to a good
housing shape. Also, the clearance between the tip of the
blade and the cutter housing was reduced in order to improve
the ability of the cutter housing to circulate clippings until
they are cut to smaller size. Lastly, the scroll ramp (Fig. 8)
improves mulching by diverting clippings from the upper
portion of the housing back into the blade, resulting in
smaller clippings as well.

4. Performance

The bagging performance of a lawnmower is based on
two fundamental aspects. First is filling the grass catcher as
full as possible between bag clearings. Second is traveling as
far between bag clearings as possible to save time. The VMS
system accomplishes both extended distance and fully filling
the bag.

The VMS system’s performance envelope is best illustrated
in Fig. 11. The illustration is divided up into 3 zones:
bagging, mulching and VMS. The performance zones are
predominately defined by grass conditions (height, thickness,
dampness) and distance to completely fill the grass bag. The
bagging zones are divided up in four vertical zones. Each
zone expands out as distance increases and grass condition

Fig. 9   Blade offset change

Fig. 10   Cutter housing shape change Fig. 11   VMS performance envelope
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severity decreases. Fundamentally, closing the VMS shutter
cuts the grass into smaller pieces and places the smaller grass
particles back into the lawn, which ultimately increases the
distance. As the condition becomes more severe, the VMS
must be opened to achieve the same performance as in a dry
condition. The horizontal zones are to define the traditional
lawnmower’s limitations when grass conditions become
severe. The limitation of traditional lawnmowers occurs due
to dedicated modes; either 100% mulching, or 100%
bagging. When the grass condition becomes more severe, the
ability to use both modes (VMS mode) is instrumental in

achieving the improved performance. As for the HRX217,
the VMS expands the performance into a more severe
condition because of the combination bagging / mulching of
grass clippings.

Another way to illustrate mowing performance is by
showing how it affects the customer’s time and convenience.
Many municipalities are restricting grass clippings to be
placed in the landfills. This has caused an increase in the
desire for mowers that produce less yard waste. The VMS
system is the answer to this environmental trend. The chart
shown in Fig. 12, illustrates how opening the VMS shutter
(35%, 50%, 75%, etc) decreases the number of times the
grass catcher fills up. In optimum conditions, bag emptying
decreases by up to 66% when compared to a traditional lawn
mower that has fixed operation modes. The shutter position
(in column one) helps illustrate this function.

The third column, distance, is the distance required to fill
one typical grass bag. The added distance to fill the grass bag
translates into fewer bags to dispose of. The fourth column,
bag clearings, is the expected number of bags you might have
over a typical 1/4 acre lawn.

The mowing distance is shown in Fig. 13. The actual
data shows how the mowing distance varies between grass
bag clearings. The grass is held within the housing for a
longer period of time before passing through a narrower
opening in the discharge chute. The added time in the deck
will cause the particles of grass to become smaller, and in
doing so, the mower is able to pack clippings tightly into the
grass bag. This effect increases the distance between grass
bag clearings.

5. Summary

The following achievements were made in the
development of the variable mowing system for the HRX217
walk-behind lawnmower:
(1) Along with normal mulching and bagging modes, the

VMS system also provides new functionality allowing the
customer to find an optimal mowing position in between
mulching and bagging that recycles some of the grass to
the ground, while still giving the clean look of bagging.

(2) The customer’s optimal VMS setting leads to fewer bags
of grass collected over the entire lawn than the bagging
mode by increasing the distance to fill the bag by
partially mulching. This equals fewer bags of clippings at
the curb, which will cost most customers less money for
services to collect, and will be better for the environment.

(3) Customer convenience was increased by allowing them to
convert from bagging, to mulching, to anywhere in
between with the ease of turning a lever. No extra mulch
plugs or tools are required to do so as in conventional
lawnmowers.

(4) The shape and configuration of the cutter deck, blades,
rotating scroll, and the deflection scroll developed for the
VMS system resulted in the best pure mulching and pure
bagging cut quality of any single Honda lawnmower.

(5) A rotating shutter scroll was developed for the VMS
system, which rotates just above the blade in the path of
the cut grass. Developing the shape and durability of this
part was the key to the performance of the VMS system.

(6) The VMS system, while adding convenience and
excellent performance, does not add any extra cost to the
customer over a conventional system.

Fig. 12   VMS bag performance at different settings

Fig. 13   VMS bagging distance at different settings
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6. Conclusion

The variable mowing system on the HRX217 has
achieved a new level of performance, convenience, and
versatility for a walk-behind lawnmower. The concept for the
variable mowing system came about from listening to
customer’s needs for cutting performance and convenience,
and from trying to add more value to our products by adding
new features for the same price.

The variable mowing system will build new excitement
around the HRX217 and the entire Honda lawnmower lineup.
The development of the variable mowing system was made
possible by the cooperation and dedication of Honda R&D
Americas, Inc., Honda R&D Co., Ltd. and American Honda
Motor Co., Inc. The authors would like to thank all the
members of those departments that worked to make the
HRX217 a reality.

References

(1) Christians, N.: Lawns, Your Guide to a Beautiful Yard,
Des Moines IA, Meredith Books, 192 p. (2002) 

(2) Hartin, J.: Reusing Turfgrass Clippings to Improve
Turfgrass Health, Sacramento CA, University of
California, June 2001

 Authors 

Christopher OSBORNE Dean HARTLEY Vincent PRINZO



Introduction of new technologies

– 31 –

Introduction of Hydrogen Refueling Station with
Photovoltaic Modules

Masaki UEYAMA* Masato KITA* Satoshi TAGUCHI*
Koji NAKAZAWA* Hisashi NAGAOKA* Shinichi ARAKAWA*

ABSTRACT

An experimental hydrogen refueling station has been built in order to propose a solution for energy and global environmental
issues, using solar radiation as its energy source. An improvement in system total efficiency was achieved by using an electrolyzer
with a newly composed catalyst. As a result, it is predicted that this system is capable of producing enough hydrogen to drive a
fuel cell vehicle for 10 000 miles per year with electricity from only the photovoltaic modules. A drastic reduction of CO2
emissions per unit of hydrogen produced is possible by employing a CIGS thin film compound photovoltaic module in place of a
single-crystalline Si photovoltaic module. The hydrogen refueling station has demonstrated a form in which future hydrogen
production may cleanly, efficiently, and renewably be achieved from solar energy, with a design that enables the everyday user to
feel comfortable.

 * Wako Research Center

1. Introduction
To find a substitute for fossil fuels, reduce exhaust gas

emissions, and help alleviate global warming, Honda has
been developing fuel cell vehicles with the belief that
hydrogen fuel cells will be the ultimate next-generation
power plant. 

As for the energy source for producing the hydrogen, it
would be desirable to use sunlight that is readily available
anywhere, as opposed to the case of petroleum, supplies of
which are overly concentrated in a few areas. However, while
there are sufficient quantities of sunlight on a global scale,
the energy to be derived per unit area is still small and
fluctuates depending on the time of day, the climate and the
season. Because of this, it is essential to increase the energy
density and to stabilize the energy supply.

As research and development into fuel cell vehicles has
advanced in recent years, so has research and development
into the large-scale production of hydrogen led by the

infrastructure industry and government agencies. This has
included research into hydrogen production using sunlight(1).
However, there has been no research into what capacity of
photovoltaic modules would be required to produce the
hydrogen needed to power a single fuel cell vehicle, or into
how much CO2 would be emitted by the manufacture of these
systems. For these reasons, in 1998, Honda assembled
commercially available equipment into a prototype hydrogen
producing system using photovoltaic modules, and measured
the energy inputs and outputs in tests of hydrogen production.
The results indicated that because the auxiliaries consumed
so much energy, the amount of hydrogen that could actually
be derived was rather small and therefore it was necessary to
research ways to make the system more efficient.

To conduct this efficiency research, Honda set up a
first-generation hydrogen production and refueling station in
Los Angeles, California, in 2001, and began testing. A Honda
FCX, which was already being used in public road tests in
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the area, was selected to serve as the fuel cell vehicle. This
type of experiment was the first of its kind anywhere by an
automobile manufacturer, and was announced in July 2001.

This paper discusses a second-generation refueling
station (Fig. 1) that began operating in July 2002, using
knowledge gained through the first-generation station and
designing the new one to be more efficient and compact.

2. Outline of Hydrogen Refueling Station

2.1. Appearance
Figure 1 shows the appearance of the hydrogen refueling

station discussed in this report. Thorough safety measures
were taken, and the station was designed differently from
existing plant equipment to impart a sense that the hydrogen
society is coming closer, and not an image that such
equipment is inaccessible to the average person.

As a symbol of the project, a design was chosen that
features the image of a sailboat carrying society into the
future with the help of natural energy. This image emphasizes
the clean and advanced aspects of hydrogen produced from
light and water (Fig. 2).

2.2. Specifications
The design goal for the amount of hydrogen production

was calculated as the amount which would enable driving of
10 000 miles per year.  This figure was based on historical
solar radiation data(2) and the average annual driving distance
per household automobile throughout the US(3). A goal was
set to derive all the energy needed for this only from sunlight.
To accommodate unpredictable climate conditions and
variations in driving distances, it was decided to also allow
production of hydrogen from grid power. Table 1 lists the
major specifications.

2.3. Overall Configuration
The hydrogen refueling station consists of photovoltaic

modules, an electrolysis unit for making hydrogen, a high
pressure hydrogen storage tank unit and a dispenser unit for

Fig. 1   External view of Hydrogen Refueling Station

Fig. 2   Design image sketch

Table 1   Major specifications
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filling the fuel cell vehicle with hydrogen (Fig. 3).
In order to keep each unit from being overwhelmingly

large, even up close, the design standard called for each unit
to be as wide across as a person’s shoulder breadth and as
high as breast height. The basic unit was a box measuring
two feet on each side, and the station was constructed by
combining multiple  units (Fig. 4). The component

equipment was made compact and configured into individual
units for each function. As a result, all of the equipment other
than the photovoltaic modules could be placed under a
canopy evoking the image of a sail, making the station
resemble the project image.

The user interface has a touch panel screen and uses a
dialogue system for easy operation (Fig. 5). Figure 6
illustrates the overall layout of equipment.

Fig. 6   Station layout

3. Photovoltaic Modules

The photovoltaic modules used are the single-crystalline
Si type, which are the most efficient among those used in
ordinary households; they are used in a quantity sufficient for
about two households. To maximize annual power
generation, it is desirable to place the photovoltaic modules
at an angle to the planet surface that is about the same as the
latitude. In this case, therefore, the modules were placed at
about 35°, the approximate latitude of Los Angeles (Fig. 7).

Fig. 7   External view of photovoltaic modules

4. Hydrogen Production Unit

4.1. Configuration

The hydrogen production unit consists of a water purifier
for turning tap water into pure water, an electrolyzer for
producing hydrogen through the electrolysis of pure water, an
H2 gas-liquid separator for separating the water from the

Fig. 3   Schematic illustration of Hydrogen Refueling 
Station

Fig. 4   Concept of unit size

Fig. 5   Scene of refueling for FCX
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hydrogen still mixed with pure water derived by the
electrolyzer, and a hydrogen purifier that removes water
vapor and a trace amount of O2 gas contained in the separated
hydrogen gas (Fig. 8).

The hydrogen production unit was designed to minimize
energy consumption. This was achieved by using a pure
water circulation system (to reduce the amount of pure water
produced) and a hydrogen circulation and recycle system (to
reuse hydrogen when the hydrogen purifier is restored and
thereby reduce the amount of hydrogen produced). Figure 9
illustrates the water and hydrogen recycle systems.

The pure water circulation system for reducing the
amount of pure water produced sends pure water made by the
water purifier to the electrolyzer via an O2 gas-liquid
separator and an ion exchanger. Pure water that has not been
electrolyzed still contains O2 gas, so the O2 gas is separated
using the previously mentioned O2 gas-liquid separator and
reused. On the other hand, the hydrogen produced still
contains some pure water, so the pure water is separated
using the H2 gas-liquid separator and returned to the
circulation system. Reusing pure water this way makes it
possible to reduce the amount of energy consumed to
produce pure water.

The hydrogen produced contains a trace amount of O2 gas
and water vapor so these are removed with the hydrogen
purifier. This device has two molecular sieves consisting of

oxidation catalysts and thermal swing adsorption reactors; O2
gas is turned into water using the oxidation catalysts and the
water is removed by adsorption using one of the molecular
sieves. After a certain amount of water is adsorbed, the
system switches to the other sieve. The sieve that has finished
adsorbing water is heated and supplied with hydrogen so that
the adsorption reactor is restored. The hydrogen used for
restoration is reused after it is cooled and dehumidified.

4.2. Electrolyzer
Figure 10 illustrates the basic principle of the

electrolyzer. Pure water is supplied to the anode electrode, a
voltage is applied between that and the cathode electrode, the
pure water separates into hydrogen ions and O2 gas, and the
O2 gas and unused pure water are released together.
Hydrogen ions pass through a proton exchange membrane
and at the cathode electrode are turned into gaseous
hydrogen. As the hydrogen ions move, some of the pure
water also moves to the cathode electrode side. When water
is electrolyzed, there are two electrons transferred for every
hydrogen molecule produced, and the theoretical amount of
hydrogen that can be produced is determined by the amount
of current. The electrolyzer’s current-voltage (IV) properties
indicate the relationship between current density and the
voltage required to produce that current (Fig. 11).

Fig. 10   Schematic illustration of electrolyzer

Fig. 11   Characteristics of electrolysis cell

Fig. 8   Assembly of electrolysis unit

Fig. 9   Water and hydrogen recycle system
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Achieving high efficiency, which is to say, producing
hydrogen with minimal power consumption, requires
minimizing the voltage needed for electrolysis. Three
primary factors affect voltage: catalyst, membrane and ion
supply. The voltage constituent determined by the catalyst is
that required to break the water’s state of equilibrium with
the electrodes and promote the electrolysis reaction. This
depends principally on the type of catalyst on the anode
electrode side; in terms of IV properties, the voltage where
the current density approaches zero in the graph corresponds
to this. The voltage constituent determined by the membrane
is affected by the resistance when the current is passing
through the component materials and when the hydrogen is
moving through the proton exchange membrane. It is
expressed as the slope of the IV curve. The voltage
constituent determined by the ion supply does not appear in
Fig. 11, but it is what occurs as a result of insufficient ion
supply. It occurs as a sudden increase in voltage in the region
of the graph where current density is high. The grand total of
these voltages determines the electrolysis voltage. For the
purpose of lowering the electrolytic voltage, we have adopted
a thinner proton-exchange membrane to reduce resistance,
and developed a new Ru-Ir-Fe oxide catalyst to enable
electrolytic reaction at a voltage lower than with a
conventional platinum catalyst. Figure 11 shows the
electrolysis voltage reduction effect of incorporating these
improvements.

Figure 12 shows the layout of the electrolyzer. While the
operating voltage is low in a single electrolysis cell, the high
current makes it difficult to control the reaction to be stable
and efficient. To deal with this characteristic, cells consisting
of a combination of anode electrodes, proton exchange
membranes and cathode electrodes are stacked. This is called
an electrolysis stack. The endplate fastening each cell of the
stack requires sufficient rigidity to assure uniform and
appropriate surface pressure, so  it becomes thick and heavy.
To make the electrolyzer more compact and lighter, the
endplate was not made solid, but rather the pure water
circulation pumps and O2 gas-liquid separators were all built
integrated with the channels in the electrolysis stack’s
endplates so that there are no pipes on the exterior. Setting

the pure water channels within the electrolysis stack
significantly shortened the pipes of the pieces of auxiliaries
such as ion exchangers. Shorter pipes in turn reduced ion
elution, so fewer ion exchangers were necessary. In addition,
making the pipes shorter and the ion exchangers more
compact resulted in reduced pressure loss in the pure water
circulation system and reduced the work of the water
circulation pump, thus achieving both compactness and
efficiency.

4.3. Power Converter
Commonly marketed hydrogen production systems are

designed to operate on a fixed amount of grid power. A
feature of the system described in this report is that it does
not depend on grid power but is able to produce and supply
hydrogen efficiently even on the variable power supply from
photovoltaic modules.

Because the refueling station was to be located outdoors,
it had to be impenetrable by sand and rain and resist
condensation caused by changes in humidity. The 5 kW-class
power equipment used in this station is not commonly sold in
a form suitable for outdoor use. To make it usable in this
station, a sealed power system was developed using the
electronic system technology of electric and hybrid vehicles
to prevent the penetration of sand and rain and not allow
condensation to occur. Heat dispersion is an issue with power
devices used in sealed conditions, but the design assured
reliability with a water cooling system using water emitted
from the pure water production process; this also enabled the
equipment itself to be more compact. As a result, it was
possible to place the power source system directly beneath
the electrolysis stack and greatly reduce the length of
high-current (close to the 100 A) wiring peculiar to the
electrolyzer, thus minimizing transmission loss.

As Fig. 13 shows, the photovoltaic modules can operate
at any point on the voltage-current curve, but the power
output will vary depending on the operating point. Moreover,
the voltage at which peak power is produced (VPmax) will
vary depending on fluctuations in amount of solar radiation
and temperature of the photovoltaic modules, so a peak
power tracker, or PPT, a system that keeps the photovoltaic
modules constantly operating in their most efficient state, is
typically used. This system, however, omits this device
because it is possible to achieve the same function by
controlling the load on the DC/DC converter used for
electrolysis.

Fig. 13   Characteristic of photovoltaic modulesFig. 12   Assembly of electrolyzer
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Moreover, this system was built to use a rectifier with an
active filter when using grid power and to bypass the rectifier
when the photovoltaic modules are used, thus supplying DC
power to the respective power equipment. Using this system
greatly simplifies the configuration of the power conversion
equipment.

5. Tank Unit

The tank unit consists of six high pressure tanks for
storing high pressure hydrogen and of six buffer tanks that
temporarily store low pressure hydrogen prior to
pressurization and protect the electrolysis unit from pressure
fluctuations occurring during compressor operation. As
Fig. 14 demonstrates, the high pressure tanks are set
horizontally with the buffer tanks lying in the gaps, an
arrangement that minimizes empty space and makes the tank
unit smaller.

Fig. 14   Assembly of storage tank unit

6. Dispenser Unit

The dispenser unit has a diaphragm compressor capable
of discharging 35 MPa hydrogen at a rate of 2 Nm3/h, a hose,
a nozzle and a breakaway (Fig. 15). In case the vehicle starts
moving before the nozzle is released from the vehicle, the
breakaway has a mechanical device that causes the hose to
break away if pulled and a valve to cut off the flow of
hydrogen so that the hose will not break and let hydrogen gas
escape.

The refueling station uses two different filling systems:
fast fill, which uses the difference in pressure between the
vehicle’s tank and the station’s high-pressure tank, and slow
fill, which uses a compressor to fill the hydrogen directly
without storing the hydrogen produced.

Fast fill employs a cascading, continuous supply system
in which hydrogen is supplied in succession from those of the
six high pressure tanks with relatively low pressure, and
maximizes the supply of hydrogen to the automobile
(Fig. 16). Fast filling takes under five minutes to complete,
but it does not allow the on-board tank to fill completely as
the temperature of the tank rises because of the sudden
adiabatic compression. This phenomenon occurs not just with
hydrogen but with any gaseous fuel under high pressure that
is filled in a short length of time.

Slow filling takes more time so the heat can be
sufficiently dissipated from the on-board tank. Therefore, the
tank can be completely filled.

Fig. 15   Assembly of dispenser unit

Fig. 16   Example of hydrogen refueling for on-board tank

7. Amount of Hydrogen Produced, Efficiency 
and Amount of CO2 Emissions

Figure 17 gives an example of the measured amount of
solar radiation, generated power and hydrogen production in
one day during operation of the system, while Fig. 18 gives
the energy flow. The efficiency of the station (the percentage
of solar radiation energy hitting the photovoltaic modules that
is ultimately supplied to the vehicle as hydrogen) was
approximately three times better than that of the prototype.

Electrolysis loss, in particular, has been reduced to as
small as 1.4% of the total power generated by the
photovoltaic modules. This was made possible by the
development of a new electrolytic catalyst, the optimization
of the operating temperature and the electrolytic current
density, the reuse of hydrogen for purifier regeneration, and
other design improvements.

Because of the great improvements in the efficiency of
various pieces of equipment as described above, the overall
system efficiency has risen dramatically, to approximately
three times the corresponding percentage of the prototype
station assembled from commonly available equipment.

Based on these results and records of the amount of solar
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radiation in Los Angeles from 1961 to 1990, it was estimated
that this system could produce over 2 000 Nm3 of hydrogen
annually. Performing calculations based on the fuel efficiency
label values(4) for city driving mode of the Honda FCX, sold
since December 2002, as determined by the Environmental
Protection Agency and the California Air Resources Board,
this corresponds to about 10 000 miles (16 000 km), showing
that the experimental station achieved its goal of providing
enough hydrogen for driving 10 000 miles annually only with
sunlight as the energy source.

The social significance of fuel cell vehicles includes the
fact that not only do they provide an alternative to the use of
fossil fuels and reduce exhaust gas emissions. but that they
reduce CO2 emissions. Therefore hydrogen production
systems will not only have to be more efficient but also cause
lower CO2 emissions when the component equipment of the
systems is manufactured.

In the case of fuel cell vehicles running on hydrogen, no
CO2 is emitted while driving, but CO2 may be released from
the energy source used, depending on the way in which the
hydrogen is produced. This is because CO2 is emitted as a
result of burning fossil fuels in thermal power generation.
Consequently when electrolysis depends on grid power, more
CO2 is emitted especially when thermal power is used to
generate a greater proportion of the total energy used.

On the other hand, when photovoltaic modules are used
to produce hydrogen, no CO2 is emitted during hydrogen
production itself, but it is still necessary to consider that  CO2
is released form the portion of thermal power generated
electricity used to manufacture the photovoltaic modules.
Because single-crystalline Si photovoltaic modules require a
great deal of energy to produce(5), the photovoltaic modules
account for the majority of CO2 emitted during the
manufacture of the equipment used in the hydrogen refueling
station. Improving system efficiency and reducing energy
consumption during the manufacture of photovoltaic modules
are crucial to reducing emissions of CO2 per unit of hydrogen
produced.

For the above reasons, this study tested the CO2
emissions reduction effect of adopting CIGS
(copper-indium-galium-selenide) thin film photovoltaic
modules developed by Honda, which consume considerably
less energy during manufacture. This assessment used the
Well to Wheels CO2 emissions, that is, the amount of CO2
emissions including all emissions from fuel production to
fuel consumption while driving. Using the conditions listed
below, CO2 emissions to produce hydrogen of 1 Nm3 by
electrolysis were compared for three scenarios: using grid
power, using single-crystalline Si photovoltaic modules and
using CIGS compound thin film photovoltaic modules.
• CO2 emissions from grid power: 0.40 [kg-CO2/kWh]

Because there will be great differences according to time
and region, this figure was set based on values from the
US and Japan(6)

• Depreciation period for photovoltaic modules: 10 [years]
• Driving distance: 10 000 [miles/year]

The results show that, compared to the use of grid power,
using single-crystalline Si photovoltaic modules will make no
great difference in CO2 emissions, but the use of CIGS thin
film compound photovoltaic modules will reduce CO2
emissions per unit of hydrogen significantly. This suggests
that producing hydrogen with natural energy can be very
effective for the objective of reducing CO2 emissions. 

8. Conclusion

The research described herein was conducted to improve
the performance of hydrogen refueling stations using
photovoltaic modules and to make the stations more compact
with the ultimate objective of helping to solve energy and
global environmental issues. Findings of the research were as
follows.
(1) Equipment efficiency was improved and total system

efficiency approximately three times greater than that of
the station assembled from commonly available
equipment was achieved through such means as
developing an electrolyzer with a newly composed
catalyst.

(2) It is predicted that the power generated from photovoltaic
modules sized for approximately two households would
supply enough hydrogen to fuel a Honda FCX for 10 000
miles or more in one year.

(3) It is predicted that CO2 emissions would be reduced
significantly by employing CIGS compound thin film
photovoltaic modules, as compared with
single-crystalline Si photovoltaic modules.

(4) By making the equipment smaller, it was possible to
project an image of the future hydrogen society as clean
and advanced.

Fig. 17   Example of hydrogen generation

Fig. 18   Energy flow
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Establishment of a New Research Center for the
Study of Extremely Low Emission Vehicles (SELEV)
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ABSTRACT

Vehicles such as the new Honda Accord PZEV (Partial Zero Emission Vehicle) can help California and other regions achieve
their air quality objectives. However, the potential impact of this technology upon air quality is not fully understood by regulators
or by the general public, and it has not been accurately quantified. For this reason, Honda has initiated a research center at the
University of California, Riverside, for the “Study of Extremely Low Emission Vehicles” (SELEV). There are three interrelated
objectives for this center: (1) Measure the emissions of advanced-technology vehicles under real-world conditions; (2) Build a
database of vehicle population and activity; and (3) Use these data to develop air quality models that can accurately assess the
impact of near-zero-emission vehicles.

This paper will detail the development and validation of an on-board system capable of determining mass-based emissions,
and the use of this system to prove that advanced-technology vehicles maintain their emission performance under real-world
driving conditions. It will also be shown that data collected during this program can be used to improve the accuracy of emission
inventory predictions. The preliminary, encouraging results of this program have been recognized by the California Air Resources
Board (CARB), and some of the recent changes in the ZEV regulation reflect the real-world near-zero emission vehicle
performance being confirmed in this research program. This program has also received the attention of the national media.

* Honda R&D Americas, Inc.
** Tochigi R&D Center
***University of California Riverside, College of Engineering - Center for Environmental Research and Technology

1. Introduction

1.1. Background
In the 1980’s, it became clear in the US that vehicle

emission standards would require additional tightening. As a
result, the Clean Air Act was amended in 1990, thereby

producing the federal “Tier 1” standards. In the same year,
the California Air Resources Board initiated the Low
Emission Vehicle (LEV) program, a key component of which
was the Zero Emission Vehicle (ZEV) regulation. Several
additional states subsequently adopted the California
program. The concept behind the ZEV regulation was that
Battery EV technology looked promising, and in 1990,



Honda R&D Technical Review Vol. 15 No. 2 (October 2003)

– 40 –

CARB considered gasoline-powered vehicles to have limited
emissions reduction potential such that air quality goals could
not be achieved.

However, at the dawn of the 21st century, a technological
breakthrough occurred that could not have been foreseen a
decade earlier. Gasoline-powered vehicles began entering the
market with emissions at near-zero levels. For example, most
Honda Accords sold in California in 2003 had emissions
essentially equivalent to that of an electric vehicle, when the
powerplant emissions associated with the latter are
considered. Current air quality predictions do not account for
the impact of this technology, because it has not been
quantified. Therefore, the government agencies could not
accurately account for these “Extremely Low Emission
Vehicles” (ELEV) vehicles in their regulatory framework.
Environmentalists and the general public remained skeptical
that a vehicle powered by gasoline could be so clean.

It was against this backdrop that the CARB, US EPA, and
Honda initiated the SELEV Center at the University of
California, Riverside. The purpose for establishing this center
was to establish an independent, credible entity with the
ability to objectively measure and assess the effect of ELEV
technology upon air quality. The University's College of
Engineering Center for Emission Research and Technology
(CE-CERT) group was uniquely suited for this role, due to
their extensive experience with emission measurement and
air quality modeling.

1.2. SELEV Strategy
The key components of the SELEV Center are shown in

Fig. 1. A cornerstone of the program is the collection of
real-world data. It was known that ELEVs perform well
under laboratory conditions, but laboratory measurements
alone cannot confirm the performance of these vehicles under
actual-use situations. Therefore, tailpipe emissions were

measured while the vehicles were being driven on the road,
using an on-board analyzer. Another group of CE-CERT
researchers collected data regarding the current vehicle
activity and fleet distribution in Los Angeles; i.e., driving
patterns and a breakdown of the various vehicle classes.
These data were then used to improve California's existing
emission inventory, using modeling tools such as CMEM
(Comprehensive Modal Emissions Model) and modifications
to current inventory models. CMEM is described later in this
paper. Traditional laboratory measurements were used to
provide some of the data used to calibrate CMEM, and also
to validate the accuracy of the on-board measurement system.
For the final step, the inventory data were prepared for use in
air quality models, thereby permitting the assessment of
ELEV impact upon the air basin of an entire city.

2. Experimental

2.1. On-board Emission Measurement

2.1.1. Background
The importance of measuring the emissions on board a

vehicle under real-world conditions is well understood. For
example, the US EPA is seriously considering the
implementation of “on-vehicle” compliance standards, and
perhaps even on-vehicle certification. The reason for this is
that the EPA has discovered that some low-emission
technology emits two to three times the standard under
real-world conditions, despite the fact that the standards were
met in the laboratory. The National Academy of Sciences is
also pushing the EPA to use on-board measurement to assess
the effect of federal emission regulations(1), (2).

Within the SELEV Center, the measurement of on-road
emissions serves two purposes: (1) It determines the
real-world performance of ELEV technology, and confirms
that the near-zero emission levels measured under laboratory
conditions are realized in actual on-road driving; (2) It
provides emission calibration data for modeling tools such as
CMEM.

2.1.2. Hardware
The on-board analyzer assembled by CE-CERT was

based upon technology developed by Honda R&D, Los
Angeles(3),(4). The accuracy of Honda's FTIR-based system
compared favorably to traditional laboratory techniques,
based upon an independent assessment performed by
CE-CERT(5). The Honda system was dedicated to a single
vehicle, and was designed to simultaneously measure
ambient air quality and tailpipe emissions. In contrast, the
CE-CERT system was designed to be easily transferred
between vehicles in less than two hours, and required only a
single FTIR (Fourier Transform Infrared Spectroscopy)
analyzer. Most of the system hardware was contained within
two modular components: a sample conditioning module and
an analytic module; Fig. 2. The conditioning system
consisted of two Nafion (Nafion is registered trademark of
E.I. du Pont de Nemours and Company.) driers, one fitted
with a piezoelectric cooler to increase efficiency. Sample
water content was maintained at a constant low level through
the use of dewpoint feedback control. The analytic module
consisted of a modified FTIR with an 8.3 meter cell. The
CE-CERT system also included instrumentation to record
vehicle speed, location, and various engine operating
parameters. This permitted an accurate measurement of
tailpipe emission on a mass basis. Also, emission

Fig. 1   Overview of SELEV Center strategy
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performance could be correlated to specific events, such as
acceleration on a freeway on-ramp.
2.1.3. System validation

The validation of this system was a two-step process. The
first step was to confirm that the on-board analyzer could
match the accuracy and precision of a traditional
dynamometer system; i.e., a CVS (Constant Volume
Sampler) and bench analyzers. A variety of low-emission
vehicles were tested in a dynamometer laboratory, while the
on-board system measured emissions concurrently with the
dyno bench analyzers. No information was shared between
the two analytic systems; i.e., the mass-based emissions were
calculated for the on-board analyzer using only the data
acquired from the vehicle's ECU. The second validation step
involved driving the vehicles over a test cycle (e.g. FTP-75)
on the road, while the on-board analyzer collected data.
Because this procedure was very challenging for the driver, it
was conducted at the Honda Proving Center in California

(HPCC). These tests were critical, because the analyzer
system must retain its accuracy and precision in on-road
conditions to produce credible real-world data.

The on-board analyzer passed both validation steps, as
can be seen in Fig. 3. In this example, the first two columns
in each set represent the laboratory testing with results
collected concurrently from the dyno bench and on-board
analyzer, and the third column represents the separate
on-road testing.

2.2. Laboratory Testing
In addition to validating the on-board analyzer, laboratory

testing fulfilled other requirements of the SELEV Center
research. For example, data collected during laboratory
testing, such as catalyst efficiency, was used to calibrate the
CMEM emissions inventory model.

All testing of SULEV-technology vehicles was
performed at the California Air Resources Board laboratory

Fig. 2   Modular on-board analyzer system developed by CE-CERT

Fig. 3   Validation of CE-CERT on-board analyzer.
Test vehicle = 2001 Honda ULEV Accord.

Fig. 4   Contamination of CARB laboratory system 
discovered by on-board analyzer
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in El Monte, because the CE-CERT laboratory was not
certified to test SULEVs. In one interesting example of this
work, the on-board analyzer identified a contamination
problem in the CARB’s laboratory system during US06-cycle
testing; see Fig. 4. Similar contamination was discovered at
the CE-CERT laboratory. In both cases, it was due to the
out-gassing of emission sampling hardware during periods of
high temperatures. These problems were subsequently
corrected.

2.3. Vehicle Activity Patterns and Fleet Distribution
In order to determine mobile source emission inventories

using models such as CMEM, it is necessary to have a good
understanding of vehicle activity patterns and fleet
distributions for the target area. In the SELEV program,
vehicle activity was measured in three cities within the South
Coast Air Basin. Within each city, three types of roadways
were studied: Freeway, arterial (major non-freeway
highways), and residential. Equipment used for this study:
A. Digital video camera, with automated data analysis;

“Autoscope”. This equipment provided data such as
average speed, vehicle type, and traffic volume.

B. High-resolution digital video camera. This camera
captured the license plates of passing vehicles. The
Vehicle Identification Number (VIN) could be
determined by cross-reference with the license data,
thereby providing information such as vehicle make,
model, catalyst type, etc.

C. Instrumented vehicle. This vehicle was driven along the
targeted roadways during monitoring periods, providing
speed, acceleration, road grade, and position data on a

second-by-second basis.
Equipment configuration “A” is shown in Fig. 5, together

was an example of the data. This figure demonstrates how the
Autoscope placed “virtual detectors” on the video image
during post-processing. Vehicles passing through these
detection areas were automatically counted and classified as
to speed and vehicle class. This data example indicates
average speed over the various roadways monitored in the
city of Yorba Linda.

2.4. Emission Inventory Models
An accurate inventory of emissions is a prerequisite to the

understanding the factors that affect air quality. The on-road
mobile source emissions models used today for inventory and
regulatory purposes are MOBILE, which was developed by
the USEPA(6), and EMFAC, which was developed
specifically for California(7). These two models are structured
similarly and they calculate mass emissions by multiplying
the vehicle activity data by the emissions factors. Both
models have built-in assumptions for emission rates,
deterioration rates, and other factors. Unfortunately, these
assumptions are generally not appropriate for ELEV
technology, and can lead to an over-prediction of the
emissions for these vehicles. The data being collected in the
SELEV program will allow appropriate adjustments to be
made to these default assumptions.

CE-CERT has developed CMEM, which takes a different
approach to vehicle emissions modeling. The CMEM
framework computes a vehicle’s emissions based upon
operating mode. For example, the number of stops,
acceleration events, the traffic conditions, and other factors

Fig. 5   Measurement of vehicle activity patterns and fleet distribution.
Equipment configuration “A”. Data from city of Yorba Linda.
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are accounted for in the CMEM framework. Specifically,
CMEM uses a power-demand modal modeling approach
based on a parameterized analytical representation of
emissions production. In such a model, the entire emissions
process is broken down into different components that
correspond to physical phenomena associated with vehicle
operation and emission production(8). Each component is then
modeled as an analytic representation consisting of various
parameters. The architecture of the model is shown in Fig. 6.
Over 400 extensive dynamometer tests were used in the
development of the CMEM model. Laboratory and on-road
data collection during the SELEV program have enabled the
development of CMEM modules for vehicles with emission
categories of ULEV and below. This aspect of the program is
still in progress; the elements currently being modified to
accommodate ELEV technology are highlighted in Fig. 6.
This enhanced version of CMEM can then be used as a
supplement to the SELEV-modified EMFAC, resulting in an
emission inventory that will reflect the introduction of ELEV
technology.

Fig. 6   Basic architecture of CMEM modal emission model.
Blue areas are being modified to accommodate
ELEV technology.

2.5. Air Quality Modeling
Emission inventories are the major component of air

quality models. Other key components are meteorological
data and photochemical reaction mechanisms. These
sophisticated air quality models can predict the concentration
of ambient air pollutants. An example of the output of one
such model, CAMx (Comprehensive Air Quality Model with
extensions), is shown in Fig. 7.

Fig. 7   Example of CAMx air quality model prediction 
of ozone production for Southern California. 
(August 3, 1997)

This figure represents the CAMx “prediction” of ozone
production for Southern California over a specific timeframe
in 1997. In the SELEV program, the 1997 air quality scenario
will be compared to a predicted scenario for the year 2010. In
this prediction, a high percentage of ELEVs will be assumed.
Other emission sources, such as stationary and biomass, will
be held constant. In this manner, the impact of ELEV
technology upon air quality can be quantified. This work is
currently in progress. Thus far, substantial progress has been
made on the integration of emission models and atmospheric
models. This has been accomplished through the use of the
SMOKE (Sparse Matrix Operator Kernel) emission
processing system.

3. Results and Discussion

3.1. Real-world Emission Measurement
Data from on-road, real-world driving are shown in

Fig. 8 for a 2000 SULEV Accord. Emissions are plotted
versus time. Vehicle speed is also shown. Three types of
roadways are represented, as indicated in the figure. The GPS
system that was used to collect the speed data also recorded
elevation data, which is not shown. The latter data are
important for the understanding and subsequent modeling of
vehicle emission behavior, because the grade of the roadway
is an important parameter that affects the vehicle’s power
demand.

Fig. 8   Emission and speed measurements acquired on road under real-world conditions.
2000 Honda SULEV Accord.
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The speed data itself can be used to help validate the
CMEM emission inventory model. For example, the cycle's
speed data can be used as an input for CMEM, and the
emission results calculated by CMEM can be compared to
the actual results measured on-road during that cycle. Of
course, any on-road data used for the calibration of CMEM
cannot be used for this purpose, or the validation would be
invalid.

Throughout the various driving conditions encountered
during the approximate one-hour period of data collection,
tailpipe emissions remained extremely low. Based on
previous research performed by Honda(3),(4), the exhaust
species concentrations depicted in Fig. 8 are often below
those of ambient air in the Los Angles area. It's important to
note that exhaust emissions remained low even during
periods of rapid acceleration that are not encountered during
laboratory FTP-75 testing.

3.2. Real-world Data Compared to EMFAC Model
Data acquired from on-board measurements can also be

used to check EMFAC model predictions. A comparison of
EMFAC-predicted emissions for SULEV technology with
actual on-road emissions from a Honda SULEV Accord is
shown in Fig. 9. In both cases, data from arterial driving are
shown. For further comparison, the second phase of an
“on-road” FTP result acquired at HPCC is also shown. Only
the second phase was used here in order to produce a valid
comparison with an arterial driving situation in which no
starts are observed. It can be seen that the emissions
predicted by the EMFAC model are significantly higher than
the actual emissions produced by the SULEV vehicle. The
latest version of EMFAC available at the time of this writing
was used for this comparison; (EMFAC 2002 version 2.2).

3.3. Observed Vehicle Fleet and Impact on Emission
Models

The accuracy of emission model estimates is dependent
upon the accuracy of the input data. The composition of the
on-road fleet is one of the key parameters. The fleet
composition data collected during the SELEV program were
used as inputs for both the EMFAC and CMEM models. The
purpose of this was not to compare the models themselves,
but rather to determine the effect of using actual SELEV fleet

composition data as inputs compared to using default
parameters. In the case of EMFAC, the default settings used
for this comparison were those for calendar year 2001, for the
counties indicated in Fig.10. The model was then re-run
using the SELEV fleet data collected during the summer of
2001. The SELEV data were prorated to keep the total
vehicle population constant between the two cases. As can be
seen in Fig. 10a, running the EMFAC model with the
SELEV data produced emissions that were 22% to 45%
lower than those calculated using the default values.

A similar exercise was performed using the CMEM
model. In this case, the default input values consisted of a
random sampling of vehicles registered with the DMV
(Department of Motor Vehicles) within each target city.
Running the CMEM model with the SELEV data produced
emissions that were 8% to 70% lower than those calculated
using the default values; see Fig. 10b.

These two comparisons demonstrate the importance of
using actual, observed fleet characterizations as inputs to
emission models. The default data used in many such models

Fig. 10a and 10b   Effect of using CE-CERT-measured in-use fleet composition data as inputs to emission models, 
compared to using default values.

Fig. 9   EMFAC-predicted emissions for SULEV 
technology compared to actual
measurements.
2000 Honda SULEV Accord, warmed-up
conditions.
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are based upon vehicle registration data, which has been
shown to be a poor predictor of the actual on-road vehicle
composition(9).

3.4. SELEV Public Symposium and Response
In September of 2002, the University of California,

Riverside, held a symposium at which interim results of the
SELEV Center research program were presented. The
response to this event greatly exceeded expectations.
Regarding regulatory policy, a number of publications cited
the SELEV Center results as being a factor in the CARB’s
recent changes to the ZEV regulation; one article called it a
“primary catalyst for the change of heart from CARB(10) - (12)”.
The SELEV results also reached the general public, thereby
helping to foster interest in and promote understanding of
low-emission vehicle technology, such as that developed by
Honda. The SELEV story reached a nationwide audience; it
has been estimated that 32 million people heard about the
SULEV results in some way(13). The largest audiences were
reached with a front-page article in “USA Today(14)”, and a
prime-time story featured on the “CBS Evening News with
Dan Rather”.

4. Conclusion

A new research center has been established to determine
the impact of extremely low emission vehicles (ELEVs) upon
the environment. The SELEV Center has applied a
methodical and technically sound approach to achieve this
objective, beginning with the measurement of vehicle
emissions under real-world, on-road conditions. Extensive
measurements have also been made of vehicle activity and
class distributions. Supplemented by laboratory
measurements, this collection of unique data is being used to
produce inventory models that can accurately predict the
emissions of advanced technology vehicles.

The significance of the SELEV Center findings has been
recognized by the regulatory agencies and has been reported
in the national media. The California Air Resources Board
now has a better understanding of the positive impact ELEV
technology can have towards their goal of improving
California’s air quality.

Research at the SELEV Center continues, with a focus on
the assessment of the long-term, full-cycle air quality impact
of extremely low emission vehicles.
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Development of Light Weight and Lower Cost
Aluminum VTEC Rocker Arm

Chikara TANAKA* Noriyuki YAMADA*

ABSTRACT

A VTEC rocker arm has been produced from aluminum die-cast materials to reduce weight and lower cost. The new arm, like
the majority of rocker arms in use, employs a roller follower to reduce drive friction loss in the valve system. The VTEC
connecting holes, in which strength must be guaranteed, were a primary focus to enable the shift to aluminum for the new VTEC
system. A coaxial roller structure with a hollow roller bearing shaft was adopted, allowing the roller shaft to be press-fit into place
and ensuring sufficient strength and accuracy in the new rocker arm. As a result, both the weight and the cost of the new rocker
arm were reduced by more than 20% compared to the forged steel arm. The new arm was first mass-produced for use in the Fit.

 * Tochigi R&D Center

1. Introduction

The use of VTEC engines has grown in recent years
because of the improved output and fuel economy of these
engines(1). They occupy a 60% share of the entire range of
engines in use today.

The rocker arm of the conventional VTEC engine has
been made of forged steel with the target of providing high
strength. However, as a large number of rocker arms were
used in the engines, lighter weight and cost reduction became
serious issues.

In view of this background, the need arose to strike a
balance between weight reduction and the use of existing
facilities, as well as curtailing the processing time and
reducing costs by cutting down the number of processes.
Aluminum was proposed as the material to resolve these
issues, but its use in the VTEC rocker arm did not allow the
proper balance between strength and precision.

An aluminum VTEC rocker arm has been developed. The
methods used for resolving issues related to the structural
development of the rocker arm and their effects are reported
here.

2. Development Objectives

Figure 1 shows the structure of the newly developed
aluminum VTEC rocker arm and the conventional VTEC
rocker arm.

Fig.1   Comparison of VTEC rocker arms structure

The basic rocker arm structure consists of the rocker shaft
hole, the rocker bearing hole and the VTEC connecting hole.
The connecting hole in particular requires extremely high
positioning accuracy because not only high strength but
proper function and accuracy should be maintained during
VTEC changeover. Furthermore, the connecting hole needs
to possess high strength and wear resistance since durability
for the synchronizing piston pin has to be ensured(2). The
conventional VTEC rocker arm was made of steel, and was
then carburized or nitrided to satisfy the required
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performance, however a large number of machining
processes were required for the materials used in the rocker
arm as shown in Fig. 2, and thus cost became a challenge.

Fig.2   Comparison of machining process

The objectives of the present investigation were to
develop a rocker arm that satisfies the requirements of the
VTEC system mentioned above, based on conventionally
used aluminum die-cast material in order to achieve weight
and cost improvements, and to ensure valve system motion
and reliability in the same space as forged steel VTEC rocker
arms so that only the rocker arm can be replaced without
making any changes to the valve system layout for engines in
which existing forged steel rocker arms are being used. 

3. Basic Structure and Technical Concerns

The issues that relate to the manufacture of aluminum
VTEC rocker arms include strength of each part of the rocker
arm; rigidity affecting the valve system motion; and strength,
wear resistance, and accuracy of the components around the
connecting hole. The newly developed rocker arm (Fig. 1)
was designed with a shape that satisfies the required rigidity
and strength using FEM analysis.

The thickness of the roller bearing arm, which is the
weakest part in the rocker arm structure, was increased to
enhance the strength. As a result, the width of the roller had
to be reduced. Since high stresses also occur between the
roller hole and the shaft hole, the thickness between these
holes was optimized. Stresses also occur on the inside
diameter of the VTEC oil supply hole because of deformation
on the internal diameter of the rocker shaft hole.
Consequently, the oil supply hole was moved in the upward
direction away from the center of the rocker shaft hole and
positioned at a location where compressive strain occurs on
the inside diameter of the rocker shaft, thereby reducing the
internal stress in the oil supply hole (Fig. 3).

Fig.3   FEM analysis (oil supply hole location)

A rigidity greater than that of steel was obtained by
adopting a structure in which the roller shaft and connecting
shaft were made coaxial. The results of adopting such a
structure are shown in Fig. 4.

Fig.4   Rigidity comparison

By adopting a coaxial structure, the connecting hole does
not engage the synchronizing piston with aluminum but with
the roller shaft material, thus ensuring a good balance
between strength and wear resistance. 

The method of attaching the roller shaft by press fitting
rather than by staking was selected because of the accuracy
requirement of the connecting hole diameter. Consequently,
the deformation of the inside diameter could be restrained
and adequate accuracy of the connecting hole could be
maintained.

There were also some concerns about wear on the end
faces of the aluminum rocker arm caused by rubbing with
adjacent rocker arms in the VTEC structure so steel washers
were inserted as a measure to resolve this issue.

4. Fixing of Press Fit Assembly Method and
Setting of Interference Fit

Since the method of attaching the roller shaft by press
fitting was uniquely adopted at this time, the loads occurring
during actual engine operation, the attachment method, the
fatigue strength of the press-fit hole in the roller arm, the
method of selecting the amount of interference for the press
fit, and other factors affecting the part strength due to the
press-fitting process were clarified, and important control
items were set.

4.1. Drive Torque Generated in the Engine
Drive torque and thrust load are stress inducing inputs to

the roller shaft. Figure 5 shows the method to measure those
inputs.

The roller shaft was allowed to rotate freely and a load
cell that could measure forces in the rotational and thrust
directions was connected. Under this condition, the engine
was operated and measurements were made. Figure 6 shows
the measured results at various engine rpms.

The results show that a maximum drive torque of
1.11 Nm and a thrust load of about 3.31 kN were acting on
the roller shaft.

It was observed that the load increased in the high-speed
region where the valve motion became unstable. Load also
increased during mis-engagement when the rocker arm
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dropped onto the low lift cam because of an error when the
VTEC was switched over. To account for the differences in
the behavior during actual measurements, such as use of a
rocker arm with load cell, variations in the spring load and so
on, the requirements for target strength were taken as a drive
torque greater than 2.94 Nm and a thrust load greater than
6.87 kN.

Fig.5   Load cells for measuring thrust load and 
drive torque

Fig.6   Drive torque and thrust load measurement 
results

4.2. Press Fit Tolerance and Part Strength
Figure 7 shows the part strength (drive torque and thrust

load) for a variety of press fit tolerances, while Fig. 8 shows
the remaining press fit. The remaining press fit is reduced as
temperature is increased. The oil temperature during
operation was taken as 150 °C, and the part strength was
measured.

Fig.7   Drive torque and thrust load

Fig.8   Remaining press fit and comparison between 
calculated and measured drive torque

The measured values were compared with the calculated
values using the measurement of the remaining press fit and
the coefficient of friction between the roller shaft and the
aluminum die cast rocker arm. The double pipe equation
shown below was used in the calculations.

A : Contact area between rocker arm and roller shaft
r1 : Inner diameter of roller shaft
r2 : Outer diameter of roller shaft
r3 : Outer diameter of rocker arm
EA : Young’s modules of rocker shaft
νA : Poisson’s ratio of rocker arm
EB : Young’s modules of rocker shaft
νB : Poisson’s ratio of rocker arm
δ : Strain
P : Surface pressure
µ : Coefficient of friction between rocker arm and roller

shaft

(1)

(2)

(3)

(4)
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The remaining press fit is only about 50% of the initial
press fit because of plastic deformation during the press
fitting process. Under such conditions, it was observed that
the calculated values agreed well with the test results, and the
part strength can be expressed by a relationship between the
press fit and the coefficient of friction.

In view of the above, it can be said that the press fit
tolerance is an important item for controlling the strength of
the roller shaft. Furthermore, it can be concluded from the
results above that a press fit greater than 45 µm is necessary
for the rocker arm to satisfy the part strength during actual
operation.

4.3. Strain and Fatigue Strength of the Rocker Arm
The fatigue strength of the aluminum parts that

underwent plastic deformation after press fitting is described
here. Figure 9 shows the press-fit amount and the resulting
fatigue strength for the rocker arm.

With an increase in the press fit amount, the fatigue
strength is observed to improve. By preparing test specimens
of the same material and measuring the relationship between
plastic deformation and fatigue strength, it was confirmed
that the fatigue strength increase was due to the increase in
plastic deformation of the aluminum as a result of the
increase in the press fit.

Fig.9   Fatigue strength

These results were evaluated using the fatigue limit
curves. It was found that the residual stress increases on
account of the increase in the press fit, and the fatigue
strength improves. Therefore, evaluation can be performed
using the fatigue limit as is done conventionally (Fig.10).

It was also observed that confirmation of the toughness of
the rocker arm by unit and durability tests of actual engines at
the lower limit of part strength may be accomplished using
components with the lower limit of press fit.

Fig.10   Fatigue strength limit

4.4. Summary of Press Fit Settings
Press fitting causes deformation in various parts and leads

to dimensional changes. Accordingly, the upper limit of the
press fit needs to be set in order to ensure dimensional
accuracy.

Figure 11 shows scoring of the aluminum material of the
rocker arm by the shaft during press fitting and the limit of
occurrence of peeling. When peeling occurs, not only does
the problem of grinding of the roller by dust particles occur,
but the part strength is also affected. The upper limit of the
press fit is also determined by the peeling limit.

Consequently, the procedure for determining the press fit
is decided by setting the lower limit to ensure adequate part
strength against engine load and by setting the upper limit
based on dimensional accuracy and peeling limit.

The lower limit of the press fit for the newly developed
rocker arm was set at 45 µm considering part strength.
Considering dimensional accuracy, the upper limit was set at
65 µm since a 20 µm tolerance is considered to be necessary
for good manufacturability.

Fig. 11   Scoring limit

5. Reduced Roller Width

With the use of aluminum as the material for the rocker
arm, the thickness of the roller support arm had to be
increased to ensure its strength and rigidity. As a result, the
width of the roller had to be reduced. The size of the roller is
determined from the roller life according to the rated capacity
and the stress that occurs in the outer race. The rated load of
the roller can be lowered by reducing the weight of the rocker
arm, and consequently, the roller width can also be reduced.
However, the lower limit is considered to be two times the
needle bearing diameter considering the shape and function
of the needle bearing.

Fig.12   Optimization of roller width
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If used in the VTEC rocker arm, dents from the needle
bearing occur in the inner race of the roller on account of
impact loads when VTEC mis-engagement occurs. It was
concluded that the lower limit size of the roller had to be set
so that this phenomenon could be avoided. Figure 12 shows
the roller dimensions determined from the necessary rated
loads, the weight reduction of the rocker arm, and from the
number of dents allowed.

6. Confirmation of Durability

6.1. Valve System Motion
Factors that impact valve motion include rigidity and

inertial weight. The comparison between the steel rocker arm
and the aluminum rocker arm mentioned earlier showed that
the rigidity of the aluminum rocker arm was greater than that
of the steel rocker arm. Additionally, the inertial weight was
reduced by 30%.

Figure 13 shows the measurement results of valve
bounce relative to engine speed for each rocker arm design.

Fig.13   Valve bounce comparison between steel 
and aluminum rocker arm

An improvement in the engine speed by 500 rpm was
confirmed due to the weight reduction. When this impact is
translated to valve spring load, the effect is a 12% reduction.
This caused a reduction of about 1% in friction in the roller
rocker arm system, thus reducing fuel consumption. 

6.2. Rocker Arm Stresses
The stresses that occurred in various parts of the rocker

arm during operation were measured. The measurement
points were the high stress locations according to FEM
analysis. Figure 14 shows the measurement results at typical
points.

Fig. 14   Rocker arm stress under VTEC-engaged 
condition

It was confirmed that the locations of maximum stress
were on the end faces of the rocker shaft hole and the outer
surface of the roller support arm, but the stresses were within
the fatigue strength limits of the material confirming
sufficient durability.

6.3. Change in the Tappet Clearance
Figure 15 shows the change in the tappet clearance

during the running of endurance tests.
The results of the mass-produced steel rocker arm and the

newly developed aluminum rocker arm were compared. The
performance of the newly developed rocker arm was
confirmed as equivalent to that of the steel rocker arm. From
the results above, it was concluded that the valve lift curve of
the camshaft can be made the same as that of the steel rocker
arm, and when used in the engine, only the rocker arms need
to be replaced.

Fig.15   Tappet clearance change variation

6.4. Confirmation of Reduction in Fixing Strength of
Roller Shaft after Durability Test

The durability test was conducted in the specified
evaluation mode. It was confirmed that no damage, wear or
excessive changes in tappet clearance occurred. Figure 16
shows the part strength confirmation results after the
durability test.

It was observed that the initial part strength had been
retained. Moreover, there was no shift of the roller shaft in
the radial or the thrust direction, and adequate reliability of
the part strength was confirmed.

Fig.16   Fixing strength after durability test

6.5. End Face Wear of the Rocker Shaft
Wear of the end faces due to rubbing between adjacent

aluminum rocker arms is a problem in the structure of the
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VTEC system. Figure 17 shows the status of wear in the end
faces.

Excessive wear occurs if no washer is used. There was
concern that the switching response would deteriorate due to
the increase in the clearance between the VTEC switching
holes. As a countermeasure, steel washers were inserted
between the rocker arms, the rubbing between the aluminum
members was avoided, and a reduction in wear was
confirmed.

7. Productivity and Costs

7.1. Concept of Cost Reduction using Aluminum
Figure 18 shows a typical example of cost breakdown of

the VTEC rocker arm. With the improvement in
machinability due to the use of aluminum, both labor and
equipment costs of machining could be reduced.
Theoretically, this cost reduction amounted to about 50%.
This means that a 20% reduction in the total cost can be
achieved while maintaining the level of performance.

Fig.18   Impact of cost reduction

8. Conclusion

An aluminum die-cast VTEC rocker arm was developed
achieving a proper balance between weight and cost
reduction relative to conventional VTEC rocker arms made
of steel.
(1) The load occurring in the roller shaft was successfully

measured, and the required part strength for the roller
shaft was clarified.

(2) Reliable durability around the shaft of the rocker arm
with the press-fitted roller shaft structure was established
by obtaining a good balance between the part strength
and the fatigue strength.

(3) The dimensional limits that affect the layout of the roller
VTEC rocker arm were established.
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Development of Engine Oil Deterioration 
Monitoring System
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ABSTRACT

An oil deterioration monitoring system has been developed to more accurately judge oil change intervals. The system
calculates oil life using an oil deterioration algorithm. When the oil deterioration variable reaches a predetermined value, the oil
change meter recommends an oil change. The algorithm first estimates oil temperature, which is a parameter of the oil
deterioration factor. Then the factor and engine speed are used to calculate how much of the oil’s service life has been used. The
oil deterioration factor is dependent on oil temperature. It was calculated from oil life test results gathered from endurance tests
where oil temperature was varied. A market survey was conducted to verify the applicability of the measures to a variety of
driving modes. These results were correlated in calculations of oil life. It has been demonstrated that this system is successful in
enabling U.S. users to change their oil at more appropriate intervals.

 * Tochigi R&D Center

1. Introduction

Engine oil serves to protect the engine by lubricating,
cleaning, sealing, and cooling, and helps prevent rusting and
corrosion. The efficacy of these oil functions is reduced as
the vehicle is driven, eventually requiring that the oil be
replaced. Changing the oil sooner rather than later helps
prevent engine damage. On the other hand, longer intervals
between oil changes are desired to preserve the environment
by conserving oil resources, and lowering vehicle
maintenance work.

The deterioration of engine oil and the oil change interval
vary according to the engine driving conditions. For example,
if the engine is repeatedly driven over short distances and
shut off, the oil temperature will not reach a sufficient level
to allow the water content to evaporate. This will lead to
NOx, nitric, and nitrous acid contamination in the oil from
blow-by. This ultimately produces low temperature sludge.
Driving at high oil temperatures causes the oil to oxidize,
which increases the oil’s viscosity and breaks down the
component additives. The level of oil deterioration varies
according to the history of driving conditions. This makes it

difficult for the user to determine the optimal period for
changing the oil.

This paper introduces an oil deterioration monitoring
system that has been developed to address these issues. The
monitoring system displays the oil change recommendation
on a monitor after calculating the oil change interval that is
dependent on the vehicle’s driving conditions.

2. Development Goals

The oil deterioration monitoring system was developed to
address the following two goals.
(1) Optimize the distance for which oil replacement is

required
(2) Provide a simple monitoring system that does not require

a sensor
Figure 1 shows the surveyed results of the number of

miles at which drivers in the U.S. change their engine oil and
the number of miles that could be traveled if the oil had
reached its usable life.

The figure shows survey results gathered by Honda in
America during 1999 and the results of a questionnaire
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(n = 7414) conducted over the Internet in 2002 between April
18 and June 27 by USA TODAY. The results from the survey
conducted by USA TODAY demonstrate a greater
distribution of longer oil change maintenance periods.

Oil replaced by drivers in North America was collected
and analyzed. The blue line shows the estimated results of the
oil service life distances based on the degree of oil
deterioration.

Fig. 1   Oil change interval

It was discovered that the drivers in North America
actually changed their oil earlier than required. The oil
deterioration monitoring system is required to have a level of
effectiveness that could improve the distribution of the user’s
oil change interval to the maximum potential oil life interval.

Various testing has been conducted to directly detect oil
deterioration. Optical sensors evaluate oil deterioration by
measuring the degree of pollution in the oil while capacitor
type sensors evaluate the degree of oil deterioration by
measuring the changes in the oil’s dielectric constant.
However, neither of these methods is able to distinguish the
correlation between these deterioration levels(1). Although
changes in the oil’s viscosity are an important indicator of its
condition, it is difficult to determine the change of oil
viscosity associated with the different types of oils(2).
Measurement of the neutralization number is an effective
means of evaluating the deterioration of the oil additives,
consumption, and oxidation of the base oil. At Dayton
University, they have developed an in-vehicle technology for
measuring these conditions(3). An additional technology was
developed that measures nitric ester concentration through
infrared spectroscopic analysis(1). However, these
methodologies have not been successfully adapted for actual
use.

The system introduced in this paper is a simple and
practical system that does not use such sensors and
encourages drivers to change their oil at optimal periods.

Table 1 lists the oil maintenance systems employed by
other car manufacturers.

Table 1   Oil maintenance indication system

Fig. 2   Mechanism of deterioration of engine oil
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3. Causes of Oil Deterioration and 
Oil Life Estimating Methods

3.1. Causes of Oil Deterioration
Figure 2 shows the causes of engine oil deterioration.

Engine oil is made up of base oil and additive components.
The following conditions have been identified as causes of
engine oil deterioration.
(a) Oxidation, deterioration and evaporation of the base oil

component
(b) Functional reduction due to deterioration and

consumption of the additive components
(c) Foreign matter contamination

Condition (a) is dominant at high oil temperatures. As the
base oil component in the cylinder area oxidizes, the
antioxidants are consumed. This is linked to the increase of
the acid value and the reduction of the base number.
Furthermore, as the antioxidants are consumed, the base oil
polymerizes and the dispersant agent is consumed. This leads
to increased viscosity and the production of insoluble
content. Condition (c) is influenced by contamination from
blow-by gas components at low temperatures. The blow-by
gas consists of non-combustible fuel, water and NOx. This
produces a sludge precursor, nitric acid, and promotes the
production of insoluble content and the consumption of the
additive components.

A reduction in oil viscosity leads to concerns such as
wear in the valve train. An increase in viscosity increases
friction and leads to deterioration in fuel consumption and
engine startability at low temperatures. Decreases in the base
oil number and increases in acid value cause corrosive wear
in the bearings from acid ions. The insoluble content then
restricts the oil flow, causing various issues due to the lack of
oil. The base number, acid value, viscosity level and
insoluble component volume are all critical in determining
oil life.

3.2. Perspectives on Estimating Oil Deterioration
The deterioration of oil as described in Section 3.1 can be

largely explained by fluctuations in the oil temperature. As
shown in Fig. 3, deterioration of the engine oil is accelerated
as temperatures increase or decrease from the medium
temperature of 80 °C(4). As the oil temperatures increase
beyond 80 °C deterioration through oxidation increased. This
promotes oxidization of the base oil, deterioration, and
consumption of the additive components. As the oil

temperatures fall below the 80 °C mark, the oil additives
deteriorate from blow-by gas contamination. The oil life
curve can be calculated from running durability tests that
vary load, trip distance and running temperatures. Using oil
temperature measurements as an independent variable and
applying it to the oil life curve yields the oil deterioration
factor. Oil life is then calculated from the oil deterioration
factor. The oil life calculated value has been verified by in
vehicle testing.

4. Engine Oil Deterioration Monitoring System

4.1. Engine Oil Deterioration Monitoring System
Configuration Overview 

Figure 4 provides a configuration overview of the engine
oil deterioration monitoring system.

To estimate the oil temperature, sensors are used to
measure the water coolant temperature, engine speed, vehicle
speed, intake air temperature, and the intake air pressure. The
deterioration factor is then determined according to the
estimated oil temperature. The amount of oil deterioration is
calculated from the deterioration factor and the engine speed.
By resetting the oil deterioration monitoring system each
time the oil is changed reinitializes the oil life calculation
process. When the oil life falls below the predetermined
value setting, the indicator for replacing the oil is displayed
on a monitor. The driver is able to verify the oil life all the
time through the monitor.

4.2. Engine Oil Deterioration Factor (DF) that is
Dependent on Oil Temperature

Based on the perspective described in Section 3.2, the
engine oil life curve was obtained according to the oil

Fig. 4   Oil deterioration monitoring system

Fig. 5   Deterioration factors for driving conditions
Fig. 3   Effect of oil temperature on engine oil 

deterioration
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temperature. This was done through endurance testing at
different oil temperatures. Figure 5 shows the results of
calculations for the deterioration factor, which represents the
difference between the current oil life and the longest oil life
value obtained from the endurance tests. As described in
Section 4.3, the oil life is calculated by the estimated
cumulative engine speed and the oil deterioration factor. The
factor indicated in Fig. 5 is a ratio of the cumulative engine
speed until oil life runs out for each endurance condition.
This value is called the DF (deterioration factor) and is
represented by using the oil temperature as the working
parameter. The results of each of the respective endurance
tests shown in Fig. 5 are arranged according to average
temperatures thereby creating DF characteristics. To verify
DF characteristics the endurance test results were calculated
according to the method described in Section 4.3. It has been
verified that the calculated values become constant when oil
life is at 0.

4.3. Calculating Method of Oil Life
Oil life is calculated by integrating the values attained by

multiplying the engine speed and DF values. That value
represents the oil life consumption and is calculated by
formula (1).

REVOLF = Σ (REVSEC × DF) (1)

REVOLF : Oil life consumption (times)
REVSEC : Engine speed (times/sec)
DF : Oil deterioration factor that is dependent on

oil temperature
After the engine is started and the oil temperature

increases, the calculation is conducted by using the DF value,
which is dependent on the oil temperature. After the oil is
replaced, the calculation is reset with the oil life consumption
set to zero. After that, the oil life consumption increases as
the engine is driven. The calculation is conducted so that the
ratio of remaining oil life becomes zero when the oil life
consumption reaches a predetermined value.

Oil deterioration endurance tests were revaluated to
confirm when the ratio of remaining oil life becomes zero.
The test methods were different from that used in
determining the DF characteristic. The testing was conducted
under the following conditions.
(1) When the DF characteristic test was conducted, oil was

flushed and all deteriorated oil was completely removed.
In the confirmation testing, a typical oil change was
assumed and new oil was added to the remaining quantity
of deteriorated oil.

(2) Oil life of commercially available oil
Since there is a range of oil available on the market, unit

tests were applied for selecting oils that deteriorate faster. Of
those, the oils that hold a relatively high North American
market share were used to verify oil life consumption in
actual vehicle testing.

The results of the verification mentioned above, errors in
estimated oil temperature and other errors were considered to
establish oil life consumption so that the ratio of remaining
oil life becomes zero.

4.4. Estimating Method of Oil Temperature
Figure 6 outlines the oil temperature estimation algorithm.
The temperature of the oil immediately following IG ON

is equal to the water temperature. However, during a hot start,
a value approximating the oil temperature when the engine

was stopped is used as the initial value in the calculation.
DTPM, the correction term of target value for the

estimated oil temperature is set so that the X axis is the
parameter calculated from amount of fuel injection and the
engine speed, and the Y axis is the map data of vehicle speed.
This map is assembled from the measured oil temperatures in
the conditions from fully open throttle to fully closed throttle.

The estimated oil temperature is corrected in relation to
the outside air temperature. The outside air temperature is
estimated from the intake air temperature and the vehicle
speed. The oil temperature immediately after the vehicle has
been started from cold is equal to the water temperature.
Since the estimated oil temperature increases from the water
temperature, correction with the outside air temperature is not
required immediately after the engine is started. Instead the

Fig. 6   Oil temperature estimation algorithm

Fig. 7   Vehicle speed and intake air temperature
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steady state oil temperature is corrected with the outside air
temperature. Restricting the correction with the outside
temperature only to steady state oil temperatures improves
the accuracy of estimating the outside air temperature.
Figure 7 shows the relationship between the vehicle speed
and the intake air temperature when the outside air
temperature is –20 °C. For example, when the oil temperature
for estimating the outside air temperature is greater than
70 °C, the correlation between the vehicle speed and the
intake air temperature is recognized. However, there is no
correlation in all the data plotted for conditions after the
engine started.

Formula (2) shows how the oil temperature is estimated.

TP(n) = TP(n-1) + (TPOBJ −TP(n-1)) × KTP (2)

TP : Estimated oil temperature (°C)
TPOBJ : Target value for estimated oil temperature (°C)
KIP : Estimated coefficient
The estimated coefficient corrects the values so that they

reflect actual oil temperature variations. It is calculated
through reverse calculation of the actual measured oil
temperature as follows.

KTP = (Toil(n) − Toil(n-1))/(TPOBJ − Toil(n-1)) (3)

Toil : Actual oil temperature (°C)

4.5. Other
The calculated results of the oil life are not erased even

when the battery terminals are disconnected while the vehicle
is being serviced or repaired. Also, the calculated oil life
results are retained even when the PCM is replaced with a
new part.

5. Accuracy of Oil Deterioration Monitor

5.1. Accuracy of Oil Temperature Estimation
The accuracy of the oil temperature estimation was

verified on actual vehicles fitted with the oil deterioration
monitoring system. During the verification process the actual
oil temperature was measured with a temperature sensor.
Errors in the calculated value for the oil life determined by
the actual oil temperature, and estimated oil temperature are
treated as oil temperature estimation errors. Figure 8 shows the
oil temperature estimation error. The difference in the calculated
results of the estimated oil temperature is –6.6% ~ +3.6%
within 3σ in respect to the calculated results from the actual
oil temperature ranges.

Fig.8  Data comparison for oil life calculations

5.2. Accuracy of Oil Life Estimation
The accuracy of the oil life calculated value was verified

in vehicles configured as described in Section 5.1. In the
verification method employed, a few samples of oil taken
from vehicles fitted with the monitoring system were
analyzed. The error arising from the difference between the
calculated value and the set value for oil life at the remaining
oil life service was then verified. The maximum degree of
error measured as the calculated value for the oil life
compared to the actual level of deterioration was 15%. The
error values including estimated oil temperatures can reach
20%.

The calculated oil life data was set with consideration to
the above error rates.

6. Effect of System Introduction

The travel distance at which the calculated oil life would
reach zero was estimated for American drivers. The means
for estimating the oil life is based on a distribution of the
average vehicular speed in America and the oil life distance
corresponding to the average vehicular speed.

Since oil life is calculated over the cumulative engine
speed, it is possible to travel a longer distance at the same
engine speed when a high gear is used. The higher the
average speed, more frequent use of high gear also increases
the oil life distance.

Fig. 9   Vehicle speed and oil life

Fig. 10   Oil change interval with new system
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Data from each driving cycle taken from vehicles fitted
with the monitoring system in America and Japan were used
in the calculation and processing illustrated in Fig. 9. The
life distance at which the oil life reaches zero was calculated
with the oil life consumption and travel distance from one
driving cycle. Then a statistical measure was conducted at
average vehicular speeds. The average vehicular speed
distribution in America was overlapped and the cumulative
ranges were attained as shown in Fig. 10. This showed that
the oil change intervals are larger in comparison to actual oil
change intervals. This new system has enabled the average
driver to reduce their number of oil changes by 30%.

7. Conclusion

The oil deterioration monitoring system conducts
calculations from the oil deterioration factor that is dependent
on the oil temperature and the cumulative engine speed. The
accuracy of this system has been verified and the calculations
were conducted to avoid the calculation error from the actual
oil deterioration. The distribution of the oil change interval
based on the set data has enabled optimal oil change intervals
for the drivers in America.
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Development of Image Inspection System for 
CVT Steel Belt Element
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ABSTRACT

An image inspection system has been developed to reduce the time expended on product inspection. This system has been
designed for inspection of the elements utilized in CVT steel belts. Images from a CCD camera are automatically inspected on the
basis of a quantified grading standard. In addition, a new element transport system, which automatically sorts and arranges the
elements according to the results of inspection of the images, has been developed to specific elements to be sorted out. The use of
this system for inspection of CVT elements has reduced the time required for inspection by more than half against the visual
product inspection method.

 * Tochigi R&D Center

1. Introduction

Honda has developed a steel belt as a structural element
of CVT systems, which are designed to contribute to driving
comfort and increased fuel economy. The unit has been in
mass production since 2001(1). As shown in Fig. 1, the steel
belt is composed of 400 elements and two rows of layered
metal rings. The quality of the elements and metal rings
affects the ability of the belt to transmit traction. Therefore
high reliability is demanded (2).

Fig. 1   CVT steel belt

Figure 2 shows a chip-off on an element saddle surface
that will make contact with the metal rings. Inspection of the
saddle surfaces and detection of these chip-offs takes time.
The authors developed an inspection system that employs
image processing technology that enables inspection time to
be reduced.

This paper discusses the application of the new image
inspection system to CVT elements.

Fig. 2   Chip-off on saddle surface
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2. Development Goals

Figure 3 shows the configuration of an element, and
Fig. 4 shows an example of a chip-off on a saddle surface.
The aim of the project discussed here was to develop an
image inspection system that would detect such chip-offs on
the saddle surface and quantify their size.

The following were required in the course of
development of this system:
(1) Imaging of the entire saddle surface including the R

section of the neck
(2) Establishment of an inspection standard for image

processing
(3) Development of a system that enables automatic transport

of the elements, and sorting and separation on the basis of
the results of the image inspection

Fig. 3   Configuration of element

Fig. 4   Sample of chip-off on element

3. CVT Element Image Inspection System

3.1. System Overview
Figure 5 shows the image inspection system. As Fig. 6

shows, the system is composed of three sections: A carrier
section that transports individual elements to the imaging
processing section and sets them in position, the image
processing section that takes and processes images of the
saddle surfaces to detect chip-offs, and the selector section
that sorts and separates the elements on the basis of the
results of image inspection. Each section is controlled by a
system control unit and the PC in the image processing
section.

Fig. 5   Image inspection system for CVT element

Fig. 6   System configuration
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3.2. Carrier Section
The carrier section is made up of a supply unit that

provides the elements to the carrier unit and the carrier unit
that transports the elements to the imaging position and sets
them in place.

As shown in Fig. 7, the supply unit is composed of an
element array rack, which arranges the elements in a row and
stores them until required, and a supplier mechanism that
enables the elements to be individually sent to the carrier
unit. If there are no elements in the carrier unit, a command is
output from the system control unit, and the supplier
mechanism, which is positioned coaxially with the element
array rack, moves towards the front element in the element
array rack. The selection mechanism is provided with a
suction function, and can draw in the front element. After this
element has been sent to the carrier unit, the supplier
mechanism returns to its original coaxial position with the
element array rack.

Figure 8 shows an external view of the carrier unit,
Fig. 9 shows one of the imaging positions, and Fig. 10
shows the configuration of the imaging positions. The carrier
unit consists of a rail to transport the elements, an optical
sensor to detect the presence of elements on the rail, an air
blower to assist in sliding the elements along the rail, a piston
and a stopper to set the elements in the imaging position, and
an optical sensor to determine that elements are in the
imaging position.

Fig. 7   Supply unit

Fig. 8   Carrier unit

Elements sent from the supply unit are slid along the rail
until they are set in the imaging position. The elements are
sent down the transport rail at an oblique angle. The air from
the air blower assists the elements in moving down the rail.

When the element reaches the first imaging position, it
hits a stopper. The optical sensor detects the position of the
element. On the basis of that information, a piston receives a
command from the system control unit to press down from
above the element and hold it in place in the imaging
position. When imaging is completed, the piston is removed
and the stopper is simultaneously retracted to the underside
of the transport rail, enabling the element to move to the
second imaging position. After the identical procedure is
carried out in the second imaging position, the element is
transported to the selector section.

3.3. Image Processing Section
The image processing section is made up of an imaging

unit, which takes images of the element saddle surfaces, and
an image processing unit.

To enable the CCD cameras and LED flat illuminators to
be set up with an adequate degree of freedom, the image
processing section in this system enables right and left
images of the element saddle surfaces to be processed

Fig. 9   Imaging position

Fig. 10   Configuration of imaging positions



Honda R&D Technical Review Vol. 15 No. 2 (October 2003)

– 62 –

independently. This allows an image of the saddle surface on
the left side of the element (as seen from the front; refer to
Fig. 3) to be processed in the first imaging position, and
permits an image of the saddle surface on the right side to be
processed in the second imaging position.

The imaging unit is comprised of red LED flat
illuminators and CCD cameras. The illuminators were chosen
with the ability to project a uniform illumination over the
entire saddle surface with no shadow at the R section of the
neck. This criterion led to the adoption of red LED flat
illuminators with numerous parallel optical elements. When
normal halogen illuminators are utilized, the numerous
scattered optical elements cause shadows to occur on target
objects with surface irregularities, making it difficult to
detect chip-offs over the entire saddle surface, including the
R section of the neck. Figure 11 shows a comparison of
images produced using red LED and halogen flat
illuminators. The image taken using the LED flat illuminator
shows uniform brightness with no shadow across the entire
saddle surface including the R section of the neck.

Figure 12 shows the relative positions of the red LED
flat illuminator, the CCD camera and the element being
imaged. The light from the illuminator is reflected off of the
element saddle surface, and retrieved by the CCD camera.
The illuminator and the camera are set in position so that the
optic angle θc of the camera to the front of the element, and
the vertical angle θl of the illuminator to the front of the
element are symmetrical.

As Fig. 13 shows, the image processing unit is made up
of an image processing PC, an image capture board, a digital
I/O board, and image processing software. The images taken
by the CCD camera are input to the image processing
computer RAM by the image capture board. The image
processing software quantifies the quality of the element
saddle surface using the input images. The results are
transmitted to the system control unit via the digital I/O
board.

The program employed in the image processing software
to quantify the quality of the saddle surface was designed as a
multi-thread application capable of simultaneously
monitoring the control signals from the system control unit,
operating programs, and processing images.

Image inspection is carried out with cooperation between
the system control unit and the image processing unit. The
system control unit ensures that the element reaches the
imaging position; the image processing unit takes an image
of the element in position and conducts image processing.

Fig. 11   Images using each illuminator

Fig. 12   Layout of CCD camera and LED flat illuminator

Fig. 13   Configuration of image processing unit
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Figure 14 shows a flow chart of the operation of the
system control unit and image processing unit in image
inspection. When the element reaches the first imaging
position, an imaging trigger is sent from the system control
unit to the image processing unit. Immediately after receiving
the imaging trigger, the image processing unit takes an image
of the saddle surface and subjects it to image processing. The
results are sent to the system control unit. When image
processing at the first imaging position is completed, the
element is transported to the second imaging position, where
the identical image processing procedures are conducted.

3.4. Selector Section
The selector section is made up of an inspected element

selector unit located at the lower end of the transport rail, and
a specific element selector unit.

The inspected element selector unit shown in Fig. 15
comprises a pushing mechanism, an optic sensor to detect
elements sent to the unit by the rail, an element array rack,
and a stopper. The optic sensor detects the presence of an
inspected element sliding along the rail. After this, a
command is sent to the pushing mechanism from the system
control unit, which pushes the elements onto the element

Fig. 14   Flow chart of image inspection
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array rack set at right angles to the rail. Movable stoppers on
the element array rack enable the elements to be
consecutively aligned.

The specific element selector unit shown in Fig. 16 is
made up of a discharge shutter, a sensor to detect discharged
elements, and a specific element array rack. The shutter is
positioned on the underside of the lower end of the transport
rail, and opens and closes in response to commands from the
system control unit. When specific elements are judged, the
inspected elements are sent down the transport rail, the
shutter opens and they drop into a specific element array
rack. The optical sensor detects the element dropping into the
rack, and as a result the system control unit closes the shutter.

Fig. 15   Inspected element selector unit

Fig. 16   Specific element selector unit

4. Establishing a Standard for Element 
Inspection

To inspect elements using the image inspection system, it
was essential to establish a standard for the judgment of
deviations. The area of the chip-off, the total area of multiple
chip-offs, and the length of chip-offs in the direction of the
thickness of the element were therefore established as criteria
for specific elements. The following sections discuss the
method by which chip-offs are detected from the images and
the standard used in judgment.

4.1. Method of Detecting Chip-offs from Images
Figure 17 shows the procedure for detecting chip-offs on

the element saddle surface by image processing. The
different levels of brightness in the outline of the section with
the chip-off and the other sections (i.e. the sections with no
chip-offs) were focused on to enable the detection of
chip-offs. Figure 18 shows the original image of an element
with a chip-off on the saddle surface taken by a CCD camera,
and Fig. 19 shows the results of an analysis of the
distribution of brightness using that image. This figure
demonstrates that the brightness drops significantly in the
outline area of the chip-off in comparison with areas with no
chip-offs.

The procedure for detection of chip-offs shown in Fig. 17
is discussed below.

The original image shown in Fig. 18 contains more
information than an image of the saddle surface, which will
be the focus of image processing. The image is therefore first
binarized on the basis of brightness values to enable the
saddle surface to be extracted. The saddle surface is highly
reflective of light from the illuminators and its brightness is
therefore high in the image. The largest area of high
brightness in the original image can therefore be extracted as
the saddle surface. Figure 20 shows an example of an
extracted saddle surface after binarization. Next, the edge
section, which shows the greatest modulation in brightness, is
extracted from the area previously extracted by binarization.
The edge area is extracted using a Kirsch operator (3). This
enables an image of the edge of the saddle surface to be
obtained, as shown in Fig. 21. The saddle surface edge area
can be extracted from this image of the edge. This image of
the edge area is subjected to a closing operation, enabling the
chip-off section, the outline area, and the edge of the saddle
surface to be extracted. Figure 22 shows the result of this
extraction superimposed on the extraction of the saddle
surface shown in Fig. 20. Next, the image resulting from the 

Fig. 17   Image processing for extraction of chip-off
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Fig. 18   Original image

Fig. 19   Distribution map of brightness

Fig. 20   Result of extraction of saddle surface

Fig. 21   Edge image

Fig. 22   Result of closing operation

Fig. 23   Result of opening operation

closing operation shown in Fig. 22 is subjected to an
opening operation to eliminate the outline area. The result is
shown in Fig. 23. The edge shown here will not make
contact with the rings, and is therefore not judged as a
deviation.

The processing described above enables detection of
chip-offs on the element saddle surface. Figure 24 shows the
image at the completion of processing superimposed on the
original image. The area in which the chip-off was detected is
shown as red in Fig. 24. This image demonstrates that the
method described here was able to correctly detect a chip-off
in the element saddle surface.

4.2. Inspection Standard
The image processing described in 4.1 has made it

possible to detect chip-offs on the element saddle surface.
Values for the size of chip-offs have been quantified for use
in the image processing system.

These quantified values were correlated with the
standards utilized in visual inspections, and the three
quantified standards for inspection shown in Fig. 25 were
developed.
(1) The area of a single chip-off
(2) The total area of multiple chip-offs
(3) The length of a chip-off in the direction of element

thickness

Fig. 25   Standard for inspection

Fig.24 Result of image processing



Honda R&D Technical Review Vol. 15 No. 2 (October 2003)

– 66 –

Multiple samples of each type of chip-off were utilized in
deciding on these standards, and the minimum values for the
standards utilized in visual inspections were set as the
standard values for image inspection. Because the depth of
the chip-off is a factor in establishing the standard value for
the area of chip-offs, the edge extraction parameters were
optimized at the stage of generation of the image of the edge,
to make the area of the chip-offs detected by image
processing match the area detected by visual inspection.

5. Employment of Image Inspection System

This section compares the time required for inspection
using the image inspection system described here and for
visual inspection. Figure 26 shows the results of inspection
of the length of chip-offs in the direction of element thickness
of the 400 elements used in a vehicle with a CVT employing
the image inspection system. This figure shows the ratio of
the time required for inspection by the system to the time
required for visual inspection considered as 100%. The image
inspection system required less than half the time required for
visual inspection.

Fig. 26   Inspection time

6. Conclusion

A system that employs image inspection has been
developed for the inspection of the saddle surfaces of CVT
elements. The following three technological considerations
were basic in the development of this system:
(1) Red LED flat illuminators are employed to illuminate the

element saddle surface. Light is reflected from the mirror
surface. An image of the elements is captured by CCD
cameras, enabling the entire saddle surface, including the
R section of the neck, to be imaged. Chip-offs on the
saddle surface can then be detected using image
processing.

(2) The size of chip-offs is quantified by image processing,
and three inspection standards have been established.

(3) The system automatically transports the elements and
sorts and separates them on the basis of the results of the
image inspection.
These features of the system have enabled it to reduce the

time required for inspection by more than half against visual

inspection.
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Newly-developed Cost Management System for
Motorcycles

Seiji TSUCHIYA* Katsunobu YAMAMOTO*
Masako WATANABE* Takashi ARAMAKI*

ABSTRACT

A system, which efficiently totals the cost of the parts of a motorcycle throughout the model development process, from the
concept stage through the prototype stage, to mass production, has been developed. This is characterized by the capability of
introducing cost and supplier information into mass production parts and newly developed parts of the Development division,
linking Manufacturing BOM (Bill of Material) managed by the Manufacturing division and the Development BOM managed by
the Development division. This system has been developed with Java, one of the fundamental technologies of webification.
Furthermore, such method has been introduced as lowering the maintenance cost and load on the network and PC clients, which
reduces the concerns when considering overseas use. Consequently, this system makes it easier to see the cost changes of a new
model being developed, and helps to improve operation efficiency in calculating model costs in overseas offices as well as offices
in Japan.

 * Asaka R&D Center

1. Introduction

Cost management for motorcycle development was
conducted largely using spreadsheet software and a host
computer in the Purchasing Division. The number of models
being developed has been increasing in recent years, which
along with an increase in overseas production, has made it
extremely time-consuming to collect the necessary
information needed for such a cost management method, and
also has made it difficult to contribute to shortening
development time. It is also necessary to have the capability
to manage locally-procured parts cost and supplier
information together with the cost for Japan-supplied parts in
order to manage total cost per unit for models produced
overseas. Therefore, a cost management system that could
link the engineering bill of material (BOM)(1) and the factory
BOM became necessary. Consequently, a cost management
system was developed that could be used efficiently by
development, purchasing, and production divisions.

2. Development Concept

2.1. Issues in Model Cost Management
Management was previously conducted independently by

the divisions concerned, so that the engineering BOM would
manage technical information relating to the development of
a model, and the factory BOM would manage parts costs and
suppliers involved in production. Cost management of a new
model therefore necessitated obtaining the two separate
BOMs from the development and production divisions, then
expending a large number of person-hours in order to
combine the two by hand. Obtaining the cost for
locally-procured parts managed by production divisions
overseas also required a great deal of time. Many hours and
much manpower were required to calculate the model cost
for these reasons. Furthermore, the same issues were faced at
overseas offices as well as in Japan. These issues are
summarized below:
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• Engineering BOM and factory BOM are not managed in
an integrated manner

• No tools are available for efficiently calculating new
model costs

• A long time is required to obtain information on
locally-procured parts from overseas offices
The new system was developed in order to overcome the

above issues, and the objectives were set accordingly, as
follows:

Provide information-sharing tools that can be used
efficiently to share the interactive information required for
model development both in Japanese and overseas offices as
a cost management system for motorcycle parts aimed to
establish common tooling.

2.2. System Requirements
The requirements for a system to deal with these issues

are as follows:
(1) Centralize engineering BOM and factory BOM
(2) Provide function to calculate the single unit cost for a

model
(3) Share information on locally-procured parts at overseas

offices
(4) Implement global utilization (highly responsive, 24-hour

operation, local-language support)
The new system was developed using a Web-based

system architecture in order to meet the extremely large
number of needs for overseas use.

3. Development Method

3.1. System Development Method

3.1.1. Change of development style
With the dizzying pace of change in recent years, there is

demand for systems that are capable of handling multiple
user needs. There are also increasingly complex
architecture-related concerns, which arise repeatedly, such as
distributed systems, parallel systems, replication, security,
load balancing, and fault tolerance. The design of the system
model (program structure and database structure) that forms
its foundation has become a crucial element in system
construction and maintenance. The reason for modeling a
complex system is that it has become difficult to completely
grasp the system as a whole. Just as the focus in computers
has shifted from mainframes to personal computers and the
Internet, the conceptual approach of system development
methods is also undergoing change. It has become necessary
to carry out system development with engineering drawings
like these, which could not be represented using conventional
system development methods by uniting incompatible system
development methodologies, such as the Object Oriented
Approach (hereafter OOA) and the Data Oriented Approach
(hereafter DOA), in order to produce.

3.1.2. Development process and objectives
The aim with the new system was to unite the strengths of

OOA and DOA to realize flexibility and reusability. The
specific objectives of each phase in the development process
are as follows:
(1) User requirement definition phase
• User requirement documentation (use case scenario)
• Business flow (business flow diagram)
• Prototype screen

(2) Analysis & design phase
• Class relationship diagram based on use cases (program

structure)
• Database model
• Skeleton source code (Program template)
• Test specifications
• Manual of operating procedure

(3) Program development & testing phase
• Program source code
• Test report

The above summarizes the output yielded by each phase.

3.2. System Design Methods

3.2.1. User Requirement Definition
The business flow of the system (Fig. 1) was laid out in

the initial phase of development in order to express the
specific objectives below with regard to user requirement
definitions.

Based on the business flow created here, prototype
screens were created and the final image of the system was
confirmed with users. This work was performed at the initial
stage of development in order to prevent any deviation from
occurring in the direction of system development.
(1) Understand the organizational structure and its fluidity
(2) Users and developers share a common understanding

aimed at an efficient operational structure
(3) Elicit system requirements
(4) Reach agreement with users and concerned parties

regarding necessary system requirements
(5) Have program developers gain a firm understanding of

system requirements
(6) Clearly define the scope of system application

3.2.2. Database design by DOA
Data modeling(2) – (4) was carried out with the intention of

focusing on the forms used in the workplace, the spreadsheet
data itself, and performing logical analysis and modeling in
time series with the business flow. Commercially available
tools were employed for the new system in order to ease the
task of system modification while maintaining the logic of
the database structure with respect to future changes in the
business model.

Fig. 1   Business flow diagram
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3.2.3. Program design by OOA
During the design phase, it was calculated that this

system included approximately 700 programs. In
consideration of the relatedness, reusability, quality, and so
on of the program as a whole, an object-oriented language
was utilized for program development. This does not mean
that measures to address the immediate issues were all
developed from the ground up. Rather, programs used to
address issues in the past were reused and such programs
were accumulated within the system as whole. This method
linked such programs together much in the way that a
structure is built out of building blocks. Repeated trials of
this kind of program reuse were carried out during the design
phase with the building blocks further revised each time until
the design was finally complete. It is also necessary to model
the programs by a process similar to modeling data, as
explained in section 3.2.2. In this process the structure of the
program itself is defined and the roles of the business logic
layer (Model), the screen display layer (View), and the
control layer (Control) are clearly assigned. The group of
programs used in common is extracted, and then the building
blocks are made into parts(5) so they can be reused. The
system was designed in this way to give it the flexibility to
deal with future changes.

4. System Construction

4.1. System Architecture
The new system utilized a system architecture as shown

in Fig. 2. All processing demanded by clients is controlled
and executed on an application server. Periodically demanded
processing is managed by a job controller and executed at
fixed times on the application server. Processing was
concentrated in the application server to reduce the load on
the clients and improve system maintainability. Processes

executed on the application server can access databases on
the database management server to conduct queries and
updates. The server is divided into an application server and
database management server in order to distribute system
load on the server.

4.2. System Construction Techniques

4.2.1. Centralized management of engineering BOM
and Factory BOM

As shown in Fig. 3, the new system defines the
engineering BOM and factory BOM, which have different
management configurations, on the database. This associates
the two BOMs and represents them as though they were a
single BOM.

When a new drawing is issued, the drawing issue
information is transferred from the engineering BOM system
to this system. Cost information is also acquired from the
factory BOM system. A setup was also developed for the
new system whereby a single cost bill of material (cost
BOM) can be generated by matching the information in the
engineering BOM with the costs in the factory BOM.

This had made it possible to grasp both the centrally
managed engineering BOM and factory BOM at the same
time. Users can now automatically compute costs on the new
system without having to read the two BOMs and then
re-input that information into spreadsheet software as they
did before. This has significantly improved work efficiency.
Costs of production parts can also be registered and updated
without having any effect on information in the engineering
BOM. This has made it possible to conduct cost variation
control that tracks changes in engineering specifications in
development divisions.

4.2.2. Security management
The security-related logic for the new system is set up as

shown in Fig. 4. It was designed in this way to enable user
security to be restricted by specific product models.

The user management server (referred to below as the
directory server) is set up in advance with information on
staff members, and the database with information on model

Fig. 2   System architecture Fig. 3   Structure of cost BOM
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restrictions.
When users log into the systems, the directory server

authenticates their log-in IDs and passwords. It then uses a
model authentication program to query the database
regarding model restrictions for the particular user logging in,
after which it makes a final determination. This has made it
possible to conduct authority control that differs for each
individual user. This authorization set-up was designed not
only to restrict updates of model data but also to restrict
queries according to authorization. As a result, the new
system has realized a high degree of security against leakage
of cost information for offices or other models.

4.2.3. Summarizing the single unit cost for a model
The cost BOM in the new system is subject to transition

history management for each part. This allows users to
summarize the registered cost-related information for a single
model unit at any point in time, and it also makes it very
simple for them to find the costs at that point in the transition
history.

The cost calculation method is to multiply the unit cost of
a part by the share rate (the proportion ordered from each
supplier), the fitting rate (a rate of use of that part), and the
number applied. That quantity is then multiplied by the share
rate, fitting rate, and number applied of all parts. By
summarizing the costs for each part, this method yields the
single unit cost for a model.

4.2.4. Dealing with globalization
The new system was designed with a view to deployment

to overseas offices. It is a characteristic of motorcycle
operations that most of the overseas offices tend to be small
in size. It is necessary to assure a minimum level of network
response for offices located in fragile network environments.
It is also necessary to provide a user interface that allows
simple operation by users in all offices when sharing
information on locally-procured parts. The new system was
designed to meet these objectives by running on Web
browsers that have intuitive operating methods and that users
at any office have experience using (Fig. 5).

The issues faced in deploying the new system to overseas
offices include the following:

(1) Operational maintenance
Some small-scale offices do not have maintenance

personnel to provide support during times the system is down
or being upgraded. This causes a time lag in trouble shooting,
program maintenance, and updates.

(2) Networks
There are many communication control units (hereafter

referred to as routers) interposed on the networks between
Japan and remote locations such as overseas offices. They are
required in order to carry on communication, but when
communication data is congested in the routers, delays are
caused in proportion to the number of routers and their
processing capacity.

A server-side processing approach (JSP/Servlet type)(6), (7)

was adopted for the new system in order to overcome the
above issues. Compared to processing on the client (applet
type), this limits consumption of both loads on the client and
the network while assuring good response.

Elements of network load under the new system include
not only transmission volume (traffic volume) but also the
number of transmission times (number of packets). System
development took these factors into account. Fig. 6 shows
the number of transmission times (number of packets) per
second for the same process performed on the client and
performed on server side.

4.2.5. Program structure
An MVC model was adopted that divides the programs

among a business logic layer (Model), screen display layer
(View), and control layer (Controller).

The database access, data processing, and other such
business logic processes of the system are written into the
Model. This is the main body of the system. Screen display
and data I/O components are handled by the View. The

Fig. 4   Setting of authorization information

Fig. 5   Logical architecture
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Controller controls the View and Model. The controller itself
does not execute screen display or logic, but instructs the
Model to execute the necessary logic according to the input,
then passes the result to the View and causes it to display the
result on the screen (Fig. 7).

Designing the system in accordance with this model

clarifies the separation of individual functions, and assures
their autonomy. Having the functions clearly separated during
development makes it possible to apportion the development
work for each function. At the same time, this makes it
possible to limit the sharing between layers to a minimum, so
that the program structure can be made less susceptible to the
influence of changes in other components. This enables a
flexible development, so that when the database design is
going to be changed, only the business logic needs to be
altered and the database can be redesigned repeatedly in
order to create further programs.

4.2.6. Support for multiple languages
When conventional methods were used to provide

support for multiple languages, screens and systems were
created in each of the languages. This reduced system
maintenance efficiency because every screen required
maintenance whenever the system was modified.

The new system avoids such issues by introducing
program component groups that can support multiple
languages. These program component groups can be used in
combination, thus enabling programming with uniform
quality and without dependency on the level of the
developers. In the course of plotting out a number of program
component groups, it was determined that superior system
maintainability was afforded by Struts (a program component
group for Web application development that was developed
by Jakarta Project, a standardization organization)(8), (9), which
was capable of display control and integration with the MVC
model. This Struts framework manages display messages for
each language, and it provides a method for switching
between languages as necessary.

The use of Struts yielded the following four advantages:
• Messages are centrally managed in definition files, so that

the text styles for every screen can be made uniform. It is
not necessary to alter programs even when the display
messages are changed.

• New languages can be supported by simply adding
definition files for the messages translated into those
languages.

• Conventional JSP tended to grow complex because
HTML files included Java language. However, this could
be organized by using the tags (screen program
components) provided by Struts, thus enabling reduction
of development person-hours.

• Screen transition information is managed centrally in
XML files. This eliminated the need to create screen
transition control processes in the business logic layer,
thus improving program productivity and quality.

4.2.7. Load balancing and fault tolerance
The new system was given load balancing and fault

tolerance (cluster configuration) capabilities by utilizing
application servers (Fig. 8).

The system handles processing requests from multiple
clients by tracking the load conditions and distributing the
processing requests among application servers where the load
is lower. This load balancing function realizes a uniform
response to clients even when processing requests are
concentrated together (Fig. 9).

The system was given fault tolerance by connecting
multiple application servers together so that when a fault
occurs in an application server, the system could switch to
another application server that is connected. This enables
system operation that does not need to shut down service to
users even when faults occur in the application servers.

Fig. 6   Difference of the volume of packet transferred
in retrieving BOM

Fig. 7   MVC architecture
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Fig. 8   Load balancing and clustering

Fig. 9   Load balanced performance

5. Conclusions

The new system was developed as an effective system for
the cost management of new models, and it has the features
and yields the effects described below:
(1) Features
• Flexibility to handle the future addition of management

items and increases in data
• Scalability to ease deployment overseas, support multiple

language environments, and reduce network load
(2) Effects
• Enabled sharing of supplier information and management

of the single unit cost of a model for individual
development events, including models produced overseas

• Enabled clearly understandable look-up of costs and
supply patterns for individual locally-procured parts used
in models produced overseas

• Reduced the time required to calculate the single unit cost
for a new model to two-thirds of the conventional method
Due to the above, the new system is expected to be

utilized at offices not only in Japan but also overseas.

6. Future Developments

A dedicated user screen (portal screen) is going to be
offered in the future. This will offer the information required
by each division in an organized form, so that users can more
efficiently track transitions in technical specifications and
cost information. As deployment at overseas offices
proceeds, overseas requirements will be incorporated into the
system in order to enhance the system.
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Development of Traction Motor for Fuel Cell Vehicle

Shigemitsu AKUTSU* Hiroyuki SATOH*
Tomoya MIYAMURA* Hiroaki SHINOKI*

ABSTRACT

A DC brushless motor has been developed as the traction motor for the FCX, the world’s first commercially marketed fuel cell
vehicle.

This motor employs a salient pole type surface permanent magnet (SPM) rotor, which enables it both to produce reluctance
torque and to minimize the use of magnets, improving dynamic performance. The inductance value is set at the limit value to
ensure output at the maximum rotor speed, which suppresses field-weakening current. The motor, therefore, achieves both high
output and high efficiency. Continuous operation at the maximum rotor speed was enabled by suppressing eddy current loss
through surface insulation, segmentation of the magnet, and by raising the limit of irreversible demagnetization through the use of
magnet materials displaying high coercive force. Strength reliability at high rotor speed was ensured by applying the Weibull
theory as a method of evaluating the strength of magnets formed from brittle materials, and by considering the degradation of the
magnet as a factor in evaluations.

The employment of the methods described above has resulted in the achievement of a maximum output of 60 kW, a maximum
torque of 272 Nm, a maximum speed of 11 000 rpm, and a continuous rated torque of 200 Nm. In addition, an average combined
efficiency of 93% in LA4 mode was achieved in the motor and inverter.

 * Tochigi R&D Center

1. Introduction

Heightened worldwide awareness of environmental issues
has increased the demand for the production of low emission
vehicles and the reduction of the level of CO2 in automotive
exhausts to help combat global warming. The development of
fuel cell vehicles as one fundamental response to these
demands has therefore become an urgent issue.

In December 2002, Honda led the world by marketing a
fuel cell vehicle. The use of fuel cells enables a significant
increase in power over conventional batteries. Therefore, the
development of the Honda fuel cell vehicle aimed at a high

level of dynamic performance to give the vehicle a higher
level of commercial viability than an electric vehicle. The
power and rotational speed of the traction motor used in the
EV PLUS electric vehicle (MCF11 below)(1) marketed in
1997 were significantly increased in the traction motor for
the fuel cell vehicle.

Development of the motor proceeded using an already
existing prototype small, high-efficiency traction motor(2) as a
base, for which performance and specification targets were
established to enable installation in a vehicle framework of
more than 1.6 tons.

This paper will discuss the technologies employed in the
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development of the traction motor for the Honda FCX fuel
cell vehicle (MCF21 below) and the level of performance
that they have enabled.

2. Development Goals and Target Performance

Balancing the following two factors was a major goal of
the development of the MCF21:
(1) Increased efficiency
(2) Increased power and larger range of continuous power

Target drive efficiency was established as more than 90%
of the average efficiency displayed by the MCF11 in LA4
mode; this level of efficiency would be balanced with the
target power performance. The target for the power of the
motor was set as described below from the required dynamic
performance and various other factors.

The relationship between maximum driving force Fmax,
maximum velocity Vmax, maximum motor torque Tmax, and
maximum number of motor revolutions Nmax, is shown by
Eq. (1).

Fmax Vmax = 2π * Tmax Nmax (1)
Given the target maximum velocity of 150 km/h and the

maximum driving force required for acceleration, the
maximum number of motor revolutions, Nmax, was set at
11 000 rpm on the basis of various considerations, including
the available range of reduction ratio in the twin-shaft
parallel gearbox and increases in friction. This figure led to a
figure of 272 Nm being established as the value for
maximum motor torque, Tmax.

A lowest motor torque (bottom torque) value of 262 Nm
or more at 0 rpm was established as generating the minimum
driving force required to enable the vehicle to start on a
climbing slope. At the same time, the torque constant was set
high to ensure that the maximum phase current at 0 rpm did
not exceed the allowed current for the inverter, while
achieving the above value for bottom torque.

The target for the maximum power of the motor was set
at 60 kW, established from the target acceleration
performance and the power of the fuel cells. The requirement
for continuous running at maximum speed and the necessary
torque conditions to maintain the vehicle stationary on a
climbing slope using only the accelerator led to a target of
possible continuous power output in all power ranges at a
torque of less than 180 Nm. Reduction of loss and
improvement of cooling performance were further
development goals.

Considerations of decline in voltage with degradation of
the fuel cells led to the establishment of a minimum source
voltage of 260 V to ensure maximum motor power. It is a
goal of this development that a balance between the
contradictory characteristics of a high torque coefficient and
the required power at maximum rotational speed be achieved
under this voltage condition.

3. Technologies Employed in the Motor

Table 1 shows the main specifications of the MCF21,
and Fig. 1 shows a schematic of the motor, including the
reduction box.

To make the drive shafts of equivalent length to produce
no torque steering against the high drive torque, the right
shaft has been made a half-shaft, and a support has been
fitted to the right side of the motor housing. This structure
has made it possible to move the large diameter drive shaft

inboard section from the rear of the motor to outside the
motor, which has in turn enabled the distance between the
shafts of the one-speed fixed reduction gear to be reduced. In
combination with a 5% reduction in the external diameter of
the motor, a 52 mm reduction of the length from the center of
the differential shaft to the front of the motor in comparison
to the MCF11 has enabled the space required to house the
motor to be reduced.

3.1. Basic Motor Configuration
To achieve high efficiency in all driving modes, a

reluctance torque permanent magnet (PM) motor, the benefits
of which had been demonstrated from previous research(2),
was selected as the basic type of motor to be employed. To
limit the use of high-cost magnets, a salient pole surface
permanent magnet (SPM) type was utilized for the rotor(2).
Figure 2 shows a cross-section view of the basic structure of
the salient pole SPM rotor.

Fig. 2   Rotor structure of salient SPM

3.2. Reluctance Torque PM Motor
The torque generated by a reluctance torque DC brushless

Table 1   Comparison of motor specifications

Fig. 1   Appearance of MCF21
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motor, Tq, can be shown by Eq, (2), where φa is the flux
linkage due to the magnet, Pn is the number of pole pairs, id
and iq are the d- and q-axis currents respectively, and Ld and
Lq are the d- and q-axis inductances respectively(3).

Tq = Pn φa iq + Pn (Ld – Lq) id iq (2)

A difference between Ld and Lq is a condition of
generation of reluctance torque; as the difference between the
two increases, a greater amount of reluctance torque is
produced.

The current id required for field weakening can be found
from Eq. (3), where ω is electrical angular velocity, and Vb is
source voltage.

(3)

Utilizing high inductance to increase Ld has the effect of
reducing the current required for field weakening(2).

However, achieving high inductance reduces the
maximum power at the voltage limit. The maximum power
when magnetic saliency is taken into consideration can be
expressed by Eq. (4) when approximated on the d-axis in Fig.
3.

(4)

Fig. 3   Vector diagram of operating point at maximum 
power

The power at maximum rotational speed in particular
makes a direct contribution to ensuring maximum vehicle
velocity. For these contradictive requirements in the MCF21,
inductance Ld was set as the limit value (maximum value) at
which the target power at maximum rotational speed could be
ensured, while the current required for field weakening was
minimized. In addition, magnetic circuit simulations were
utilized to enable the design of a form ensuring a maximum
difference between Ld and Lq under the above conditions. As
the measurement results in Fig. 4 show, it has been possible
to ensure that the reluctance torque component increases by
up to 38% against magnet torque.

To make maximum use of both types of torque, it is
necessary to provide an accurate and appropriate current
phase degree at all rotational speeds, including 0 rpm, and
full digital vector control was therefore adopted. In addition,
a Variable Reluctance (VR)-type resolver, which enables
position detection even when rotation has stopped, has been
utilized to detect the magnetic pole.

Fig. 4   Torque characteristic and current phase

3.3. Technologies Utilized to Achieve High
Rotational Speed

Equation (4) shows that power at the maximum rotational
speed of 11 000 rpm, at the same time as being limited by the
size of inductance Ld, is proportional to the flux linkage due
to the magnet, φa. The flux linkage due to the magnet varies
during driving because of changes in the flux density caused
by changes in the temperature of the magnet. In Nd-Fe-B
magnets the flux density decreases as temperature increases.
Because of this characteristic, flux linkage φa decreases as
temperature rises due to the increase in eddy currents
generated by making the motor high-revolution, causing a
consequent decrease in maximum power in Eq. (4).

In the MCF21, stable generation of the target power at the
maximum rotational speed established for the voltage limit
under conditions of high inductance has been guaranteed by
controlling the temperature of the magnet and increasing the
limit of irreversible demagnetization. In addition, the
employment of a method enabling strength to be ensured in
magnets formed from brittle materials has ensured strength
reliability in the high-speed rotor.

3.3.1. Ensuring power at the limit voltage by control
of magnet temperature

The maximum power at the rated voltage is determined
by the value of inductance, and drops, as the calculated
values in Fig. 5 show, with the reduction in flux linkage that
occurs as the temperature of the magnet rises. From Fig. 5, it
is also possible to obtain the upper limit for allowable magnet
temperature determined from the value for motor power
required to ensure maximum speed and the thermal
characteristics of the magnet.

In the new motor it was possible to achieve the target
power by maintaining the temperature of the magnet below
the upper limit. Figure 5 also shows test measurements of
the change in power with rising magnet temperature. It was
confirmed that magnet temperature reaches a point of
equilibrium below the upper limit for temperature, and as a
result the output power comes to equilibrium at the target
power level. The differences between the results of
calculations and measurements are believed to occur because
the temperature of the magnet differs with measurement
position and overall distribution.

Applying an insulating surface treatment to the magnet to
reduce the amount of heat generated in the salient pole
section of the yoke by eddy currents is known as a method of
controlling the temperature of magnets(2). Because eddy
currents in the interior of the magnet also caused its
temperature to noticeably rise in the MCF21, in addition to
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application of the surface treatment, the magnet was divided
in the axial direction to control the production of eddy
currents.

In addition, the resistivity of the metal plating used to
prevent corrosion in the magnet is approximately 1/20 – 1/80
that of the magnet materials. It was therefore judged that the
level of heat generated by eddy currents in the metal plating
layer could not be ignored, and would contribute to
increasing the temperature of the magnet. As Fig. 6 shows,
increasing the divisions of magnet by 30% or more is
required to maintain the temperature of a magnet with a
metal plating at the same level as that of a magnet without a
metal plating. The metal plating was therefore eliminated and
the insulating surface treatment was relied on to prevent
corrosion, requiring no increase in the number of divisions.

Fig. 6   Magnet temperature by division number

3.3.2. Ensuring toughness against irreversible
demagnetization

Studies have already demonstrated that high-inductance
surface-mounted permanent magnet rotor-type motors
increase the demagnetizing fields acting on the magnet, and
that the employment of a hook structure to hold the magnet is
effective in increasing its toughness against irreversible
demagnetization(2).

In combination with the magnet temperature control
discussed above, in the MCF21, the employment of a high
coercive force Nd-Fe-B magnet, able to maintain coercive
force of 756 kA/m or more at 200 °C, means that no
irreversible demagnetization occurs at the temperatures or
currents generated during driving, as shown in Fig. 7.
Results of calculation and measurement points are shown in
the figure.

Fig. 7   Results of simulation of resistance to 
irreversible demagnetization

3.3.3. Ensuring rotor strength
As shown in Fig. 2, the salient pole SPM rotor utilized in

the MCF21 is provided with hook sections extending from
the salient pole section of the yoke to hold the magnet. This
structure takes the burden of the centrifugal force exerted on
the magnet with the hook sections and the strength of the
magnet itself. Figure 8 shows the results of calculations
conducted for a nonlinear structural analysis of the
distribution of stress on the magnet and the yoke section.

In tests, the hook structures of the yoke designed on the
basis of this analysis have demonstrated a fracture strength of
more than 17 500 rpm.

Fig. 8   Nonlinear analysis of salient SPM Rotor

However, because Nd-Fe-B magnets are constructed of
brittle materials, conventional design methods used to ensure
strength do not guarantee reliability. It has been shown that
the fracture behavior of these magnets can be explained by
weakest link theory. The probability of fracture of the
magnets obeys a Weibull distribution, and it is possible to
apply the Weibull theory to their strength characteristics(4).

In the MCF21, this method was used to design a form
which guaranteed a sufficient ratio of safety against the
maximum stress to enable the reliability targets (probability
of fracture) to be achieved. Consideration was also given to
the drop in strength caused by degradation of magnetic
strength demonstrated by fracture tests on magnets in the
forms in which they will be used. Figure 9 shows a Weibull
plot illustrating these concepts. The utilization of this method
to develop technologies applicable to actual vehicles has
made it possible to ensure strength in a surface-mounted
permanent magnet without an anti-scattering cover, has
increased the rate of utilization of the magnetic flux, and has
contributed to a reduction in the amount of use of the magnet,
thereby ensuring strength reliability in the high-speed rotor.

Fig. 5   Output at maximum speed
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Fig. 9   Weibull plot for magnet strength

3.4. Setting Rotor Skew
Skewing the rotor magnet was one of various methods,

including shaping the waveform of the magnetic flux, utilized
to control the maximum phase current while increasing the
bottom torque at 0 rpm. Skewing was achieved by dividing
the entire rotor into two in the axial direction and setting the
two pieces at different angles forward and backward in the
direction of rotation. This structure is no more difficult to
assemble in production than a structure with no skew.

As Fig. 10 shows, an area of skew angle was determined
in which the combination of base torque ripple and skew
angle produces the maximum results in terms of minimizing
the drop in average torque with the lowest angle of skew. At
identical conditions of bottom torque, the maximum phase
current can ultimately be reduced by 14%.

At the same time, the electromotive force (maximum
voltage) at maximum rotational speed has been reduced to
contribute to the preservation of the high-voltage system. The
average drop in the voltage of electromotive force caused by
the skew is 2%, while a drop in peak voltage of 9% has been
achieved.

Fig. 10   Characteristic of torque, current and 
electromotive force by rotor skew angle 
(calculation)

3.5. Stator Cooling Technologies
To maintain high power over the continuous power range,

copper loss has been reduced and the heat resistance of the
stator has been lowered. Measurements taken in the heat
paths from the winding to the water jacket on the exterior of
the stator demonstrate that heat resistance is largely
dependent on the area of the sections connecting the winding
and the stator. The results of these measurements are shown
in Fig. 11. On the basis of these results a balance was
achieved between the amount of winding and the number and
form of the slots required to reduce phase resistance (loss)
and increase the area of the sections connecting the winding
and the stator, thereby enabling target cooling performance to
be achieved.

By this means, winding temperature is maintained within
the allowable limits even when continuous current is flowing
at the levels attained when torque reaches 200 Nm or when
the motor is running at the maximum rotational speed, at
which the current for field weakening is at its peak.

Fig. 11   Heat resistance

3.6. Motor Control
As mentioned above, full digital vector control has been

adopted to provide motor control. To increase effective voltage
at high rotational speed, the system switches to one-pulse
control and does not perform pulse width modulation (PWM)
switching, thus ensuring maximum power.

Control parameters are expressed in the form of a map.
The use of an instantaneous analysis system for motor
performance(5) to determine the parameters reduced the time
formerly required to formulate detailed map data by one-half,
contributing to a reduction in the length of the development
period.

4. Motor Performance

Table 2 shows the achieved performance of the MCF21.
Maximum torque multiplied by maximum rotational speed is
used as an indicator of the breadth of the power range of a
motor. This measure is increased by 24% in the MCF21 over
the MCF11.

Table 2   Motor performance
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4.1. Power
Test results show that the new motor has achieved a

power outline following the targets set in development, with
measurements of 60 kW for maximum power, 272 Nm for
maximum torque and 11 000 rpm for maximum rotational
speed. Continuous rated power was ensured below a torque
of 200 Nm. Test results are shown in Fig. 12. Figure 13
shows a driving force curve for the fuel cell vehicle plotted
on the basis of these results.

Fig. 12   Motor output performance

Fig. 13   Driving force curve

4.2. Efficiency
Figure 14 shows the results of measurements of the

combined efficiency of the motor and the inverter used for
traction, and the driving force locus in LA4 mode.

An average efficiency of 93% was measured when
providing driving force in LA4 mode. This figure is a 3%
improvement over the 90% efficiency of the MCF11 in the
same mode, and this 3% increase in efficiency corresponds to
a 30% reduction in loss.

Fig. 14   Motor efficiency (including inverter efficiency) 
and driving force locus of LA4 mode

5. Conclusion

A new motor was developed and installed as a traction
motor for a fuel cell vehicle.
(1) By using power up to the voltage limit, high rotational

speed was balanced with a high torque constant.
(2) The high torque constant has centralized the efficiency of

the motor in the low speed range, increasing efficiency in
LA4 mode.

(3) Skewing the rotors has controlled the maximum phase
current when the motor is stalled, enabling the size of the
inverter to be reduced.

(4) The Weibull theory was applied to the strength of
Nd-Fe-B magnets, enabling strength reliability to be
ensured in a surface-mounted permanent magnet rotor.
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Development of Stator for Thin Electric Motor

Hirofumi ATARASHI* Mitsuyoshi TAKAO*
Takeo FUKUDA* Toshinori TSUKAMOTO*

ABSTRACT

Lap winding was adopted as the winding method for the stator in order to increase the efficiency and reduce the size of an
electric motor to be fitted into a hybrid electric vehicle. This has enabled the motor to be made thinner and loss of the motor to be
reduced. Three nozzles are utilized to wind from the outer circumference around I-shaped split cores, enabling the length of the
braided winding overhang to be minimized, and reducing the length of the winding. The use of multi-hole alignment nozzles and
a jig for fixing the winding has increased the space factor. In addition, employing a two-step stamping process in which the first
load is applied to increase the internal diameter and the second is applied in the axial direction has enabled the height of the
winding overhang to be limited to 10 mm. As a result, operation efficiency has been improved by 7%.

 * Tochigi R&D Center

1. Introduction

Deepening concern towards global environmental issues
has increased the expectations being placed on low-pollution
vehicles, such as hybrid cars, fuel cell vehicles, and the like.
The motors which provide the traction sources for these
vehicles are required to display high torque and power
density, achieved by increasing efficiency and reducing size
and weight. The effectiveness of changing the winding of the
coil from the conventionally employed lap winding to
concentrated winding is well known as a method of
improving performance for the purpose of reducing loss and
decreasing the size of the motor, as described in a number of
recent papers(1) - (3). However, little research has been directed
towards finding methods of improving performance
employing the lap winding structure, which has a high
effective rate of use of magnetic flux. The characteristics of
lap winding and concentrated winding are compared in
Table 1. Lap winding has a winding factor of 1.0, while that
of concentrated winding is 0.866. In identical rotors, it is
therefore possible to reduce the current in a lap-wound coil,
which leads to decreasing copper loss. In addition, unlike
concentrated winding, the distribution of magnetomotive
force in lap windings is a sine wave, meaning that there are

fewer harmonic waves in the stator flux, and therefore less
iron loss and noise than in concentrated windings. The
superiority of lap winding from the perspectives of winding
factor and harmonic waves in the stator flux demonstrated by
these considerations led to it being selected as the winding
method for the motor, despite the fact that the size of the
winding overhang increases when this method is used. This
research project also focused on improving the core structure
and winding method to achieve the goals of reducing the size
of the motor and minimizing loss.

Table 1   Comparison of winding types
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2. Development Goals

The loss occurring in stators can be broadly divided into
copper loss and iron loss (hysteresis loss and eddy current
loss). Copper loss is determined by the square of the current
multiplied by wiring resistance. It is therefore possible to
reduce it by reducing either winding resistance or the current
in the winding. The use of lap winding increases the winding
factor, enabling the current in the wires to be reduced.
Winding resistance increases in proportion to the length of
the wire and decreases in inverse proportion to
cross-sectional area. Reducing the length of the wire and
increasing the space factor inside the slots are both effective
methods of reducing winding resistance. Higher diameter
wire cannot be employed for lap winding. Comparatively
lower diameter wire is employed to increase the number of
parallel wires, thus increasing the total cross-sectional area.
A further benefit of lap winding is that it produces less iron
loss than concentrated winding. The aim of this research
project was therefore to achieve a balance between an
overhang height equivalent to that produced by concentrated
winding, which was conventionally considered difficult using
this method, and a space factor equivalent to that of inserted
winding, by exploiting these benefits described above and
decreasing the bulge of the winding overhang in order to
reduce the size of motor and copper loss. Figure 1 shows the
development targets established for this project.

Fig. 1   Relation between space factor and height 
of winding overhang

3. Methods Employed

3.1. Balancing Smaller Winding Overhang with
Reduction of Copper Loss

The formation of the winding overhang into the braided
structure shown in Fig. 2 was considered as a method of
balancing a reduction in the size of the overhang with an
increased space factor. Lap winding produced by a
conventional inserter winding machine overlaps the ends of
each phase of wire with the ends of other phases in the same
slot, thereby increasing the height of the overhang, as shown
in Fig. 3. If the curvature of the bundles of wires is increased
to lower the overhang, spaces are produced in the slots,
reducing the space factor. Figure 4 shows a schematic of this
phenomenon. To prevent this, in the new method the section
of each phase of bundled wire which has been wound is
braided with the sections of other phases which are beginning
to be wound to form the winding overhang, enabling the
achievement of a high space factor while lowering the
overhang. In addition, adjustment of the positioning of the

braided sections has enabled flexibility in the choice of the
number of crossings in the braid, making it possible to freely
adjust the height of the overhang and the space factor. The
following six factors were considered in the development of
the new method:
(1) Minimizing the length of the braided overhang by winding

the coil from the outer circumference using three nozzles.
(2) Splitting the core into I-shaped sections to enable

winding from the outer circumference.
(3) Increasing the curvature of bundles by employing split

winding using groups of multiple wires.
(4) Using a multi-hole alignment nozzle to align the wires in

the slots.
(5) Employing a jig for fixing winding to improve the space

factor in the slots.
(6) Reducing the height of the winding overhang by

employing low-tension lacing and a two-step stamping
process for formation in which loads are applied first to
increase the internal diameter and then in the axial direction.
As a result, the winding overhang was reduced in size and

copper loss was reduced, enabling the motor to be made
thinner and loss to be reduced.

Fig. 2   Method of crossing wire

Fig. 3   Winding overhang produced by insert coil 
Machine

Fig. 4   Reduction of space factor
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3.2. Reducing the Length of the Wiring
Table 2 shows the specifications of the prototype

open-slot stator for use in an inner rotor motor. The reduction
of the length of the wiring was prioritized to make the unit
thinner and reduce copper loss, and nozzle winding enabling
winding directly to the core was employed. Winding multiple
wires simultaneously increases the size of the winding
machine and the number of wire bobbins, leading to an
increase in production costs, therefore, the wires to be wound
in parallel have been separated into groups for winding in the
slots. To further reduce the length of the wire used for the
overhang, three nozzles (U phase, V phase and W phase) are
operated simultaneously, to enable the overhang to be formed
into braids. Figure 5 shows the position of the nozzles used
to wind each phase. To enable accurate adjustment of the
wiring overlap, a multi-hole adjustment nozzle is adopted, in
which only one wire is utilized in each nozzle hole and the
nozzle holes are aligned. A jig is employed to fix the
winding, enabling the positions at which the wires cross to be
controlled. The use of these methods has enabled the length
of the winding to be reduced by 29%. The multi-hole
alignment nozzle is shown in Fig. 6, the jig for fixing the
winding is shown in Fig. 7, and the resulting reduction in the
length of the winding is shown in Fig. 8.

Table 2   Stator specifications

Fig. 5   Nozzles for winding of three phases

Fig. 6   Multi-hole alignment nozzle

Fig. 7   Jig for fixing winding

Fig. 8   Effect of reduction of length of winding

3.3. Increasing the Space Factor Inside the Slots
When winding from the inner circumference of an

integrated stator using nozzles, the space factor inside the slot
is reduced to ensure the paths of movement of the nozzle.
The research discussed in this paper made a high space factor
a priority, and therefore ensured the paths of movement of the
nozzle on the external circumference. A split core structure,
divided into I-shaped teeth and back yokes, was adopted and
the opening was positioned on the external circumference.
Figure 9 shows the split core structure, and Fig. 10 shows a
flow chart of the winding process. The I-shaped teeth are
fitted on a jig for fixing the teeth of the winding machine, and
the nozzles wind the wiring from the outer circumference.
The jig for fixing winding shown in Fig. 7 is also used to
prevent the inserted wiring from moving in the slot. When
the winding of each group of wires is completed, the jig
moves towards the outer diameter of the coil. The alignment
of the wires inserted in the slot by the multi-hole alignment
nozzle (Fig. 6) is shown in Fig. 11. The nozzle does not rotate
during winding, and the wires therefore cross at n × (n-1)
places for n wires in each turn. This enables each wire to be
made a uniform length, which produces the same effect of
equalization of impedance as that obtained in the standard
process of dislocating the bundles of wires by twisting. After
the completion of winding, the insulating paper is folded and
the back yokes are inserted. At this time, the spaces between
the wires in the slots are compressed. The combination of the
methods described above has increased the space factor in the
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slots. Each back yoke has two semi-circular projections, as
shown in Fig. 9. The projection on the inner side functions to
prevent the I-shaped teeth from moving, while the projection
on the outer circumference functions to increase the
cylindricality of the core. The space factor in the slots has
increased to 48.3% from a figure of 40.3% measured before
the improvements described above. Figure 12 shows the
space factor before and after the improvements.

Fig. 9   Structure of split core

Fig. 10   Winding process

Fig. 11   Winding aligned inside a slot

Fig. 12   Space factor of winding

3.4. Making the Motor Thinner
The winding overhang is stamped to decrease its volume,

to enable the motor to be made thinner. In conventional
lacing, force is applied to the lacing materials to bind the
wires in the winding overhang in the process of winding the
lacing. Slight stamping is applied when the coil is in its final
form, and there is comparatively little deformation of the
wires. In the new process, the winding overhang is stamped
after lacing, and there is therefore considerable deformation
of the wires. For this reason, the lacing is applied at a lower
tension than in the conventional method. This method
exploits the fact that when the winding overhang is stamped,
the peripheral length of its cross-section increases, in order to
achieve an equivalent binding force on the wires to that
achieved by the standard process. Figure 13 shows a
conceptual diagram of this method. The wires used in the
lacing do not stretch, which has increased both the binding
force on the winding and the space factor of the winding
overhang. Because it was found that the wiring bends when it
is stamped once in the axial direction, the stamping process
has been divided into two steps. The winding overhang is
first stamped to increase the internal diameter and then
stamped in the axial direction. This has reduced mechanical
stress on the wiring to a minimum, and enabled the wiring in
the winding overhang to maintain its mesh shape during
stamping. Figure 14 shows the two-step stamping process,
and Fig. 15 shows the thinness of the winding overhang after
stamping.

Fig. 13   Method of increasing force which binds 
winding overhang
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Fig. 14   Stamping process of two steps

Fig. 15   Winding overhang after stamping process

4. Verifying Motor Performance

Operation efficiency and axial output were evaluated in
the hybrid vehicle induction motor shown in Fig. 16. A 41%
reduction in primary copper loss in comparison to the
conventional method was confirmed. A breakdown of
contribution shows 29% resulted from the reduction of the
length of the wiring and 12% from the increase in the space
factor.

The height of the winding overhang was verified as
having been reduced to 10 mm. The reduction of primary
copper loss increased operation efficiency by 7%. Reduction
of the drop in voltage due to wiring resistance has increased
axial output by 16%. These improvements in operation
efficiency and axial output are shown in Fig. 17.

Fig. 16   Induction motor for hybrid vehicle

Fig. 17   Improvement of operation efficiency and 
axial output

5. Confirmation of Ease of Production

Figure 18 shows the stator assembly process. The
automation of the new winding process with the development
of a winding machine enables a stator to be wound in 45%
less time than required to wind a Honda stator of equivalent
size with concentrated winding using bobbin winding. The
comparison in winding time is shown in Fig. 19.
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Fig. 18   Assembly process of stator

Fig. 19   Comparison of winding time

6. Conclusion

The issue of increased wiring length and winding volume
of the winding overhang when the lap winding method is
employed were focused on in order to make motors thinner
and reduce loss of the motor. The following results were
achieved by improvements to the core structure and the
winding method:
(1) The height of the winding overhang has been reduced to

10 mm, equivalent to that achieved in concentrated
winding, and a space factor of 48.3% in the slots has been
achieved, equivalent to the space factor of inserted
winding.

(2) The increase of the space factor in the slots and the
reduction of the length of the wiring have reduced coil
resistance and increased operation efficiency by 7% and
power by 16%.

(3) The development of an automatic winding machine has
enabled the stators to be wound using the new process in
45% less time than required to wind a Honda stator of
equivalent size using bobbin winding.
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Research of Natural Gas Ultra Low Emission
Combustor

Atsushi YAMAZAKI* Masatoshi KUROKAWA*
Tsutomu INOUE* Hisashi MURAKAMI*

ABSTRACT

A lean burn combustor, which provides homogeneous mixing of air and natural gas and prevents autoignition, was developed
by adopting a dispersely arranged multi-venturi design. By taking advantage of the characteristics of the venturi mixers, a highly
accurate determination of the state of combustion was enabled and an expansion of the premixed combustion range was achieved.
The combustor system above was installed on a micro-gasturbine, achieving an ultra low emission level of 3 ppm (at 15 percent
oxygen equivalent) NOx, CO and THC at a 50 to 100 percent load.

 * Wako Research Center

1. Introduction

Micro-gasturbines are receiving attention as a distributed
energy source, but low emissions performance equivalent to a
large capacity power plant is still demanded, for
environmental reasons. The lean premix combustion method,
which combusts a homogenous mixture at relatively low
temperatures, is an effective method for reducing gas turbine
emissions. However, it is difficult to generate a homogenous
mixture and at the same time prevent autoignition during the
mixing process. Also, a lean mixture can easily lower the
combustion efficiency and produce unstable combustion,
such as combustion oscillation.

Furthermore, to prevent flameout and to ensure a wide,
low-emissions operating range when applying this method,
especially to a micro-gasturbine, it is necessary to establish a
simple method for accurately acquiring the combustion state,
which changes according to the operating conditions, and for
switching between diffusion combustion and premix
combustion as appropriate(2), (3).This research was intended to
develop an environmentally-friendlier micro-gasturbine with
low emissions. The goal was to produce a practical lean
premix combustor, which was previously considered to be
difficult(1), (2), (3), (4).

2. Premix Combustor

2.1. Emission Targets
This combustor is intended for application on a

micro-gasturbine, so the NOx emission target was set at
3 ppm or less (at 15% oxygen equivalent), which is below the
average of all electric power plants including nuclear energy
as shown in Fig. 1. In addition, the CO and THC emissions
targets were set at the same level as NOx.

Fig. 1   NOx emission of electric power plant (5)
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An additional target was set to verify the above emission
values over the 50% to 100% load range which is the normal
operating range for a micro-gasturbine(6).

It is generally known that in a lean premix combustor, the
range of the adiabatic flame temperature where low emission
combustion occurs can be expanded by homogenizing the
concentration distribution of the air-fuel mixture. The
combustor targets were set as follows based on the results of
preceding basic combustion tests (Fig. 2).
(1) Degree of mixing for the premixed air-fuel

Nonuniformity ratio: ±10% or less
(Low-emission combustion Tad bandwidth: 200 °C)

(2) Combustion state estimation accuracy
Tad calculated estimation error: ±25 °C or less
(Combustion air mass flow estimation error: equivalent to
±5% or less)

Fig. 2   Effect of adiabatic flame temperature on
NOx, CO emissions

2.2. Premix Mixer
A venturi mixer was adopted as the premix mixer.

Venturi mixers have high mixing performance and allow for
the estimation of air mass. In addition, a multi-venturi mixer
composed of a number of dispersely arranged compact
venturi mixers as shown in Fig. 3 was used to prevent
autoignition during the mixing process and to reduce the size.
Pipe swirlers were also used to ensure flame stability by
turning the mixture into a spiral flow.

3. Venturi Mixer

3.1. Analysis of the Mixed State inside a Venturi
Mixer

Figure 4 shows the CFD calculation results of the
distribution of air and CH4 concentrations at the diffuser of a
venturi mixer. Table 1 shows the boundary conditions for
calculation (equivalent to micro-gasturbine rated operation).
The concentration calculation results in Fig. 4 show that the
mixing length becomes shorter as the diffuser expansion
angle (deceleration rate) increases. However, separation
occurs when the diffuser expansion angle is too wide, leading

to mixture retention which can cause autoignition. Therefore,
the expansion angle was set at 12° which is the widest angle
at which separation does not occur.

Fig. 3   Layout of multi venturi mixer

Fig. 4   Calculation results of CH4 concentration

Table 1   Boundary conditions for calculation of 
CH4 concentration
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3.2. Single Venturi Mixer Unit Test
A single venturi mixer was fabricated based on the CFD

calculation results, to analyze the mixing state and optimize
the fuel injection method.

3.2.1. Unit test rig
Figure 5 shows the single venturi mixer unit test rig. The

mass flow of the air and fuel is arbitrarily adjusted and then
supplied to the test rig. The mixture is sampled and the CH4
concentration is measured using a sampling probe installed
downstream from the diffuser.

Fig. 5   Cross-sectional view of single venturi mixer

3.2.2. Effect of diffuser expansion angle and flow
velocity through the throat on nonuniformity
ratio

Figure 6 shows results of the measured nonuniformity
ratio of a cross section at an arbitrary distance from the
throat. The nonuniformity ratio is defined as the value
obtained by dividing the standard deviation of the local
concentration by the average concentration. In accordance
with the CFD results, the mixing length becomes shorter as
the diffuser expansion angle (deceleration rate) increases, and
the target nonuniformity ratio at an expansion angle of 12°
(TYPE-B) was obtained at the distance of 28 mm from the
venturi throat (mixing length/throat diameter: L/D = 7).

In addition, Fig. 7 shows the nonuniformity ratio for
different air flow velocities through the venturi mixer, and
shows that the difference in the flow velocity has little effect
on the mixing length.

Fig. 6   Effect of diffuser angle on nonuniformity ratio

Fig. 7   Effect of velocity on nonuniformity ratio

3.2.3. Effect of fuel injection method on
nonuniformity ratio

In order to investigate the effect of the fuel injection
method on the nonuniformity ratio, the mixing state
downstream from the throat was visualized and the
nonuniformity ratio was measured and optimized for the
three fuel injection methods shown in Fig. 8. Figure 9 shows
the mixing states immediately after the venturi throat and
20 mm downstream from the throat. The mixing state was
visualized by supplying oil smoke as a seeding to the fuel
side and filming with a laser sheet beam as a light source. In
the case of the base type which injects the swirling fuel to the
air flow from slits in the throat, the fuel does not disperse
over the entire diffuser. This is thought to be because the fuel
sticks to the outer walls due to centrifugal force. For the two
holes type which injects the fuel toward the center of the
throat, the fuel penetrates the air flow appropriately without
sticking to the walls, and mixing is promoted.

Fig. 8   Cross-sectional view of fuel supply shape

Fig. 9   Comparison of mixture distribution for two 
different fuel supply shapes
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Figure 10 shows the nonuniformity ratio at the diffuser
outlet. Homogeneous mixing can be improved by offsetting
the injection holes. This is thought to be because the offset
causes the fuel to disperse in the perpendicular direction near
the throat walls. Therefore, the two holes + offset type is
effective for mixing with in a shorter length.

Fig. 10   Effect of fuel supply shape on 
nonuniformity ratio

3.3. Multi Venturi Mixer

3.3.1. Synchronization of mixture ratio between
venturi mixers

The multi-venturi mixer for use in an actual combustor
shown in Fig. 3 may experience variation in the air mass
flow passing through each venturi mixer due to the pressure
distribution inside the combustion cylinder during
combustion, diffuser shape error, etc. This causes variation in
the mixture ratio of each venturi mixer, and consequently
variation in the distribution of the mixture concentration
within the combustion cylinder. Therefore, the following
method was used to synchronize the mixture ratio of each
venturi mixer.

Assuming the fuel inlet total pressure, Pf0, and the air
inlet total pressure,Pa0, in Fig. 11 to be equal (fuel throat
static pressure, Pf1, equals air throat static pressure, Pa1), the
flow velocities through the fuel effective area, Ff, and the air
effective area, Fa, are equal, so the effective area ratio, Fa/Ff,
equals the mass flow ratio, ma/mf.

Since the physical properties (density, specific heat ratio)
of fuel and air are similar under actual operating conditions,
it can be said that when Pf0 and Pa0 are equal, Fa/Ff and ma/mf
are approximately equal. This indicates that even if the air
mass flow changes due to the effects of the venturi
downstream, ma/mf can be kept constant by maintaining a
constant Pf0 and Pa0. Application of this principle made it
possible to reduce the air/fuel ratio variation between each
mixer by setting the Fa/Ff of the multi-venturi mixer near the
required air/fuel ratio.

Figure 12 shows the error relative to the set air/fuel ratio
when the fuel and air inlet pressures are kept constant and the
air mass flow passing through the venturi mixer is varied by
changing the outlet pressure on a venturi mixer with the
effective area ratio set to 40. This shows that the air/fuel ratio
error relative to changes in the air mass flow becomes

smaller at an air/fuel ratio near the set effective area. This
indicates that the air/fuel ratio variation between each venturi
mixer can be reduced even when the air mass flow passing
through each venturi mixer in a multi-venturi mixer changes.

3.3.2. Nonuniformity ratio of the multi-venturi mixer
Figure 13 shows results of the measured nonuniformity

ratio at the mixer outlet cross section (combustion cylinder
inlet cross section) of a multi-venturi mixer for use in an
actual combustor in order to confirm the nonuniformity ratio
of the mixture. The nonuniformity ratio was within ±5% for
over 95% of the mixer outlet cross section, which sufficiently
achieved the target of ±10% or less. This confirmed that a
homogenous mixture could be formed within the combustion
cylinder even with a multi-venturi mixer arrangement by
synchronizing the mixture ratio between each venturi mixer.

Fig. 13   Nonuniformity ratio at the outlet of multi 
venturi mixer

Fig. 11   Model of venturi mixer

Fig. 12   Effect of air mass flow variations on air/fuel 
ratio error
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4. State Detection

4.1. Combustion State Detection Method
In order to ensure the low emission performance of

3 ppm or less at a micro-gasturbine load of 50% to 100% and
to realize combustion switching without flameout, the Tad
inside the combustor must be acquired in real time.
Figure 14 shows the parameters needed to estimate Tad.

Fig. 14   Parameters for estimation of Tad

The air passing through this multi-venturi mixer becomes
the combustion air, so the air mass flow was estimated using
the venturi characteristics of the venturi mixers. When the
venturi equation is transformed as shown in equation (1), it
can be broadly divided into two parts, the inlet and throat
pressure term and a flow characteristic term containing the
effective area, which expresses the venturi mass flow
characteristics. The mass flow characteristics (effective area)
change due to the effects of the flow velocity and the
viscosity, thus investigations were conducted to obtain the air
mass flow from the measured venturi inlet conditions, fuel
mass flow and fuel pressure from a map expressing the air
mass flow with the fuel mass flow and pressure provided to
the venturi mixer.

(1)

Ga*: Corrected Air mass flow, F: Effective area,
P: Pressure
κ : Specific heat ratio, T: Temperature, R: gas constant
Subscripts in: Inlet, s: Throat

Based on the corrected test results of the venturi mixer,
when the mass flow that includes varying mass flow
characteristics is converted to the standard conditions (15 °C
at standard atmospheric pressure) and expressed as the
corrected air mass flow, Ga* corrected, the mass flow
characteristics remain fairly constant and do not change
relative to the pressure term value even when the inlet
conditions differ as shown in Fig. 15. This means that it is
possible to obtain the air mass flow based on the inlet
pressure and the throat pressure. However, measuring the
throat pressure is difficult in an actual combustor, so the fuel
mass flow and the fuel pressure were corrected to the
standard state and expressed as the corrected fuel mass flow,
Gf*, and the corrected fuel pressure, Pf*. In this case as well,
the Ga* at different inlet conditions exhibited approximately
the same gradient (Fig. 16).

The air mass flow at different inlet conditions can be
obtained by compiling the Gf*, Pf* and Ga* obtained from
the above corrected tests into a three-dimensional map
(Fig. 17). The feature of this map is that when the air mass

flow is reduced at a constant fuel mass flow, the venturi
characteristics cause the throat static pressure to rise, which
causes the fuel supply pressure to also rise. Thus, the map
takes the general form of a graph sloping downward to the
right.

4.2. State Detection Accuracy

4.2.1. Combustion air mass flow calculation
accuracy

Figure 18 shows the results of combustion tests
conducted in the condition where the entire mass of the
supplied air was used as combustion air in order to confirm
the accuracy of the air mass flow calculations. The
calculation error was approximately ±5% or less in all
regions except for the low mass flow region of diffusion
combustion, which confirmed that there are no problems for
practical application. The factor lowering the measurement
accuracy in the low mass flow region is thought to be the
accuracy of the pressure and temperature sensors.

Fig. 15   Venturi flow characteristic

Fig. 16   Venturi flow characteristic

Fig. 17   Air mass flow map
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Fig. 18   Accuracy of calculated air mass flow

4.2.2 Adiabatic flame temperature calculation
accuracy

The adiabatic flame temperature (Tad) is calculated using
the air/fuel ratio, combustor inlet air temperature, fuel
temperature, fuel lower calorific value, and the gas enthalpy
before and after combustion. However, regressive calculation
should be avoided in actual combustor control calculations.
In addition, calculation was performed using a map in order
to simplify the calculations. Figure 19 shows the Tad
calculation results based on tests to confirm the fuel and air
mass flow calculation accuracy. This confirmed that the
calculation error does not worsen when using a map, and that
the error was within the target range of ±25 °C.

Fig. 19   Accuracy of calculated Tad

5. Combustion Tests

Methods for generating a homogenous mixture using a
multi-venturi mixer and for detecting the combustion state by
Tad estimation were established, so the combustion and
practical performance were evaluated using a combustion test
rig.

5.1. Combustion Test Rig
Figure 20 shows the test rig used for the combustor

combustion tests. The air is pressurized by a compressor,
adjusted to the prescribed mass flow and temperature by a
flow adjusting valve and a heater, and then supplied to the
combustion test rig. In addition, the pressure is adjusted by a
pressure regulation valve located downstream from the
combustion test rig. The fuel (natural gas, equivalent to 13A:
CH4 = 88.5%, C2H6 = 4.6%, C3H8 = 5.4%, C4H10 = 1.5%) is
pressurized by a fuel compressor, then the mass flow is

controlled by independent diffusion and premix fuel control
valves, and the fuel is supplied to the combustion test rig.
The combustion gas mixes with the diluted air that has
cooled the combustion cylinder, and the mixture is then
sampled by a sampling probe installed in the exhaust
passage. Note that analysis was performed using two analysis
meters with different resolutions in accordance with the
concentration of the combustion gas components.

5.2. Premix Combustion Performance
Figure 21 shows the results of combustion tests

performed at air mass flow and pressure conditions
equivalent to the micro-gasturbine load conditions of 50%
and 100% with the combustor inlet air temperature, Tin and
Tad, as parameters. Note that the tests were performed with
Tin set from 420 °C to 600 °C which corresponds to actual
combustor conditions. The results showed that the
low-emission combustion Tad range during premix
combustion was 250 °C, which satisfied the target of 200 °C.
This is thought to be because the nonuniformity ratio was
±5% or less for over 95% of the cross section area at the
mixer outlet as shown in Fig. 13. Thus, an even temperature
distribution was achieved over the entire combustion flame.
In addition, there was no combustion oscillation or
autoignition which had been a concern for premix
combustion. Stable combustion was obtained.

Fig. 21   Effect of Tad and inlet temperature on 
NOx, CO emissions

Fig. 20   Cross-sectional view of combustor rig
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5.3. Switching between Diffusion Combustion and
Premix Combustion

The results in Fig. 21 show that the point at which the
CO concentration exceeds 3 ppm is around Tad = 1 300 °C,
although this varies slightly according to Tin. Therefore, the
switching test conditions were set as shown in Table 2. The
diffusion → premix and premix → diffusion conditions differ
for the following two reasons.
• There is a Tad calculation error of ±25 °C
• To prevent unnecessary switching due to temperature

variation
The combustion state is switched when the Tad

calculation value and Tin exceed the threshold values given
in Table 2. However, the fuel passage differs for diffusion
combustion and premix combustion, so a time lag occurs
until the fuel pressure and temperature reach a static state
depending on the piping and fuel passage volume, etc. This
causes combustion to become unstable, and under some
conditions can result in flameout. To prevent this, a time
interval was established during which the fuel is supplied to
both fuel passages, and switching was performed in steps.
That is, diffusion combustion is possible even at 0.3 g/sec
fuel mass flow (equivalent to an air/fuel ratio of 400), so
when switching, the total fuel supply was maintained and a
distribution ratio was used whereby the diffusion fuel mass
flow was set to 0.3 g/sec and the remainder was provided as
premix fuel. Figure 22 shows the switching test results. In
both cases (diffusion → premix, premix → diffusion), stable
combustion switching was confirmed with no flameout.
These results provided prospects for stable operation of an
actual micro-gasturbine.

Table 2   Set value for switching conditions

Fig. 22   Switching test results

5.4. Observation of the Combustion Flame
Figure 23 shows photographs of the combustion flame

before and after diffusion and premix combustion switching
as observed downstream from the combustion test rig. The
flames (luminous flame, blue flame, etc.) evident during
normal combustion cannot be observed at all during premix
combustion, indicating that an ideal lean premix combustion
was realized.

Fig. 23   Combustion flame pictures

6. Actual Micro-gasturbine Tests

Figure 24 shows the operation results for the combustor
installed in a micro-gasturbine when the load is varied
incrementally from ignition to a 100% load. This shows that
operation switches from diffusion combustion to premix
combustion and the NOx level drops sharply when the engine
load rises to around a 50% load (22.5 kW) which is the
combustion switching condition. At this time the engine
revolution speed fluctuation was 1% or less, and operation
was stable. In addition, operation at the emission (NOx, CO,
THC) level target of 3 ppm or less (at 15% oxygen
equivalent) was confirmed within the operation range of a
50% to 100% engine load as shown in Fig. 25(6), (7).

Fig. 24   Engine operation chart

Fig. 25   Emissions characteristics of engine test at 
engine inlet temperature 10 °C
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7. Conclusions

A multi-venturi mixer was adopted as a natural gas lean
premix low emission combustor for micro-gasturbine, and
the following knowledge was gained as a result of unit tests
and actual engine tests.
(1) Venturi mixers were applied as the premix mixer, and the

mixer shape and fuel injection method were optimized to
create a compact premix mixer that can generate a
homogenous mixture. This resulted in a natural gas lean
premix low emission combustor that simultaneously
achieves wide low emission combustion range and
autoignition immunity.

(2) An accurate fuel control method that does not require
complex devices was constructed by utilizing the venturi
characteristics of the premix mixer.

(3) This combustor was mounted in a micro-gasturbine, and
an emission value of 3 ppm or less (NOx, CO, THC at
15% oxygen equivalent) was verified within the normal
operating range of a 50% to 100% load.

(4) These research results provide prospects for the practical
application of a low emission micro-gasturbine.
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Research of High Speed Shaft System
Using Air Foil Bearing

Norio SHIMIZU* Mitsuo MATSUSHIMA* Ichiro ISHII*
Hitoshi IWADATE* Hidehiko NAKATA*

ABSTRACT

The demand for a reliable, low maintenance, oil-free micro-gasturbine imposes significant demands on the bearing system.
The air foil bearing provides low power loss, adequate damping for supercritical operation and long life with oil-free lubrication.
In this application, foil bearings support a 9.2 kg, multi-component rotor operating at 77 000 rpm with a bending critical speed of
approximately 42 500 rpm. Stable and reliable operation over full speed range on a shaft system rig and a micro-gasturbine has
been demonstrated.

 * Wako Research Center

1. Introduction

While the small sized distributed generation is
increasingly drawing attention, the micro-gasturbine has
some superiority for its economical operation as the
generator engine. Because its drive element is restricted to
the main shaft, and it has few structural parts. To further
increase this functional superiority requires an increased
product life span and low level of maintenance. The air foil
bearing has been targeted in meeting this demand.

The air foil bearing uses air flow to suspend the shaft
thereby enabling rotation without additional mechanical
contact support. Consequentially, eliminating the need for a
lubrication system and achieving low maintenance due to a
longer life are possible. Configuring an air foil bearing to a
micro-gasturbine has become a key technology. Although this
technology is currently applied to APUs on aircraft, the
details of these applications are not made public. The aim of
this research is to establish an air foil bearing structure that is

capable of achieving a high damping performance, and to
configure this to an actual engine to verify its application on
a micro-gasturbine.

2. Overview and Targeted Settings

2.1. Micro-gasturbine
Table 1 lists the specifications of a micro-gasturbine for

which an air foil bearing is configured. Figure 1 shows the
layout of a micro-gasturbine (1), (2).

The engine shown in the figure adopts a symmetrical
shaft layout in which high temperature components are
positioned toward the center of the engine. This serves to
suppress heat dissipation and prevent thermal stress. This
layout has resulted in a shaft configuration that supports a
high pressure compressor and turbine with extreme overhang
thereby creating the severest bearing load conditions.
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Table 1   Specifications of micro-gasturbine

Fig. 1   Layout of micro-gasturbine

2.2. Targeted Settings
The greatest difficulty in applying the air foil bearing is

the existence of the 1st bending critical speed on the shaft
within the operating range which is caused by the low level
of air foil bearing stiffness. Generally, when a low level of
shaft stiffness is employed, critical speeds are avoided in low
speed ranges. However, this requires a complex shaft
structure and does not facilitate smooth substitution with
rolling bearing. Consequentially, significant engine layout
modifications are required.

In this research, the 1st bending critical speed has been
allowed to set within the operating range, and passing
through this critical speed at a low vibration level would
make it possible to realize an air foil bearing capable of
engine operation without making significant changes to the
engine layout. Table 2 lists the targeted shaft system values
for this engine. The 2nd bending critical speed was set above
the maximum permissible engine speed of 84 000 rpm while
the permissible amplitude for the bearing when the 1st

bending critical speed is exceeded was set to 30 µm
according to the cyclic fatigue strength of bump foil (refer to
section 2.3.2). The bearing inside diameter was set to
48.8 mm in line with the magnetic rotor outside diameter on
the applied engine.

Table 2   Shaft system performance target

2.3. Air Foil Bearing

2.3.1. Operating principle
Figure 2 shows the operating principle of a typical air

bearing with a cylindrical air bearing mechanism. As shown
in the figure, the shaft’s eccentric edging on the bearing
produces tapered gaps. As the shaft rotates, dynamic pressure
is generated by the air flow which is pulled in as working
fluid to the tapered gaps and causes the shaft to be
suspended. However, as dynamic pressure increases due to
higher engine speed, the taper position in the bearing moves
in the rotating direction. This creates a misalignment between
the direction of the shaft weight and the direction of the load
generated by dynamic pressure. As the misalignment
increases, it becomes impossible to maintain the shaft’s
suspension. The resultant self-induced vibration, referred to
as Whirl Instability, limits the operating range. In order to
maintain the tapered gaps, the inner bearing ring must have
compliance.

2.3.2. Layout and function
To achieve the required level of compliance, this research

has adopted a layout design based on bump foil as shown in
Fig. 3. This layout adopts waveform bump foil made of a
thin plate of high-strength Ni-Cr alloy (AMS5542) and a
cylindrically shaped top foil that is laminated to the bearing
surface. The bearing stiffness was set in accordance to the

Fig. 2   Mechanism of air bearing(3)

Fig. 3   Compliant foil bearing
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bump foil and air film stiffness. The damping performance
was set in accordance to the sliding friction (coulomb
friction)(4) between the foils. The compliance standard was
determined by the foil deformation according to the operating
conditions.

2.3.3. Technical issues
As previously stated, the air foil bearing structure has a

remarkably low level of shaft support rigidity compared to
conventional rolling bearing configurations. Thus, the 1st

bending critical speed exists within the operating range. To
pass beyond this critical speed, the bearing must be able to
accommodate an extremely high level of damping
performance, which is also needed to avoid self-induced
vibrations that occur at high speed ranges (refer to section
2.3.1). Additionally, in shaft speed ranges from zero to low
speed levels (start-up or shutdown), measures must be
employed to reduce friction and wear where contact with the
shaft cannot be avoided since the formation of air film does
not occur.

To suppress the shaft excitation force as the critical speed
is being passed, the 1st bending critical speed was set to as
low speed as possible within the operating range. This
required that the 2nd bending critical speed should be set to
levels that exceed the operating range.

3. Air Foil Bearing Structure

3.1. Damping Performance 
Damping for the air foil bearing occurs because of the

relative sliding friction between foils as shown in Fig. 3. A
vibration test was conducted to verify specific areas where
damping occurs, to evaluate the effect of the coating on the
damping performance and the influence of the overall
bearing structure. An excitation apparatus was used to excite
a semicircle bearing sample and the damping performance
was estimated from the resultant response. Figure 4 shows
an overview of the vibration test rig.

3.1.1. Coating effect and identification of damping
occurrence area

A coating was applied to the foils to increase the sliding
friction and to improve the damping performance between
the foils. A Cu coating was selected for its high friction
coefficient characteristic, low cost and durability. Figure 5
shows the effects of the coating and the results of identifying
the areas where damping occurred.

Fig. 4   Vibration test rig

Fig. 5   Effect of Cu coating on damping coefficient

It is clear from this figure that the application of the Cu
coating increased the sliding friction, thereby improving
damping performance. It was found that when the Cu coating
was removed between the bump foil and top foil as compared
to the application of Cu coating to all contact surfaces of the
foil, damping performance deteriorated to a level with no
coating at all. On the contrary, when the coating was removed
between the ring and bump foil, no difference in damping
performance was observed. This indicates that damping is
caused largely from the friction between the top foil and
bump foil as the top foil moves. These results were used in
support of applying Cu coating to the top and bump foils.

3.1.2. Effects of bearing structure to damping
performance

3.1.2.1. Bump foil shape, thickness and separation
Figures 6, 7 and 8 show respectively the effects of the

bump foil shape, thickness and separation on damping
performance.

Figure 6 shows a comparison of two different bump foil
shapes in which almost no significant difference in the
damping coefficient was observed. Here, Shape A bump foil
was selected because its high damping performance and
surface contacts would restrain the top foil from falling
between the bump foils when pressurized. This is thought to
be effective in forming the tapered shape.

From Fig. 7, a bump foil that is the thickness of 4 mils
was selected. Although there was almost no variation in the
maximum damping coefficient, the bump foil thickness of
4 mils tended to alleviate the reduction in damping
performance in areas where significant bump foil
deformations appeared. On the other hand, a bump foil that is
the thickness of 3 mils with its reduced level of foil strength
had a low load limit.

Figure 8 shows the effect of bump foil separation on
damping. A bump foil separation of 13 mm over 2 layers
worked best in terms of the maximum damping coefficient.
Separating the bump foil reduced the load level to facilitate
functional performance. However, there was a remarkable
drop in performance in areas with large foil deformation,
which caused vibration as critical speed level was being
passed. Narrowing the foil width reduced the allowable load
limit and caused plastic deformation to the foil, which was of
concern. For these reasons it was decided not to employ foils
without separation.
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Fig. 6   Effect of bump foil shape on damping coefficient

Fig. 7   Effect of bump foil thickness on damping 
coefficient

Fig. 8   Effect of bump foil separation on damping 
coefficient

3.1.2.2. Adding a middle foil
Damping between the top foil and bump foil is a result of

movement of the top foil. By adding a middle foil between
the foils, an improvement in the damping performance was
achieved. Figure 9 shows the changes in the damping
performance according to the number of middle foils applied.
Increasing the number of foils created a shift of the peak
damping coefficient points to the areas where the large foil
deformation appeared. Where three middle foils were

applied, the damping performance tended to moderately
improve along with the foil deformation. In other cases, the
damping performance peak was exceeded which led to a
drastic reduction in performance. This has shown that the
application of three middle foils promotes high damping
performance where the greatest vibration occurs as the
critical speed level is being passed. Therefore, the three
middle foils specification was adopted.

3.2. Selecting a Top Foil Rubbing Coating
In selecting a top foil coating to resist rubbing, low

friction and wear resistance were focused on.
Figure 10 shows the results of the rubbing test conducted

on coatings. In the test, a rotating shaft was rubbed up against
the foil on which a load was exerted and changes to the wear
coefficient were measured. The instances where fluctuation
was recorded were then used in determining the wear limit. A
period of 20 000 seconds (10 seconds × 2 000 cycles) was set
as the standard period of wear resistance for the allowable
period of continuous rubbing action. A hard coating of DLC
(Diamond like carbon) was applied to the shaft and PTFE
(fluorocarbon resin) was applied to the foil since this
combination satisfied the standard and demonstrated the
lowest wear coefficient.

Fig. 10   Results of coating rubbing test

Fig. 9   Effect of multiplex middle foil on damping 
coefficient
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3.3. Air Foil Bearing Specifications
Table 3 and Figs. 11 and 12 provide the air foil bearing

specifications and layout design determined from the above
test results. The positioning of the shaft support for the air
foil bearing provides an extremely efficient level of damping
and achieves maximum sliding between the foils. More
specifically, the air foil bearings were positioned at the edge
of the shaft and the section corresponding to the loop of the
1st shaft bending mode where maximum amplitude is
observed (See Fig. 13 for details).

Table 3   Specifications of air foil bearing

Fig. 11   Air foil bearing (Component)

Fig. 12   Air foil bearing (Cut model)

4. Shaft Structure

4.1. Shaft Structure Applied to Air Foil Bearing
Figure 13 shows the layout of the shaft to which the air

foil bearing has been applied. In accordance with the
conducted FEM analysis, the engine shaft with air foil
bearings was configured with a uniform shaft diameter and
an extended shaft length, in contrast to the engine shaft
employing rolling bearings. The shaft weight was set to a
weighty 9.2 kg. This configuration succeeded in reducing the
critical speed to a minimum. Also, since the engine shaft was
constructed so that multiple components, including
permanent magnet, compressor rotor, and turbine rotor, were
firmly tightened by tie shaft tension, a reduction in the
stiffness of contact sections between shaft components and
the effects of bending caused when the 1st bending critical
speed is exceeded had to be taken into consideration. In
addressing these issues, an experimental modal analysis was
used to determine the optimal shaft layout. Figure 14 shows
the critical speed map and the results of this analysis from
which a design capable of accommodating the targeted values
for each of the critical speeds was achieved.

Fig. 13   Multi-component shaft for air foil bearing
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Fig. 14   Critical speed map

5. Unit Testing of Shaft System

5.1. Shaft System Unit Test Stand
A shaft system unit test was conducted to evaluate the air

foil bearing performance and the configuration of the shaft
itself. Figure 15 shows the shaft system test stand. The shaft
is driven by the air turbine mounted on the right end of the
shaft. The thrust bearing in the center of the shaft restricts the
shaft movement to the shaft direction. During operation,
displacement sensors mounted to the shaft components detect
shaft displacement, and a thermocouple measures the air foil
bearing outer ring temperature, foil temperature and thrust
bearing temperature. The load cell mounted on the bearing
stand was used to measure the friction torque of the air foil
bearing.

Fig. 15   Shaft system test stand

5.2. Unit Test Results

5.2.1. Speed test results
Figure 16 shows the results of the shaft system test. The

graph in the upper part of Fig. 16 shows tracking data which
indicates that by improving the damping performance on the
air foil bearing, the 1st bending critical speed of the shaft was
passed at around 42 500 rpm with a low amplitude level, and
a rated speed of 77 000 rpm was attained. The contour
diagram shown in the bottom of Fig. 16 indicates that the
level of whirl instability induced by the frequency of the
shaft’s rigid body mode at rated speed was low, and a stable
shaft rotation was achieved. The test results shown in Fig. 17
provide the damping ratio required for surpassing the 1st

bending critical speed (the damping coefficient being
represented by a dimensionless value). Verifying the
dynamic characteristics of shaft (including shaft 1st bending
critical speed and damping ratio) at speeds lower than the 1st

bending critical speed level enabled estimation of the tested
bearing performance and amplitude for surpassing the 1st

bending critical speed.
Figure 18 shows the effect of the air bearing ring

cylindricality and the fitting clearance with the shaft in
respect to whirl instability. In order to reduce the level of
whirl instability (indicated in the figure by W. I. Amplitude)
to less than 4 µm, a cylindricality of less than 65 µm was set
as the targeted bearing dimensions (indicated in the blue
dots). The fitting clearance was set to −25 ∼ 0 µm after taking
the startup torque into consideration.

Fig. 16   Shaft system test results
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Fig. 17   Required damping ratio

Fig. 18   Whirl Instability toughness

5.2.2. Friction measurement results
Figure 19 shows the friction measurement test results

where the bearing loss on the air foil bearings is 0.7 kW at a
rated speed of 77 000 rpm. Correlating this loss to a loss of
one roller bearing of the rolling bearing specifications has
shown that friction can be reduced by employing an air foil
bearing. Friction increases when the 1st bending critical speed
is passed because the shaft shakes and the air film
diminishes. However, since the 1st bending critical speed is
passed in an instant and is out of the normal speed range, it
has been judged not to present any concern.

Fig. 19   Comparison of friction for foil and rolling 
bearings

6. Application to Micro-Gasturbines

6.1. Application to Micro-Gasturbines
In the shaft system test, it has been verified that the

shaft’s 1st bending critical speed was passed and a stable
performance was achieved at high speeds. This has allowed
the air foil bearing to be applied to a micro-gasturbine.
Figure 20 shows an example of the micro-gasturbine layout.

Fig. 20   Micro-gasturbine layout with air foil bearing

6.2. Operating Results of Micro-Gasturbine
Figure 21 shows the measurement results of shaft

vibration on the micro-gasturbine. The amplitude where the
1st bending critical speed is surpassed is less than 15 µm and
the amplitude at the rated speed is less than 5 µm, indicating
that the targeted values have been achieved. In applying an
air foil bearing to a micro-gasturbine, there were concerns
with the effects to the air bearing performance because of the
exciting force brought on by load fluctuation when the
permanent magnetic generator is in operation, the exciting
force by the aerodynamic element and the overriding effects
of heat from high temperature engine parts. Although the test
results have shown that the effects of the magnetic force
during magnetic generator operation created differences in
the surpassing amplitude at speed increases and decreases,
this was shown not to be a significant concern.
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Fig. 21   Shaft vibration of micro-gasturbine

7. Conclusion

In improving the level of maintenance required for the
micro-gasturbine, testing was conducted on the shaft system
and the air foil bearing from which the following results were
achieved.
(1) In the testing of the shaft system in which an air foil

bearing of unique configuration was used, it was verified
that the 1st bending critical speed that occurs within the
operating range of a 9.2 kg shaft with supported overhang
was surpassed at a low amplitude with a moderate µm
measurement, and stable driving performance was
possible at high speeds.

(2) An air foil bearing was fitted to a micro gasturbine engine
and a similar performance level to the results of the test
was reproduced. This configuration has been successfully
verified for adoption in an actual engine.
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Efficiency and Noise Evaluation of AC Link
Soft-switching Inverter

Katsuhiko FURUKAWA* Sadao SHINOHARA*

ABSTRACT

Soft switching inverter technology was examined as a means of increasing the efficiency and reducing the noise of the
inverters used to drive motors in hybrid electric vehicles and fuel cell vehicles. From the various soft switching circuit topologies
available, AC link inverters were selected as the research focus, because they can be used in high-power applications and require
few additional circuit components. Specifically, the single inductor auxiliary resonant AC link inverter was worked out to further
reduce the number of inductors. Comparisons with hard switching inverters showed a 0.5% improvement in efficiency. In
addition, conduction noise was reduced at almost all frequency bands and radiation noise was reduced at all frequency bands, and
demonstrated maximum reductions of 10 dB and 20 dB respectively.

 * Tochigi R&D Center

1. Introduction

The demand for reductions in automotive fuel
consumption and emissions continues in light of the issue of
global warming. Honda has consistently beaten the
competition in these areas, with our introduction of the
electric vehicle EV PLUS in 1997, with the hybrid vehicles
Insight and Civic Hybrid, which combine a gasoline engine
and electric motor and were introduced in 1999 and 2001,
respectively, and with the FCX, a fuel cell vehicle which
rolled out at the end of 2002. The electric motors in these
vehicles provide part or all of the driving force. Motor output
power is controlled in an inverter, which converts electricity
from DC to AC using semiconductor switching devices such
as insulated gate bipolar transistors (IGBT). Conversion in
the inverter is accomplished by cycling the switching devices
between the on and off conditions (switching), but during the
transition, the elements are exposed to large currents and

voltages; this causes large losses. Other undesirable results of
the simultaneous, rapid changes in currents and voltage are
surge voltages and electromagnetic noise.

Soft-switching inverter technology is expected to allow
reductions in both the losses which occur during switching in
semiconductor switching devices (switching losses) and
electromagnetic noise. This paper shows the circuit operation
of an AC link soft-switching inverter, a new soft-switching
inverter topology proposed here, and the results of efficiency
and noise compared with those parameters in a
hard-switching inverter.

2. Conventional Technology

Inverters are devices which convert DC input into
3-phase AC by continual switching with semiconductor
switching devices according to magnetic pole position
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(Fig. 1). They are placed between batteries or other DC
sources and their loads, the motors. The output power can be
controlled by pulse width modulation (PWM) which varies
the ratio of on time to off time. The waveforms for voltage
Vce, current Ic, and loss, expressed by Vce × Ic, in the
semiconductor switching devices in the circuit in Fig. 1, are
shown in Fig. 2. This conventional method of switching is
called ‘hard-switching’, in contrast with ‘soft-switching’.

Two kinds of losses occur in semiconductor switching
devices during switching, conduction loss and switching
losses.

Conduction loss is calculated from the product of 2V
saturation voltage across the two leads of the switching
device, and current, during on condition in which current
runs through the semiconductor switching device. Another
term for it is ‘ON loss’. This loss depends on the materials
and structure of the semiconductor switching device and has
been reduced with advances in semiconductor technology.

Switching losses occur during the transient conditions
while the semiconductor switching device is being changed
from on condition to off condition (turn-off), and from off
condition to on condition (turn-on).

Both conduction loss and switching losses must be
reduced in order to minimize losses in semiconductor
switching devices. Reduction of conduction loss is a matter

of advances in semiconductor technology. In contrast,
switching losses can be decreased by two methods: By
reducing the incidence of switching between conductive and
off conditions by reducing the switching frequency, and by
shortening the time necessary for changing between
conditions, so that there is less time of overlap between
current and voltage. However, decreasing the switching
frequency raises the issue of motor noise when it enters audio
frequencies. Also, shortening the switching time increases the
rate of change of the current (dI/dt) flowing through the
semiconductor switching device; this causes a surge voltage
due to wiring inductance, which, in turn, causes a high rate of
change of the voltage applied across the semiconductor
switching device (dV/dt). This raises the issues of increased
conduction noise and radiation noise. If the surge voltage is
particularly large and exceeds the withstand voltage, the
semiconductor switching device can be destroyed. When
semiconductor switching devices with high withstand
voltages are used in order to guard against this, the
conduction loss is actually augmented, the opposite of the
desired solution. A snubber circuit can be used to absorb the
surge voltage, but there are losses associated with the
consumption of the energy absorbed by the snubber circuit.
Thus, there are limits to the reductions attainable in
hard-switching.

3. Soft-Switching Technology

3.1. Concepts
Soft-switching technologies have been proposed as a

solution for the issues attendant upon reducing the losses in
hard-switching. Resonant switches (see Fig. 3) in which
inductors (L) and condensors (C) are connected to the
semiconductor switching devices moderate the speed of
changes of current and voltage at the semiconductor
switching devices, for the purpose of switching between the
conductive and off conditions while the actual current or
voltage is at low or even zero values. As shown in Fig. 4, the
current and voltage at the semiconductor switching devices
under resonant switches change at lower rates than during
hard-switching. This enables reductions in switching losses,
since overlap of voltage and current has been reduced.
During turn-on, switching is performed while current from
the added inductor is flowing into the free wheeling diode
connected to the semiconductor switching device. The
current and voltage at the semiconductor switching device

Fig. 1   Inverter circuit

Fig. 2   Voltage, current and loss under hard-switching 
condition Fig. 3   Resonant switches
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reach zero together, allowing the loss to be eliminated.
During turn-off, losses are lessened by the reduction in
voltage and current overlap, as the changes in voltage are
moderated by the condensor at both ends of the switch. As
shown in Fig. 5, the Lissajous waveforms of current and
voltage during turn-on and turn-off have come closer to the
axes than during hard-switching. It is not possible to
completely eliminate losses during turn-off, but it is clear that
they are much smaller than during hard-switching.

3.2. Circuit Topology
There are many circuit topologies for reducing losses(1) (2)

besides the soft-switching method shown in Fig. 4. One
performs switching when the current has been brought to
zero at both turn-on and turn-off; another does so when the
voltage across not only the semiconductor switching device
but also the entire inverter has been brought to zero.
Representative examples will be described in this section.

The resonant DC link inverter shown in Fig. 6(a) uses the
method of an LC resonant circuit inserted between the power

supply and the inverter. The resonant circuit changes the
input voltage to the inverter to a sinusoidal shape using the
resonant circuit, and switching is done when the voltage
across the inverter reaches zero. Switching losses are
reduced; however, this circuit is still vulnerable to some
issues. The voltage in the resonant circuit depends on the
load current and cannot be assumed always to reach zero, and
the resonance can increase the voltage to several times that of
the power supply. At present, improved versions of this
circuit have been proposed. The auxiliary resonant tank
(ART) inverter shown in Fig. 6(b) is one of these. The
auxiliary resonant circuit is inserted in the DC side of the
inverter, and does not produce voltages exceeding that of the
power supply. It can reduce the voltage to zero at switching
time. A 100 kW class version of this circuit is already being
used in the field, as the inverter for the motor drive circuit of
an electric bus in the United States(3). There are many DC
link inverters besides the above, including those with a clamp
switch inserted between the power supply and the inverter to
isolate the inverter and power supply during switching(1) (2),
but they are considered better for low-power applications
because clamp switches have conduction losses.

In the auxiliary resonant commutated pole (ARCP)
inverter, shown in Fig. 6(c), the auxiliary resonant circuits
are inserted between the DC and the AC side, in contrast to
the DC link inverter described above. Turn-off in this circuit
is performed at zero voltage, maintained by condensors on
both sides of the semiconductor switching device; during
turn-on, current is passed from auxiliary resonant circuits to
free wheeling diodes, allowing switching at zero voltage and
zero current. The waveforms of voltage and current from this
semiconductor switching device are those presented in
Fig. 4. Since there are no components between the power
supply and the inverter in this circuit, in contrast to the DC
link circuit, it is suited to handling high power applications,
and it allows separate PWM control of each phase. However,
a condensor is necessary to maintain the neutral DC voltage
point, and under high power applications, a very large
condensor is needed.

The resonant snubber inverter(4) (RSI), shown in
Fig. 6(d), has an auxiliary resonant circuit on the AC side.
This type does not need the condensor to hold the neutral
point required by the previous circuit, and since it has no
components on the DC side, it suffers no losses there. It is
considered to be suited for high power applications. As in the
ARCP inverter, switching is through zero voltage at turn-off,
due to condensors, and at turn-on, auxiliary resonant circuits
containing free wheeling diodes enable switching through
zero current and voltage. However, this circuit does not have
the ARCP circuit’s capacity for isolated switching of each
phase. At least two phases must be switched simultaneously,
complicating PWM output during three phase control.

The circuits shown in Figs. 6(a)-(d) all fit into the
classification of zero-voltage switching, as they all feature
zero voltage potential at both ends of the switching device
during switching. In contrast, the zero current transition
(ZCT) inverter(5) (6) shown in Fig. 6(e) fits into the
classification of zero-current switching. Since no current
flows through the semiconductor switching devices during
switching in this circuit, switching losses are completely
eliminated during both turn-on and turn-off.

Figure 6(f) shows the newest version, soft-switching
circuit with the zero current and zero voltage transition
(ZCZVT) inverter. This circuit allows switch current and
voltage of zero at both turn-on and turn-off(7).

Fig. 4   Voltage, current and loss under soft-switching 
condition

Fig. 5   Lissajous waveform of Ic and Vce
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4. Single Inductor Auxiliary Resonant AC Link 
Inverter

The single inductor auxiliary resonant AC link inverter
proposed in this paper is pictured in Fig. 7. This circuit is
superior to the RSI in both suitability for high power
applications and its small number of auxiliary resonant
circuit components. It has just a single inductor. It has the
smallest number of components of any AC link inverter.

4.1. Principle of Operation
The operation of the single inductor auxiliary resonant

AC link inverter will be described using a single-phase
circuit. Figure 8 provides the circuit diagram, the
designations of the elements, and symbols. The explanation
will begin with the circuit as shown in Fig. 10(a), where S2
and S3 are on and current is being supplied to the load. Those
switches are turned off, transforming the condition to that
shown in Fig. 10(e), with continuity through D1 and D4;
subsequently, the circuit is returned to the condition of

Fig. 10(a), completing the cycle. Since the load current
flowing through the inductor is nearly constant, it functions
as a current source. The on/off signals of the switches and the
waveforms at each part are shown in Fig. 9.

Mode 1. Stationary mode 1
In Fig. 10(a), S2 and S3 are on and the currents are

flowing as indicated at the power supply, S2, the load, and S3.

Fig. 6   Soft-switching inverter circuits

Fig. 7   Single inductor auxiliary resonant AC link inverter
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Mode 2. Inductor charging mode 1
As shown in Fig. 10(b), before turning S2 and S3 off,

auxiliary resonant switches Sr1 and Sr4 are turned on and
current flow is initiated through resonance inductor Lr. Since
the inductance of Lr is set lower than that of the load, the
current (ILr) through Lr increases quickly. Sr1 and Sr4 are
turned on while the current is zero, so this corresponds to
zero-current switching.

Mode 3. Resonant mode 1
Once ILr reaches a value sufficient to enable charge and

discharge of the condensor, S2 and S3 are turned off. Cr2 and
Cr3 are charged by the resonant current, as shown in
Fig. 10(c), their voltage rises, and Cr1 and Cr4 are discharged,
lowering their voltage. Then, S2 and S3 are turned off while

the voltage is kept at zero; thus, this corresponds to
zero-voltage switching.

Mode 4. Inductor discharging mode 1
When the voltages across Cr1 and Cr4 reach zero, diodes

D1 and D4 become conductive, as shown in Fig. 10(d). When
semiconductor switching devices S1 and S4 are turned on
under this condition, the current passing through them is zero
and the forward drop voltage is equal to those across D1 and
D4 (= 0); thus, switching is accomplished at zero current and
zero voltage. Since the power supply voltage Vi is applied to
Lr in the opposite sense, ILr falls steadily, and when it reaches
zero, the flow of current is stopped by the reverse-current
blocking diodes connected to Sr1 and Sr2 in series. This
establishes stationary mode 2. Also, switches Sr1 and Sr4 are
turned off after ILr has reached zero, so that zero-current
switching is performed.

Mode 5. Stationary mode 2
Under this condition, the load current runs through the

diodes D1 and D4, as shown in Fig. 10(e), and S1 and S4 are
on.

Fig. 8   Single inductor auxiliary resonant AC link 
inverter two phase circuit

Fig. 9   Single inductor auxiliary resonant AC link 
inverter waveforms Fig. 10   Single inductor auxiliary resonant AC link 

inverter switching modes

•

   •
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Mode 6. Inductor charging mode 2-1
When the auxiliary switches Sr2 and Sr3 are turned on, the

collector potential of Sr3 is Vi and the emitter potential of Sr2
is zero, so the current ILr begins to run in the resonance
inductor Lr, as shown in Fig. 10(f). As with Sr1 and Sr4 in
Mode 2, Sr2 and Sr3 can be switched at zero current.

Mode 7. Inductor charging mode 2-2
ILr increases, and when it exceeds the load current, the

current through diodes D1 and D4 shown in Fig. 10(g) fall to
zero, and a resonance current begins to flow in S1 and S4.
When ILr reaches the value sufficient for charge and
discharge of the resonance condensors, S1 and S4 are turned
off and the next mode is reached.

Mode 8. Resonant mode 2
When S1 and S4 are turned off, condensors Cr1 and Cr4 are

charged, as shown in Fig. 10(h), increasing their voltages;
meanwhile, the condensors Cr2 and Cr3, connected across S2
and S3, are discharged, reducing their voltages. Since S1 and
S4 are switched while their voltages are held at zero by the
condensors across them, this corresponds to zero-voltage
switching.

Mode 9. Inductor discharging mode 2-1
As shown in Fig. 10(i), the voltage across Cr2 and Cr3

falls, and when it reaches zero, D2 and D3 become
conductive. S2 and S3 can be turned on at this time under
conditions of zero current and zero voltage. The resonance
inductor is exposed to the reverse of the supply voltage Vi, so
the current ILr begins to decrease.

Mode 10. Inductor discharging mode 2-2
When the currents entering D2 and D3 fall to zero due to

the decrease of ILr, current begins to flow through the
semiconductor switching devices S2 and S3, as shown in
Fig. 10(j). Once ILr drops to zero, it is blocked by the
reverse-current blocking diodes and stops flowing, and the
circuit reverts to Mode 1. Sr2 and Sr3 can be switched on after
ILr is zero, under zero-current conditions.

The above shows the process of soft-switching. From
Mode 2, when the load current and resonant current flow in
the same direction, through Mode 3, if the current from
charging and discharging the condensor is flowing into the
load, switching at zero voltage can be performed without
activity in the auxiliary resonant circuit. In the following, this
control method will be called ‘soft-switching with
non-resonant operation’.

4.2. Explanation of 3-Phase Operation
In contrast to the ARCP circuit shown in Fig. 6(c), the

DC link inverters and some other circuits which allow
isolated switching of each phase, soft-switching inverters
with auxiliary resonant circuits on the load side such as the
RSI shown in Fig. 6(d) and the single inductor auxiliary
resonant AC link inverter shown in Fig. 7, cannot supply
current to auxiliary resonant circuits unless at least two
phases are switched simultaneously. This was shown in
Fig. 10. Soft-switching is not possible if only a single phase
is switched; the process is then equivalent to hard-switching.
Also, when switching is done while all three phases are
conductive on either the high side or the low side, it is
impossible to supply current to the auxiliary resonant circuit.
This places limits on how the conductive and off conditions
can be changed. It is easier to consider the method of
switching under AC link PWM control if the vector diagram
in Fig. 11 is used.

Consider the condition for each phase as 1 when the high
side is on and the low side is off, and 0 when the low side is

on and the high side is off; the phases are expressed in the
order U, V, W from left to right. Then, the complete
conduction pattern is as shown by the vectors in Fig. 11. The
limitations on the conduction pattern of the AC link inverter
are that (1) soft-switching cannot be done when the output
conditions are 111 or 000, and (2) because soft-switching
requires switching on the high and low sides on at least
2 phases, it is not possible to move directly from one phase
on the vector space to a neighboring phase. For example,
when the motor is set to the rotor position between vector
100 and vector 110 in Fig. 11, this can be obtained under
hard-switching by voltage commands of 100 → 110 → 000.
With the AC link inverter, the following conduction pattern is
followed: Since it is not possible to reset to a neighboring
phase after outputting 100, first, the vector opposite in sense
to the desired vector, 001, is output; then, vector 110 is
output. As shown in Fig. 12, the same result as with the
vector 000 in hard-switching is obtained in soft-switching by
outputting 110 and 001 for the same time to cancel each other
out.

Fig. 11   Command voltage vector diagram

Fig. 12   Comparison of command voltage control
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4.3. Experimental Results

4.3.1. Waveforms in each operation
Figure 13 shows the current waveform at the load for the

three phases output by the single inductor auxiliary resonant
AC link inverter. It is possible to obtain a sine wave of output
current using the conduction pattern shown in the lower part
of Fig. 12. Also, Fig. 14 shows the waveforms of voltage
and current at the semiconductor device during turn-off under
hard and soft-switching. Changes in voltage are moderated
under soft-switching and surge voltage is suppressed.
However, oscillation occurred in the voltage waveform
because resonance condensors were attached. It was
confirmed that this oscillation could be reduced by attaching
the resonance condensors to the semiconductor switching
devices with the shortest possible leads. By creating
semiconductor modules for soft-switching which include
resonance condensors in the semiconductor switching device

package, it is expected to be possible to reduce the
oscillations. However, since the resonance condensors in this
configuration are physically close to the semiconductor
switching devices, which emit heat, they must be of a
heat-resistant type.

4.3.2. Efficiency
Figure 15 shows the results of measurements of

efficiency under hard-switching and the single inductor
auxiliary resonant AC link inverter. As in the noise
measurements, described below, the hard-switching
measurements were taken by removing the resonant circuits
from the single inductor auxiliary resonant AC link inverter.
First, it was found that soft-switching yielded a higher
efficiency than hard-switching in the high load region above
3.2 kW; on the other hand, efficiency was lower than in
hard-switching in the low load region. One of the causes of
the inferior efficiency is that resonance current is
superimposed on the load current, so it appears that
conduction losses are higher than in hard-switching. Because
of this, the previously described non-resonant operation can
be used to expand the range over which efficiency can be
improved. Nevertheless, at very low load levels, the load
current is too small to charge and discharge the condensors,
necessitating operation of auxiliary resonant circuit, so
efficiency cannot be improved here.

Fig. 15   Comparison of inverter efficiency

4.3.3. Noise
Conduction noise (common mode) was measured using a

line impedance stabilization network and radiation noise was
measured using an electric field probe. Figure 16 provides
the results for measurements of conduction noise. The
conduction noise levels under soft-switching with resonant
operation was several dB worse than under hard-switching in
the several hundred kHz and several MHz bands, but
otherwise, noise levels were lower at frequencies up to
30 MHz. The reason for the higher noise was the
superimposition of the resonance current on the load current
mentioned above, causing higher currents than under
hard-switching. This was successfully countered at all
frequencies but a small band at several MHz with
non-resonant operation. The reason for the persistent noise in
this band was oscillation by the resonance condensors
attached at both sides of the semiconductor switching

Fig. 13   Load current of 3 phase AC link 
soft-switching inverter

Fig. 14   Voltage and current at turn off
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devices, as shown in Fig. 14(b).
Figure 17 shows the results of measurements of radiation

noise. As a result of suppression of the rate of change of
voltage and current in all the circuit components, the noise
levels under soft-switching were lower at all frequency bands
under 30 MHz than those under hard-switching. Noise
reduction was effective, with a maximum decrease of about
20 dB.

Fig. 16   Conduction noise

Fig. 17   Radiation noise

5. Conclusion

Efficiency and noise were compared under the single
inductor auxiliary resonant AC link inverter and
hard-switching and the following results were obtained.
(1) The efficiency under soft-switching was enhanced in the

high load region over that under hard-switching, but in
the low load region, the efficiency was degraded. Using
non-resonant operation allowed improved efficiency
throughout the load range when the load current and
resonance current flowed in the same direction. An
improvement in efficiency of 0.5% over hard-switching
was found in the high load range.

(2) Conduction noise was reduced to lower levels under
soft-switching than under hard-switching, except for the
frequency bands of several hundred kHz and several
MHz. Noise was also reduced to levels lower than under

hard-switching in the several hundred kHz band by using
non-resonant operation.

(3) Radiation noise under soft-switching was reduced at all
frequencies below 30 MHz than under hard-switching.
The maximum reduction was approx. 20 dB.
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Research on Flywheel Batteries

Yoshihiro SUNAGA* Shoei ABE* Yukihiko ITAI**

ABSTRACT

A 100 Wh flywheel battery was fabricated and demonstrated. Research was conducted on the element technologies of the
battery, a carbon fiber reinforced plastic (CFRP) rotor and magnetic bearing control, with the following outcomes. Burst tests
conducted on the rotor showed that its achieved strength was more than 80% of the theoretical strength. In addition,
25 000 – 50 000 rpm (operating speed range) cyclic stress tests carried out at ordinary temperatures demonstrated that the rotor is
durable to 30 000 cycles without fiber breaking or delamination. The digital processing technique of a speed tracking type band-
stop filter for automatic balancing control of magnetic bearing was proposed. It was clarified that the stability of conical forward
mode decreases by a gyroscopic effect as speed increases. The control method of magnetic bearing providing low-vibration and
stable suspension up to the maximum operating speed of 50 000 rpm was established.

The results described above confirm the feasibility of high specific energy and low loss flywheel battery systems.

 * Tochigi R&D Center
 ** Wako Research Center

1. Introduction

Flywheel batteries are also called mechanical (electro
mechanical) batteries, and have superior life, environmental
temperature characteristics and other features compared to
chemical batteries. The principle of storing energy in
flywheel batteries is kinetic energy of the spinning rotor, and
the stored energy is proportional to the product of the
moment of inertia of the flywheel rotor and the square of the
rotor speed. This means that given the same mass and
volume, more energy can be stored at higher rotor speeds.
Increasing the rotor speed is an effective means of increasing
the specific energy; therefore, high speed technology is the
key to realizing high specific energy flywheel batteries. Most
technical themes for flywheel batteries concern increasing
speeds such as high strength rotors that can withstand high
speeds, and bearings that can suspend high speed rotors with
high stability and low friction loss. Except for low speed
systems that use steel rotors, high speed flywheel batteries
are currently in the development stage. Establishing practical

technology, understanding performance, and ensuring
durability and reliability are currently the central themes.
This paper describes the results of research on high speed
rotor and bearing technologies that are vital for realizing a
high speed flywheel battery system, and reports the results of
system tests using a 100 Wh flywheel battery model
fabricated with the aim of realizing a flywheel battery
system.

2. Outline of the Flywheel Battery

2.1. System Outline
Figure 1 shows a concept drawing of the flywheel

battery system.
The flywheel battery is a mechanical battery that stores

kinetic energy in the form of a spinning flywheel rotor, and
inputs/outputs electrical energy via an internal
motor/generator.
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Fig. 1   Outline of flywheel battery system

2.2. Performance Targets
The flywheel battery performance targets were set with

the basic concept of the battery for series hybrid vehicles.
Table 1 shows the performance targets of the flywheel
battery.

Table 1   Performance target of flywheel battery

This research aimed to achieve a flywheel battery system
that satisfied the performance targets noted above. The
primary goal was to realize a flywheel battery system with a
usable energy of 100 Wh by shortening the rotor thickness in
the axial direction while maintaining the same rotor diameter
and rotor speed.

3. Element Technologies of the Flywheel 
Battery

As shown in Fig. 1, the flywheel battery is composed of
the following four main technical elements.
• Rotor which performs the energy storage function
• Motor/generator that performs the charging and

discharging (mutual conversion of electrical and kinetic
energy) function

• Vacuum housing for reducing windage loss
• Bearings which suspend the high speed flywheel rotor

within the vacuum
Research on a high strength rotor and magnetic bearings

which are particularly important for realizing a compact and
lightweight flywheel battery system is described below.

3.1. Rotor
The specific energy of the rotor is determined by the

specific strength which is the value obtained by dividing the
tensile strength of the material by the density. Various high
specific strength materials were compared, and carbon fiber
reinforced plastic (CFRP) was selected as the rotor material.
Filament winding was selected as the rotor forming method,
and in order to prevent delamination, a press fit multi-ring
construction shown in Fig. 2 was adopted. This “high elastic
modulus CFRP ring + medium elastic modulus CFRP ring +
aluminum ring” construction has different ring densities and
elastic moduli in the radial direction(1). Considering ease of
fabrication and testability, a CFRP rotor with a usable energy

of 250 Wh was comprised of five CFRP rings. The 100 Wh
flywheel battery model used two CFRP rings.

3.1.1. CFRP rotor stress limit and durability
An important theme for rotor research is ensuring

strength and durability. This research set the targets for
ensuring performance of the flywheel battery system as
follows.
• Designing a CFRP rotor with an initial guaranteed rotor

speed of 70 000 rpm (a stress safety factor of 2.0 with
respect to the system maximum operating speed of
50 000 rpm)

• Designing the system to prevent overspeed of 50 000 rpm
or more
Thus, the rotor research goals were to guarantee the rotor

initial performance and durability. In consideration of the
fiber strength dispersion, the stress limit of the CFRP rings
used for rotor design was assumed to be 70% of the
theoretical strength calculated from the fiber tensile strength
and the fiber volume fraction (Vf). The rotor was designed so
that the hoop stress of the rotor at 70 000 rpm did not exceed
this stress limit. In research thus far, rotational tests using the
designed and fabricated rotor have verified this speed of
70 000 rpm, and confirmed the following points:
• Stress measurements match the design values.
• The stress limit exceeds 66% of the theoretical strength.

This means that the remaining theme for ensuring
performance of the CFRP rotor is to confirm durability. In
addition, confirming the stress limit is also important for
improving the accuracy of future rotor design. This paper
describes the stress limit and durability of the designed and
fabricated CFRP rotor.
(1) CFRP rotor stress limit and evaluation method

The theoretical strength of the CFRP rotor (Vf = 60%) is
2.64 GPa for the outer ring which uses the high elastic
modulus fiber M40J, and 2.12 GPa for the inner ring which
uses the general-purpose fiber T300. Figure 3 shows the
relationship between the hoop stress of each CFRP rotor and
the rotor speed. The stress reaches the theoretical strength at
the rotor speed of 88 600 rpm for the outer ring (M40J fiber)
and 92 900 rpm for the inner ring (T300 fiber). The stress
limit of an actual CFRP rotor is thought to be lower than the

Fig. 3   Hoop stress of CFRP rotor

Fig. 2   Press fit multi-ring rotor



Research on Flywheel Batteries

– 111 –

theoretical strength due to factors such as fiber breaking
caused by applying tension during shaping and the contact
with the guide rollers, and fiber cutting due to machining.

While there are cases of burst tests having been
performed by creating deviations in portions of rotors in
order to understand the burst phenomenon of composite
material rotors, there are no reports on the evaluation of
composite material rotor strength. Strength evaluation of
CFRP rotors is important for achieving the optimum rotor
design, and understanding the burst phenomenon is also
important for ensuring performance with regards to burst.
This research entailed conducting CFRP rotor burst tests with
the aim of confirming the CFRP rotor stress limit and
understanding the burst phenomenon. The stress limit of the
CFRP rotor is evaluated from the results of analyzing the
burst phenomenon, and the burst speed.

Table 2   Mechanisms and inspections of fatigue

(2) CFRP rotor endurance deterioration and inspection
method
Like general deterioration, the deterioration of composite

materials can be broadly divided into the following two
causes.
• Chemical action (corrosion, chemical changes produced

by ultraviolet rays or other factors)
• Physical action (fatigue, creep)

The CFRP rotor exists in a vacuum environment, so
deterioration due to chemical action can be ignored. Carbon
fibers are said to experience almost no fatigue and creep, and
numerous test data supporting this have been published(2).
However, there are no cases which clearly describe the
fatigue mechanisms of the CFRP rotor, and also no reports of
research on deterioration due to the centrifugal force of the
rotor. Therefore, this research focused on changes in the
physical properties of each constituent element of the CFRP
rotor, and investigated deterioration phenomena and methods
for inspecting deterioration. Table 2 shows the deterioration
phenomena and inspection methods. This research employed
non-destructive inspection for measurements during the
endurance tests, and performed evaluation by measuring the
dimensions before and after the endurance test and by
ultrasonic inspection after the test.

3.1.2. Evaluation of CFRP rotor stress limit
(1) Rotor for burst test

Figure 4 shows an external view of the rotor used for the
burst test.

An aluminum hub (A7075-T6) with spokes was prepared
for the burst test, and the CFRP rings were colored white in
order to film the burst phenomena. The hub spokes had a
tapered shape which became thicker toward the center to
alleviate the stress concentration at the spoke joint on the
shaft center side. The stress on the spoke joint reached the
stress limit for A7075-T6 at a rotor speed of approximately
82 000 rpm, which means that the CFRP rotor strength that

can be verified at this rotor speed is 85% of the theoretical
strength. The burst test was conducted with the test target set
as the rotor speed at which hub destruction occurs.
(2) Burst test

Figure 5 shows the transition in test rotor speeds. The
test was performed twice, and instantaneous burst occurred at
79 766 rpm (81.1% of CFRP rotor theoretical strength) and
78 507 rpm (78.5% of same). Figure 6 shows a fragment of
the burst CFRP rotor. The CFRP rotor shattered into fiber
bundles with a maximum length of 80 mm and a maximum
width of 3 mm. Based on filmed images of the burst instant
and analysis of the destroyed hub, the conclusion was
reached that in both cases, hub spoke destruction (originating
in the balancing portion of the spoke joint) occurred first, and
resulted in bursting of the CFRP rotor.

The fact that burst originated from hub destruction
confirmed that the stress limit of the CFRP rings is 80% or
more of the theoretical strength. In addition, the burst
phenomenon is an instantaneous release of energy, which
confirmed the importance of preventing burst.

Fig. 5   Burst test of CFRP rotor

Fig. 6   Broken CFRP

3.1.3. Evaluation of CFRP rotor durability
(1) Setting the endurance test conditions

As shown in Fig. 3, the centrifugal force at 50 000 rpm
generates stress of approximately 1 GPa on the CFRP rotor.
Endurance fatigue was evaluated by repeating this stress. The
test pattern was set at a repeated cycle between 25 000 and
50 000 rpm (1 cycle: 25 000 → 50 000 → 25 000 rpm) which
produces the maximum stress amplitude in the operation
speed range. Cyclic fatigue was assumed to be dependent on
the stress amplitude and the number of cycles, and the
number of test cycles was calculated based on the
charge/discharge pattern of the flywheel battery during
cruising modes. The cruising modes used were the 10-15
mode (Japan) and the city mode (US). The number of cycles

Fig. 4   Rotor for burst test
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when cruising for 100 000 km was approximately 21 500 cycles
in 10-15 mode, and approximately 20 500 cycles in city mode.
This research set the number of test cycles at 30 000 cycles,
and conducted the endurance test at ordinary temperature as
the first step in evaluating durability. The test conditions are
shown in Table 3.

Table 3   Conditions of cyclic stress test

(2) Endurance test
Figure 7 shows an external view of the rotor used for the

endurance test. The endurance test was conducted for
30 000 cycles under the conditions given in Table 3. The
rotor dimensions were measured and ultrasonic inspection
was performed every 10 000 cycles, and expansion of the
diameter during rotation was also measured before and after
the endurance test. Figure 8 shows the dimension
measurement results, and Fig. 9 shows the measurement
results for expansion of the diameter during rotation. These
results can be summarized as follows.
• Measurement of the dimensions of each part showed that

the diameter changed by approximately 10 µm after
10 000 cycles but did not change thereafter, and that the
change in thickness was 10 µm or less.

Fig. 7   Rotor for cyclic stress test

Fig. 8   Inspection of dimensions

Fig. 9   Evaluation of diameter during rotation

• Ultrasonic inspection did not confirm any delamination
around the entire circumference of the rotor.

• Expansion of the diameter during rotation was the same
both before and after the endurance test.
The CFRP rotor did not burst during the endurance test.

While minute changes occurred in the shape, ultrasonic
inspection of the CFRP rotor and measurement of expansion
of the diameter during rotation after the endurance test
showed that there was no delamination which might indicate
deterioration of resin, and no drop in Young’s modulus which
might indicate fiber cutting. This confirmed that the CFRP
rotor has a durability of 30 000 cycles at ordinary
temperature.

3.2. Bearings
Requirements for flywheel battery bearings include high

speed, low loss, use in a vacuum, and so on. Magnetic
bearings that can satisfy these requirements were selected.

3.2.1. Magnetic bearings
Magnetic bearings are non-contact bearings that suspend

the rotor by magnetic force. Objects (rigid bodies) have three
translational and three rotational degrees of freedom (DOF)
for a total of six DOF. The five DOF excluding the rotor
spinning motion should be suspended by magnetic bearings.
In this system, five DOF active magnetic bearings were
adopted. Figure 10 shows a schematic drawing of a general
magnetic bearing. Radial magnetic bearings are located in
two places in the axial direction, and thrust magnetic
bearings are located at the end of the shaft. In addition,
non-contact displacement sensors for sensing the rotor
motion are located near each electro magnet.

Fig. 10   Schematic of 5 DOF active magnetic bearing

3.2.2. Modeling
The coordinates are as defined in Fig. 11.
This system is a multi-input multi-output (MIMO)

(multivariable) system. Here, the state equation for radial
magnetic bearings is derived assuming the application of
modern control theory which can easily handle a MIMO
system and allows systematic design of the control system.

Fig. 11   Definition of Axes
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The equation of motion for flywheel rotor in the radial
direction is expressed as follows.

(1)

Where m is the rotor weight, and Jp, Jd are the moments
of inertia around the z axis and the x (y) axis, respectively.
Equation (1) is converted to state space form as follows.

(2)

The electro magnetic force can be expressed by the
following equation.

(3)

Where g is the magnetic bearing clearance, i is the electro
magnet coil current, N is the number of electro magnet coil
turns, S is the sectional area of the magnet core, and µ0 is the
permeability of free space (= 4π x 10-7).

Based on equation (2), the linearized force vector fr can
be expressed as follows.

(4)

Where xrb represents the rotor displacement vector, ir
represents the control current vector, GrbA and GrbB are the
normal clearance of each magnetic bearing, and IrA and IrB are
the bias current of each electro magnet. Using the following
relational equation of the control voltage and current,

(5)

and the following relational equations,

(6)

where vector xrs represents rotor displacement of each sensor
portion, combining equations (2) and (4) results in the
following state equation.

(7)

3.2.3. Magnetic bearing control
Rotational vibration is an issue for suspending a high

speed rotor, and the causes of this vibration can be broadly
divided into the following two factors:
• Rotor unbalance
• Resonance

Countermeasures for these factors are described below.
(1) Reduction of unbalanced vibration

A residual unbalance exists in the rotor, and this
unbalance produces rotational vibration. Various methods
using observers and filters have been proposed to suppress
unbalanced vibration(3), and these methods can be broadly
divided into the following two types. The first is methods that
suspend the rotor around the axis of rotation (geometrical
axis) by control force that negates the centrifugal force
produced by the unbalance, and the second is methods that
suspend the rotor around the principal axis of inertia without
generating control force for unbalanced vibration. The latter
type is also called automatic balancing (rotation on principal
axis of inertia) control.

This research selected automatic balancing control using
a band stop filter. The filter eliminates the rotational
frequency vibration (unbalanced vibration) from signals and
the filtered signals are fed back, so the control forces
(stiffness) with respect to the whirling vibration are set to
zero. In particular, this research devised a method of digital
filter processing so that the center frequency (band stop
frequency) tracks the rotor speed. Figure 12 shows the block
diagram for this processing. The filter characteristics are
varied based on the rotor speed signal. Figure 13 shows the
rotational vibration reduction effects due to automatic
balancing control using this filter.
(2) Avoiding resonance

Resonance of a rotor suspended by magnetic bearings can
be broadly divided into rigid body mode and bending mode.
Rigid body mode is produced by the stiffness of the magnetic
bearings (spring and damper suspension), and has the two
modes of parallel and conical. Bending mode is the so-called
bending resonance of the rotor. The issues in rotating are the
excitation and instability of these resonance modes, and these
factors are the critical speed and gyroscopic effect. The
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critical speed indicates the rotor speed at which resonance is
excited by the aforementioned rotor unbalance force, that is
to say the rotor speed at which the rotational frequency
matches the resonance frequency. The gyroscopic effect is a
phenomenon unique to rotors. As shown in equation (1), an
interference term due to the gyroscopic effect is present in the
first term on the right hand side of the two rotational
equations. Due to this effect, each resonance frequency when
the rotor is stopped (ω = 0), branches into two high and low
frequencies as the rotor speed increases. Figure 14 shows a
typical representation of this phenomenon. The modes that
change into the high and low frequencies are called the
forward and backward modes, respectively. The influence of
this gyroscopic effect increases for high speed flywheels
which also have a large moment of inertia Jp, resulting in a
system where the dynamic characteristics vary relative to the
rotor speed.

The critical speed of rigid body mode resonance can
basically be traversed by applying damping characteristics
through magnetic bearing control. The feedback gain was
calculated for a model with a gyroscopic term of zero (non
rotating) in equation (7), and the eigenvalue of a closed loop
system when controlled by this feedback gain was calculated
to evaluate the probability for instability as the rotor speed
increases. Figure 15 shows the results, which revealed that
the damping ratio for the conical forward mode decreases as
the rotor speed increases. In actual control, the effects of the
phase lag characteristics of the sensors and filter are also
added, so this mode has probability for instability. Therefore,
a means for adjusting the feedback gain according to the
rotor speed was provided to improve the damping
characteristics of conical forward mode (avoidance of
instability).

The relationship between the bending resonance and
gyroscopic effect of rotors suspended by mechanical bearings
and other high stiffness bearings are described in detail in
reference (4). Research to traverse the critical speed of
bending mode resonance by magnetic bearing control is also
being performed, but generally the rotor is stiffened so that
the critical speed is not within the operating speed range.

This research set the flywheel rotor bending mode
frequencies of 833 Hz or more to avoid both the critical
speed and instability.

3.2.4. Control system
The controller hardware employs a commercially

available rapid prototyping environment based on a digital
signal processor (DSP) as shown in Fig. 16, and performs
digital magnetic bearing control.

Figure 17 shows the block diagram of a magnetic
bearing controller. The controller performs the appropriate
filter processing, state vector calculations and feedback gain
processing for each sampling signal (displacement, current),
and calculates the control commands. The controller based on
the optimum regulator provides aforementioned means for
adjusting each filter and feedback gain parameter according
to the rotor speed.

Fig. 16   Rapid prototyping system

Fig. 12   Block diagram of a speed tracking band 
stop filter

Fig. 13   Effect of automatic balancing control

Fig. 14   Gyroscopic effect

Fig. 15   Rigid mode natural frequencies and damping 
ratios as a function of rotor speed (closed 
loop simulation)
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Fig. 17   Block diagram of a magnetic bearing 
controller

4. Research on a Flywheel Battery System

4.1. 100 Wh Model
This section describes research on a flywheel battery

system that applies the aforementioned rotor and bearing
technologies. A 100 Wh model was fabricated as the first
step towards realizing the 250 Wh flywheel battery system.
Table 4 lists the main specifications of the 100 Wh model.
Compared to the final 250 Wh system that will have a five
CFRP ring construction, the 100 Wh model used two CFRP
rings.

Figure 18 shows the analysis of eigenvalue problems for
the designed flywheel rotor. These results show that the
designed flywheel satisfied the bending mode frequencies of
833 Hz or more. Figure 19 shows the 100 Wh model rotor
assembly (weight 7.6 kg) and an external view of the entire
model.

Table 4   Specifications of 100 Wh model

Fig. 18   Bending mode shapes and frequencies

Fig. 19   100 Wh model

4.2. Rotational Test
Figures 20, 21 and 22 show the results of rotational

tests conducted after setting and adjusting the magnetic
bearing control parameters. Figure 20 shows the vibrational
amplitude of each part during rotation. The vibration in both
the radial and thrust directions has a low amplitude
(maximum approximately 20 µm) at all speeds, and stable
rotation was achieved up to the full speed of 50 000 rpm.
Figure 21 shows the whirling orbit (Sides A and B) of the
rotor at 50 000 rpm, and stable rotation could be confirmed
here as well. Figure 22 is the FFT analysis results of the
rotor vibration during rotation, and shows that there are no
resonance or other abnormal vibrations other than the rotor
synchronous vibration. There is no instability in the conical
forward mode, and appropriate control is performed up to full
speed. These rotational test results confirmed the validity of
the adopted magnetic bearing control.

Thus, the maximum operating speed of 50 000 rpm was
achieved, and storage of usable energy of 100 Wh was
verified.

Fig. 20   Synchronous displacement up to full speed

Fig. 21   Whirling orbit @ 50 000 rpm

Fig. 22   Waterfall plot
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4.3. Charge/Discharge Test
A test was conducted to confirm the charge/discharge

performance of the flywheel battery system. Charging and
discharging were performed with the drive and regenerative
power command for the internal motor/generator control held
constant at 7.5 kW. Figure 23 shows the results. Here,
charging and discharging were performed for a total of two
cycles, with one cycle consisting of charging and discharging
from 25 000 rpm to 50 000 rpm. The results confirmed that
the basic battery functions of charging and discharging can be
performed, and that stable charging and discharging can be
repeated, thus verifying compatibility as a battery. The
charge/discharge efficiency for a single cycle was 86.3%.

Fig. 23   Results of charge/discharge test

5. Conclusion

Research on carbon fiber composite material rotors and
magnetic bearings that are the technical elements of flywheel
batteries, and research on a flywheel battery system that
applies these results, were carried out with the aim of
realizing a 250 Wh flywheel battery system. Burst tests were
conducted to evaluate the strength of a designed and
fabricated CFRP rotor, and confirmed that the stress limit
was 80% or more of the theoretical strength. Cyclic tests
were conducted for 30 000 cycles at ordinary temperature
within the operating speed range to evaluate the CFRP rotor
durability, and confirmed that fiber cutting and delamination
did not occur, and that the rotor had sufficient durability. For
the magnetic bearings, a rotational speed tracking type digital
filter was constructed for automatic balancing control. In
addition, the deterioration of conical resonance stability due
to the gyroscopic effect was clarified, and a corrective control
method was established. A 100 Wh flywheel battery that
employs the results of the rotor and magnetic bearings
research was fabricated and used to achieve the maximum
operating speed of 50 000 rpm, and to verify the
charge/discharge functions, thus realizing a 100 Wh flywheel
battery system.

The results of this research are thought to indicate the
feasibility of high specific energy and low loss flywheel
battery systems.

6. Afterword

In the future the authors plan to fabricate a 250 Wh
flywheel battery system that applies these research results,
and verify the target performance.

Note that part of this research is being conducted in
conjunction with the “Research and Development of
Advanced Clean Energy Vehicle (ACE)” project led by the
Ministry of Economy, Trade and Industry. This project aims

to develop vehicles with CO2 emissions of half or less than
existing vehicles by combining petroleum substitute clean
energy fuels with hybrid systems, and has been
commissioned by the New Energy and Industrial Technology
Development Organization (NEDO). A part of this research
is the results of research conducted during fiscal years 1999
through 2002(5), (6), (7), (8).
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Theoretical Consideration to Improve Engine 
Cooling and Application of Coupling 3D 

Combustion Simulations with Heat Transfer in 
Water Jacket and Components
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ABSTRACT

Improving engine cycle thermal efficiency is an effective way to increase engine torque and to reduce fuel consumption
simultaneously. However, the extent of the improvement is limited by engine knock, which is more evident at low engine speeds
when combustion flame propagation is relatively slow. In this paper, computational fluid dynamics (CFD) tools were applied to
evaluate the potential for improvement of a V6 engine, and the effectiveness of various engine water jacket design concepts by
judging surface heat transfer coefficient under isothermal conditions. Theoretical considerations were given to optimize the
cooling efficiency. Subsequently, engine performance tests were carried out on a base engine and a prototype engine, and an
improvement of engine output and fuel economy was confirmed. Furthermore, a new CFD methodology was developed in which
an iterative coupling approach was taken to include the combustion chamber, water jacket, and solid components. Component
temperatures were predicted explicitly and compared with measurement results.

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

1. Introduction

As the US light duty truck market (SUV, SUT, etc.)
continues to grow, it is important to increase low engine
speed torque for better vehicle dynamic performance.
Improving the engine gas exchange process is a critical area
to accomplish this goal. Higher volumetric efficiency usually
demands anti-knock measures to take full advantage of the
improved gas exchange. At the same time, it is imperative to
reduce vehicle fuel consumption to help curb global
warming. Improving engine cycle thermal efficiency is an
effective way to achieve higher engine output and lower fuel
consumption simultaneously. However, the extent of the
improvement is limited by engine knock. Improving the

overall level of knock resistance and uniformity of all
cylinders of a multi-cylinder engine is necessary to increase
thermal efficiency.

In the next section, theoretical considerations to provide
uniform and effective cooling for multi-cylinder engines are
explained. In this study, several design concepts were
proposed, their effects on cooling performance were
analyzed, and design parameters were assessed and
optimized by means of CFD simulations. After design
concepts were optimized with respect to heat transfer
coefficient from isothermal CFD simulations, one design was
tested, and the most significant test results are presented in
this paper.

Then, in order to quantitatively evaluate effects of design
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concepts on combustion chamber wall temperature, and
subsequently on volumetric efficiency and combustion, a
newly developed methodology is described that couples
in-cylinder flow and combustion with convection and
conduction in the water jacket and solid components such as
the cylinder head and block. Procedures and calculation
results from the applications are depicted. The major
advantage over the isothermal water jacket analysis is that
interactions among combustion, component temperatures,
and the coolant flow pattern in the water jacket can be
simulated directly.

2. Basic Considerations and Design Concepts 
of Engine Water Jacket

To address the constant increase of engine output density
and environmental concerns, the water jacket of a
multi-cylinder spark ignition engine needs to meet four
functional requirements. First of all, the water jacket must
provide adequate cooling capability to engine components in
order to keep component temperatures below maximum
levels. Secondly, it helps to reduce the temperature difference
among cylinders so that all cylinders operate at optimal
conditions. Thirdly, it is desired to arrange flow pattern so
that the temperature gradient in both circumferential and
cylinder axial directions is reduced. Lastly, the water jacket
should have low thermal capacity so that engine warm-up can
be shortened.

Nowadays, three-dimensional CFD calculations have
been routinely applied in engine water jacket design and
optimization(1), (2). The addition of conjugate heat transfer
capability in most commercial CFD packages enables
designers to evaluate water jacket and component
temperature together. For the purpose of analyzing cooling
efficiency and uniformity of the water jacket among
individual cylinders, isothermal coolant flow analysis is
adequate to provide a reliable indication with respect to
relative cooling differences among cylinders as well as
among water jacket designs. Therefore, in this paper,
isothermal calculations were applied to quickly evaluate
coolant flow patterns and optimize design parameters. After
an optimized design was identified, coupling analysis
followed so that wall temperatures and component
temperatures could be determined to judge the benefit on
knock toughness and durability concerns.

In the coupling analysis, in-cylinder flow and combustion
calculations were coupled with flow and heat transfer
calculations in the water jacket, as well as heat conduction in
components, which is described in detail in the next section.

Fig. 1   Flow rate distribution through the gasket holes of 
the base design

A general CFD package, STAR-CD, was used in
isothermal fluid calculations. For isothermal flow analysis,
only the governing equations of continuity, momentum and
k-ε turbulence model were solved. For simplicity, only one
bank of a V6 engine water jacket was modeled. A flow rate
imposed on the inlet boundary corresponded to an engine
operating condition of 3 000 rpm. Figure 1 illustrates coolant
mass flow rates through each gasket hole of a baseline V6
engine. The height of bars represents normalized flow rate
through individual gasket holes. In the baseline, coolant
flows through the engine block and cylinder head in a
parallel fashion. Due to that design concept, it is necessary to
have two large gasket holes on the opposite end from the
water pump inlet to maintain a certain level of coolant
velocity in the top portion of liners. It is apparent that most
coolant enters the head from the front and rear end holes. In
the base engine design, about 35% coolant flow enters the
cylinder head from the two rear gasket holes. This 35% flow
is for block cooling only, and not utilized for cylinder head
cooling. The combustion chamber of the first cylinder gets
about 30% coolant flow rate.

Fig. 2   Distribution of heat transfer coefficient

Heat transfer coefficient (HTC) distribution on the water
jacket surface is shown in Fig. 2A. Heat transfer coefficient
is a good indicator to evaluate local heat removal capability.
Ideally, each cylinder in a multi-cylinder engine will have
similar cooling capability, and the heat removal capability
will match the thermal loading on the combustion chamber
from the burnt gas. Figure 2A indicates that the base design
does not achieve a relatively uniform spatial HTC
distribution; the middle cylinder has the lowest cooling, and
the third cylinder has the highest HTC. This is due to the high
coolant flow rate in the area around the third cylinder, where
the coolant flow through the gasket holes merges. These CFD
results indicate that there is some room for even better
performance, and such improvement will be necessary
whenever there is substantial increase of engine volumetric
efficiency and/or compression ratio.
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Figure 2B presents the area-averaged HTC value for the
head water jacket surface of each cylinder. The HTC of the
middle cylinder is 25% lower than that of cylinder 3. From
the CFD simulation results of the baseline V6 engine, it is
evident that both fuel economy and low speed torque increase
can be achieved simultaneously by improving uniformity of
engine cooling capability among individual cylinders and
increasing overall cooling capability to meet the demand for
higher low speed torque density. It should be mentioned that
the baseline V6 engine’s water jacket was adequately
designed to provide necessary cooling capacity to maintain
component temperatures and knock toughness according to
the strict design standard, and was confirmed by engine and
vehicle tests. Also, the number of parts and the
manufacturability and commonality of parts should be
considered to provide the best value to the customer. For

instance, in the baseline engine design, the head gaskets for
the front and rear banks are the same.

In the new design, a serial cooling concept was
proposed(3). The first measure taken was to apply a block
partition so that most of the coolant flows through the entire
cylinder block from the exhaust side to the intake side before
entering the water jacket in the cylinder head, as shown in
Fig. 3A. To accommodate this design idea, the hole pattern
of the head gasket changed, as illustrated in Fig. 3B. Two
holes at the rear end in the base V6 engine gasket were
eliminated. Coolant flow rate in the engine block and head
was expected to increase significantly, and top liner regions
were expected to be properly cooled. The total area of gasket
holes on the intake side was reduced to ensure that more
coolant flowed through all combustion domes in the cylinder
head. To further increase HTC level on the combustion
domes, ribs were added to the top surface of the water jacket
in the new cylinder head as illustrated in Fig. 3C.

Figure 4 illustrates the coolant flow path in the water
jacket after adopting the features described in Fig. 3. The
comparison of HTC distribution of the base and new cylinder
head water jackets is given in Fig. 5A, with the shown
surface viewed from the combustion chamber. It is obvious
that the HTC of the new design is much higher everywhere.
In comparison to the base engine design, the spatial HTC
distribution is more uniform. Area-averaged HTC values for
individual cylinders are shown in Fig. 5B. The HTC of the
middle cylinder increases by almost 75%. With respect to the
trend, the HTC values gradually increase from the upstream
to the down stream cylinders as coolant temperature rises.
The HTC distribution of the engine block is compared in
Fig. 5C between the base V6 engine and a new V6 engine.

Fig. 3   Modifications to engine components for an 
optimized water jacket design

Fig. 4   Overall coolant flow path in the new water 
jacket

Fig. 5   Comparison of spatial HTC between the 
baseline and an optimized design
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Due to the high coolant flow rate flowing through the entire
block portion of the new water jacket, HTC values on the top
liner region are also increased considerably, as shown in
Fig. 5C.

The base and new V6 engines were then tested with
regular octane (approximately 87 (R+M)/2) gasoline to
evaluate the effects of the design changes on engine power
and fuel economy. The knock limited ignition timing vs.
volumetric efficiency is shown in Fig. 6. Each line represents
the knock characteristic of one cylinder. It is apparent that
there is a wide variation of knock limited ignition timings
among the 6 cylinders. For 4 000 rpm, it is almost 6.5 degrees
of crank angle. With the new water jacket design, the scatter
of knock limited ignition timings becomes narrower in an
engine speed range from 3 000 rpm to 5 000 rpm, as shown
in Fig. 6, due to improved cooling efficiency uniformity of
the individual cylinders. Furthermore, it is also evident that
the lower limit of ignition timing of the 6 cylinders is raised
within this speed range, and is advanced by 2.5, 3.5, and
3.5 degrees, for 3 000 rpm, 4 000 rpm and 5 000 rpm
respectively. However, the upper limit of ignition timing is
not advanced as much as the lower limit. Other test results
are presented in a separate paper(3).

Fig. 6   Effects of water jacket design on knock limited
ignition timings of individual cylinders

3. Coupling of Combustion Simulations with 
Water Jacket

In the preceding section, isothermal CFD simulations
were performed to optimize water jacket design with respect
to cooling efficiency and uniformity of heat transfer
coefficient on surfaces. However, isothermal fluid CFD
simulations predict neither the effects of the water jacket on
component temperature nor its effects on in-cylinder flow
and combustion. Such quantitative information is crucial to
predict component durability and knock toughness.

Therefore, a simulation methodology was developed to
couple in-cylinder flow and combustion with coolant flow
and heat conduction in components.

3.1. Description of In-cylinder Flow and Combustion
Modeling

The modified KIVA-3V code(4) was used to simulate the
full cycle of 720 crank angle degrees of a 4-stroke engine,
which includes intake, compression, ignition and combustion,
and exhaust processes. In order to obtain a certain level of
prediction accuracy of component temperatures, a realistic
heat flux boundary condition is essential. Whether flame
propagation and combustion rate can be predicted reasonably
is a fundamental requirement. Enormous efforts to develop
more accurate sub-models for physical and chemical
phenomena have been made to make 3D simulations
predictive. Comprehensive reviews can be found in the
literature(5). To be complete, some critical models are
described here.

3.1.1. Ignition model
The implemented ignition model was similar to the DPIK

(Discrete Particle Ignition Kernel) model proposed by Fan
and Reitz(6) with some small modifications to accommodate
applications to the sequential ignition process(7). In the DPIK
ignition model, the flame kernel is represented by mass-less
particles. The locations of these particles define the outer
surface of flame kernels, and the number of particles within a
computational grid cell represents the flame surface area,
which is related to reaction rates. The particle velocity
components are calculated as:

(1)

(2)

(3)

where, Tad,i is the adiabatic flame temperature, and subscript
‘i’ means the ith spark plug. For instance, Tl,i is the local gas
temperature at ignition timing corresponding to spark plug ‘i’
for multiple spark plug applications.

(4)

where Tk1,i and Pk1,i are the temperature and pressure of
associated ignition cell at corresponding ignition timing, Pk2,i
is instantaneous pressure inside a kernel region.

The parameter k is the turbulence kinetic energy, and SL is
the laminar flame speed, which is calculated as follows

(5)
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The instantaneous flame kernel diameter is calculated as:

(6)

where Ni is the number of active flame kernel particles
(particles that collide with walls are eliminated from the
count), p, i is the center location of an initial ignition kernel,
and n, i is the location of a discrete kernel particle. If a
kernel diameter reaches the order of integral length scale,
chemical reactions in cells swept by kernel particles from the
corresponding spark plug are modeled with the characteristic
time scale combustion model, while other kernels are still
growing, and kernel growth and reaction rates in the volume
under the influence of that spark plug are still modeled with
the DPIK model.

The criterion to switch from the DPIK ignition model to a
normal combustion model is kernel diameter, based on

(7)

the parameter il  is averaged turbulence length scale, which
is defined as

(8)

3.1.2. Combustion model
The characteristic-time scale combustion model(8) is used,

and reaction rates are calculated by 

(9)

where ps is the density of species s, and ps
* is the local and

instantaneous thermodynamic equilibrium value of the
density of species s. The characteristic conversion time is
considered to be a combination of a turbulent-mixing time
and local laminar-kinetics time, that is:

(10)

Here it is assumed that time scale for all species is
identical. The effect of different time scales on species is
reported in another publication(9). The turbulent mixing time
scale is determined as follows:

If

(11)

or if

(12)

where cm3 = 0.09, and cm2 = 0.6cm3
Laminar flame time scale is determined by the

following(10):

(13)

where R is residual gas fraction, and P0 = 1atm.

3.1.3. Model of wall function
To resolve near-wall transport, improved wall function in

KIVA-3V is used(4). The wall heat flux is determined by,

(14)

where

(15)

if R’>11.05, or F = 1 if R’≤11.05.

And

(16)

where vl is laminar kinematic viscosity, y is distance from the
wall, and κ is Karmann’s constant. Prl and Prt are laminar
Prandtl and turbulent Prandtl numbers, respectively. K is
turbulence kinetic energy.

3.2. Cycle-Averaged Heat Flux Calculations
Although in-cylinder phenomena and heat transfer within

components are of different time scales, it has been shown
that component temperature distribution is not affected by
transient processes in a combustion chamber except within an
extremely thin layer. It is therefore reasonable to couple in-
cylinder analysis with component and water jacket
calculations on a cycle-averaged basis. The schematic of the
coupling process(7) is shown in Fig. 7.

Fig. 7   Illustration of iterative coupling procedures

Cycle-averaged local heat flux is calculated as:

(17)
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where Ne is engine speed in rev/min, and the subscripts i and
j are indexes of cells on 3D surface domain. Heat flux on the
liner can be attributed to three sources. One is directly from
in-cylinder gas on the portion of liner surface that is exposed
to gas at any instant. The second is heat transfer from the
piston to the liner via the rings. The last is from friction
between the rings and skirt and liner converted to heat. In the
current investigation, the last source was omitted. At the very
bottom portion, the liner could either receive heat from or
dissipate heat to crankcase flow. In this study, the interest is
on the top liner portion, and it is believed that the bottom
portion does not have meaningful impact on the top portion
with respect to temperature distribution. Therefore, a guessed
value is used for that region. As for the heat flux on the
portion of the cylinder liner swept by the piston ring, it is
calculated by the following formulae:

(18)

(19)

where  is the total heat flux of the piston top surface from
gas, and ζ is the percentage of piston heat flux transferred to
the liner through the piston rings. In this study it is assumed
that 70% of the heat received by the piston is transferred to
the liner. The meanings of other symbols are explained in
Fig. 8.

Heat flux on the valve seats is calculated based on the
heat balance of the valves. Cycle-averaged heat flux on the
valve heads is distributed into three parts: through the valve
seats, through the valve stems, and from gas. The
computational domain for the in-cylinder flow and
combustion calculations is shown in Fig. 9. Time-dependent
pressure conditions from one dimensional simulations are
applied to the inlet and outlet.

Fig. 8   Zone definitions on the cylinder liner surface to 
calculate heat flux

3.3. Solid Components and the Cooling Jacket
The computational domain for heat conduction analysis

consists of the cylinder head, head gasket, cylinder block,
and cylinder liners. For the applications in this work, only

one bank of a V6 engine is considered, assuming symmetry
of the two banks. The CFD domain for heat convection in the
cooling passages is also a one-bank water jacket. The solid
and water jacket domains are shown in Fig. 9. A general
computational fluid dynamics code, VECTIS, was used for
solid components and the water jacket. Time-step resolved
coupling for both liquid/solid and solid/solid interfaces is
available in this package. A standard k-e turbulence model is
employed for water jacket flow calculation, and phase change
in water jacket is not considered, which could result in higher
predicted temperatures than actual in some regions where
phase change is expected to be important.

Valve seats are not directly modeled in this investigation;
instead, the heat flux from the valve heads is imposed on the
head surfaces which valve seats are exposed to.

Fig. 9   Computations domain for conjugate heat 
transfer analysis

3.4. Applications of the Methodology
A critical engine operating condition (6 000 rpm, equivalent

A/F ratio 0.759) was chosen to illustrate the methodology
and its applications. To begin with, constant wall
temperatures of 410 K, 460 K, 470 K, 415 K, and 580 K were
applied to the cylinder liner, head, piston, intake valves, and
exhaust valves, respectively. A full cycle of 720 crank angle
degrees was simulated with the KIVA code. Cycle-averaged
heat flux distribution on cylinder head and liner surfaces is
shown in Fig. 10. It is apparent that surface heat flux is
highly non-uniform even though the initial surface
temperatures were assumed to be uniform. The area between
exhaust valves has the highest heat flux.

Consequentially, the predicted spatial heat flux results
from 3D combustion simulations were applied to conjugate
heat transfer analysis with VECTIS as illustrated in Fig. 7.
Figure 11 shows calculated surface temperature distributions
on the combustion chamber and liner surfaces. It should be
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emphasized that spatial temperature distributions are not
uniform due to spatially varied heat flux from the combustion
chamber, non-uniform wall thickness, accessibility of coolant
flow, and cooling efficiency. Furthermore, the results also
demonstrated large wall temperature variation among
cylinders.

It is known that local heat flux on the combustion
chamber surface depends on the instantaneous heat transfer
coefficient, local gas temperature, and local wall temperature.
As indicated in Fig. 11, wall temperature varies both along
cylinder axis and along the tangential direction, which is
expected to have significant effect on the magnitude and
direction of instantaneous local heat flux. Furthermore, wall
temperature changes will affect thermodynamic properties of
gaseous media and trapped mass. These variations will
change heat transfer coefficient and gas temperature.
Therefore, a uniform wall temperature assumption in 3D
combustion calculations cannot produce satisfactory heat flux
information necessary to predict overall engine component
temperature levels. With this consideration, it is necessary to
iterate between combustion calculations and conjugate heat

transfer analysis until wall temperatures on combustion
chamber surfaces converge. Therefore, the calculated wall
temperature distribution is mapped to the KIVA combustion
chamber model. Figure 12 shows the temperature
distribution on the chamber surface for one cylinder. New
temperature conditions for KIVA combustion calculations
were correctly mapped. Then, the new in-cylinder flow
calculation with the new wall temperature distribution was
performed, and new heat flux results on the combustion
chamber surface were obtained. Typically, the results
converged after 3 iterations(7).

To validate the robustness of the tool and the accuracy,
the developed tool was applied to a new V6 engine. Two
different water jacket design concepts, named D1 and D2,
were evaluated with the proposed CAE tool. The design D1
is the baseline design. In the design D2, a vertical insert is
placed in the water jacket of the engine block, and the head
gasket is modified accordingly to achieve a desired coolant
flow pattern. The overall flow path of these two design
concepts is illustrated in Fig. 13.

Fig. 12   Mapped temperature distribution on 
combustion chamber

Fig. 13   Coolant flow path of water jacket designs

The comparison of measured and calculated component
temperature difference between the D1 and D2 designs is
shown in Fig. 14 at an engine speed of 6 000 rpm. The
results show reasonable agreement between experimental and
numerical results, and good correlation is confirmed even

Fig. 10   Calculated spatial heat flux mapped on 
corresponding component surfaces

Fig. 11   Calculated spatial temperature distribution
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though there is discrepancy in the magnitude of temperature
reduction. Unlike the other three locations, the calculated
temperature reduction at L3 is lower than the measured
value. It is not clear what specific factors result in this
discrepancy. Even though no experimental data was used to
set up the model, such reasonable agreement can be achieved
with the methodology, and critical information can be
obtained. It makes the methodology a valuable tool for new
engine development. Figure 15 shows the measured
temperature at location L1 across the entire engine operating
speed range. Again, as predicted, the design concept D2 has
lower temperature values than the design concept D1.

Fig. 14   Comparison of measured and calculated
temperature difference

Fig. 15   Measured temperatures at the location L4 for 
D1 and D2 designs

4. Conclusions

In this paper, a Honda V6 engine was analyzed by using
three-dimensional CFD calculations to evaluate the potential
for improvement without significantly altering the current
mass production process in order to improve engine power
and fuel economy simultaneously. In the first part, isothermal
CFD simulations were performed to effectively evaluate and
optimize design parameters of the engine water jacket with
respect to heat transfer coefficient on the water jacket
surface. In the second part, the methodology of coupling in-
cylinder flow and combustion simulations with heat transfer
calculations in solid components and cooling passages was
developed to account for interactions among them, and
therefore, to provide more complete information to evaluate
design concepts in the early stage of engine development.
The conclusions can be summarized as follows:
(1) For the purpose of evaluating effects of design changes of

engine water jackets on cooling efficiency and
uniformity, isothermal 3D flow analysis is effective and
adequate. Design optimization can be achieved within a
relatively short period.

(2) In the new optimized design, the cooling uniformity of
the water jacket among the 6 cylinders was significantly
improved, and the overall level of cooling efficiency in
both the cylinder head and block was increased.

(3) To quantify improvement of knock toughness and to
address durability concerns, a coupling methodology was
developed to predict combustion chamber temperatures.

(4) The predictions from the coupling methodology were
validated by the measurement results. There is good
correlation between predicted temperature reduction and
measured temperature reduction.
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Development of LEV-II Compliant Low Precious Metal
Perovskite Catalytic System

Yoshiaki MATSUZONO* Masahiro SAKANUSHI*
Hiroshi KITAGAWA*  

ABSTRACT

A LEV-II compliant catalytic system employing a low precious metal perovskite catalyst has been developed as part of
research efforts to contribute to the preservation of the global environment and the conservation of natural resources.
Conventional catalyst systems are effective in purifying exhaust gases, but the reduction of the large amounts of precious metals
they employ (Pt, Rh, Pd, etc.) is desirable in order to conserve resources.

However, perovskite catalysts containing no precious metals have lower durability and purify exhaust emissions less
effectively during warm-up than catalysts with high precious metal content.

The research described in this paper combined a perovskite catalyst with Honda’s original high-accuracy A/F control and
quick warm-up systems, enabling the LEV-II regulations to be cleared and achieving a level of performance with 2 g of precious
metal catalyst equivalent to that previously requiring 4 g or more.

 * Tochigi R&D Center

1. Introduction

Exhaust gas regulations are becoming increasingly
stringent around the world. In California, the LEV-I (Low
Emission Vehicle Phase I) regulations will be replaced by the
LEV-II (Phase II) regulations in 2004. In addition, Tier II
regulations have already been decided on for the entire US.
These regulations require that NOx emissions be reduced to
approximately one-quarter of currently stipulated levels, and
extend the useful life to 120 kmiles. Figure 1 shows an
outline of the emissions levels stipulated by these regulations.

Catalytic systems are the major after treatment systems
for exhaust gas. The increased amounts of precious metals
that must be used in these systems to meet the requirements
of these enhanced regulations has sparked concerns over the
worldwide exhaustion of these resources. The development
of high-performance, low precious metal exhaust gas after

treatment systems is therefore an urgent research agenda.
However, if the precious metal content of conventional
catalysts is reduced, their after treatment performance during
warm-up and after long-term aging declines. Perovskite-type
mixed metal oxides are widely used in semi-conductors, etc.,
but their use in catalytic systems produces the same set of
issues generated by reducing the amount of precious metals,
and they have therefore to date received little use as a catalyst
material.

In the research discussed in this paper, a new low
precious metal catalyst employing a perovskite mixed metal
oxide(1) jointly developed with Catalyst Solution Inc. is
combined with Honda’s original high-accuracy A/F control
and quick warm-up systems. This combination enabled the
standard of the LEV-II regulations to be met, including the
newly extended useful life, and has reduced the formerly
required 4 g or more of precious metals per unit to 2 g.
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2. Test Conditions

2.1. Test Vehicle
This project used the ’01 Accord EX 2.3L in-line

four-cylinder VTEC SULEV as the base test vehicle. Tests
are conducted without alteration of the under-floor catalytic

system or exhaust system layout. The volume of catalyst used
remained the same at 1.7 L, and the control system was also
unchanged. Figure 2 shows an outline of the test system.

2.2. Control System
The control system employed in the test vehicle is

high-accuracy A/F control, PRISM (Prediction and
Identification Sliding Mode control(2), (3)). The PRISM system
is employed to provide rapid activation of the catalyst at
start-up, reduce feed gases by the use of lean burn after
start-up, and reduce exhaust gases after activation of the
catalyst.

2.3. Rapid Catalyst Warm-up System
Engine exhaust energy increases the temperature of

three-way catalysts, raising their level of activation. To
maximize this effect, a Quick Warm-up System (QWS(4)) was
developed which uses a rotary air control valve (RACV) to
control the volume of intake air at a cold start (before
activation of the three-way catalyst), and simultaneously
controls ignition timing.

The concept behind the control used in QWS is illustrated
in Fig. 3. From top to bottom, the graphs show changes over
time in the degree of opening of the RACV, the engine speed,
and ignition timing. QWS uses feed forward control when the
engine is idling after start-up to provide a high volume of
intake air. Proportional and integral (PI) feedback control is
used to control the ignition timing in order to maintain the
target engine speed.

Fig. 3   Ignition feedback control for QWS

Fig. 4   Effect of QWS at start-up period of FTP

Fig. 1   Relationship between LEV-II and LEV-II 
regulations

Fig. 2   Overview of test vehicle system
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Figure 4 shows the ignition timing control provided by
QWS and its effect in increasing exhaust gas temperature at
start-up. The use of QWS increases the temperature of the
exhaust gas by 240 °C in 20 seconds after start-up against a
conventional control system. This enables rapid activation of
the catalyst.

2.4. Reduction of Exhaust Gas after Activation of
Catalyst

Figure 5 shows a conceptual diagram of the
feedback-system. The aim of this system is to precisely
control the exhaust gas A/F ratio to a value suitable for the
catalyst. There is an extended period of time in which no
effect is produced until the fuel from the injector is detected
by the post-catalyst Heated Exhaust Gas Oxygen sensor
(HEGO), and the control application takes this period into
consideration. It is also now possible to obtain an
understanding of how the properties of the catalyst change
with the vehicle mileage. The section in which calculations
are performed is made up of three modules, the real-time
identifier, the predictor and the sliding mode controller.

The real-time identifier contains a model of the catalyst,
and identifies the dynamic characteristics of the model in real
time on the basis of output from the pre- and post-catalyst
sensor.

The predictor uses θ (a1, a2, b1), the parameters of the
catalyst model calculated by the real time identifier, and
output from the pre- and post-catalyst HEGO sensors to make
a predictive calculation of the future value of the output of
the post-catalyst HEGO sensor.

The controller is highly robust, and employs adaptive
sliding mode control(5).

Fig. 5   Overview of feedback-system

Figure 6 shows the dynamic principle of sliding mode.
The sliding mode controller in PRISM functions to restrict
the output, VO2, from the HEGO sensor to the switching line
in a phase plane with axis representing the deviation from
target values for sensor output and allows VO2 to slide back
to the zero point. To determine the target value for VO2, the
controller calculates the target A/F ratio for the self-tuning
regulator (STR)(6), which feeds back the pre-catalyst A/F
ratio.

Figure 7 shows the effect of PRISM control during an
FTP cycle. The post-catalyst HEGO sensor output is

accurately controlled to the target value with no bias towards
either 0 V (lean environment) or 1 V (rich environment). This
indicates that the environment in the three-way catalyst is
always close to the theoretical A/F ratio, and verifies the fact
that PRISM provides high-accuracy control to produce the
optimum A/F ratio for a three-way catalyst.

Fig. 7   Improved controllability of secondary HEGO 
sensor output

2.5. Catalyst
The catalyst substrate is a 600 cell per square inch model

with a wall thickness of 4.3 mil manufactured by NGK Co.,
Ltd., and is made up of two ceramic beds of 0.7 and 1.0 L.
For the tests, two types of catalyst coatings, perovskite-type
mixed metal oxides and precious metals, were prepared. One
was termed catalyst A, and is presently used in vehicles for
the Japanese market, and the other was catalyst B, newly
developed in this project to comply with the US LEV-II
regulations. The amount of precious metals employed in both
A and B was 33 g/ft3 (Pt:Pd:Rh = 4:25:4). These catalysts
were tested in the vehicle after aging to the equivalent of
120 kmiles.

2.6. A/F Sweep Test
The A/F sweep test was conducted using a 2.3 L in-line

Fig. 6   VO2 locus in phase plane
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four-cylinder engine on an engine dynamo. The engine runs
at 2 000 rpm and manifold vacuum is maintained at
–350 mmHg. A/F ratio is controlled with an external control
unit. The pre- and post-catalyst exhaust gas concentrations
are measured, and the catalyst reduction ratio is measured
within a fixed range of A/F ratios. The value at which the CO
and NOx reduction ratios are the same is used for the catalyst
reduction ratio.

2.7. Light-off Temperature Test
The light-off temperature test is conducted using the same

equipment as the A/F sweep test. The catalyst temperature is
kept constant using a heat exchanger. The pre- and
post-catalyst exhaust gas concentration is measured and the
catalyst reduction ratio is measured within a fixed range of
catalyst temperatures and evaluated. As in the A/F sweep
test, a value at which the reduction ratio of CO and NOx is
the same is used as the catalyst reduction rate.

3. Test Results

3.1. Light-off Temperature Test
Figure 8 shows results obtained for catalysts A and B.

Catalyst C is also included for the purpose of comparison.
Catalyst C is utilized in the ’98M Accord ULEV, which is
fitted with an in-line four-cylinder 2.3 L engine. In the
light-off temperature tests, catalyst A achieved a 99%
reduction ratio at 430 °C, and catalyst B at 380 °C. In other
words, catalyst B demonstrated a 50 °C improvement in
light-off temperature against catalyst A. Catalyst C achieved
a 99% reduction ratio at 340 °C.

Fig. 8   Reduction ratios vs. catalyst temperature

3.2. A/F Sweep Test
Figures 9 and 10 show results for catalysts B and C in

A/F sweep tests. Catalysts B and C display very similar
reduction ratio characteristics in the 43 000/hr area of space

velocity (SV), but there are clear differences in the
SV = 72 900/hr area. Here, catalyst B shows a narrower
range of A/F ratio in which a target or higher reduction ratio
can be obtained compared to catalyst C.

Fig. 9   Reduction ratio properties vs. air fuel ratio 
(SV = 43 000/hr)

Fig. 10   Reduction ratio properties vs. air fuel ratio 
(SV = 72 900/hr)

3.3. Effect of QWS
Figures 11 and 12 show the effect of QWS in increasing

catalyst temperature and reducing exhaust gases during an
FTP cycle. As Fig. 11 shows, when QWS is not employed,
the catalyst temperature only reaches 250 °C 20 seconds after
start-up. However, when QWS is employed, the temperature
reaches 400 °C. This indicates that the reduction ratio
20 seconds after start-up increases from 10% to 99%. As
Fig. 12 shows, this enables a significant reduction in exhaust
gases at start-up in an FTP cycle.
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Fig. 11   Catalyst temperature during the start of FTP

Fig. 12   NOx emission during the start of FTP

3.4. Effect of High-accuracy A/F Control
Figures 13 and 14 show exhaust gas emissions and the

behavior of the post-catalyst HEGO sensor output in an FTP
cycle when the PRISM high-accuracy A/F control system is
employed. When PRISM control is not utilized, the output of
the post-catalyst HEGO sensor diverges significantly from
the target values. Employment of PRISM control increases
the level of convergence with target values, and makes the
sensor output more stable. As the results shown in Fig. 14
demonstrate, this leads to a significant reduction of exhaust
gas emissions in the high-SV area of the FTP cycle.

Fig. 13   Post-catalyst HEGO sensor output 
during FTP

Fig. 14   NOx emission during FTP (with PRISM)

3.5. Effect of Extended Mileage
Figure 15 shows results for exhaust gas emissions

obtained from vehicles fitted with rapid aging catalysts A and
B and run in an FTP cycle. No significant differences in
performance between catalysts A and B with respect to CO
and HC components were observed during aging to
120 kmiles. With respect to NOx components, despite the
fact that no major difference is observable in aging up to
50 kmiles, there is a significant difference in performance at
120 kmiles, with catalyst B reducing emissions to 1/4 the
level of catalyst A. These results demonstrate that catalyst B
is superior to conventional catalyst A in exhaust gas
reduction performance even after extended mileage.

Fig. 15   FTP emission shift at extended mileage

3.6. Results of Exhaust Gas Measurements in FTP
Mode

Figure 16 shows the results of measurements of exhaust
gas emissions in FTP mode using newly developed catalyst
B. A catalyst aged to the equivalent of 120 kmiles is used for
measurements. The results show that the new catalyst meets
the LEV-II standard for CO, HC and NOx.
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4. Conclusion

A perovskite catalyst was developed which possesses
superior light-off performance and durability to conventional
perovskite catalysts. However, while the new catalyst shows
equivalent performance to that of catalysts with a high
precious metal content at low SV in the A/F sweep test, it
cannot match the performance at high SV or in the light-off
test.

Combining the new catalyst with Honda’s original
PRISM (high-accuracy A/F control) and QWS (quick catalyst
warm-up system) supplemented its light-off performance and
reduced A/F window width at high SV, and enabled the
achievement of an equivalent level of exhaust gas reduction
performance to conventional high precious metal catalysts.

The adoption of this catalyst technology for use in a 2.3 L
in-line four-cylinder engine enabled conformity to the
requirements of the LEV-II regulations.

In addition, it is possible to reduce the conventionally
required 4 g or more of precious metals by more than 50% to
2 g. The future broader application of this system will be
very effective in preserving the world’s limited reserves of
precious metals, and represents one of Honda’s solutions to
the issue of the potential exhaustion of these resources.
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Research on Reduction of Unusual Noise
in Wet Multiple Disk Clutch for 4WD

Masaki INOUE* Yasunori ARAI*
Toshiaki AZEGAMI* Yasuo HIRAO*

ABSTRACT

When AT clutches are utilized in torque-on-demand 4WD systems, in which rear wheel traction is controlled by pushing force
from a wet multiple disc clutch, an unusual noise is generated during turning or takeoff by the continuous input of differences in
speed. The status of lubrication in a clutch unit in isolation was analyzed to find the cause, and results showed that the lubrication
flow rate to the clutch was low, and that the lubricant was not being uniformly supplied to every section. A test vehicle was set up
to reproduce the conditions of the unit analysis, and the unusual noise occurring in the unit was effectively reproduced. It was
determined that the noise is related to the ratio of porosity and the amount of deflection in friction materials. These results enabled
the specifications of the lubricant to be improved. In addition, friction materials with increased porosity and deflection were
developed to improve the oil retention characteristic in the clutch. Vehicle tests were repeated employing these measures, and no
unusual noise was generated.

 * Tochigi R&D Center

1. Introduction

Recently, wet multiple disc clutches have come into
increasing use in FFD vehicle-based torque-on-demand type
4-wheel drive systems. Sometimes, automatic transmission
clutches are used as wet multiple disc clutches, but there are
considerable differences between the use conditions in AT
and 4-wheel drive transmissions, so these components
actually require quite different types of performance.
Differences in speed in AT occur in a short period of shifting,
while differences in speed constantly occur in torque-on-demand
4-wheel drive systems, due to slipping of the front wheels, so
the engaging time of the clutch is long and the engaging
frequency is high. Consequently, an unusual noise is
sometimes emitted from the clutch during turning, when
differences in speed occur continuously, and during takeoff.

This project consisted of three stages: The factors in the

unusual noise from the clutch during turning and takeoff
were analyzed; a reproducing mode was constructed in an
actual vehicle; and specifications were proposed to counter
the issue.

2. Issues in Adoption of Automatic 
Transmission Clutches

2.1. Configuration of 4-Wheel Drive Systems
The dual-pump system (DPS) used by Honda is an

example of the torque-on-demand 4-wheel drive systems.
As shown in Fig. 1, in this system, oil pressure generated

by a rotation speed difference between the front and rear
wheels is applied to a piston, which moves a multiple disc
clutch through a mechanism.
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This is composed of the pump body which generates the
oil pressure, the clutch which converts the piston thrust into
torque, and the rear differential which distributes the torque
to the right and left wheels.

Fig. 1   Structure of DPS 

Fig. 2   Hydraulic circuit of DPS

2.2. Issues in Use Conditions of 4-Wheel Drive
A vehicle containing a DPS with an automatic

transmission clutch was test-driven in continuous turns on
pavement. Figure 3 shows the rear propeller shaft torque,
difference of speed at the DPS clutch, and rear differential
case vibration data. The unusual noise generated during
clutch engagement was a metallic sound; as Fig. 4 shows, it
had a frequency of about 500 Hz.

Fig. 3   Example of unusual noise

Fig. 4   Frequency characteristic of unusual noise

Visual confirmation of the clutch generating the unusual
noise indicated, as shown in Fig. 5, that the plate had been
polished to a mirror finished surface in contrast to the
appearance of a normal (quiet) plate, and blemishes had been
produced by local contacts. The surface roughness of the quiet
plate and the plate producing the unusual noise are compared
in Table 1. The arithmetical mean deviation of the profile on
the quiet plate ranged 0.126 µm – 0.252 µm, while that of the
plate producing unusual noise was 0.088 µm – 0.167 µm.

Fig. 5   Condition of clutch plate surface

Table 1   Comparison of surface roughness 
of clutch plates 

3. Analysis of Factors

3.1. Measuring Lubricant Flow Rate
The flow rate of lubricant was checked as part of the

analysis of factors in the polishing of the clutch plate surface.
In the DPS, lubrication is done by supplying oil from the
pump body, as shown in Fig. 6. It had been assumed that all
the oil emitted by the pump body was supplied to the clutch,
so the flow rate at the clutch had always been measured from
pump body only. In this project, however, the flow actually
passing through the clutch was measured to determine
lubricant supply flow rate. Figure 7 diagrams the new
method of measurement, and Fig. 8 furnishes a comparison
of the calculated flow rate with the amounts actually
measured at the pump body and at the clutch.
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Fig. 6   Conventional lubrication measurement method

Fig. 7   Modified lubrication measurement method

In the conventional method, the flow rate reached its
maximum value at vehicle speeds of 30 km/h or higher, and
was close to the theoretical levels when the vehicle was
moving at under 10 km/h, speeds normal during parking or
takeoff from a junction. The new measuring method showed,
however, that only about 70% of the theoretical flow rate of
lubricant was supplied to the clutch at low vehicle speeds.

Fig. 8   Comparison of lubrication flow rate

3.2. Setting Reproducing Mode in Actual Vehicle
The results of the measurements of lubricant flow rate

predicted that supply is low during parking and takeoff on
snow-covered roads. This is expected, since the vehicle speed
is low, and in turn, the oil pump runs at low RPM. The input
torque is high in these running modes, however, as is clutch
engagement frequency. Accordingly, it was attempted to
create modes which would reproduce unusual noise and
mirror-polishing of the clutch plate surfaces by combining
the parking condition and takeoff from low-µ surfaces
(see Fig. 9).

Fig. 9   Modified vehicle confirmation mode

3.3. Verification of Reproducing Mode in Actual
Vehicle

On examining the vehicle after carrying out the
reproducing mode, the unusual noise was noted during
turning and takeoff on the low-µ surfaces. Also, as visible in
Fig. 10, the clutch plate exposed to the reproduction mode
showed the same mirror finished surface as the plate which
had produced the unusual noise.

The results of roughness measurements of these plates
shown in Table 2, indicate levels below 0.1 µm. This
indicates that the conditions creating the plate which had
produced the unusual noise had been reproduced.

Fig. 10   Comparison of clutch plate condition

Table 2   Comparison of surface roughness 
of clutch plates

4. Specifications for Measures against 
Unusual Noise

4.1. Improving Lubricant Specifications

4.1.1. Lubricant flow rate
The causes for the ineffective supply of lubrication at the
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clutch were confirmed visually. When the pump is isolated,
ordinarily, lubricant is only ejected in the direction of the
clutch; with the clutch installed in place, however, lubricant
was seen to be leaking in the opposite direction, as shown in
Fig. 11.

This turned out to be due to blockage of the lubricant
when the clutch was attached; oil was found to be leaking
through the key slot for driving the rear pump. A collar was
attached over the key slot, as in Fig. 12, to prevent the leak.
This increased the flow in the low-speed region by about
20% as shown in Fig. 13.

Fig. 11   Lubricating oil flow in DPS assembly

Fig. 12   Modified lubricating oil flow

Fig. 13   Comparison of lubrication flow rate

4.1.2. Distribution of clutch lubricant
Next, a visual confirmation of lubricant distribution in the

clutch showed that there was a large flow emitted from the
clutch guide from the side close to the oil pump to the
vicinity of the center, but lower volumes were seen farther
from the pump.

This can probably be attributed to the oil flying off under
centrifugal force when passing through the funnel, whose
purpose is to distribute the oil (see Fig. 14).

A wall was added to partially obstruct the slit of the hub
in the clutch, as shown in Fig. 15, to catch flying oil and
maintain a better supply of oil in the locations distant from
the oil pump.

Fig. 14   Lubricating oil flow of DPS

Fig. 15   Configuration of modified clutch hub and 
lubricating oil flow in DPS clutch

Fig. 16   Result of clutch continuously sliding test
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When the results of the specifications revised to promote
lubrication were confirmed visually, the lubricant was found
to be evenly distributed. A vehicle test was carried out in
which abrupt rotation speed differences were continuously
induced to heat the clutch on purpose. As the results show in
Fig. 16, the rear portion of the clutch in the vehicle with
standard specifications became discolored, while the same
location in the improved clutch showed no particular
discoloration. This measure was concluded to be effective.

4.2. Development of New Clutch Friction Material

4.2.1. Relation between unusual noise and friction
material characteristics

Next, the porosity and deflection of the clutch friction
material were analyzed as a factor of the unusual noise.

The porosity was measured with a mercury porosimeter.
The method for measuring deflection is shown in Fig. 17.
The deflection was defined as the displacement occurring
when the same load is applied on the clutch assembly as in an
actual vehicle.

The analysis showed that, as shown in Fig. 18, the higher
the porosity, or the greater the deflection, the less tendency
there was for unusual noise generation.

Fig. 17   Measurement method

Fig. 18   Relation of porosity and deflection 
to unusual noise

Fig. 19   Model of clutch lubrication

Figure 19 explains this; when the clutches engage, pores
filled with lubricant are compressed, which tends to squeeze
out the lubricant. Even when there is little lubricant supply,
the material then self-lubricates, reducing the occurrence of
the unusual noise.

4.2.2. Friction material characteristics
A friction material was developed with four times the

porosity of the conventional material. Figure 20 indicates
that this has 2.5 times the deflection of the conventional
material.

Fig. 20   Comparison of deflection characteristic

4.3. Verifying Effect of Countermeasures
No unusual noise was noted in reproducing mode when

the newly developed friction material with improved
lubrication specifications was tested in an actual vehicle.

Also, as shown in Fig. 21, no mirror finished surface was
found in the clutch plate used in reproducing mode. The
surface roughness was measured and found to equal that in
quiet plates, as shown in Table 3.

Fig. 21   Comparison of clutch plate condition

Table 3   Comparison of surface roughness 
of clutch plates

5. Conclusion

Research was carried out to find ways to reduce the
unusual noise occurring on turning and takeoff when an
automatic transmission clutch is used in a torque-on-demand
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type 4-wheel drive system. The following results were
obtained:
(1) It was found that the clutch plate in a product emitting the

unusual noise had been polished to a mirror finished
surface, and that this was due to insufficient flow rate of
the lubricant used at the clutch.

(2) A reproducing mode of an actual vehicle in which the
clutch lubricant is low and the load is high was
constructed by combining parking and takeoff on low-µ
surface conditions; this enabled verification of the
unusual noise and the mirror surface finish on the clutch
plate.

(3) As a measure against unusual noise and mirror surface
finish of the clutch plate, an oil leak to the parts other
than the clutch was stopped, which increased the
lubricant flow rate, and steps were taken to ensure a
uniform distribution of lubricant inside the clutch.
Also, a friction material with greater porosity and
deflection was developed to improve its capacity to hold
lubricant.
A vehicle was installed with these improvements and
tested in the reproducing mode; the unusual noise and
mirror surface finish of the clutch plate were eliminated.
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Research on Longitudinal Vibration of MT Vehicle
during Acceleration

Yoshihiro KATAGIRI* Hiroshi YATANI* Hajime IGAMI*
Hiroyuki SAITOU* Tatsuya SHIRAKI* Ikuo OOMORI*

ABSTRACT

Waveforms of longitudinal vibration during acceleration in MT vehicles have been used to develop five evaluation indices
corresponding to sensory evaluations. The mechanism of longitudinal vibration during acceleration was clarified in each part of
the system through which it is transmitted: engine, drive train, tires, engine mounts and suspension. A simulation model was
constructed employing design values as the main elements, enabling specifications to be tested in the initial development phase,
before the construction of an actual vehicle. This method was utilized in the development of the new model Accord, enabling
suspension characteristics and engine torque control, among other design elements, to be optimized at an early stage, and resulting
in the reduction of development time by half.

 * Tochigi R&D Center

1. Introduction

Recently, performance areas evaluated by human
sensitivity, such as the comfort and responsiveness of the
driver, became as important as dynamic performance, noise,
fuel economy and other performance areas that are evaluated
numerically. However, it is difficult to accurately quantify
these types of performance areas, so vehicle development
must rely on sensory evaluation using actual vehicle tests,
which means that vast amounts of manpower are used
through trial and error testing.

Body longitudinal vibration that occurs when the
accelerator pedal is depressed is a source of discomfort for
the driver, and is an important area that must be improved for
MT vehicles. Cases of improving this phenomenon by
methods such as optimization of the engine mount stiffness(1)

have been reported in the past.
This type of vibration concern is rooted in various

properties of large numbers of components, and at the same
time often has a trade-off relationship with other areas. This
means that the related items are complexly intertwined and
there are few cases where the issue can be solved simply by

improving the characteristics of a single part. In addition, it is
extremely difficult to clarify the generation mechanism and
degree of effect through actual vehicle tests, so accurate
analysis technology is needed.

This paper reports the results of constructing and
applying evaluation indices and a simulation model to the
development of mass production vehicles.

2. Development Goals

In order to shorten the development time for MT
vehicles, it is important to improve the specifications as
much as possible in the initial development phase and reduce
trial and error in actual vehicle tests.

The accumulation of vehicle behavior simulation
know-how has made it possible to accurately analyze
transient behavior. However, actual vehicle measurement
data concerning element characteristics is needed to
accurately reproduce behavior, which makes this difficult to
use in the initial development phase. In addition, thus far
evaluation has been determined by sensory evaluation
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through actual vehicle test rides, so there are no substitute
evaluation indices, and it would be difficult to make a grade
judgment even if vehicle behavior could be simulated.

Therefore, the three main goals of this study were as
follows.
(1) Constructing evaluation indices capable of substituting

for sensory evaluation
(2) Constructing a simulation that can be utilized from the

initial development phase
(3) Applying these indices and simulation to the development

of mass production vehicles to shorten the development
time

Fig. 1   Time history of body vibration by acceleration 
shock WOT acceleration, 2nd gear, 1 500rpm

3. Construction of Evaluation Indices

To investigate evaluation indices, test ride comparisons of
market vehicles were performed with multiple drivers, and
sensory evaluation was conducted using the ten-point
method. These results and measurement values were then
compared and analyzed, and evaluation indices were
constructed.

3.1. Test Method
The body longitudinal vibration frequency during

acceleration differs according to the gear ratio, and the
frequency increases at higher speed gear steps. In addition,
the vibration when accelerating again from the state after
deceleration fuel cut is larger than when accelerating from
the steady cruising state.

The feeling is particularly worsened by the 3 to 8 Hz
vibration that occurs when cruising at the low speed of 20 to
40 km/h in 1st through 3rd gears. Figure 1 shows some
measurement examples. The body longitudinal vibration
process during acceleration was confirmed through actual
vehicle tests in which the accelerator pedal was pressed from
the fully closed position to the fully open position to
accelerate at the prescribed engine speed, and the torque and
vibrations were measured. These measurements were taken
for over ten types of vehicles with different shift steps,
engine speeds and accelerator pedal openings. The engine
torque during actual cruising used the net torque obtained by
measuring and processing the internal pressure of all four
cylinders in consideration of the combustion variance of each
cylinder. Also, body longitudinal vibration during
acceleration is felt as rocking of the head relative to the seat
and neck, so a sensor was attached to the head of a dummy to
measure the longitudinal acceleration. When the accelerator
pedal is pressed to the fully open position, the engine
generates sudden torque which produces torque fluctuations
on the drive shaft. A short time thereafter, fluctuations occur
almost simultaneously in the engine mount and the
suspension, followed by overshoot and low cycle fluctuations
in the body longitudinal direction. Then, after another short
delay, fluctuations occur as measured by the instrumented
dummy.

Figure 2 shows the frequency analysis of the dummy
head acceleration and the body longitudinal vibration. The
dummy head acceleration is amplified around 4 Hz, and
attenuated at 11 Hz and higher.

Fig. 2   Results of frequency analysis of dummy head 
acceleration



Research on Longitudinal Vibration of MT Vehicle during Acceleration

– 141 –

3.2. Creation of Indices
On the other hand, it was assumed from the questionnaire

results that drivers feel the overshoot of the first peak as
shock, and the subsequent vibrations as jerking. At the same
time they feel the response speed (response) of the first peak,
that is to say, a quick acceleration rise as comfort and
acceleration that does not drop as smoothness. These
subjective driving sensations were expressed as numerical
values and compared with the results of sensory evaluation to
construct five evaluation indices. Figure 3 shows the
approach to each index, and the formulas used to calculate
each numerical index are defined as follows.

(A) Shock: Non-dimensional value of the overshoot relative
to the acceleration expected by the driver
Overshoot = A / AVE (1)

(B) Jerking: Fluctuation energy amount obtained by
integrating the low frequency fluctuation relative to the
acceleration expected by the driver
Swing energy = 1/2⋅m⋅{ ∫ ⎪ B – AVE⎪dt}2 (2)

(C) Response: Response speed relative to the driver’s
acceleration pedal operation
Delay time = tP + tN (3)

(D) Quickness: Comfortable acceleration rise linked with the
driver's acceleration pedal operation
Torque increase = ( A – B) /tP (4)

(E) Smoothness: Minimum acceleration produced by the
fluctuations during acceleration
Minimum acceleration = C (5)

Nomenclature :

A : Peak of acceleration [m/s2]

AVE : Average acceleration [m/s2]

B : Real acceleration [m/s2]

C : Bottom of acceleration [m/s2]
tP : Time until peak [sec]
tN : No reactive time [m/s2]

Figures 4 to 8 show the results of confirming the
correlation of the five evaluation indices obtained by the
above formulas with sensory evaluation by actual vehicle test
rides, and show a high correlation in each case.

Fig. 3   Definition of index

Fig. 4   Subjective ratings of shock characteristic 
against objective parameter

Fig. 5   Subjective ratings of jerkings characteristic
against objective parameter

Fig. 6   Subjective ratings of response characteristic 
against objective parameter

Fig. 7   Subjective ratings of quickness characteristic
against objective parameter

Fig. 8   Subjective ratings of smoothness characteristic
against objective parameter
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4. Creation of a Simulation Model

A simulation model was constructed with the body
longitudinal vibration during acceleration as the coupled
vibration from the engine to the transmission, drive shaft,
tires, engine mount, suspension and body. The calculation
formulas are shown below.

TE – IFW FW – TCL = 0 (6)

TCL – CCL ( FW – GB) – KCL (θFW – θGB) = 0 (7)

TCL – IGB GB – TGB ⎪i = 0 (8)

TGB – KGB (θGB⎪i – θDS) = 0 (9)

TGB – IDS DS – TDS = 0 (10)

TDS – CDS ( DS – WH) – KDS (θDS – θWH) = 0 (11)

TDS – IWH WH – TWH = 0 (12)

TDS – IE E – TEM = 0 (13)

FWH – TWHθ SUS⎪ XSUS = 0 (14)

FWH – MWH SUS – FV = 0 (15)

FV – CSUS ( SUS – V) – KSUS (XSUS – XV) = 0 (16)

FV – MV V – MPP EM = 0 (17)

Nomenclature :

T : Torque [N⋅m]

I : Inertia [N⋅m⋅s2]

θ : Torsional angle [rad]

C : Damping property [N m⋅s/rad]

K : Torsional stiffness [N m/rad]

F : Force [N]

M : Mass [kg]

X : Displacement [m]

Subscripts :

E : Engine

F : Flywheel

CL : Clutch

GB : Gear box

i : Gear ratio

EM : Engine mount

DS : Drive shaft

WH : Tire wheel

V : Vehicle

SUS : Suspension

PP : Power plant

The characteristic data of each element used in the
simulation all used the design values. The body elastic
vibration frequency range is lower than 20 Hz, so the power
plant and the body were treated as rigid bodies. The
frequency for this phenomenon is relatively low and the

dynamic magnification of rubber is close to 1, so it was
thought that the load-displacement dynamic characteristics of
the engine mount, suspension, tires and other elements could
be replaced with static characteristics in the same manner as
the clutch torsion and the drive shaft torsional stiffness.
Non-linearity of these load-displacement dynamic
characteristics was taken into account by applying a table
function. Also, the engine torque input values used the values
obtained by bench tests.

Figure 9 shows an example comparing the simulation
results of body longitudinal vibration during full acceleration
with actual vehicle measurement data.

This figure shows that in addition to the 3 Hz low
frequency vibration which is the main fluctuation, the 15 Hz
frequency component occurring on the first peak can also be
calculated.

Fig. 9   Results of verification of simulation

5. Application to Development

5.1. Analysis of Contribution
The above simulation was conducted in the initial

development phase of the new model Accord, and the results
of analyzing the contribution of each evaluated part to body
longitudinal vibration are shown in Fig. 10. This shows that
the drive shaft stiffness, suspension stiffness, engine torque
control, engine rotation inertia and body inertia have a
significant effect. Therefore, suspension stiffness and torque
control measures were investigated.

5.2. Countermeasure Effects

5.2.1. Suspension characteristics
Of the various suspension characteristics, the front and

rear compliance characteristics are determined to
simultaneously achieve the conflicting required performances
of riding comfort and handling and stability. These
characteristics are necessary when backward force acts on the
vehicle, and it was found that changing the forward
characteristics, which are a cause of shock during
acceleration, had no effect on these performances. Therefore,
the characteristics were changed to asymmetrical
characteristics in the forward and backward directions as
shown in Fig. 11 to reduce the shock during acceleration
while maintaining riding comfort.
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Fig. 10   Analysis of contribution of each part

Fig. 11   Compliance bushing characteristic

Figures 12 and 13 compare the results before and after
changing the compliance bush characteristics of the
suspension. These figures show that the first suspension
displacement peak during acceleration has been reduced, and
at the same time the 15 Hz overshoot seen on the first peak
has also been improved.

5.2.2. Engine torque control
Analysis of contribution showed that shock and jerking

are the most affected by engine torque control, so
improvement of these two items was investigated.

Conventional engine torque control methods include
delaying the ignition timing angle or reducing the intake air
volume and fuel injection amount to limit the engine torque
rise speed, thus reducing overshoot and low frequency
fluctuations.

First the optimum engine torque rise for improving shock
was investigated. Figure 14 shows the changes in the
evaluation index scores. Increasing the engine torque rise
speed was found to improve response and quickness, but to
worsen shock, jerking and smoothness, with shock in
particular changing significantly. The optimum scores were
achieved by reducing the speed by approximately 20%
relative to the initial setting data.

Fig  12   Influence of compliance bushing (Simulation)

Fig. 13   Result of frequency analysis of body 
longitudinal acceleration of body 
(Simulation)

Fig. 14   Comparisons of speed of increase of engine 
torque (Simulation)
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Next the optimum engine torque control timing for
improving jerking was investigated. The control timing delay
at various engine speeds was measured. The allowable timing
delay was the value obtained using the aforementioned
indices. As the engine speed decreased, the control delay
became more pronounced and jerking worsened. The cause
of this control delay was the longer arithmetic processing
interval for engine rotation sync control. Changing the
program reduced this control timing delay in the low speed
range as shown in Fig. 15.

Fig. 15   Engine timing delay characteristics 
(Simulation)

Fig. 6   Test results

Fig. 17   Development time for acceleration feeling

Figure 16 shows the measurement results for body
longitudinal vibration that reflects these countermeasures.
Modified_1 with improved suspension characteristics and
Modified_2 with engine torque control added show vast
improvements to shock and jerking.

5.3. Effects of Application to Development
The newly developed method reduced trial and error in

actual vehicle tests, and halved the development time as
shown in Fig. 17.

6. Conclusion

Body longitudinal vibration of MT vehicles during
acceleration was studied, and the following results were
obtained.
(1) Five evaluation indices for shock, jerking, response,

quickness and smoothness were constructed to take the
place of sensory evaluation of body longitudinal vibration
during acceleration.

(2) Using the design values for all the characteristics data of
each element used in the simulation made it possible to
investigate specifications in the initial development phase
before an actual vehicle exists.

(3) The development time of mass production vehicles was
cut in half.
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Study of Coaxial Counter Rotating Rotary Tilling
System at Front Rotary Type

Compact Walking Tractor

Yoshitaka OHTA* Susumu OHKUBO* Keiji IINO*
Masatoshi NAGAOKA* Keiji NAGANO* Nobuchika KATAGIRI*

ABSTRACT

A computer simulation of tilling force has been conducted for a compact walking tractor equipped with rear driving wheels
and a front rotary shaft to estimate the effect of tilling force on behavior and tilling depth for a down cut rotary and a coaxial
counter rotating rotary. The tractor uses a down cut rotating tine that rotates in the same direction of the driving wheels, and a
coaxial counter rotating tine that rotates on the same shaft simultaneously. Further, an actual machine test was conducted to
examine the correlation between the simulation and test results. It was demonstrated that by using the coaxial counter rotating
rotary, the effect not only stabilized the behavior of the tractor but also accomplished twice the tilling depth of a conventional
down cut rotary.

 * Asaka R&D Center

1. Introduction

Compact walking tractors with rotary tilling systems
comprised of tines that rotate about a rotary shaft to till the
soil are configured with a rotary shaft in two different
formats; with and without separate driving wheels.

Of those tractors configured with separate driving wheels,
there are rear rotary types, which are configured with a rotary
shaft behind the driving wheels as shown in Fig. 1, and front
rotary types which are configured with a rotary shaft in front
of the driving wheels as shown in Fig. 2.

In the rear rotary type, the direction of the tilling reaction
passes close to the unit’s center of gravity. Therefore,
fluctuations in the tilling reaction do not cause unstable
tractor behavior. For similar reasons, the rotary shaft is
prevented from lifting up off the earth’s surface due to the
tilling reaction, which facilitates a more desirable level of
deep tilling.

However, fitting the motor in a forward position that will
help reduce the handle operating load as the rotary shaft is
lifted from the soil’s surface during turning makes the tractor

larger. Fitting it in a higher position that allows the rotary
shaft to be lifted up as required, makes the center of gravity
higher, which causes an unbalance. As a result, the usual
positioning for the motor is low and in close proximity to the
driving wheels and an iron balance weight is then needed to
be attached to the forward underside of the tractor to adjust
the center of gravity. The weight of a tractor increases by that
of the balance weight (Fig. 3).

Additionally, because the wheels and motor are located in
front of the rotary shaft and the handles are set behind the
rotary shaft, it inevitably becomes difficult to perform tilling
in narrow field areas surrounded by walled boundaries.

In front rotary type tractors, the rotary shaft is mounted
on the front of the unit enabling tilling right up to the barrier
edge. Moreover, the handles are located behind the driving
wheels and the motor is mounted at the front, which provides
an optimal center of gravity without having to add a balance
weight. This reduces the overall weight of the tractor unit and
contributes to its compact design since the motor is not
mounted in an overhanging position.

Contrary to the rear rotary type tractors, the direction of
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the tilling reaction of the front rotary type is offset from the
center of gravity. The resultant fluctuation in the tilling
reaction causes imbalanced tractor behavior.

Also, in adopting a down cut rotary in which the driving
wheel direction and the rotational direction of the rotary shaft
are the same, the tilling reaction causes the rotary shaft to lift
up, which does not promote tilling depth.

Whereas in adopting an up cut rotary configuration as
shown in Fig. 4, in which the rotary shaft rotates in the
opposite direction of the driving wheels, the tine bites the soil
more forcefully and the tractor tends to lift upward in the
back direction leading to what is commonly known as
dashing. Regardless, neither of these configurations provide a
satisfactory level of performance.

Fig. 4   Front rotary walking tractor with up cut tilling

The coaxial counter rotating rotary, which is configured
with a rear rotary, is highly praised for its stable deep tilling
performance without giving rise to any dashing action. It
offsets the reactive tilling force by tilling as the down cut tine
and up cut tine rotate along a shared axis. As shown in
Fig. 5, combining the coaxial counter rotating rotary with the
front rotary configuration would diminish the fluctuating
tilling reaction, stabilize tractor behavior, and also serve to
suppress any dashing and lifting up of the rotary shaft. This
gave impetus to the idea of creating a new tractor that would
be lightweight and compact but capable of stable tilling, deep
tilling, and tilling up to the barrier edge.

Fig. 5   Front rotary walking tractor with coaxial 
counter rotating tines

This report describes that the above stated effects were
verified by estimating the tractor behavior from its simulated
tilling reaction and then correlating the estimation with actual
test results.

2. Estimating Tilling Performance

2.1. Calculating Tilling Reaction
A computer simulation(1) of the tilling force was

conducted respectively for compact walking tractors with a
down cut rotary and a coaxial counter rotating rotary. A
newly designed tine for the FF300, Honda’s front mount
coaxial counter rotating rotary tractor, was used in the
testing. The tine layout was designed to provide a constant
tilling pitch to minimize the fluctuation in vertical tilling
reaction movement. Furthermore, a right and left alternating
tine configuration was employed to minimize fluctuation in

Fig. 1   Rear rotary walking tractor

Fig. 2   Front rotary walking tractor

Fig. 3   Turning position of rear rotary walking tractor
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the yawing and rolling momentum. These settings provided a
tilling width of 450 mm, a tine diameter of φ 280 mm, a
tilling depth of 120 mm, a machine speed of 0.15 m/sec and a
rotary speed of 130 rpm. The soil hardness was set to an
approximate value of 20 with a Yamanaka soil hardness tester
assuming typical untilled soil.

Figures 6 and 7 show the tine layout configuration and
Figs. 8 and 9 show the simulated results of the two tilling
reactions. Figure 10 shows the definitions of the six
components of the tilling reaction.

2.2. Estimating Tractor Behavior
The six tilling reaction components shown in Fig. 10

were considered for the influences they exert on the tractor
behavior during operation.

The yawing momentum, Mz, and the side force, Fx, cause
yawing to the tractor and the deterioration of the tractor’s
straight line stability.

The longitudinal load, Fy, influences the tractor’s
propelling force causing the tires to slip which in turn causes
the actual machine speed to fluctuate during tilling.

The vertical load, Fz, and the pitching momentum, Mx,
act to cause the rotary shaft to lift up (+) or sink (−) at the
ground contact tire center. If a momentum were exerted to

cause the rotary shaft to lift upward (+) and this momentum
was greater than the momentum created by the weight of the
tractor unit itself, the rotary shaft would tend to lift up off the
ground surface and decrease the tilling depth.

Fig. 8   Simulated result of down cut tilling reaction

Fig. 9   Simulated result of coaxial counter rotate 
tilling reaction

Fig. 6   Tine layout of down cut tines

Fig. 7   Tine layout of coaxial counter rotating tines



Honda R&D Technical Review Vol. 15 No. 2 (October 2003)

– 148 –

Fig. 10   Six components of tilling reaction

The sinking momentum has been addressed by attaching
a tilling depth adjustment wheel in front of the rotary shaft to
help prevent sinking. The rolling momentum, My, causes the
tractor to roll, which prevents even tilling.

Based on actual machine specifications and the calculated
results, an analysis was conducted into the performance
differences between the down cut rotary (hereafter
abbreviated to down cut) and the coaxial counter rotating
rotary (hereafter abbreviated to counter rotating) to evaluate
the lifting action of the rotary shaft and its effect on tilling
depth.

Actual measured values on the FF300 were used to set
the tire sinking depth to 20 mm from the soil’s surface before
tilling.

Fig. 11   Moment of tilling reaction and gravity moment 
on the ground contact center of tires

The average lift momentum value around the ground
contact tire center is represented by and expressed as
follows:

(1)

The rotary shaft push momentum exerted by the tractor
weight is represented by Mw and expressed as follows:

(2)

Here, in order to help prevent the rotary shaft lift
momentum caused by the tilling reaction, the following
formula must be satisfied:

(3)

The FF300 tractor specifications and the average values
from the calculated results for Fz and Mx as shown in Fig. 8
and Fig. 9 were used to verify whether this relationship
could be satisfied.

Table 1   Comparison of moment of tilling reaction and 
gravity moment

The calculated results showed Mw < for the down cut
for which the rotary shaft tended to lift up, and Mw > for
the counter rotating for which the rotary shaft did not lift up.

2.3. Estimating Tilling Depth
The point at which Mw and balance each other out

is considered to be an ideal tilling depth. If it is assumed that
is relative to tilling depth d, then the tilling depth d can

be estimated from the ratio of Mw to , as shown in Table 1.
With Mu being the estimated value when the tilling depth

is 120 mm, then the following formula can be used to
calculate the value d.

(4)

Table 2 shows the calculated results.

Table 2   Estimation of tilling depth

The difference between the down cut and the counter
rotating is 2.5 times.

3. Correlation with Actual Machine Test

The correlation between the above calculated results and
the actual machine test result was examined. Table 3 shows
the specifications of the test machine used.

3.1. Straight Line Stability
Straight line stability is thought to be influenced by the

fluctuation in Mz and Fx. The fluctuation ranges Mz and Fx
taken from Fig. 8 and Fig. 9 are listed in Table 4.

All the Mz and Fx values associated with the down cut
are larger indicating that the straight line stability is less than
that of the counter rotating.
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Fig. 12   Explanation of Table 3

Table 3   Specifications of test machine

Table 4   Fluctuate ranges of yawing moment and 
side force

Table 5 shows the actual test machine results taken from
soil hardness tests measured with a Yamanaka soil hardness
tester.

As the soil became harder, the down cut configuration
showed an irregularity in the forward movement component
of the tilling reaction due to lateral differences in soil
hardness. This resulted in a deterioration of the tractor’s
straight line stability. However, no particular differences were
detected in the high frequency vibration inferred from the
tilling reaction graph waves.

Table 5   Test result of yawing stability

3.2. Actual Machine Speed
Fluctuation in the actual machine speed is thought to be

influenced by . Table 6 shows the respective   values.
From this, speed increases for the down cut and speed
decreases for the counter rotating can be estimated.

Figure 13 shows the evaluation results of the actual
testing machine.

Table 6   Forward element of tilling reaction (average)

Fig. 13   Travel reduction versus Soil hardness

Test results indicated down cut speed increases and
counter rotating decreases, which matches the calculated
results. This was due to the tilling reaction directed in the
backward direction on the up cut tine being greater than the
forward directed tilling reaction on the down cut tine.
Therefore, even if the down cut / up cut ratio is greater on the
down cut rotary, the tilling reaction on the up cut rotary is
superior in the longitudinal direction. Consequentially, since
the tilling reaction increases as the soil becomes harder,
fluctuation of machine speed also tends to increase.

3.3. Tilling Depth
Table 7 shows the estimated values for tilling depth for a

soil hardness of 20.
Figure 14 shows a comparison of estimated values and

the results of the actual testing machine.
The comparison was conducted on a soil hardness of 20

for which the counter rotating showed a tilling depth
approximately twice that of the down cut. Also, this
difference tends to increase as the soil becomes harder.

The counter rotating tilling depth closely approximated
the estimated value; however, the down cut tilling depth was
1.5 times greater than the estimated value. This large
discrepancy with the estimated value has been left as an issue
that will need to be investigated in the future.

Table 7   Estimated tilling depth
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Fig. 14   Tilling depth versus Soil hardness

3.4. Rolling
Rolling is thought to be influenced by the fluctuation

range of My. Table 8 shows the respective My fluctuation
ranges.

Table 9 shows the results of the actual testing machine.
Almost no difference was detected between the down cut

and counter rotating construction. Since the down cut tilling
depth becomes shallower as the soil becomes harder, the
absolute value for the tilling reaction decreases. This has led
to the belief that because the rolling momentum fluctuation
range also decreases, there is little difference between the two
formats.

Table 8   Fluctuate ranges of rolling moment

Table 9   Test result of rolling stability

4. Conclusion

A comparison of the front rotary type walking tractors
was conducted on a down cut rotary configuration and a
coaxial counter rotating rotary configuration. The testing
yielded the following results.
(1) When tilling untilled soil with a hardness approximating

20, the coaxial counter rotating rotary showed significant
performance improvement over the down cut rotary with
respect to straight line stability.
This is due to minimized variation in the forward
movement component of the tilling reaction due to
random variation in soil hardness engaged by the right
and left tines.

(2) The down cut rotary showed an increase in the actual
machine speed caused by the tilling reaction. Conversely,

the coaxial counter rotating rotary showed a decrease in
speed.
Furthermore, the fluctuation of machine speed tended to
increase as the soil became harder.

(3) In tilling soil with a hardness approximating 20, the
coaxial counter rotating rotary achieved a tilling depth
twice that of the down cut rotary. Also, the difference in
tilling depth tended to increase as the soil became harder.

(4) No particular difference was detected between the down
cut rotary and the coaxial counter rotating rotary with
respect to rolling.

Fig. 15   External view of FF300

Table 10   Major specifications of FF300



Study of Coaxial Counter Rotating Rotary Tilling System at Front Rotary Type Compact Walking Tractor

– 151 –

5. Afterword

This research has led to the development of the FF300, a
front mounted coaxial counter rotating rotary walking tractor,
released for sale in the Japan domestic market in March
2003. The unit is a lightweight, compact walking tractor that
is easy to turn and provides increased tilling depth and
straight line stability. The FF300 has received high praise and
is popular among users.

Figure 15 shows an external view of the FF300 and
Table 10 lists the unit’s main specifications.

In carrying out this research, the authors would like to
extend their deepest appreciation to the cooperating research
team, and individuals, both internal and external, for their
invaluable support.
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Development of Adsorbent for Natural Gas Storage

Hiroshi OGASA* Yoshiyuki MORITA*
Masaru OKU* Nagatsugu MUKAIBOU*

ABSTRACT

Carbon adsorbent was selected as a means of efficiently storing methane, the main component of natural gas. Simulations
were first employed to determine an ideal adsorptive pore structure. The results of the simulations were applied to establish a
target in the development of activated carbon, with coconut shell, coal and carbon nano-materials (Buckminsterfullerene, carbon
nano-tubes) as starting materials. TEM analysis confirmed that the activated carbon produced in this research possessed the ideal
pore structure targeted. This activated carbon is capable of storing 0.155 NL/cm3 of natural gas at low pressure (3.5 MPa). This
represents 77.5% of the capacity of high-pressure (20 MPa) compressed natural gas (CNG) storage. The material’s storage
capacity for adsorbed methane gas is one of the highest among reported figures.

 * Tochigi R&D Center

1. Introduction

Recently, the demand to reduce automotive exhaust gas
emissions and develop alternative fuels has increased from
the viewpoint of global environmental issues and exhaustion
of energy resources. Against this background, automobiles
fueled by natural gas are cleaner vehicles that can greatly
reduce exhaust gas emissions. This is accomplished simply
by making minimum modifications to a gasoline based
vehicle. Three methods have been devised for storing natural
gas in automobiles as shown in Fig. 1. The first of these,
compressed natural gas (CNG) fuel is stored at high pressure
(20 MPa or 25 MPa), so a cylindrical pressure vessel is
needed which reduces the degree of freedom for the vehicle
body package. Liquefied natural gas (LNG) fuel is stored at
the low temperature of –162 °C, so a fuel container with a
special dual structure is needed. This research concerned
adsorbed natural gas (ANG) which can be efficiently
adsorbed and stored at relatively low pressure as a method

for easily storing natural gas, and this paper describes
adsorption which is the core technology for ANG.

First, the target natural gas storage capacity for the
adsorption was set at 20 Nm3 (0.2 NL/cm3) for a 100 L
container equivalent to the gas storage of the CNG CIVIC
GX that Honda has marketed since 1998, and the storage
pressure was set at 3.5 MPa.

Fig. 1   Fuel storage methods for natural gas vehicles
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2. Development of Adsorption

The adsorption was developed by selecting the base
materials and handling process (carbonization and activation
methods), and improving the preparation conditions. 

2.1. Selection of Materials
2.1.1. Activated carbon

Activated carbon raw materials that are currently used for
industrial applications can be broadly classified into plant
based and fossil fuel based materials(1). Typical plant based
raw materials include coconut shell (CCS), wood and pulp.
However, of these, coconut shell in particular accounts for
approximately 30% of the activated carbon in the
marketplace, and most of this is used for steam activated
applications. Next, fossil fuel based materials can be divided
into raw materials such as coal that can be converted into
activated carbon without processing, and raw materials such
as petroleum pitch, coal tar and synthetic polymers that
undergo primary processing and are then converted into
activated carbon. This research selected coconut shell, which
is cheap and allows easy improvement of performance, and
coal with a low impurity content as the starting raw materials.
2.1.2. Carbon nano-materials

The discovery of BuckminsterFullerene (C60) in 1985 and
carbon nanotubes in 1991 have stimulated efforts to research
technology for synthesizing large amounts of carbon
nano-materials and to develop applied technologies in recent
years. Amidst this trend, numerous studies have been
presented on using carbon nanotubes for hydrogen storage(2).
The authors thought that sufficient adsorption levels could be
expected for methane molecules, which have greater
adsorption energy than hydrogen molecules, so this research
selected carbon nanotubes and BuckminsterFullerene as the
raw materials.

2.2. Adsorption Manufacturing Method
2.2.1. Carbonization and activation methods

The process for converting the raw materials into
adsorption materials requires carbonization and activation.
The carbonization process carbonizes the raw materials, and
the activation process grows pores in the carbonized
materials. Activated carbon is normally made using the above
two processes, but carbon nano-materials are already
carbonized in the raw material stage, so they can be
converted into adsorption type using only activation.
Activation processes can be grouped into physical activation
and chemical activation processes(1). Physical activation uses
steam, carbon dioxide gas or other gases as the activation
agent, and the pore growth mechanism uses the method of
gas erosion from the raw material surface. Steam activation is
more economical, so this process is most widely used for
industrial applications.

On the other hand, chemical activation uses KOH,
phosphoric acid or other chemicals, and the pore growth
mechanism uses the methods of chemical erosion and
intercalation from the surface and inside of the raw materials.
Chemical activation uses more expensive chemicals as the
activation agency and requires a handling process after
activation, so it is not used widely for industrial
applications(1). This research fabricated adsorption substrates
using the two representative methods of steam activation and
KOH activation as the activation methods. Figure 2 shows
the steam and KOH activation mechanisms.

Fig. 2 Activation mechanism 

2.2.2. Monolith manufacturing method
After the carbonization and activation process, the

adsorbent is in powder or granulated powder form. When
packaging this into a fuel container, the format must prevent
damage when charging. In addition, this is an automobile
mounted part, and the format must be unaffected by
vibrations when cruising and changes in temperature and
humidity. Furthermore, like a gasoline canister, the structure
must prevent the adsorbent from breaking down into particles
during repeated adsorption/desorption cycles. Therefore, the
powder and granulated powder adsorbent was molded into a
monolith to meet these performance requirements. Figure 3
shows the molding process.

Fig. 3   Molding process of monolith

3. Adsorption Simulation

The adsorption simulation was used to predict adsorption
pore structures that would be effective for methane gas
storage, and to provide direction for the research. The
simulation used the Cerius2 made by Accelrys Inc. (USA),
and adsorption performance was calculated by the
monte-carlo method.



Development of Adsorbent for Natural Gas Storage

– 155 –

3.1. Activated Carbon
Figure 4 shows the basic simulation model. The

simulation calculated the methane adsorption capacity for
different pore sizes using this model(3). Figure 5 shows the
adsorbed status for each pore size. The calculation results
showed that a graphite layer distance (distance between
graphite layer centers) of approximately 11 Å provided the
ideal adsorption for methane molecules. Figure 6 shows
these results in terms of pore size and gas storage capacity.
These calculation results showed that the ideal pore structure
for methane storage was a peak pore size of 7.8 Å, and the
specific surface area at that time is 2 630 m2/g.

Fig. 4   Basic model of adsorption

Fig. 5   Status of adsorption with change in layer distance

Fig. 6   Pore size and storage capacity

3.2. Carbon Nano-materials
An adsorption model was constructed and simulations

were performed for carbon nano-materials in the same
manner as activated carbon. Figure 7 shows the simulation
model. There are still many unknowns in terms of model
creation and simulation methods for BuckminsterFullerene
and carbon nanotubes, so the simulation was conducted using
the same setting conditions for activated carbon(4) (5).

Figure 8 shows the simulation results for activated
carbon and carbon nano-materials. At a pressure of 3.5 MPa,
the gas storage capacity was 0.205 NL/cm3 for the carbon
nano-tube(CNT), and 0.216 NL/cm3 for activated carbon.
This indicated that the adsorption with the most ideal pore
structure was activated carbon.

Fig. 7   Adsorption model for nano-carbon materials

Fig. 8   Results of simulation

4. TEM Surface Observation

The purpose of TEM surface observation was to obtain a
relative comparison of the internal structures of the
adsorbents used in the tests. In addition, the pore status can
also be understood by performing image analysis on the TEM
images.
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4.1. Activated Carbon
TEM surface analysis was performed for the two types of

activated carbon (coconut shell/steam activation, coal/KOH
activation) evaluated by this research. Figure 9 shows the
analysis results. These results confirmed that the activated
carbon made using coal and KOH activation could be
fabricated to values near the peak pore size of 7.8 Å and
specific surface area of 2 630 m2/g which were the ideal pore
structure obtained by the adsorption simulation. In contrast to
this, coconut shell and steam activation resulted in a smaller
specific surface area (obtained using the BET method) at the
ideal peak pore size, and conversely a larger than ideal peak
pore size at the ideal specific surface area. This indicated that
the combination of coconut shell and steam activation is not
suitable for methane adsorption.

Fig. 9   TEM image of activated carbon

4.2. Carbon Nano-materials
In its synthesized state, C60 has an extremely stable

structure comprised of hexagonal and pentagonal faces(5). It
has been reported that effective methane adsorption sites can
be obtained by applying activation to this stable structure(6).
This research compared the surface status before and after
activation to confirm the changes produced by activation.
Figure 10 shows the TEM analysis results for C60.

Fig. 10   TEM image of fullerene

While a neat and orderly graphite crystal lattice can be
confirmed before activation, this cannot be confirmed at all
after activation. These results are thought to indicate that C60
does not maintain a neat soccer ball structure after activation,
and instead the carbon atoms decompose into an amorphous
form. Why this amorphous structure is effective for methane
adsorption has not yet been theoretically solved at present,
but a clear structural change can be confirmed. Figure 11
shows the BuckminsterFullerene measurement results for
different activation conditions.

Fig. 11   Analysis of pore structure for activated 
fullerene

Next, Fig. 12 shows the TEM analysis results for carbon
nanotubes. Carbon nanotubes are classified into single wall
(SWCNT), double wall (DWCNT) and multi wall (MCNT)
according to the number of tube layers(2). However,
simulation results showed that SWCNT are the most effective
in terms of methane adsorption capacity relative to carbon
density. However, it is extremely difficult to synthesize only
SWCNT, and it is not uncommon for MWCNT and C60 to
also be present. Therefore, TEM analysis was performed to
confirm the quality of the test materials evaluated by this
research (Fig. 12). The results confirmed a small amount of
catalytic residue, but the material was synthesized with an
even tube size of 15 Å, and the test material quality was
confirmed to be extremely high, with almost no MWCNT or
other types present.

Fig. 12   TEM image of CNT
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5. Pore Analysis

Image processing was performed on the TEM images,
and Fig. 13 shows the activated carbon pore distribution
calculated from the image processing results. The calculation
results show that the ideal case in the simulation is an even
peak pore size of 7.8 Å, but the pore size for actual activated
carbon has a distribution, and this distribution must be taken
into account when predicting the gas storage capacity. The
analysis results confirmed that the peak pore size for
activated carbon made using coal and KOH activation is the
same 7.8 Å as the ideal peak pore size, and that a sharper
pore size distribution can also be achieved than that for
coconut shell and steam activation. This is thought to indicate
that activated carbon made using coal and KOH activation is
closer to the ideal.

Fig. 13   Pore size distribution

6. Evaluation of Adsorption Ability

6.1. Activated Carbon
Figure 14 shows the methane adsorption test results for

activated carbon molded into a monolith. Improvement of the
activated carbon is broadly divided into three steps, and the
conditions (temperature, time, etc.) for activation, which is
the core technology, are expressed as the degree of activation.
This degree of activation has an extremely high correlation
with the bulk density of the activated carbon. First, in step 1
the degree of activation was improved using coconut shell
and steam activation. The results clearly show the coconut
shell tendency, and make it possible to ascertain the
adsorption ability.

Next, in step 2 the raw materials and activation method
for the activated carbon were changed, and a vast
improvement in ability was confirmed compared to step 1.
Therefore, in step 3 the coal raw materials and degree of
activation were further reviewed compared to step 2. As a
result, the activated carbon achieved a methane storage
capacity of 0.155 NL/cm3, which is 77.5% of the target gas
storage capacity.

6.2. Carbon Nano-materials
Figure 15 shows the adsorption test results for carbon

nano-materials. Carbon nano-materials are carbonized by the
synthesizing process in the raw material stage, so the
adsorption was fabricated using only activation. The
adsorption test results for carbon nano-materials showed that
SWCNT and MWCNT could only obtain gas storage
capacities approximately 50% that of activated carbon, but
C60 achieved roughly the same value as activated carbon.

7. Adsorption Performance Achievement Level

Figure 16 shows a comparison of storage capacity for
various methane adsorption systems(7) - (10). Like hydrogen
storage, there is no global evaluation standard for methane
adsorption, so there may be some deviation based on the
measurement method. However, comparison with values
reported in research thus far confirmed that the results
achieved by this research are among the world’s highest.

Fig. 14   Adsorption performance of activated1 carbon

Fig. 15   Adsorption performance of nano-carbon
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Fig. 16   Comparison of methane storage capacity

8. Conclusion

The results achieved by this research are as follows.
(1) The methane storage capacity using activated carbon was

0.155 NL/cm3 at a pressure of 3.5 MPa. This represents
77.5% of the gas storage capacity for CNG for a 100 L
container at a pressure of 20 MPa and which is the target
for this research.

(2) Research to apply carbon nano-materials as the
adsorption obtained C60 performance roughly equivalent
to activated carbon.

(3) Adsorption simulation calculation results showed that the
methane storage capacity of the ideal graphite structure is
0.216 NL/cm3, and that the pore structure at that time has
a peak pore size of 7.8 Å and a specific surface area of
2 630 m2/g.
This project is a compilation of the research results from

fiscal year 1997 through fiscal year 2002 within the
Advanced Clean Energy Vehicle Project, which is being
researched through a grant from the New Energy and
Industrial Technology Development Organization (NEDO)
via the Japan Automobile Research Institute (JARI).
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Development of Lightweight Valve Spring Retainer
Made from Aluminum Powder Metal for 

Motorcycle Races

Kosuke DOI* Hiroyuki HORIMURA* Kyo TAKAHASHI*

ABSTRACT

In order to enhance the engine performance of racing motorcycles, by aiming to increase critical engine speed, a valve spring
retainer made of lightweight powder aluminum alloy has been developed. The high strength abrasion resistance aluminum, “NCP
400” (Nano Crystal Powder metal with crystal grain size of 400 nm), was created through blending optimum amounts of hard
grains to provide abrasion resistance to the Nano Crystal Powder aluminum alloy consisting of Nano-sized crystal grains.
Optimum temperature control and a forging method for the material property established the warm-precision-closed-forging
technology where post-machining is unnecessary in parts manufacturing. The safety factor (the ratio of the margin of a part to the
maximum stress when in use) verification method was set up, where the retainer load could be evaluated quantitatively based on
the movement of the valve train during operation.

 * Asaka R&D Center

1. Introduction

Recently even factory machines in the MotoGP class,
which is the pinnacle of motorcycle racing, are shifting from
conventional 2-stroke engines to 4-stroke engines with valve
systems. This has created an extremely high need for
lightweight valve systems that allow high engine speeds. In
response to this need, valve spring retainers made from
titanium alloy have been adopted in place of the steel
retainers used in mass production vehicle engines in order to
reduce the inertia force of reciprocating motion parts.
However, in consideration of the ratio of fatigue strength to
weight, there are limits as to how far the weight with titanium
alloy can be reduced. As a means of further reducing the
weight, the authors have manufactured aluminum valve
spring retainers since the mid-1990s for application to factory
“works” racers and as kit parts. (Fig. 1) This paper presents
the design of aluminum powder metal materials developed
for retainers, and describes the manufacturing technology and
a method for verifying the safety factor in parts
manufacturing.

2. Development Targets

The development targets for the lightweight valve spring
retainer were set as follows.
(1) A weight reduction of 20% or more compared to the

conventional titanium alloy retainer.
(2) Abrasion resistance should be assured without surface

treatment (hard anodizing coating, etc.).

3. Materials Technology

Conventional aluminum valve spring retainers were
manufactured using a composite material made of hard
particles mixed into rapidly solidified powder. Honda
introduced retainers with Al-14.5%Si powder metal +
ceramic powder composite material specifications to mass
production vehicle engines in 1989. In addition, retainers
with 2000 type aluminum powder metal + alumina + hard
alumite specifications are currently used in other companies’
motorcycles.
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Fig.1   Valve spring retainer made from aluminum 
powder metal

Similar specifications were also considered in this
development, but the conclusion was reached that they were
not better for racing, mainly due to strength issues.
Therefore, the decision was made to use Nano Crystal
Powder aluminum metal developed by Honda’s Basic
Research Division as a metal with characteristics surpassing
those of conventional rapidly solidified powder metals.

3.1. Ensuring Strength by Controlling the Structure of
Rapidly Solidified Powder

In contrast to the conventional approach of expanding the
limit of solid solution and grain refining by rapid cooling, Al
base amorphous metals have been discovered in addition to
La base, Zr base and other amorphous metals. Research on
super-cooled metals that allow the manufacture of bulk
amorphous metals is currently the focus of attention around
the world, and various research institutions are continuing
studies with the aim of practical application. Nano crystal
aluminum metal has a structure comprised of nano-size
crystal particles obtained by controlling the structure utilizing
the crystallization from the amorphous phase and an
intermetallic compound. The newly developed Nano Crystal
Powder aluminum metal is already in the crystal phase in its
powder state, but the structure is obtained through
homogeneous nucleation from the super-cooled liquid state,
so it is homogeneous. The metal composition was selected
from the following viewpoints.
(1) Manufacture should be possible using existing air

atomizing facilities.
(2) The metal should be comprised of low-cost elements.
(3) Increases in the specific weight of the metal should be

kept to a minimum.
Particularly in terms of (1) above, a combination of

elements with a high amorphous forming ability was required
due to limitations on the cooling speed and melting
temperature. Figure 2 shows groups of elements with high
amorphous forming abilities with aluminum as the main
element. It has already been found that high amorphous
forming ability can be obtained by adding one element from
each of groups A and B shown in Fig. 2 to aluminum to
create a three or more element system, so the addition
elements were selected from these groups. Figure 3 shows a
comparison of crystallizing temperature and material cost for
three-element alloys that include a group A element. Fe was
selected from group A due to its high crystallizing
temperature and low cost. In addition, Fig. 4 shows a graph
of the alloy density and the alloy cost for three-element
metals including each representative element in group B. Ti
was selected from group B because it has the lowest specific
weight and is low cost. In order to enhance the amorphous
forming ability, Si was added as the fourth element to the

base of the Al-Fe-Ti alloy to create a four-element
Al-Fe-Ti-Si alloy. Note that the interaction between Si and Ti
worked to increase the amorphous forming ability, and had
the effect of spheroidizing the Al-Fe compound which
suppressed the drop in toughness.

Figure 5 shows the relationship between the Fe, Ti and
Si addition amounts and the mechanical properties. The
tensile strength increased together with the Fe addition
amount, but at 6 atomic percent (hereafter, at%) or more the
melting point became too high, making atomization difficult
with existing mass production facilities. Ti also worked to
increase the tensile strength in the same manner, but at 1at%

Fig.2   Combination of elements which form 
amorphous

Fig.3   Crystallizing temperature of Al-(Gr. A element)-
(Rare earth element) alloy and rate of material 
cost of Gr. A element

Fig.4   Relationship between alloy density and alloy cost 
(Al-Fe- Gr. B element alloy)
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or more there was no further increase in the tensile strength.
Si shows a high impact value ratio with respect to tensile
strength at 2at%. In consideration of these results,
Al-6at%Fe-1at%Ti-2at%Si was determined as the optimum
alloy composition.

3.2. Ensuring Abrasion Resistance with the Optimum
Hard Particle Mixture

Possible methods for improving abrasion resistance are as
follows.
(1) Surface treatment such as hard alumite or hard plating
(2) Creating a composite material by dispersion

compounding of hard particles
The authors selected method (2) which endows the

material itself with abrasion resistance. This is because
method (1) increases the cost of parts manufacturing, and the
advantage of powder materials is that hard particles can be
dispersion compounded afterwards to the base powder metal.
When creating a composite material, it is necessary to select

the hard particle size and amount, and to confirm the effects
on the mechanical properties. In addition, if dispersion
compounding is uneven, this may result in uneven
mechanical properties or create a starting point for fatigue
fracture. Figure 6 shows concept drawings of the effects of
the alumina addition amount and particle size on abrasion
resistance and strength. In general, larger addition material
particle sizes and amounts tend to cause the strength to drop
but the abrasion resistance to rise. Figure 7 shows the
mechanical properties of actual composite materials. Based
on these test results, an addition amount of 5% (average
particle size of 3 µm) was selected to achieve a balance
between strength and abrasion resistance. Abrasion tests were
conducted using a pinion disk shaped friction abrasion tester
as shown in Fig. 8. In addition, the mixing conditions for
mixing alumina were set using a rotation and revolution type
rotary mixer. Figure 9 shows the composite material
structure. This shows that the alumina is evenly dispersion
compounded. Table 1 shows the mechanical properties of the
final composite material. This metal has a high fatigue
strength and tensile strength even in the temperature range at
which this metal is used as retainers (423 K). The authors
named this high strength abrasion resistant aluminum
material “NCP400” (Nano Crystal Powder metal). The “400”
indicates a crystal size of 400 nm. The crystal particle size of
this metal can be controlled from 20 nm to 1 µm by varying
the heat history, but the balance between strength and
toughness is best at around 400 nm.

Fig.7   Mechanical properties of composite metal

Fig.5   Relationship between amount of addition element and mechanical properties

Fig.6   Amount and particle size of alumina
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Fig.8   Abrasion test

Fig.9   Microstructure

Table 1   Mechanical properties of NCP400

4. Parts Manufacturing Technology

4.1. Precision Closed Die Forging
Precision closed die forging which does not require

post-machining was attempted in order to enhance the
strength and reduce the machining cost of the developed
retainer. The nano crystal structure of NCP400 makes it
easier to work than conventional aluminum powder metals,
but compared to normal wrought products it has high strength
at elevated temperatures, which gives it high deformation
resistance when hot. In addition, it is also characteristic in
that it experiences almost no work hardening. Therefore,
special consideration must be given to the forging design,
lubricant selection, work temperature, die temperature and
other conditions. Of these, temperature control is a
particularly important element.

4.1.1. Work temperature
The work temperature was determined from the

relationship between the material properties of high
temperature elongation and the recrystallizing temperature.
Figure 10 shows the relationship between temperature and
elongation for NCP400. In contrast to elongation of only a
few percent at normal temperature, elongation begins to
increase noticeably when 573 K is exceeded. Figure 11

shows the relationship between the work retention
temperature and hardness. Here, structure growth starts and
the product strength drops when 773 K is exceeded.
Therefore, forging tests were conducted with the work
heating temperature in the range from 573 K to 773 K, and as
a result 623 K was selected as the optimum work
temperature. There is no change in the hardness even after
holding the work at 623 K for 100 hours, and there is
sufficient heat resistance. Note that the work was heated
using a mesh belt type continuous oven, and the belt speed
and ambient temperature were set to stabilize the work at
623 K at the belt exit.

4.1.2. Die temperature
If the die temperature is too high, the product dimension

accuracy deteriorates and concerns such as seizing, adhesion
and a shortened die life occur. Conversely, if the temperature
is too low, the temperature of the heated work drops, causing
cracking and making it not viable to mold sound products.
Figure 12 shows the positions where forging cracks occur,
and Fig. 13 shows the relationship between the die
temperature in molding and the occurrence rate of forging
cracks. Periphery cracks and crown cracks both show a high
correlation with die temperature, with the occurrence rate
rising sharply at 473 K or lower. Therefore, 523 K was
selected as the optimum die temperature. In addition, both the
upper and lower dies were controlled using imbedded heaters
to maintain a stable die temperature during forging.

Fig.10   Relationship between temperature and 
elongation

Fig.11   Tempering curve
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Fig.12   Position of forging cracks

Fig.13   Relationship between die temperature and 
occurrence rate of cracks

4.1.3. Forging design
The nano crystal aluminum metal has superior plastic

working characteristics compared to conventional aluminum
powder metal. However, the structure is nanometer size so
the working hardness is small and deformation easily
concentrates in a single area. Therefore, the metal must be
worked evenly and gently in each part during the molding
process. For this reason, a holed billet was fabricated and
closed die forging was performed by two-step molding.
Figure 14 shows this design. The results of unit fatigue tests
on the flange of forged parts showed a fatigue strength
improvement of 20% compared to machined parts. This is
thought to be due to the flow molding effects of forging.

4.2. Verification of Safety Factor

4.2.1. Loads received by the retainer
Most valve systems used in racing motorcycles are

DOHC lifter types in which the cam drives the valves
directly via a valve lifter. Figure 15 shows a model drawing
of the portion around the lifter. The loads received by the
retainer are as follows.
(1) Flange bending load produced by the lift load from the

spring and the dynamic inertia load
(2) Longitudinal splitting impact load received from the

cotter during valve bounce due to over-revolution, etc.
(3) Bearing surface friction load produced by sliding with the

valve spring
Unit motoring tests and engine evaluation verified that

sufficient durability with respect to (3) was achieved by

optimizing the hard particle mixture as described in section
3.2 above. Therefore, (1) and (2) are discussed below.

4.2.2. Measurement of valve system motion
In order to quantitatively measure the loads received by

the retainer during operation, it is important to understand the
valve system motion. In the static state, the only load
received by the retainer is the lift load from the valve spring.
However, when engine rotation causes the spring to
reciprocate between the installed condition and the lift
condition, the inertia force of the mass of the spring moving
parts (approximately 1/3 of the spring mass for a variable
pitch spring) also applies in addition to the static lift load.
When this inertia force of the reciprocating motion parts
exceeds the valve spring load at high revolutions, the valve is
no longer driven along the designed cam profile and instead
exhibits motion such as bounce and jumping. As a result, the
inertia force of this acceleration is also applied to the retainer,
making it difficult to predict the load simply with
calculations. Mass production vehicles are not used at
revolutions in this range, but assuring durability in this range
is important for racing vehicles.

Thus far there have been a number of reports concerning
the measurement of valve system motion(1), but none which
converted this motion to the load received by the retainer and
performed quantitative evaluation. Therefore, the authors
attempted quantitative evaluation using the valve gauge
method which does not use laser measurement or other large
scale facilities, and also does not require special machining
of the cylinder heads. This is an extremely simple method in
which two strain gauges are affixed in the axial direction of
the valve stem as shown in Fig. 16, and measurement is
performed on the cylinder head unit by a motoring device as
shown in Fig. 17. Measurement is performed at two
opposing points on the valve stem to eliminate strain in the
valve bending direction. The average value of the two
measurement values was taken as the axial strain, and this
strain was converted into a load. Figures 18 to 21 show the
waveforms obtained by this method. At extremely low speed
(crank revolutions of 60 r/min or less), there is no inertia
force and the waveform is straight as shown in Fig. 18.

Fig.14   Forging design

Fig.15   Valve system
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However, in the medium speed range (about 3 000 r/min), the
inertia force caused a change in the waveform as shown in
Fig. 19. Progressively increasing the speed resulted in a
compressed waveform with a projection around the end of
the lift as shown in Fig. 20, and then a tensile waveform as
shown in Fig. 21. Figure 20 shows the compressed
waveform produced when the parts from the valve to the
valve lifer, which jump around the middle of the cam
up-slope, land on the cam down-slope. Figure 21 shows the
tensile waveform produced when the jump extends past the
cam down-slope and the valve lands directly on the valve
seat. The authors read the peak load at this time and obtained
the acceleration of the reciprocating motion parts using the
equation of motion shown in equation (1) below.

a = Fv/M (1)

a : Acceleration of the reciprocating motion parts
Fv : Measured load produced on the valve
M : Inertia mass received at the strain gauge attachment

positions (valve stem)

The retainer flange bending load ((1) in Fig. 15) can be
expressed as follows.

Ftuba = Fol + Fok (2)

Fok = Mo × a (3)

Ftuba : Load applied to the retainer flange
Fol : Lift load of the outer valve spring
Fok : Inertia load of the outer valve spring
Mo : 1/3 of the outer valve spring mass

(Strictly speaking the lift load is not constant with respect
to the time axis and there is a phase difference between Fol
and Fok, but the load is expressed simply here as the sum of
the two.)

Substituting equation (3) into equation (2) yields the
following.

Ftuba = Fol + Mo × a (4)
In addition, the retainer longitudinal splitting load ((2) in

Fig. 15) can be expressed as follows.
Ftate = Ftl + (Mr + Mo + Mi) × a (5)

Fig.18   Waveform of load (under 60 r/min)

Fig.19   Waveform of load (about 3 000 r/min)

Fig.20   Waveform of load (high engine speed)

Fig.16   Sticking location of strain gauge

Fig.17   Motoring test
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Fig.21   Waveform of load (high engine speed)

Ftate : Retainer longitudinal splitting load
Ftl : Total lift load of the outer and inner valve springs
Mr : Retainer mass
Mi : 1/3 of the inner valve spring mass
Figure 22 shows a graph plotting the loads obtained by

equations (4) and (5) against the engine speed on the
horizontal axis.

4.2.3. Unit fatigue test and static destruction test
Since it became possible to measure the loads in an actual

engine as described in section 4.2.2, unit tests were
conducted to understand the actual forces acting on the
retainer with respect to those loads. Two types of unit tests
were performed in accordance with the destruction modes in
an actual engine. These were a fatigue test with respect to the
flange bending load, and a static destruction test with respect
to longitudinal splitting. Figure 23 shows an example jig
shape. Note that the valve spring seat does not evenly contact
the entire surface of the retainer, and instead has a large
surface pressure distribution at the spring end and directly
opposite (180°) the spring end. Therefore, the jig was shaped
to receive the retainer at two points to match these
conditions. Based on these test results and the results shown
in Fig. 22, the better retainer shape was set to provide a
safety factor of 1.2 or more in an actual engine.

Fig.22   Relationship between engine speed and load 
which retainer receives

Fig.23   Component jig test

Fig.24   Pressure distribution of valve spring seating 
surface (by No carbon paper)

4.2.4. Analysis by computer-aided engineering
An attempt was made to clarify the correlation between

the fatigue limit obtained by the unit fatigue test and the
maximum stress obtained through analysis by
computer-aided engineering for this retainer. The
computer-aided engineering model used a 1/2 model, the unit
fatigue test jig was used as is, and the contact conditions
were set to accurately simulate the fatigue test. This
improved the development efficiency by reducing the test
man hours. Figure 25 shows an example simulation.

5. Effects in an Actual Engine

Weight reduction of 23% was achieved compared to
conventional titanium alloy retainers. This stabilized the
valve system motion, reduced the load on other valve system
parts, and made it possible to increase the limit revolution
speed of valve bounce by 220 r/min. As a result, the engine
limit revolution speed increased, and the improved output led
to greater competitive strength. This retainer had been
applied to factory “works” racers in the super-bike class since
the mid-1990s, and has contributed to six consecutive
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victories in the Suzuka 8-hour Endurance Road Race. In
addition, it is also sold as a kit part.

6. Conclusions

(1) Weight reduction of 23% was achieved compared to
conventional titanium alloy retainers.

(2) Nano Crystal Powder aluminum metal with high strength
and high toughness was developed.

(3) Technology for realizing the optimum hard particle
mixture was established to provide abrasion resistance.

(4) Precision closed die forging technology was established
to reduce the parts supply cost.

(5) A safety factor verification method was established which
allows quantitative evaluation of the retainer load from
the valve system motion.
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Development of High-heat-resistant High-nitrogen
Containing Austenitic Stainless Steel

for Exhaust Gasket

Takashi KATSURAI* Tadao NISHIYAMA* Shuji HAMANO**

ABSTRACT

SUS301-EH is widely used as a material for exhaust system gaskets, but a decline in the material’s ability to seal gases due to
its reduced hardness at temperatures in excess of 400 °C makes it impossible to use it in high-temperature applications. The
research described in this paper determined that the following methods were effective in controlling the softening of stainless steel
at high temperatures: (1) The addition of a nitrogen component; (2) Stabilization of the austenite structure; (3) The addition of a
molybdenum component. The application of this material to exhaust gaskets has enabled the achievement of excellent seal
performance even in tightened sections in high-temperature environments of 400 °C and above, which was problematic for
conventional gasket materials.

* Tochigi R&D Center
** Daido Steel Co., Ltd.

1. Introduction

Improvements to combustion and exhaust systems are
being made in recent years to balance the requirements of
better exhaust emission control performance and reduction in
CO2 emissions through enhanced fuel consumption. The
effect of cutting down the catalytic temperature rise time for

activating the catalyst quickly has become significant, and
engines with a shortened exhaust system passageway up to
the catalyst and reduced exhaust system heat capacity are
currently in operation. In view of such developments, the
temperature of exhaust system components is becoming
higher, and the usage environment of gaskets used for sealing
the exhaust is becoming more severe.
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2. Development Goals

SUS301-EH stainless steel with high strength and
excellent spring characteristics has been used until now as the
material for metallic gaskets used for sealing exhaust at the
connections of components in the exhaust system and
cylinder head. This gasket is made of a thin sheet of 0.2 mm
thickness as shown in Fig. 1, has a bead formed on it and has
a shape that envelopes the exhaust port. This bead acts as a
spring. Its function is to seal the exhaust that passes through
the clearance between the cylinder head and the flanges of
exhaust system components, which deform during operation
due to heat from high temperature combustion gases.
However, the deformation of flanges of tightened parts has
tended to be excessive in recent years because of the high
temperatures of the exhaust system components(1). Since
gaskets are also subjected to high temperature usage
environments, the gasket material is required to possess high
spring characteristics in high temperature environments.

When the temperature exceeds 400 °C, SUS301-EH,
which is conventionally used as the gasket material, suddenly
becomes soft and loses its spring characteristics.
Consequently, the gasket needs to be used in environments
where the temperature is below 400 °C. However, for the
newly developed three-cylinder engine shown in Fig. 1, a
structure in which the turbocharger is directly fitted to the
cylinder head is adopted in order to shorten the exhaust
system passageway up to the catalyst and to reduce the heat
capacity. The temperature of flanges at the connections
exceeded 500 °C, and SUS301-EH could no longer be used.
Thus, a high–heat-resistant gasket material that could retain
its sealability characteristics adequately, without softening at
temperatures of 500 to 600 °C, was required.

Fig. 1   Illustration of exhaust gasket

3. Study of Methods to Retain Hardness at 
High Temperatures

3.1. Required Properties of Gasket Material
The gasket was tightened between the flanges, held at

various temperature ranges for 400 hours, and then taken out.
The height of the bead remaining (residual bead height) and
the hardness were measured. Figure 2 shows the relationship
between the residual bead height and the hardness. According
to this figure, when the hardness drops below HV400, the
bead undergoes plastic deformation due to the flange
tightening force and the residual bead height becomes
practically zero. In this way, the hardness of the material is an
important factor that governs the sealability of the gasket.

The higher the hardness is, the greater the spring restoring
force becomes and the more superior its sealability is.

As demonstrated above, the gasket material should
possess hardness greater than HV400 and should enable the
bead to be formed. SUS301, the material conventionally used
in gaskets, is a metastable austenitic stainless steel. Strain
energy is given to this material in the final cold rolling stage
of the steel manufacturing process. As a result, a high
strength strain-induced martensitic structure is obtained,
which gives high hardness to the material. During final cold
rolling, a large dislocation can be introduced in the
strain-induced martensitic structure, giving rise to work
hardening. Thanks to the transformation of martensite and the
synergistic effect, a tempered rank of EH (Extra Hard) with
hardness greater than HV500 can be obtained.

3.2. Causes of Hardness Reduction of SUS301-EH
If SUS301-EH is held for a long period at a high

temperature, it becomes soft because the large dislocation
introduced during the final cold rolling is released and
recovered to its original state, and the strain-induced
martensite returns to austenitic structure due to inverse
transformation.

Figure 3 shows the results of hardness measured after
holding SUS301-EH at a high temperature for 400 hours. It
can be observed from the figure that at temperatures greater
than 400 ºC, the softening of the material progresses rapidly.
It is well known that the inverse transformation of structure
of strain-induced martensite occurs at temperatures near
800 ºC(2). The cause of the rapid reduction in hardness at
temperatures near 400 ºC is attributed to the recovery.
Accordingly, it is important to inhibit the release of
dislocation introduced by the strain so as to control softening
in the temperature range of 500 to 600 ºC.

SUH660 and SUS631 are well known as stainless steel
materials for high temperature use. Ni-based Inconel-625 is
also widely used as a heat-resistant material. Figure 3 shows
the hardness characteristics at high temperatures of
SUS301-EH and Inconel-625. According to this figure,
Inconel-625 can retain its hardness at room temperature even
up to a temperature of 800 ºC. However, the initial hardness
at room temperature is about HV350 to HV400, and
therefore, it is unsuitable for use as gasket material. Thus, the
existing heat-resistant materials could not retain high
hardness in a stable condition over the range of temperatures

Fig. 2   Relationship between hardness and bead 
height after hot tightening
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from room to high temperatures, and high sealability required
of a gasket material could not be attained when they were
used.

3.3. Concept of Material Design
The material for gaskets used at high temperatures should

satisfy the balancing requirements of: (1) high hardness to
ensure spring characteristics, and (2) stable structure that
inhibits softening at high temperatures. For this purpose, the
dislocation introduced in the structure for high strength by
work hardening should be made to adhere fast so that it is not
released at high temperatures and softening does not occur.
Two methods are effective for adherence of the dislocation:
the method of dissolving C and N, which are interstitial solid
solutions, in the crystal lattice and the method of
precipitating C and N as carbides and nitrides(3). In this
development work, attempts were made to prevent as far as
possible, the motion of the dislocation by the synergistic
effects of both methods. Particularly, since N has a higher
solubility in solid than C, it is not likely to form coarse
precipitates such as Cr23C6 even if held for a long period in
high temperature and is unlikely to become brittle. Thus it
was decided that dissolving a large amount of N was an
effective method(4), (5). Moreover, steel with high N-content
has been reported(6) - (8) to have high strength and excellent
workability. It is also considered to be ideal for bead
forming(2) of gaskets to which strain has been applied locally.

The solubility in liquid of N in molten steel follows the
Sieverts’ Law [N%] = A [PN2] 1/2. Therefore, the partial N2
pressure (PN2) cannot be increased in the conventional
Vacuum Oxygen Decarburization (VOD) process, and the
general practice is to use solubility in liquid of high N
containing steel at about 0.2%. Only the high Cr, high Ni,
Mo-based seawater-resistant 0.5%N Super Stainless (Avesta
Sheffield 654SMo)(10) and 1.0%N steel experimentally tried
out by pressurized ESR (Electro Slag Re-melting) apparatus
have been reported as other high N-added steels(11), (12). It was
considered that increasing the amount of additives Cr and
Mn, which are elements that enhance the solubility of N in
molten steel, would increase the amount of N added under
similar conditions of partial N2 pressure without changing the
refining method(13), (14).

Moreover, the method of forming austenitic structure,
which has a face centered cubic lattice (fcc) structure with
high solubility in solid, is effective in dissolving the solid N

even at room temperature. Furthermore, the fcc structure
enhances hardness at high temperature since its self-diffusion
coefficient is small because of the high packing density of
atoms. Therefore, the effect of forming austenitic structure is
considered to be significant.

N, an interstitial element being dissolved in the austenitic
structure, forms an Interstitial-Substitutional (I-S) bond with
Cr, Mn, and Mo, which are substitutional solid elements, and
is known to possess characteristics that enhance strength
further(15). Its combination with Cr, Mn, and Mo as an
additive is considered to be very effective(16). The addition of
Mo to a newly developed material was studied in particular
because of its effect in improving strength at high
temperatures by solid solution hardening.

Based on the results of the study mentioned above,
component design was carried out with the following as the
basis: (1) addition of N; (2) stabilization of austenitic
structure; and (3) addition of Mo. The development target
values for the material were set as retention of initial
hardness greater than HV450 and retention of residual
hardness greater than HV450 even after 400 hours at 600 ºC.

3.4. Results of Validity Verification of Component
Design

The material of each component was held for 400 hours
at 600 ºC, and the effects of various parameters for residual
hardness were analyzed. Figure 4 shows the effects of the
addition of N. It was confirmed from this figure that the
residual hardness increases almost directly in proportion to
the amount of N added up to an addition of 0.3%N. Next,
Fig. 5 shows the results that confirm the effects of material
structure. To express the state of material structure here, the
Ni equivalent (Nieq) according to Delong's equation(17) (1) is
used.

Nieq(%) = Ni% + 0.5 × Mn% + 30 × (C% + N%) (1)

The results showed that when Ni-equivalent is high and
the austenitic structure is stable, the residual hardness after
retention at high temperatures is high, confirming that the
stable austenitic structure is effective as the parent phase.
Finally, Fig. 6 shows the effects of the addition of Mo. From
these results, it was confirmed that the addition of Mo is also
effective in the retention of hardness at high temperatures.

Fig. 4   Effect of amount of nitrogen on hardness 
after 600 °C × 400 Hr holding

Fig. 3   Relationship between hardness and bead 
holding temperature after 400 Hr
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Fig. 5   Relationship between Ni equivalent and 
hardness after 600 °C × 400 Hr holding

The validity of component design was verified from the
results above, therefore, optimum specifications that maintain
an appropriate balance were studied. Since the effects of the
addition of N are particularly large, it was considered that the
emphasis should be placed on having N as the maximum
solid solution in the component specifications(18).

Fig. 6   Effect of amount of molybdenum on hardness 
after 600 °C × 400 Hr holding

3.5. Setting Material Component Specifications
Table 1 shows the approach to component design based

on: (1) N as the maximum solid solution; (2) Stabilization of
austenitic structure, and (3) The addition of Mo. The settings
are explained in a simple manner below.

N : Addition to molten steel until the saturated soluble
amount

C : Added as the minimum limit required for reducing
other interstitial solid solutions for obtaining N as
the maximum solid solution

Ni : Element for stabilizing austenite; appropriate
amount is to be added since it reduces the solubility
in solid of N

Mn : Element for stabilizing austenite; appropriate
amount is to be added since it enhances the
solubility in solid of N for compensating
stabilization of austenite which declines due to

inadequate Ni
Cr : Greatest element for N solid solution; added as 23%

so that maximum solid solution is obtained at the
solution temperature

Si : Added as the minimum limit since it is an element
generating ferrite

Mo : Appropriate amount is to be added to enhance heat
resistance

V : Added so that minute amount of C adheres as
carbide and also to prevent increase in size of coarse
grains

Table 2 shows the components of the newly developed
material with 0.5% N solid solution, designed based on the
results of the study above. It was also confirmed that a
hardness level of HV470 could be attained, which is adequate
for gasket material by implementing final cold rolling at a
reduction of 60% for the said material.

Table 2   Chemical composition of newly developed steel

4. Verification of Effects

4.1. Hardness Characteristics during High
Temperatures

Figure 7 shows the results of the measurements of
change in hardness after holding the newly developed
material for 400 hours at high temperatures. The figure
shows that the hardness value is maximum at 400 to 450 ºC.
Subsequently, a softening trend that is proportional to the
temperature was verified. It can also be observed that the
initial hardness is retained even at 600 ºC. Compared to the
softening of SUS301-EH at temperatures above 400 ºC, the
temperature at which softening starts has been raised by more
than 200 ºC. Softening that occurred near 400 ºC due to the
release of dislocation was also completely inhibited.

Figure 8 shows the results that confirm the effects of
retention time corresponding to softening at high
temperatures. According to this figure, the hardness at 600 ºC
has increased from the initial hardness in 10 hours but
subsequently there is no change. At temperatures above
700 ºC, the softening has practically ended in about
100 hours. Subsequently, the onset of softening is extremely
small, with dependence more on temperature than on time.

Table 1   Alloy design concept
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Fig. 7   Relationship between hardness and holding 
temperature after 400 Hr

Fig. 8   Relationship between hardness and holding time

4.2. Hardening Mechanism at Temperatures below
600 °C

The hardening mechanism was analyzed since the
hardness increases at temperatures of 600 ºC and below
compared to the initial hardness. Figure 9 shows the results
of observations made on the material held at 600 to 900 ºC
for 400 hours using the optical microscope. These

observations show the processed structure in grains caused
by strain and grains elongated due to rolling at 600 ºC.
Elongated grains remained at 700 ºC similar to the condition
at 600 ºC, but it was also observed that microstructures of
recrystallized fine-grains or precipitates near the grain
boundary were formed. Furthermore, at temperatures of
800 ºC and 900 ºC, these microstructures grew and became
coarse.

To verify whether the hardening mechanism at 400 to
600 ºC was due to precipitates or not, an attempt was made to
identify the precipitates in samples held for 400 hours at
600 ºC by the melting extraction method, but precipitates
could not be detected. Moreover, no change in hardness was
observed and precipitates could not be detected even when
solution treated materials without strain were held for a long
period at the same temperatures. From these results, the
hardening mechanism at 400 to 600 ºC is considered to be
strain aging with enhanced adhering capacity of dislocation,
as a result of accumulation of solid N around the dislocation
introduced at final cold rolling at a reduction of 60%, which
forms a Cottrell atmosphere. The mutual interaction due to
the I-S bond is also predicted to have a considerably large
effect (15), (16), (18).

4.3. Hardening Mechanism at Temperatures above
600 °C

It was confirmed from the results of observation with an
optical microscope that the microstructure generated in the
vicinity of the grain boundary has a large effect on the change
in hardness of the newly developed material at high
temperatures. Figure 10 shows the results of analysis by the
scanning electron microscope for material held at 400 hours
at 900 ºC. It was verified from the results that two kinds of
precipitate ⎯ black-colored high Cr, N-based precipitate less
than 2 µm and white-colored high Cr, Mo-based precipitate
of about 3 µm ⎯ existed in these microstructures. Figure 11
shows the results of the analysis of these precipitates by an
electron beam diffraction pattern. It was confirmed from these
results that the black-colored high Cr, N-based precipitate was
Cr2N but similar identification of the white-colored high Cr,
Mo-based precipitate could not be made.
It is well known that in the case of high nitrogen containing
steel, Cr2N precipitates at temperatures above 600 ºC (19), (20).
In the case of the newly developed material too, precipitation
hardening is considered to occur due to precipitation of Cr2N

Fig. 9   Microstructure of newly developed material (600 − 900 °C : After 400 Hr holding)
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at temperatures above 600 ºC. Cr2N is said to precipitate
preferentially over grain boundary and dislocation (21). It has
been confirmed also from Fig. 9 that it precipitates near the
recrystallized grain boundary in the structure at 900 ºC.

Figure 12 shows the change in structure corresponding
to holding time at temperatures of 700 ºC and 800 ºC at which
hardness reduction occurs. It is observed from the figure that
precipitates are formed in the structure after a holding time of
100 hours at both temperatures, but practically no change in
the structure occurs even if held up to 400 hours. Comparing
the condition of such a structure with the softening
characteristics shown in Fig. 8, it is seen that practically no
change in hardness occurs in the range where no change in
the structure occurs.

Based on these results, it can be concluded that Cr2N
precipitates preferentially on the grain boundary or on the
dislocation at temperatures above 600 ºC and inhibits softening
due to the release of the dislocation. Furthermore, softening
progresses because recrystallized structure is formed in
addition to the release of dislocation at high temperatures of
800 to 900 ºC. However, the precipitated Cr2N generates

pinning effects, therefore, growth of the recrystallized grains
is probably inhibited. That is probably why the change in
structure and hardness at high temperatures above 700 ºC
became extremely slow. However, as the temperature
increases, Cr2N, which possesses pinning effects, flocculates
and becomes coarser. These pinning effects reduce and the
grain growth inhibiting effect at the grain boundary decreases,
therefore, the softening is considered to have increased.

It is presumed that the same factors have participated in
the growth inhibiting effect of precipitates and secondary
recrystallized grains in case of white-colored high Cr, Mo
phase, but it could not be confirmed.

4.4. Conclusion Related to Hardening Mechanism
It was confirmed that the newly developed material

possesses two levels of hardening mechanisms when N is
added. The first is the strain aging due to solid N in the
temperature range below 600 ºC, while the second is the
precipitation hardening of Cr2N in the temperature range
above 600 ºC. The dislocation introduced during final cold
rolling is considered to act effectively in both levels.

Fig. 10   Scanning electron micrograph after annealing 
(900 °C × 400 Hr)

Fig. 11   Result of analysis by electron beam 
diffraction pattern

Fig. 12   Microstructure of newly developed material (700, 800 °C : After 1 − 400 Hr holding)



Development of High-heat-resistant High-nitrogen Containing Austenitic Stainless Steel for Exhaust Gasket

– 173 –

Fig. 13   Relationship between temperature and bead 
height after tightening test

In conclusion, when material with alloy components in
which (1) solid N has been increased, (2) stable austenitic
structure has been formed, and (3) Mo has been added, is
subjected to final cold rolling at a reduction of 60%,
inhibition of growth of recrystallized grains due to
micro-precipitates of Cr2N and strain aging due to solid N
could be achieved. Thus, softening at high temperatures that
had occurred in SUS301-EH conventionally was inhibited,
and the temperature at which softening starts could be
improved by more than 200 ºC.

5. Results of evaluation of engine compatibility

A gasket was manufactured using the newly developed
material. It was fitted to an actual engine, the engine was
operated and the height of the residual bead was measured.
From the results and the hardness reduction characteristics at
high temperatures shown in Fig. 7, the relationship between
the change in height of the residual bead and temperature was
determined. This relationship is shown in Fig. 13. From the
figure, it was observed that while the residual bead height
reduced rapidly and sealability degraded at temperatures
above 400 ºC when SUS301-EH was used, the residual bead
height above initial values was retained at temperatures up to
600 ºC and no degradation in sealability occurred in the case
of the newly developed material.

The temperature of the gasket of the newly developed
engine using the newly developed gasket material was about
500 ºC, indicating that the residual bead height had adequate
sealability against heat deformation of the flange.
Furthermore, it was also confirmed that the gasket had
excellent sealability in the engine endurance tests.

6. Conclusion

To inhibit softening at high temperatures, efforts were
made to develop a new material focusing on strain aging by
using N and inhibition of growth of recrystallized grains by
using nitrides. The result was the development of a spring
material for use at high temperatures up to 600 ºC wherein no
hardness degradation occurred. This temperature was more
than 200 ºC higher than the temperature of conventional
materials at which hardness degradation occurred. This
newly developed material was used as the material in exhaust

gaskets, and it was confirmed that it possessed excellent
sealability when used in tightened parts at temperatures
higher than 400 ºC at which sealing was difficult in
conventional gasket materials such as SUS301-EH. The
results of the development are summarized below.
(1) The sealability of the gasket was evaluated by the

hardness of the material. For attaining stable sealability,
hardness greater than HV400 is necessary.

(2) At temperatures below 600 ºC, the dislocation introduced
in final cold rolling adheres due to strain aging of solid N,
and the initial hardness can be retained.

(3) At temperatures above 600 ºC, softening occurs because
of the release of the dislocation. However,
micro-precipitates of Cr2N occur in the grain boundary,
which causes precipitation hardening and inhibits the
growth of recrystallized grains. Therefore, softening
almost stops even if held for a long period.

(4) By using the gasket with the newly developed material,
the initial sealability can be retained up to about 600 ºC.
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Development of High-strength Induction Hardened
Crankshaft

Hayato ONDA* Tetsuya ASAI* Kenji FUJIKI*
Hirotsugu  KUDO* Kazumasa MUROFUSHI*

ABSTRACT

A high fatigue strength and wear resistant induction hardened crankshaft has been developed for diesel engines. Crankshafts
for use in diesel engines must be engineered to tolerate the high loads generated by high in-cylinder pressures, and be capable of
resisting wear caused by the carbon, which collects in the lubricating oil as a combustion by-product. Simultaneous hardening of
the shaft and the fillet has been adopted in the newly developed crankshaft to achieve even higher strength while reducing the
number of production processes, resulting in the development of a crankshaft with excellent fatigue strength, resistance to wear,
and mass producibility. A special material was developed for the crankshaft to enable the curvature occurring during induction
hardening of the fillet to be easily corrected. In addition, control of inclusions in materials has enabled the lead component,
conventionally added to increase machinability, to be removed without sacrificing workability.

 * Tochigi R&D Center

1. Introduction

The demand continues to grow for automobiles to place
lower loads on the environment than ever before. There are
high expectations placed on the diesel engine from the
viewpoint of regulations on CO2 emissions.

The diesel engine operates at higher cylinder pressures
than the gasoline engine, causing high loads, particularly
bending loads, on the crankshaft. Furthermore, the inclusion
of combustion by-products (carbon) into the lubricating oil, a
problem which does not occur in gasoline engines, requires
high wear resistance in the reciprocating parts of the journal.
This has necessitated development of materials and
heat-treating technologies for more wear and stress resistant
crankshafts.

2. Development Aims

Both selection of constituents and heat-treating processes
are essential means for strengthening crankshafts against the
high loads in diesel engines. Many methods for strengthening
are in use(1).

Figure 1 shows an example of a conventional,
mass-produced induction hardened crankshaft for passenger
vehicles. Most induction hardened crankshafts receive
induction hardening at the journals in order to improve wear
resistance, and the fillets are roller-burnished in order to
maintain high fatigue strength(1). Roller-burnishing processes
are effective at strengthening fillets, but since fatigue strength
is increased by residual compressive stresses, unless the
material is quite hard, the residual stresses are low and the
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fatigue strength is not expected to be enhanced. This obliges
the use of materials with poor workability. Another concern
is that two production steps must be performed, heat
treatment of the journal and roller-burnishing of the fillet,
requiring more processing equipment. Therefore, a
specification was created for induction hardening of the fillet
shown in Fig. 1 with the double goals of establishing high
fatigue strength while simplifying the sequence of operations
on the production line, in the general process outlined in
Fig. 2. Although further improved fatigue strength is
obtained by applying induction hardening to the fillet in
addition to the journals, there is another issue: the shaft is
bent by the distortion induced by heat treatment during
hardening. This distortion can be controlled by increasing the
rigidity of the crankshaft, but this approach results in a
weight increase. A light crankshaft can be made if it is
possible to correct the shaft distortion during induction
hardening. In order to accomplish this, it was therefore
determined to develop a new crankshaft material, with due
consideration to workability and induction hardenability, in
addition to correction of shaft distortion, which is the major
issue in induction hardening of the fillet. Simultaneously, a
technology, which improves machinability, was employed

instead of adding lead, in order to decrease the use of
hazardous materials, which are harmful to the environment.

3. Material Specifications

Vanadium-containing micro alloyed steel is one example
of a crankshaft material suitable for induction hardening in
mass production for diesel engines(2). This material has a high
degree of hardness after hot forging. It cannot be made on
current crankshaft production lines, because tooling and
processes would need to be optimized for its adoption.
Therefore, the new material was developed with an eye to the
considerations described in the following section.

3.1. Wear Resistance of Reciprocating Parts of the
Shaft

Induction hardened test pieces were subjected to a wear
test at the reciprocating parts with oil seals, using
carbon-contaminated oil. The results of the test are shown in
Fig. 3. The allowance of wear volume was determined to be
50 µm or less from the axial tracking characteristics of the oil
seals. The trend in the minimum results in Fig. 3 was used to
define a lower limit of HMV 580 for surface hardness. Also,
as shown in Fig. 4, a correlation has been shown between
surface hardness and the amount of C in the crankshaft
material during induction hardening of the actual crankshaft.
By this relation, a C content of 0.37 Wt% was set in order to
reach the target surface hardness.

Fig. 3   Relation between surface hardness and 
amount of water

Fig. 4   Relation between amount of C and surface 
hardness

Fig. 1   Feature of the target crankshaft

Fig. 2   Production process for induction hardened
crankshaft
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3.2. Producibility, Workability, Machinability
It has been reported that there is a correlation between

carbon equivalents (Ceq) and material hardness after hot
forging(3).

Figure 5 shows the relation found in an actual crankshaft
between the material Ceq and material hardness. An upper
hardness limit of HRB 98 was set in deference to the
processing conditions on the existing crankshaft production
line, and a lower limit of HRB 85 was selected in order to
maintain sufficient fatigue strength in the actual crankshaft;
thus, a Ceq of 0.54 – 0.60 wt% was specified. Si, Mn and Cr
are generally known to improve induction hardenability, so
these were investigated for their abilities to improve fatigue
strength while not raising material hardness. Si raises fatigue
strength by raising the strength of ferrite in the ferrite-pearlite
structure, though the material internal hardness is reported to
be small(4). In this development effort, the Si amount was set
at 0.50 Wt% in consideration of Ceq range, and Mn was set
at 0.60 Wt% to strike a balance.

Fig. 5   Relation between Ceq and internal
Hardness

3.3. Improvement of Induction Hardenability
Boron was added in order to improve and stabilize the

induction hardenability. Addition of small quantities of B has
been reported to raise induction hardenability without raising
post-forged material hardness(5). If N is present in the steel,
BN is generated, reducing the solid-solution B; sufficient B
was therefore ensured by adding Ti and pinning N in order to
reduce solid-solution N. 

3.4. Eliminating Lead
Finely dispersed sulfide inclusions are an effective

replacement for lead in free-cutting steel(6). They provide
locations for crack onset in the material during machining,
improving chip frangibility, thereby improving machinability.

The material constituents, determined by the
considerations expressed so far, are listed in Table 1, and
Fig. 6 provides microstructure of the material.

Table 1   Chemical composition of developed steel

Fig. 6   Microstructure of crankshaft

4. Crankshaft Specifications

4.1. Approach to Crankshaft Strength
As shown in Fig. 7, crankshafts contain pins, journal

fillets and lubrication supply openings (oil holes), which are
important locations for considerations of strength. Fillets
require extra strength to support the bending loads during
operation, and oil holes require extra strength during support

Fig. 7   Stress concentration point of crankshaft

Fig. 8   Oil hole layout
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of torsional loads.
It is known that high fatigue strength of a fillet can be

obtained by increasing the effective depth of the hardened
layer. Excessive depth means that excessive thermal energy is
imparted to the crankshaft, however, which can cause it to
bend or stretch. Therefore, an optimal depth of induction
hardening was specified as appropriate for actual loads, in
order to obtain an effective depth of the hardened layer with
suitable fatigue strength. Residual stresses are also a key
parameter for achieving fatigue strength. As shown in Fig. 2,
the crankshaft under development is ground after the
induction hardening in order to finish the shaft surfaces of
reciprocating parts. Release of the residual stresses which
evolved during induction hardening may occur due to the
effect of the heat generated during the grinding process.
Thus, the residual stress level was specified in order to meet
a target fatigue strength after experimentally determining the
relationship between fatigue strength and residual stresses.

The oil holes are close to the fillets, as shown in Fig. 8,
so there is not much material thickness between them.
Martensitic structures are created near the surface during
induction hardening of the fillets, giving rise to residual
compressive stresses. But the volume ratio accounted for by
martensite drops with depth beneath the fillet, and the
residual compressive stresses turn to tension. Voids like oil
holes must be designed with caution, since they can become
locations for initiation of cracking in a tensile stress field.
Therefore it was determined to obtain the
CAE-recommended optimal material thickness here. Figure
9 shows a contour diagram of the residual stress field from
the oil hole design. Figure 10 presents a composite of these
results and the relation between distance from the fillet,
residual stress (σ1) and the volumetric fraction of martensite
(ΨM). It is visible that the further from the fillet, the lower the
residual stress; the material thickness between the fillet and
the oil hole was therefore set at 6.3 mm in order to keep the

stress lower than the material yield stress (σy). A test was
also carried out in an actual crankshaft in order to verify that
this had adequate fatigue strength.

4.2. Component Strength Characteristics
The specifications were set on the basis of the approach

described above and the strength test results of components.
Figure 11 displays a diagram of a crankshaft fillet fatigue
test. The test employed actual crankshafts with altered
effective depths of the hardened layer and residual stresses,
and correlations between these parameters and fatigue
strength were investigated. The relation between effective

Fig. 9   Residual stress analysis around oil hole

Fig. 10   Residual stress distribution around oil hole
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depth of the hardened layer and 107 cycle fatigue limit is
shown in Fig. 12 and that between residual stress and 107

cycle fatigue limit is shown in Fig. 13. This allowed setting
of the effective depth of the hardened layer and residual
stress level to obtain the target strength.

Figure 14 shows a diagram of a fatigue test for oil holes.
Figure 15 provides the results from a torsional test of a
crankshaft with the CAE-recommended thickness over fillets.
The results presented here show that sufficient strengths were

obtained against the required strength.

4.3. Wear Resistance at Shaft-Metal Reciprocating
Parts

Until the present, researchers have always relied on tests
in actual engines to assess wear resistance at shaft-metal
reciprocating parts, but this was a concern because it was not
possible to make precise assessments of relations between
material characteristics and wear. One of the goals of this
development was to investigate unit testing methods allowing
quantitative assessments. Figure 16 shows a schematic of a
unit test apparatus. This apparatus would allow control of the
lubricant temperature and sample cycle number. The
lubricant contaminated by simulation equivalent to real diesel
engine oil was used for the test. Figure 17 is a graph of the
relation between test time at a given C concentration and

Fig. 14   Torsion fatigue test for crankshaft

Fig. 15   Torsion fatigue test

Fig. 11   Bending fatigue test for crankshaft

Fig. 12   Relation between depth of hardening and 
fatigue strength

Fig. 13   Relation between residual stress and fatigue
strength

Fig. 16   Wear test of the shaft
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amount of wear. Figure 18 summarizes some of the
information in Fig. 17, the relation between carbon
concentration in the oil and amount of wear after the
200-hour test. The result shows the amount of shaft wear in
an actual engine is almost the same under the identical C
concentration. This confirms that this unit evaluation method
is valid for estimating the shaft wear in an actual engine in a
very short time. This method allowed for the setting of the
specifications for materials with superior wear resistance and
for induction hardening.

5. Production Technologies

5.1. Correction of Shaft Distortion
The developed crankshaft is induction hardened at the

fillets, so hardening-induced distortion was an issue. The
following items were investigated as solutions:

1) Reducing bending distortion during induction
hardening

2) Correction of bending distortion after induction
hardening

For the first item, tests were carried out on control of
hardening patterns on both sides of the fillet, the effect of the
order of hardening of the pins and journals, and the
characteristics of the distortion, using actual crankshafts. The
conditions that resulted in the minimum distortion were
selected. Next, the post-treatment correction of bending was
investigated for the purpose of reducing axial runout.

Generally, excessive correction applied to shafts after surface
hardening processes like induction hardening can lower
fatigue strength. Attempts at bending correction of
components with too-high interior hardness will also fail to
elicit adequate revision of the shape, because the high yield
strength is not exceeded. The authors anticipated that this
component would respond to correction, however, since the
hardness of the developed material had been specified with
the need for correction in mind. Bending correction was
carried out on crankshafts and they were then tested for
fatigue strength. Fig. 19 shows the observed relation
between plastic strain and ratio to maintain fatigue strength.
This allowed estimation of the limiting plastic strain for
obtaining fatigue strength; the maximum allowed correction
for the crankshaft was specified on this basis.

Fig. 19   Relation between plastic strain and fatigue
strength

5.2. Machine Workability
As mentioned above, one of the goals of this

development effort was to eliminate lead, a conventional
additive to improve machinability. Because the crankshaft in
this development represented the first application of lead-free
material, the following issues were confirmed on the actual
production line, and technical improvements were made to
the processing conditions.

1) Tool slide parameters and RPM settings
2) Scrutiny of the tools used
3) Cutting oil parameters
Figure 20 shows the final results for miller tool life with

relation to life in production of the current crankshaft. The
lead-free crankshaft was adopted without sacrifice of current
tool efficiency.

Fig. 20   Machinability result

Fig. 17   Relation between test time and wear amount

Fig. 18   Wear resistance test
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6. Conclusion

As described above, an induction hardened crankshaft has
been developed with superior strength and producibility.
(1) A material was developed which offers satisfactory

workability, hardenability and correctability in shaft
components.

(2) A lead-free steel was made possible by control of sulfide
inclusions in the material.

(3) Optimized oil hole design specifications were established
using CAE.

(4) By setting fillet hardening specifications, the roller
burnishing process, which has been adopted for an
induction hardened crankshaft in conventional passenger
vehicles, was eliminated and the manufacturing process
was simplified, while obtaining even higher strength.
This crankshaft is incorporated in the Accord with the

Honda-developed diesel engine bound for sale in the
European market this autumn.
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Development of 1 600 N/mm2 Class High Strength Bolts

Mitsuo TAKASHIMA* Zenji IIDA*
Kentaro TAKADA* Seiji MORI*

ABSTRACT

Many different types of bolts are employed in automotive applications for a variety of different purposes and uses, and their
strength generally ranges from 700 N/mm2 to 1 200 N/mm2. The current focus on increasing fuel economy to help reduce global
warming has led to the idea to increase the strength of bolts and reduce their size in order to lower weight. However, increasing
the tensile strength of conventional bolts increases the incidence of delayed fractures, and is therefore not suitable for
mass-market vehicles. This project studied the use of high carbon steel rods, which are less susceptible to delayed fracture than
conventional bolt materials, as a solution to this issue. The difficulty of heading when employing high carbon steel rods was
solved by improving the material through the addition of the optimum amount of Cr, utilizing a new forming method in which the
spindle is hardened during heading, and adopting a hexalobular shape with excellent formability. The application of these
techniques made it possible to form bolts from high carbon steel rods, and has enabled the development of a 1 600 N/mm2 class
high-strength bolt. The new material and techniques have been used in the manufacture of the conrod bolts used in 2003 models,
and have enabled the size of the bolts to be reduced from conventionally used M12 to M9, and the weight of an individual bolt to
be reduced by 80 g.

 * Tochigi R&D Center

1. Introduction 

Nearly one thousand bolts are used in each automobile. In
some parts such as the engine and the transmission, high
strength bolts of material strength 1 200 N/mm2 class are
extensively used with the aim of achieving lightness/weight
reduction in the automobile, and connecting rod bolts of
1 400 N/mm2 class are also used. On the one hand, while
automobile weight reduction has become an increasingly
important issue, changing over to high strength bolts

increases the probability of delayed fracture. Thus, the use of
expensive materials like maraging steel, which is only
applicable to special applications such as aerospace and
racing, became a necessity, and their use in mass production
vehicles such as automobiles was difficult. To resolve these
issues, and considering the aspects of economy and quality,
research was carried out for selecting the optimum material
and manufacturing process, thus the development of
1 600 N/mm2 class bolts began.
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2. Raw-Material Settings

2.1 Lower-Priced Raw Material without Delayed
Fracture

The authors investigated optimum materials without
delayed fracture that can be deployed in mass production
vehicles. Figure 1 shows the relationship between delayed
fracture and strength of various kinds of iron and steel
materials(1). When the tensile strength of steel exceeds
1 200 N/mm2, there is a tendency of reduction in the
characteristics of delayed fractures. This tendency is
particularly noticeable as the strength increases. There are
broadly two kinds of material that satisfy the delayed fracture
characteristics at this high strength level. The first kind is
maraging steel, but this material is expensive and difficult to
use considering the cost in mass production vehicles. The
second kind is non-quenched and non-tempered high tensile
strength steel wire. This non-quenched and non-tempered
steel wire is less expensive and compared to quenched and
tempered high strength steel of similar strength, the delayed
fracture characteristics are better. Delayed fracture is caused
by a crack that occurs when hydrogen in steel accumulates in
the stress concentration part. It is reported(2) that the main
reasons why high tensile strength steel wire is superior are
the ability of the microstructure of the drawn wire due to cold
drawing and the high-density dislocation to inhibit hydrogen
diffusion and crack propagation. The use of 1 800 N/mm2

class tensile strength steel wire in the main cable of Akashi
Strait Bridge is a recent example of the application of high
tensile strength steel wire. The authors focused their attention
on developing a totally new non-quenched and non-tempered
work hardened type material for bolts.

Fig. 1   Delayed fracture characteristics of various 
materials

2.2. Raw Materials – Issues
The high tensile strength steel wire is a high strength

material that is less expensive and possesses excellent
delayed fracture characteristics. However, since the
strengthening method involves work hardening by drawing,
as shown in Fig. 2, applications were limited to wires only.
However, when forming the bolt using high tensile strength

steel wire, a head section is required, and forming a head was
considered to be extremely difficult. Head sections of bolts
made of conventional materials were formed by reducing the
hardness, such as by spheroidizing and annealing.
Subsequently, the bolt was strengthened by quench and
temper so that formability did not pose any concerns.

2.3. Material Improvement
Improvements were made at the raw material stage to

strike a balance between high strength and formability of
high tensile strength steel wires.

Normal high tensile strength steel wires consist of the
C-Si-Mn composition, where Si and Mn are generally added
to enhance strength. However, the value of reduction of area
decreased in conventional strength improvement methods,
resulting in degrading the formability of the head. Therefore,
the focus was laid on Cr, which can balance strength and
value of reduction in area, and a study of the components was
carried out. While strength improvement by the addition of Si
and Mn causes solid-solution hardening of ferrite in pearlite,
the addition of Cr brings about reinforcement by grain
refinement of the microstructure, thus enabling a balance to
be achieved with formability improvement.

In order to determine the optimum Cr amount, Cr was
added to normal high tensile strength steel wire
(JIS-SWRS82B), as shown in Table 1, and the results were
verified. Figures 3 and 4 show the amount of Cr added, the
reduction of area, and the material structure. If Cr is added,
the value of reduction of area improves up to 0.2% of the Cr
amount and the strength is maintained, but when an amount
exceeding this value is added, the effect is mitigated. As can
be understood from the structure, Cr assists in the formation
of the structure at low temperature by delaying the
transformation from austenite to pearlite and also in the
formation of a grain-refined structure. However, if an
excessive amount is added, the transformation completion
time is prolonged and the initially transformed cementite
parts and spheroidizes as time elapses. Based on these results,
the optimum amount of Cr to be added was fixed at 0.2%.

Table 1   Chemical composition

Fig. 2   Bolt manufacturing process
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Fig. 3   Relationship between Cr content and reduction 
of area

Fig. 4   Change of microstructure with changing Cr 
content

3. Applicability of New Formation Method 

A study was conducted on the new formation method
utilizing material characteristics.

3.1. Characteristics of Wire Drawn Material
Figure 5 shows the characteristics of the material when

drawn to a wire. If this material is made to undergo plastic
deformation in the tensile direction, the tensile strength
improves and the compression yield point is lowered. This
phenomenon is called the Bauschinger effect. Utilizing this
effect, a new formation method for improving the bolt
formability was established.

3.2. New Formation Method
An appropriately drawn wire beforehand was used for

utilizing the Bauschinger effect. Figure 6 shows the newly
developed formation method. The diameter of the wire
loaded in the existing method and the shank diameter of the
finished material are the same. When high tensile strength
steel wire is used in this method, heading is difficult because
the wire is very hard at the loading stage. Accordingly, the
authors adopted a heading method in which a thick wire of
low hardness level was used and the head was formed in the
forming stage while work hardening the shank portion. Not
only is the loaded wire of low hardness, but it is also close to

the diameter of the completed head, therefore, the formation
of the head by this method is easy. However, the strength
guarantee of the head section needs to be considered when
using this method. This is because the head section and the
shank section have the same hardness in the conventional
quenched and tempered materials, and in this case, a low
hardness portion exists in a part of the head section.

3.3. Strength Guarantee for Head Section
Figure 7 shows the FEM analysis results for a tightened

bolt for analyzing the strength of the head section. They are
bolt stress distribution and bolt hardness distribution after
heading, and its ratio. Hardness is directly proportional to
strength; therefore, the value obtained by dividing the
hardness distribution by stress distribution represents the
strength margin of every section. Values of each section are
shown assuming the value of the shank section as 1. As
observed above, the value of the head section is greater than
1 over the entire range, and the minimum value occurs in the
shank section. This indicates that the weakest part is the
shank section and not the head section. It was confirmed
from actual tensile tests that the fractured location is in the
shank section (threaded part), similar to that of conventional
bolts.

Fig. 5   Bauschinger effect

Fig. 6   Current method and newly developed method
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Fig. 7   Stress and hardness distribution in bolt

3.4. Reduction Rate
If the new formation method is used by making use of the

Bauschinger effect, reduction in area occurs as the wire is
drawn from the initial stage. However, the reduction in
thickness of the solid lubricant coating used for improving
the formability may become a concern, and it must be
studied. Figure 8 shows the relationship between the residual
amount of solid lubricant coating and the reduction rate of
drawn wire. This solid lubricant coating is used with the aim
of improving the formability in the heading process after lead
patenting, and its thickness decreases with the reduction in
area. Accordingly, a reduction rate of 20-25% was set after
drawing, as the optimum value that strikes a good balance
between the reduction in coating thickness due to the
reduction in area during the drawing and heading processes,
and the Bauschinger effect.

Fig. 8   Relationship and reduction of area in drawing 
and amount of lubricant adhering

4. Improvement of Formability in Shape
4.1. Shape of the Head

Normally the bolt head shape is hexagonal, as shown in
Fig. 9. However, packing the raw material in the six corners
for forming a hexagonal shape from a round bar requires a
large reduction ratio, and in the case of high tensile strength
steel wire, the header properties degrade excessively.
Therefore, as shown in Fig. 10, the hexalobular shape was
used that can be formed from a round bar with little
processing. Since the completed hexalobular shape is
comparatively closer to the round shape, the reduction ratio
of the raw material is small, and forming is simpler. We have
made improvements to further enhance the formability of the
hexalobular shape. As shown in Fig. 11, a part of the convex
portion of the hexalobular shape was ground off and the

difference in height between the concave and convex portions
was reduced. This resulted in the completed shape coming
closer to the rounded shape, which resulted in a smaller
reduction ratio, and contributed to improving the formability.
However, grinding off a part of the convex portion is likely to
reduce the limiting value of the tightening torque. To avoid
this, a part of the convex portion was ground off from a
hexalobular shape that was one size larger. Even though the
contact area is less, the radius is large and therefore, it is
likely that a large torque equivalent to that of the
conventional shape can be applied. Moreover, by using a tool
that is one size larger, off-the-shelf products can be used.

Figure 12 shows the torque values that can be
transmitted by the improved hexalobular shape and
hexagonal shape with the same outer shape. Compared to the
hexagonal shape, the hexalobular shape can transmit larger
torques with smaller dimensions. Based on these
observations, it can be said that the hexalobular shape does
not only improve the header properties but also has superior
properties from the point of view of torque transmission and
weight savings in the head section. This is a very satisfactory
situation that contributes to weight savings and size
reduction, and fulfils the aim of this study. The shank section
of the bolt could be reduced in size by providing higher
strength material, and furthermore, the head shape could also
be set to have the minimum weight for the required
tightening torque.

Fig. 9   Hexagon

Fig. 10   Hexalobe 

Fig. 11   Improved hexalobe
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Fig. 12   Impact of hexalobular heads on weight 
reduction

4.2. Improvement in Rollability
After the heading threading may also be performed by

roll forming, in which cold forging is used, but an
improvement in formability was necessary for this process
also. As shown in Figure 13, formability was improved by
increasing R, the radius at the thread root, and reducing the
thread height. Increasing R, the radius of the root, helps to
improve the fatigue strength of the thread, and this
specification is therefore used for threads of bolts used in the
fields of aeronautics and space aviation. The improvement in
fatigue strength of the 1 600 N/mm2 bolt was verified, as
shown in Fig. 14. There was a 9% improvement in the
fatigue strength under the condition of 80% of average stress
(tension in case of bolts) at 0.2% yield.

Fig. 13   Increasing the radius at the thread

Fig. 14   Fatigue strength of newly developed bolt

Moreover, when this technology is used, the contact areas
of the male and female threads become a little bit smaller. As
in the connecting rod, there is no buckling in the contact area
of the female thread of the steel bolt. However, when
aluminum is used, it does affect the buckling of the surface
but it is possible to cope with this by extending the engaging
length.

5. Coping with Stress Relaxation

It is well known that stress relaxation occurs when
non-quenched and non-tempered material like high tensile
strength steel wire is used in a high temperature environment,
and in the case of automobiles, it is applicable to the engine
or the transmission. Figure 15 shows the relationship
between initial bolt tension and residual bolt tension when
the temperature is maintained at 140 °C, equivalent to that of
the engine environment. From this, we can understand that
high tensile strength steel wire if used near the material
strength limit has large stress relaxation due to heat compared
to quenched and tempered material. If used as is, then the
concern of reduction in tension occurs. Moreover, as
mentioned earlier, the quenched and tempered material being
compared, may be subjected to delayed fracture in the high
stress region. Therefore, the results of these tests only reflect
stress relaxation and ignore the delayed fracture of quenched
and tempered material.

The dislocation introduced during the wire drawing
process is activated by the rise in temperature, shifts under
the influence of the stress field, and as a result, deforms. This
is the cause of the stress relaxation in the high tensile strength
steel wire. Accordingly, we studied how to introduce the
Cottrell atmosphere, which is formed by giving thermal
energy to the mobile dislocations and thus activating light
elements like C, N, to penetrate the unstable parts of the
dislocation and make it a sessile dislocation. By maintaining
the temperature at 200-300 °C so that C, N are sufficiently
diffused in order to introduce the Cottrell atmosphere,
characteristics equivalent to quenched and tempered material
were obtained, as shown in Fig. 15.

Fig. 15   Relationship between initial bolt tension and 
residual bolt tension

6. Application Results

Figure 16 shows the comparison of bolts manufactured
using this technology and actual examples of bolts
manufactured using the existing materials. The thread size of
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the connecting rod bolts was reduced from M12, when using
the existing materials, to M9. As a result, the weight of an
individual bolt in each connecting rod was reduced by 80 g,
and when the connecting rod was included, the weight was
reduced by 240 g per unit. The outer dimensions of the big
end could also be reduced from 88 mm to 81 mm.

This reduction in weight also extended to the complete
engine, and the results are shown in Fig. 17. The layout
shown in red lines is the design using conventional
technology, while the layout in blue lines show the design
using the newly developed technology. The specifications of
the dimensions shown by the blue lines are the same as those
of the mass production engine. The results obtained using the
new technology show a significant improvement in the
output even though the basic framework of a conventional
engine has remained unchanged.

The weight reduction effect when all the vehicle’s bolts
were substituted by bolts using the new technology was
investigated. When the bolt size was reduced to achieve
tension equivalent to the strength and size of the conventional
bolt, a reduction in weight in the bolts alone of about
7-8 kg/vehicle was achieved. Furthermore, if the reduction in
weight of peripheral parts such as connecting rods is also
considered, then further savings in weight can be anticipated.

Fig. 16   Application for connecting rod bolt

Fig. 17   New engine with newly developed connecting 
rod bolt

7. Conclusion

High tensile strength steel wire, considered to be
unsuitable for formation of bolts by conventional methods
was studied, and formability of the bolts was improved as
given below, with the aim of developing bolts of the
1 600 N/mm2 class.
(1) The optimum Cr addition amount for the high tensile

strength steel wire was set at 0.2% to improve the value
of reduction in area.

(2) A method to form the head section from low hardness,
large-diameter wire while work hardening it, was used.

(3) The optimum reduction rate was taken as 20-25% for
balancing the Bauschinger effect and residual solid
lubricant amount.

(4) The hexalobular shape was used in the head section
considering the ease in formability and weight savings
this shape offers.
Finally, the optimum bluing conditions were set as

measures against relaxation specific to non-quenched and
non-hardened materials.

In view of the above-mentioned points, it was possible to
mass-produce 1 600 N/mm2 class bolts with superior delayed
fracture characteristics for the first time in the world.
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Development of Plastic Organ-type 
Accelerator Pedal Assembly

Tomohiro SAKURABA* Hideto NEBUYA*
Teruo KATOH** Tomoaki ABE**

ABSTRACT

An organ-type pedal attached to the floor by a pivot has been developed to increase the comfort of accelerator pedals. The
trace of the new pedal is in the same phase as the motion of the sole of the human foot.

A plastic hinge structure has been adopted for the pivot. Tests on a plastic hinge structure were conducted. Results showed
that polyester elastomer possessed superior fatigue resistance, therefore, this was selected as the hinge material. The newly
developed thin hinge has enabled the new pedal to equal conventional pedal structures in strength and durability. The hinge
section was immersed in oil, grease and other chemical agents to test durability, and results showed no change in physical
properties.

The connection of the pedal to the floor was also altered. The flexibility of the material has enabled snap-fit assembly, and the
connection is strong enough to resist an extraction load of over 900 N.

 * Tochigi R&D Center
 ** F. tech Co., Ltd.

1. Introduction

The overhung accelerator pedal shown in Fig. 1 is the
conventional design among accelerator pedals for passenger
vehicles.

Fig. 1   Conventional accelerator pedal assembly

The overhung accelerator pedal consists of a bracket
attached to the vehicle body above the pedal, a metal arm,
and a pad. This structure is widely used because it is simple,
requires few parts, and is cost efficient.

Fig. 2   Trace of conventional accelerator panel
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The issue with this pedal is that the arc, which the pad
follows (Fig. 2, Trace of Pad), is different from the arc of the
sole of the driver’s foot (Fig. 2, Trace of Sole). This makes it
more difficult to provide a good feel to the pedal during
operation.

Matching the trace of the pad to the trace of the sole is
essential for improving the feel of the overhung accelerator
pedal. For example, a comfortable feel is possible with an
organ-type pedal because the pedal is fixed on the floor while
the bottom of the pad is pivoted so as to move. If the pad on
an overhung accelerator pedal were simply extended and
attached to the floor, this would interfere with the operation
of the pedal. Therefore, we investigated an organ-type pedal
structure, using as many of the existing components of the
conventional overhung-type as possible for component
reliability. As shown in Fig. 3, the new structure was
proposed in which the pad of the overhung-type was
extended downward and connected to the floor with a pivot,
and a hinge was provided with the pivot to make it movable.
This paper describes a newly developed plastic accelerator
pedal that has a mounting structure integral with the floor.

Fig. 3   Accelerator pedal assembly

2. Technical Elements of Development

Figure 4 shows details of each component of the pedal
displayed in Fig. 3. The plastic pad was fixed to the floor and
the hinge area was designed so that the entire pad is movable,

enabling the traces of the sole and pad to be identical. There
is still divergence between the trace of the arm of the
conventional structure and the trace of the pad; this is
accommodated by the link mechanism. In addition, the
mounting structure of the hinge area must be firmly attached
to the floor in order to support the movement of the entire
pad.

The following technical elements were developed in
order to realize this structure:
(1) Specifications and durability of the plastic hinge
(2) Vehicle mounting structure
• Establishment of the mounting structure on the floor
• Establishment of the link structure to absorb discrepancy

with arm motion

3. Specifications and Durability 
of the Plastic Hinge

The plastic hinge structure for the new accelerator pad
requires both tolerance of fatigue due to the repeated motion
and adequate strength against operating forces.

Optimal materials and component shapes to satisfy these
requirements were investigated. For material selection, it was
decided to use test pieces as shown in Fig. 5. The test piece
was flat and featured a hinge section in the center, as shown
in Detail C. The basic thickness of the piece was 1.0 mm, but
the hinge section was 0.5 mm thick.

Two types of polypropylene (PP-B and PP-C) were
selected for the plastic material because these are reported to
offer superior qualities for hinge function(1). Two types of
polyester elastomer were also selected because these

Fig. 5   Test piece

Table 1   Material property

Fig. 4   View of hinge pivot and link area
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possessed elongations above the target value of 300%.
Finally for comparison, PP-A, a material with an elongation
of 150% was also selected for a total of 5 materials tested.
Table 1 presents the representative properties for each of
these.

3.1. Fatigue Test
The durability test was carried out as follows. A test

apparatus was built that subjected only the hinge section of
each test piece to motion in order to evaluate the durability
under conditions matching actual use. Figure 6 shows the
principle of operation of the apparatus. The upper edge of the
hinge test piece was fixed, and the lower edge was connected
to an arm that moved so as to flex the hinge. The structure
allowed adjustments of various rotation angles. Figure 7
shows the entire test equipment. The gate-shaped upper
fixture and the mobile arm of the lower section are plainly
visible. Specimens shaped as shown in Fig. 5 were tested in
cold and hot environments, at temperatures from −30 °C to
+80 °C. The superiority of the material was assessed by the
percentage of retained tensile strength after testing. The
retained tensile strength was measured after 3 million cycles
at each rotation angle and at different cycle numbers up to
3 million cycles under a constant rotation angle of 45°.

Fig. 6   Schematic of durability test

Fig. 7   Test equipment

Figures 8 and 9 show the retention rate of tensile
strength after a 3 million cycles durability. Figure 10 shows
the retention rate of tensile strength after the various cycle
numbers at the rotation angle of 45°.

The results in Figs. 8 and 9 indicate a dependence of the

decrease in retained tensile strength on rotation angle in both
PP and polyester elastomers. The greater the rotation angle,
the greater the degradation in strength. Comparison of the A,
B and C types of PP in Fig. 8 showed that hinge performance
in durability was affected by material elongation; the type
with elongation below 300% showed a sharp degradation in
the 45° rotation region. The polyester elastomers had superior

Fig. 8   Retention of tensile strength after durability 
test (PP)

Fig. 9   Retention of tensile strength after durability 
test (Polyester)

Fig. 10   Retention of tensile strength after durability 
test (for each rotation number)
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fatigue properties; both materials D and E showed almost no
degradation in tensile strength after the durability test at
angles of 45° or below. The results in Fig. 10 for each
rotation number show that the PP demonstrated gradual
reductions in retained tensile strength after 500,000 cycles,
while polyester elastomers demonstrated almost no such
reductions through 3 million cycles.

According to the layout, the operating rotation angle in
the actual pedal hinge will be less than 45°; therefore, it was
decided to use the polyester elastomers, which demonstrated
no strength degradation after a durability test at this operation
rotation angle.

3.2. Strength Tests
The superiority of polyester elastomers was verified by

the fatigue tests. Test pieces shaped as shown in Fig. 5 were
subjected to three further strength tests in order to identify
the best hinge shapes and materials. Two types of hinge
shape were tested: Type 1, a piece with a straight part at a
thin hinge section in order to reduce the stress concentration;
Type 2, a piece with a thin hinge section.
(1) Tensile strength test

Input load is applied to the entire hinge
(2) Shear load test

Input load is applied at the tip of the hinge
(3) Torsion torque test

Input torsion load is applied about the axis at the center of
the hinge.

The test methods and results are shown in Figs. 11, 12
and 13. The results of the strength tests for shape showed
that the initial strength of Type 1 was higher for all three tests
within the same material.

Within the same shape, there was a dependence of
strength on material tensile strength; polyester elastomer E
proved superior.

From the above results, polyester elastomer E was chosen
as the hinge material, and Type 1 was chosen as the hinge
shape. For good hinge function, the thin section was designed
at 0.5 mm thickness, and the length of the straight part was
set at 1.0 mm in order to prevent stress from concentrating on
the hinge section.

3.3. Chemical Resistance
The following tests for chemical resistance were carried

out on polyester elastomer E, which had shown superior
fatigue durability and strength performance.

The elastomer was soaked for 72 hours in six chemicals
including oil, grease and gasoline to which it could
commonly be exposed to in everyday use, and the physical
property change was re-checked.

The fraction of retained strength in tensile loading was
used as the parameter for physical property change. The
results are shown in Fig. 14.

Retained strength was over 90% for all chemicals. It was
verified that polyester elastomer E had nearly no degradation
in physical properties.

4. Structure for Mounting on Body

4.1. Establishment of Mounting Structure on Floor
The pad in the organ pedal must be connected to the floor

mount, in contrast to the requirements of the conventional
structure.

Fig. 11   Results of tensile strength test

Fig. 12   Results of shear load test

Fig. 13   Results of torsion torque test

Fig. 14   Results of chemical resistance test
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Figure 15 shows each part of the connecting section of
push-in snap-fit construction that was considered to be
convenient to use between the pad and the stopper on the
floor mount.

The snap-fit construction satisfies several requirements:
ease of assembly (assembly with a single hand motion),
strength (difficulty of accidental disassembly) and ease of
maintenance (easy removal). An integral back-plate was
designed on the stopper to fix the pawls on the pad. The
back-plate is shown in Fig. 16(a).

During attachment, the back-plate is pushed down, while
the pawls of the pad are inserted into the stopper, as shown in
Fig. 16(b). The back-plate flexes to allow the pawls to enter
the inside of the stopper, as shown in Fig. 16(c).

Once the pawls have been pushed in all the way and
opened, the back-plate springs back upward, as shown in
Fig.16 (d), being clipped by the pawls. If an extraction load
is exerted on the pad, the pawls would have to flex inward so
as to exit, but the back-plate inside the pawls prevents them
from flexing inward. This provided toughness to the
mechanism against disassembly; it resisted a load of over
900 N. On the other hand, it is easy to disassemble the
mechanism for maintenance by inserting a tool or other
object to depress the back-plate. This eases maintenance
tasks. The extraction load on the pads and stopper was
measured after 100 repetitions of assembly and disassembly;
it was at a level similar to that during initial assembly.

Fig. 15   Snap fit connection

Fig. 16   Snap fit mechanism

4.2. Establishment of Link Structure to Absorb
Discrepancy with Arm Motion

Figure 17 shows a detailed drawing of the link installed
between the upper structural components from the previous
structure and the organ-type pad. The link-arm is allowed to
pivot about the shaft and is held in place with the push-nut.
Figure 18 shows operating positions of the link-arm and the
pad when the pad moves by being pushed with the foot. The
cross angle of the link arm and pad changes due to the
differences in traces of the arm and the pad, but the link-arm
operates smoothly, as it is supported via two points, the pivot
of the pad and the pivot of the arm.

Section A-A from Fig. 17 is shown in Fig.19. Spherical
shape bearings were selected in order to absorb variations in
parallelism, and a sliding link structure was used to absorb
scatter in components and assembly.

Fig. 17   Link area

Fig. 18   Mechanism of link section

Fig. 19   Linkage of link arm and ball arm
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5. Results for Operating Feel in Actual Vehicle

The operating feel in an actual vehicle of the plastic
organ-type accelerator pedal developed in this project was
investigated.

Figure 20 shows the relation between pedal stroke and
operating load. In the overhung pedal, there is a non-linear
increase in operating load with pedal stroke; as a result, there
tends to be a heavy feeling against the sole of the foot in the
latter part of the stroke. In the organ-type pad, however, the
increase of operating load is linear with pedal stroke.

There was also an improved, firm feel to the organ-type
pedal. This is attributed to the greater width at the bottom of
the tapered organ-type pedal, as shown in Fig.21. The fact
that the pad is connected to the floor at the bottom also may
contribute to this because this structure restrains the
movement of the lower part of the pad.

Tests in actual vehicles confirmed that the organ-type
accelerator pedal provides an improved operating feel.

Fig. 20   Comparison of feel of load

Fig. 21   Pad shape

6. Conclusion

We developed the organ-type accelerator pedal which
offers durability and reliability at a level equal to that in
accelerator pedals of conventional construction and provides
a good operating feel because its arc matches the arc of the
sole of the foot. The technical elements of this development
are mentioned as follows.
(1) Methods for evaluating the materials and structures of the

plastic hinge mechanism were conceived and showed that
both polypropylene and polyester elastomers
demonstrated degradations in durability at rotation angles
of over 45°. These were particularly marked in PP.

(2) Materials with elongations of over 300% are suited for
hinge mechanisms operating at angles of 45° or lower.
Polyester elastomers have superior fatigue properties.

(3) A durable and high-strength organ-type pedal was
developed by combining the hinge structure of the
polyester elastomer. The structure is provided with a
straight part at the hinge to avoid stress concentrations.

(4) A strength of over 900 N was obtained in the structure of
the joint where the pedal is attached to the floor by
designing a snap-fit, which exploited the potential of soft
material, resulting in a structure offering easy assembly
and easy handling during maintenance.

(5) The design and acceptance of the link structure, which
allowed use of components of the conventional
accelerator pedal, enabled mounting of the organ-type
pedal on a car body.
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Development of Soft-feeling In-mold Paint for
Urethane Steering Wheel Grip

Tatsuya ITAKURA*

ABSTRACT

The steering wheel is the interior component that is touched with the highest frequency. To improve the feel of the steering
wheel, this project developed a soft feeling in-mold coating that can be used in existing in-mold processes. The target was to
achieve the feel of aniline leather, which is the most pleasant leather to touch. Equipment measuring the sense of friction was
utilized to obtain values to which a standard deviation was applied, enabling measurement of softness and the sense of grip
necessary for steering. The combination of a soft polyester resin and urethane resin beads in the paint formula, in combination
with a soft-type polyester-denatured hexamethylene diisocyanate (HMDI) hardener gives the paint a very soft feel.

 * Tochigi R&D Center

1. Introduction

When a driver sits in an automobile, the first thing they
touch to operate the vehicle is the steering wheel. The
function of the steering wheel is to transmit the driver’s
intention to control the vehicle in the desired direction.
However, in addition to its function as a steering device, the
steering wheel has functions such as an air bag mount to help
protect the driver as well as containing various switches for
operating electrical components. The gripped portion
(hereafter referred to as “grip”) was formerly made of
materials such as wood or PVC resin, but currently most
steering wheels are molded from semi-hard polyurethane. In
addition, other commercialized options combine functionality,
a high margin of safety (MOS) and design properties, such as
leather wrapping to improve the feel, or printing a wood
grain onto a hard resin to improve the visual aesthetic
properties for higher class vehicles as shown in Fig. 1.
Amidst this background, the recent trend particularly among
European vehicles is to simply produce a soft feeling part by
coating plastic products with a pleasant feeling paint, and to

also create a luxurious appearance by suppressing the gloss.
This project developed new technology to provide a soft

feel with paint technology that could formerly be achieved
only by leather wrapping. The content of this paper reports
the development of these materials and describes a method
for quantitatively measuring softness.

Fig.1   Honda INSPIRE steering wheel
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2. Development Goals

The fabrication method for the steering wheel grip
consists of molding polyurethane over steel, magnesium
alloy, or other metal core by an in-mold process, and
simultaneously applying an in-mold paint to the surface. The
function of the paint is to match color and gloss with other
interior components and also to improve durability. These
processes are shown in Table 1.

Table 1   RIM-Urethane steering wheel grip 
manufacturing processes

The theme of this project was to develop a new paint with
the aim of proposing a desirable grip that allows comfortable
operation by providing a softer feel than the current in-mold
paint used.

3. Targets

3.1. Target Feel
The ideal feel desired for the grip is currently thought to

be that of leather, which not only has a pleasant appearance
and smell, but also has a soft texture and provides
functionality. Of the various types, aniline leather, which is
used for high grade furniture, is considered to have a
particularly good feel. Therefore, the target feel was set as
equivalent or better than aniline leather.

3.2. Processability
The target was a coating which does not require changes

or modifications to existing production facilities. The
material should have spray properties (atomization), a batch
process viscosity stability (pot life) and demold properties
(die demold properties) equivalent to the current in-mold
paint.

4. Quantification of Surface Feel and 
Target Values

Surface feel was quantified by using the KES-SE friction
tester (KATO TECH CO., LTD) shown in Fig. 2. Property

values obtained using a piano string jig that simulates a
human fingerprint have a high correlation with sensory
evaluation(1). This project also applied this measurement
method to set quantitative values for softness which were
used as the target values. Figure 3 shows an example KES-SE
measurement chart.

Fig.2   Friction tester KES-SE (KATO TECH CO.,LTD)

Fig.3 Fixed quantity test

As the friction grip force µ increases, the surface
becomes less slippery and the grip force increases. Also, a
small standard deviation µMD indicates a smooth and even
surface. When dividing the friction force (µ) by the standard
deviation (µMD) results in a high value, this indicates high
friction and a smooth surface, which represents a soft feel.
When applying this to the steering wheel grip, the operational
function of grasping must be taken into account, so the
surface feel must be improved without lowering the friction
force (µ), which is the grip force. Therefore, evaluation
criteria was based on softness feel (µ/µMD) and friction
force (µ).

Using aniline leather as the goal, grip force and softness
feel target values were set as follows:
• Grip force (µ): 0.0927
• Softness feel (µ/µMD): 30.3

5. Development of Soft Touch Paint

5.1. Investigation of Soft Touch Paint Composition
Table 2 shows the general components of the 2K curing

soft touch paint that is applied to provide a pleasant feel to
products such as automotive interiors and household
appliances.

This soft touch paint is comprised of main resins
consisting of acrylic and polyester polyol resins which make
up the binder, filler materials, additives to maintain the
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stability (accelerator, UV absorber, etc.), solvents, and the
hardener which consists of HMDI, which is the subject
activator for the polyol curing reaction, and a solvent. Based
on these materials, a new soft feel in-mold paint was
developed.

5.2. Selection of the Main Resin and Filler Material
Acrylic and polyester were selected as the main resins

used in the soft touch paint based on feel and durability. Hard
acrylic, soft polyester and a blend of these two resins were
investigated to confirm the difference in the feel. In addition,
the paints shown in Table 3 were prepared by mixing three
types of filler materials with the main resins. The filler
materials used were silica which is generally used as a
flattening agent, polyurethane beads that are a texturing
agent, and a mixture of collagen and soft wax that is thought
to improve the texture by providing a feel of absorbed
moisture. Test pieces were fabricated using the in-mold
method, and the friction feel of each paint was measured.
Figure 4 shows these results.

The results showed that the paints containing
polyurethane beads as the filler material provided the most
pleasant feel. In addition, soft polyester was found to be the
best main resin. Paints containing silica or collagen/soft wax
had a lower grip feel compared to polyurethane beads or
silica. The surface conditions of paints No. 6, 7 and 8 were

photographed to analyze this phenomenon. Figure 5 shows
these photographs.

Minute bumps occurred in paint containing polyurethane
beads, which are thought to have contributed to the soft feel.

In contrast, the paint films that used silica or the collagen and
soft wax had smooth surfaces. This indicated that the silica
and collagen/soft wax mixtures were not present in the
surface layer after in-mold processing. This phenomenon is
thought to occur because the silica and collagen/soft wax are
oriented on the inner mold exposed surface or dispersed in
the film, so they do not contribute to the outer side of the
actual molded product. In other words, these fillers are
oriented on the inner die face during the in-mold painting
process, so they are not present on the outermost surface of
the actual molded product. Figure 6 shows pattern diagrams
of these conditions.

Table 2   Components of soft-feeling paint

Table 3   Components of base polymer and variant fillings

Fig.4   Friction of base polymer and variant filling 
in in-mold paint

Fig.5   Surface of in-mold paint
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5.3. Selection of Hardener
The effects of the hardener were investigated using the

base mixture of soft polyester as the base resin and
polyurethane beads as the filler material. The paint hardness
can be varied by modifying the hardener. The paint mixtures
shown in Table 4 were made with three types of hardeners
consisting of normal HMDI and two modified HMDIs.
Modifications were based on adding polyester to the HMDI
frame. Test pieces were fabricated using the in-mold method,
and the friction of each paint was measured. Figure 7 shows
the results.

These results confirmed that hardeners with a higher
degree of modified polyester provide a more pleasant feel.
There are two theoretical reasons behind this phenomenon.

First, the hardener itself was modified by the polyester to
become softer. Secondly, the clearance between the base resin
in the hardener and reaction components (functional groups)
increased, thus expanding the cross linking structure of the
cured paint film and causing the stiffness to drop. Figure 8
shows a schematic diagram of this condition.

Fig.8   Image of paint bridge formation

6. Processability

Investigating various mixtures enabled development of an
in-mold paint with a very soft feel by using a polyester polyol
as the base resin, polyurethane beads as the filler material,
and isocyanate with a polyester modified hardener.
Therefore, the paint properties were confirmed on an actual
steering wheel fabrication line. At this time the paint
viscosity was found to increase faster than the current paint
during the application window. When the paint viscosity rises
quickly, the time that the paint can be used after mixing is
limited, causing an increase in waste. This has a large impact
on paint line workability and cost.

Therefore to counter measure, the addition of a solvent
inhibitor was investigated to block the organic tin catalyst
effects at normal temperature when mixing the paint. Figure 9
shows the results confirming the effects of mixing this
solvent inhibitor on the friction feel.

Fig.6   Image of soft filling effect at paint method

Table 4   Variation in hardener components

Fig. 7   Friction of in-molding paint with different 
hardness
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Adding 5% and 10% solvent inhibitor for blocking the
catalyst to prototype paint 7-3 caused the friction feel to drop.
This phenomenon is presumed to occur because the solvent
inhibitor limited the catalyst effect during the curing step of
the in-mold painting process. Therefore, the reaction format
between the base resin and the hardener differed depending
on the presence of the solvent inhibitor.

Table 5 shows results for the performance of paint
containing 5% solvent inhibitor.

Table 5   Performance of in-mold paint containing 5% 
solvent inhibitor

These results confirmed that there were no problems with
pot life and storage stability, which affect the paint
properties, or with the atomization properties using the same
application equipment as the current material. In addition,
compatibility was also confirmed with existing production
facilities, painting equipment, and die demold properties
showed to be equivalent to the current paint. Therefore, paint
containing 5% solvent inhibitor was determined as the final
paint formulation.

7. Coating Performance

Table 6 compares the coating performance of the newly
developed and the current in-mold paint.

The newly developed in-mold paint exhibited
performance equal to or better than the current mass
production paint in areas such as chemical resistance and
long-term durability. In addition, the low-gloss appearance
matches with other interior components and the friction
property was also superior to the current in-mold paint. This
is thought to be a result of the flat appearance produced by

the minute texture of the polyurethane beads. Also
polyurethane beads maintain a degree of high durability
compared to the flattening agents used in the current in-mold
paint, which suppresses the rise in gloss due to wear.

8. Surface Feel Survey

As described above, surface feel was quantified by
measuring the friction, and a soft paint mixture was
developed. Then, sensory evaluation using steering wheel
grips was conducted to determine whether a soft feeling was
actually obtained.

Three grips were fabricated using the newly developed
paint, the aniline leather target and the current paint. A
survey was conducted with 12 male and female subjects. The
survey was based on Sheffe’s pair comparison method, which
is suitable for touch sensation where other samples for which
quantitative numeric expression is difficult. In addition, of
the various Sheffe’s pair comparison methods, the Nakaya
modified method which allows individual repetition was
used(2). Figure 10 shows the survey results.

The responses were divided relatively with “like” to the
right and “dislike” to the left of the center 0. The order of
preference was found to be the newly developed paint,
aniline leather and then the current mass production product.
As in the friction feel measurement results the newly
developed paint was rated more favorably than aniline
leather.

Fig.10   Result of paired comparisons survey

9. Conclusion

A soft feel in-mold paint was newly developed for
steering wheel grips, and the obtained surface feel is softer
than aniline leather. The knowledge acquired through the

Fig.9   Friction of paint containing solvent inhibitor

Table.6   Coating performance
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development of this new paint is as follows:
(1) Soft polyester resin provides the most pleasant feel

results as the main component for the in-mold paint.
(2) Adding polyurethane beads as the filler material produces

bumps on the paint film surface after molding and
provides a pleasant texture.

(3) Softer hardeners are effective for improving the feel by
increasing the degree of modification to the polyester in
HMDI.

(4) Polyurethane beads give the newly developed soft in-mold
paint a surface pattern that reduces surface gloss and
improves friction property compared to the current paint.

(5) Adding a solvent inhibitor to block the effects of the
curing catalyst reduces the appeal of the surface feel.

(6) Grip feel [µ] and Softness [µ/µMD] measurements
obtained using the KES-SE friction tester are effective for
quantifying the feel, and match closely to the results of
the sensory survey.
This newly developed soft in-mold paint was adopted for

the new 2003 model ACCORD (Japan, U.S., Asia, China).
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Development of Active Noise Control System for 
Engine Booming Noise

Toshio INOUE* Akira TAKAHASHI*
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ABSTRACT

The critical issue with active noise control technology is the balance between cost and performance, due to the need of
expensive high-performance DSP processors for the many convolution operations required. As a result, there are few applications
of this type of technology to reduce booming noise.

The purpose of this paper is to propose a new algorithm significantly reducing the amount of arithmetic operations by
focusing on the fact that booming noise is a narrow band noise. This algorithm enables us to employ an inexpensive controller
even though adaptive signal processing is utilized. The integration of this system with an audio system further improves the
balance of cost and performance.

The system developed in this study was applied to a new vehicle model in combination with an active control engine mount
system to reduce booming noise generated in three-cylinder operation by a new V6 engine provided with cylinder on demand.
The result is the achievement of excellent fuel economy and NV performance.

 * Tochigi R&D Center

1. Introduction

The demand for fuel economy of automobiles is
increasing, and as a consequence, new technology for
achieving better fuel economy for the power plant as well as
reducing the weight of the vehicle is being actively studied.
The demand for improving the noise and vibration
performance so as to improve the marketability of the vehicle
has also become strident. However, the conventional passive
measures for noise and vibration were found to increase the
weight of the vehicle in most cases, and this was in conflict
with the demand for fuel economy. Active Noise Control
(hereafter ANC) technology achieves a high-level balance of
these demands(1). This technology attains noise reduction to a
level that cannot be achieved by passive measures. A speaker

is used to create cancellation sound that interferes with the
noise, thus making it possible to build a system that keeps the
increase in weight to a bare minimum.

In a previous study, the authors implemented a system
that reduces fixed frequency, low frequency road noise by
using analog circuits, which are cost effective, integrated it
with the audio system and used it in mass production
vehicles(2). The target of this study is engine booming noise,
the frequency of which varies with changes in engine rpm.
The conventional booming noise control technology(3)

required a large number of signal processes as it used
convolution operations, and also required high-performance
and expensive signal processors like Digital Signal
Processors (DSP). Thus, cost related to performance became
a challenge.
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The objective of this study is to construct a control
algorithm that will significantly reduce the number of
arithmetic processes by focusing on the fact that the engine
booming noise is a narrow band noise. The objective is also
to improve the balance between cost and performance by
promoting integration of the proposed system with the audio
system.

The audio integrated ANC system developed based on
this study, was used as a standard feature in new vehicles
fitted with the V6 cylinder-on-demand engine to improve the
engine booming noise that occurs when the vehicle is running
in three-cylinder operation thereby enabling a high-level
balance between the fuel consumption and NV performance.

2. Overview

2.1. Characteristics of Engine Booming Noise 
Figure 1 shows the noise in the cabin during gradual

acceleration. The horizontal axis in the figure is time and the
vertical axis is frequency. The peak at the center of the figure
is the booming noise. It is confirmed that the frequency of
booming noise during acceleration increases synchronizing
with the engine rpm and that the booming noise is restricted
to a narrow frequency band. As shown in Fig. 2, being a
narrow band noise means that the noise waveform is very
close to that of a sine wave, and the waveform of the
cancellation sound used for noise reduction is also close to
that of the sine wave.

Fig.1   Contour map of noise inside cabin

Fig.2   Time domain signal of noise inside cabin

2.2. System Overview
Figure 3 shows the system configuration. As shown in

the figure, the system consists of the ANC Control Unit
(Electronic Control Unit; hereafter ANC-ECU), located

within the instrument panel, a microphone unit fitted in the
rear tray, an audio head unit fitted with the input terminal of
the cancellation signal, and speakers that are shared with the
audio system. This system has two microphones since the
ANC-ECU has a built-in microphone. The input signals to
the ANC-ECU consist not only of the power supply, but also
the rpm pulse signal (NeP) to detect the engine rpm, and the
noise signal from the rear microphone unit around the rear
seat. The outputs are signals for driving the speakers located
in both the front doors, and the speakers fitted in the rear tray.
This system employs an adaptive feed forward control(4), (5)

that operates such that the squared value of the noise signal
from the two microphones is minimized. That is, it calculates
the control frequency based on the engine rpm signal, creates
a synchronized reference signal internally, and uses the
adaptive digital filter to create the cancellation sound. 

The integration of this system with the audio system was
designed such that the main amplifier and the speakers were
shared. Since this system is to be used in the new V6 engine
with the cylinder-on-demand system, the function to
communicate with the audio system for operational checks
and the input circuit of Stop Cylinder Pulse (hereafter SCP)
were added.

Fig.3   On-board system configuration

3. Control Technology

3.1. Issues in the Conventional Control Algorithm 
Figure 4 shows the block diagram for controlling

booming noise using the Filtered-Reference LMS (hereafter
F-R LMS)(4), (5), which has been widely used in past work(3).
This control algorithm generates sine waves synchronized
with the engine rpm as reference signals, converts the phase
and amplitudes of the signal using the adaptive FIR (Finite
Impulse Response) filter w , and then outputs the signals.
The adaptive FIR filter w  is updated recursively so that the

Fig.4   Block diagram of filtered-reference LMS
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squared value of e  becomes minimal. It uses the error signal
e  detected by the microphone provided in the cabin and the
FIR filter ĉ  modeled by the acoustic characteristics in the
cabin, which is obtained as a parameter beforehand. Given
below are the issues with this algorithm.
(1) Expensive signal processors are necessary

The control method uses many convolution operations
(FIR filter calculation) equivalent to multiplication of
vectors, which increases the number of arithmetic
processes and necessitates a high performance processor.
For instance, if the acoustic characteristic ĉ  is modeled
by 128 filter length, multiplication needs to be performed
128 times and addition needs to be performed 127 times
in each sample interval. Moreover, the convolution
operations of the adaptive filter are also necessary.
Furthermore, if a system with multiple speakers and
microphones is to be built, then the number of arithmetic
processes in the control algorithm would become
abnormally high. In addition, to track the engine rpm at
high speeds, the sampling frequency must be as high as
possible, which necessitates high performance, high cost
signal processors such as DSP.

(2) Issues related to modeling precision in the low frequency
region
Since the acoustic characteristic ĉ  is modeled using the
FIR filter, if the filter length is short for the actual
impulse response, the precision of modeling in the low
frequency region becomes poor. For instance, in a system
that operates at the sampling frequency of 3 kHz, if the
acoustic characteristics are modeled at 128 filter length,
the frequency resolution ∆ƒ of the model becomes
23.4 Hz, the precision of the sound model for low
frequencies such as 40-50 Hz decreases, and the control
effect diminishes. Consequently, it is necessary to reduce
the sampling frequency or to increase the number of filter
length for modeling when controlling the low frequency
noise. However, the problem with the former method is
that it reduces the ability to track the engine rpm, and the
problem with the latter is that the calculation load
increases.

3.2. Reduction in the Number of Arithmetic
Processes

3.2.1. Fundamental logic for reduction in the number
of arithmetic processes

Figure 5 shows the booming noise shown on the
complex plane. As mentioned in section 2.2, since the
booming noise is a sine wave event, the cancellation sound of
the booming noise is expressed as two values, A and B, on
the complex plane. This is equivalent to saying that if the RX
signal and the RY signal, which are reference signals
perpendicular to each other and corresponding to the real axis
and the imaginary axis respectively, are used, the
cancellation sound is generated by taking the amplitude of
the RX signal as A and the amplitude of the RY signal as B.
Considering that the RY signal progresses at a phase of 90°
with respect to the RX signal, the RX signal is shown as the
real axis and the RY signal as the imaginary axis in the figure.
This method allows the adaptive notch filters A and B that
correspond to the amplitude of the perpendicular signals to
track the changes in the engine rpm by using the digital
signal processing. This method is known as SAN
(Single-Frequency Adaptive Notch) filter(5), (6).

Fig.5   Polar coordinates of booming noise

Fig.6   Block diagram of control system

3.2.2. Deployment in the control algorithm 
The signal processing method to track changes in the

engine rpm is given here. Figure 6 shows the block diagram
of the adaptive signal process. Here, the reference signal is
taken as x , adaptive filter as w , the acoustic characteristic
as c , and its model as ĉ . Moreover, if p  is taken as the
unknown part, then the booming noise is assumed to be
reference signal which reaches the microphone following the
unknown part p . If it is currently presumed that there are no
modeling errors, then cc ˆ=  and the microphone signal e  is
expressed by the equation shown below.

(1)

The gradient ∆ is found as shown in Fig. 7 to update the
adaptive filter w  so that the squared value of the microphone
signal becomes a minimum. Thus, the gradient ∆ is given by
the equation below.

(2)

Therefore, as shown in Fig. 7, the control system to track
the changes in the engine rpm is built by updating the
adaptive filter w  recursively so as to attain the optimum
value by the equation below.

(3)

Here, µ expresses the step size parameter.
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Fig.7   Optimization of evaluation function by LMS 
method

Next, equation (2) shows the method to reduce the
number of convolution processes of the xc ⋅ˆ  calculation as
much as possible. For this, the frequencies of the acoustic
characteristic ĉ  are analyzed and saved as a table for the
control frequencies as shown in Table 1. The values
corresponding to the frequencies to be controlled are read
from the table and used in the calculations. The acoustic
characteristic Ĉ  in the frequency ƒ is expressed using the
complex expression (take j  as an imaginary unit) shown
below.

(4)

Here, the method for realizing xc ⋅ˆ  is shown, based on
the acoustic characteristics in equation (4). It shows the
calculation method using the RX signal in x  for xc ⋅ˆ

(5)

Equation (5) uses the fact that RY is a signal that
progresses at a phase of 90°with respect to RX, RYRXj =⋅ .
In the same way, the calculation method when the RY signal
is used in x , is given below.

(6)

Table 1   Control parameter of acoustic characteristic

Equation (6) uses RXRYj −=⋅ . Figure 8 shows the
block diagram for engine booming noise control using
equations (5) and (6). A feature of this control method is that
the Frequency Domain Filtered-Reference (hereafter Freq,
F-R SAN) does not make use of any convolution operation,
as compared to the use of many convolution operations
equivalent to the multiplication of vectors by the F-R LMS
method, which is a common control method. That is, the
main feature is that all the calculations involve multiplication
and addition of singular values. Shown below are the updated
equations of the adaptive notch filters A and B

(7)

Fig.8   Block diagram of Freq. F-R SAN algorithm

3.3. Effect of Reduction in Arithmetic Processes 
The number of arithmetic processes for one sample of

Freq. F-R SAN and F-R LMS algorithms were compared.
Table 2 shows a comparison of the number of arithmetic
processes carried out by the Freq. F-R SAN algorithm and
F-R LMS algorithm in one sampling period when the
acoustic characteristics were modeled by 128 filter length
and adaptive filter modeled by 64 filter length. This table
represents the case of one output and one control point. The
number of arithmetic processes of filter for the sound model,
adaptive filter, the number of updated arithmetic processes of
the adaptive filter and their sums were also compared. It is
clear from this table that the booming noise is controlled by
the Freq. F-R SAN algorithm with approximately 1/25th the
number of arithmetic processes of the F-R LMS algorithm.
The difference in the number of arithmetic processes
becomes larger when the multi-output multi-point control
system is constructed in which the number of microphones or
output increases.

Table 2   Comparison of arithmetic operations carried 
out by Freq. F-R SAN algorithm and F-R 
LMS algorithm in one sampling period
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In addition to the reduction of the number of arithmetic
processes, if the acoustic characteristics are maintained as a
table at a resolution of 0.5 or 1 Hz, Freq. F-R SAN enables
precise modeling restricted to the frequency range, where the
control is implemented. Hence, this can resolve the issue of
reduction in sampling frequency or increase in the volume of
arithmetic processes in F-R LMS.

3.4 Stability Compensation for Control System
Parameters for stable operation of the Freq. F-R SAN

system were introduced. The following two cases of unstable
operations of the control system may be considered.
(1) When the noise components other than control frequency

components included in the microphone signals are large.
(2) When frequency difference arises between that of the

booming noise included in the microphone signal and the
control frequency.
For both (1) and (2), the operation of the control system

may become unstable. This is because the adaptive filter
operates to reduce the frequencies other than those it should
control, in regard to control frequencies predicted from the
engine rpm, when the signals of control frequency
components included in the microphone signal are relatively
smaller compared to other frequency components. To inhibit
this, mixing of signals of the control frequency component
according to the size of adaptive filter in the microphone
signal may be considered. Figure 9 shows the block diagram
for this process.

A large α is effective in improving the stability. However,
increasing α inhibits the control output and reduces the
control effect.

Fig.9   Block diagram of frequency domain 
filtered-reference SAN with stable 
parameter

3.5. Simplification of System Configuration
The number of microphones is reduced to simplify the

system configuration. Reduction in the number of
microphone units has a large effect not only on unit cost
reduction, but also on overall cost reduction since items such
as harness and garnish become unnecessary. Therefore, we
considered a technique to control the front and rear seat
booming noise by using a single microphone unit. A single
microphone system was developed from the two microphone
systems shown in Fig. 10. This single microphone system
generates the output signal for the rear seat by compensating
the front seat output signal using the rear seat compensation
filter F as seen in Fig. 11.

Fig.10   Two microphone system

Fig.11   One microphone system

3.5.1. Identification method for rear seat
compensation filter F

(1) Identification method that uses the booming noise
distribution at the front and rear seats.
Using this method, the booming noise at the front and
rear seats is reduced. The acoustic characteristics up to
each of the front and rear microphones from each of the
front and rear speakers are distinguished by subscripts
from 00 to 11 as seen in Fig 10. The microphone signals
e0, e1 are expressed in equations (8) and (9). The two
equations are assumed to be zero for operations under
ideal conditions. Further, when the front and rear seat
booming noise distribution is fixed, this condition is
expressed by equation (10).

(8)

(9)

(10)

From equations (8), (9), and (10) the front and rear output
ratio F is obtained. 00c  - 11c and q  here, are taken as 00C  -

11C  and Q  in the frequency range.  From the above, the
equation below is obtained.
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(11)

(2) Identification method that uses acoustic characteristics of
the cabin only.
By applying this method, the amplified sound generated
at the rear seat is controlled when reducing the booming
noise at the front seat. The output signal for control of the
front seat arrives at the rear seat according to the
transmission characteristic 01c . The rear seat output
signal is used to cancel the amplified sound generated at
the rear seat. The rear seat compensation filter F used
here is given in the equation below.

(12)

3.5.2. Use of rear seat compensation filter F
Since the identified rear seat compensation filter F in the

frequency range is a complex number, it is expressed by the
equation below together with equations (11) and (12).

(13)

The rear seat compensation filter F is retained as a table
for frequency ƒ similar to the table for acoustic
characteristics Ĉ  shown in Table 1, and it is used in
calculations after reading the values corresponding to the
control frequencies. Figure 12 shows the corresponding
control block diagram. This control system requires an
extremely low number of arithmetic processes for the rear
seat output similar to acoustic characteristics Ĉ . It enables a
single microphone system with a cost effective
microprocessor to be realized, and is therefore, an effective
method. While using this method, it is necessary to use the
equation below in acoustic characteristics Ĉ .

(14)

The front and rear seat booming noise reduction system
shown in (1) requires prior studies because of the premise
that the booming noise ratio q of the front and rear seat,
including the phase in equation (10), is constant during
acceleration / deceleration or when the difference of body
weight in mass production vehicles is confirmed. The system
for inhibiting increase in noise at the rear seat of (2) uses a
parameter that can be identified only from the acoustic
characteristics of the cabin. Therefore, when compared to (1),
its operation is stable, but it cannot effectively reduce the
booming noise at the rear seat. Consequently, it is important
to select and use the appropriate method according to the
vehicle characteristics.

4. Integration with the Audio System

To integrate this system with the audio system, a method
was applied in which the control output signal was
incorporated in the audio unit, as shown in Fig. 13, the
power amplifier in the audio head unit was shared, and the
speakers were driven. Consequently, the following two
specifications were added to the audio head unit:
(1) A mixer circuit was fitted just in front of the power
amplifier in the audio head unit
(2) The power amplifier was set to operate even when the
user has turned off the main switch

In addition to the above two additional specifications, a
function for communicating between the ANC-ECU and
audio head unit was added as a checking function for the
assembly process at the plant or support services for
malfunction occurrences.

Fig.13   System configuration

5. Application Results

This system was used in vehicles fitted with V6
cylinder-on-demand-engines. During three-cylinder
operation, besides the engine vibration, the intake sound and
exhaust sound also deteriorate, and the booming sound in the
cabin deteriorates due to torque converter lock-up. This
system was set so that it could demonstrate maximum noise
reduction by incorporating the SCP signal that shows
three-cylinder operation for good efficiency in the reduction
of booming noise. Figures 14 and 15 show the reduction
effect attained by this system. It is confirmed from the figure

Fig.12   Block diagram of frequency domain 
filtered-reference SAN with rear area 
compensation
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that the reduction effect is approximately 10 dB for 1.5th

order component of the engine booming noise that
deteriorates due to torque converter lock up in the vicinity of
1 800 rpm. Further, this system uses a Fujitsu semiconductor
device, which is a 16-bit micro controller
F2MC-16LX/MB90562/A.

This system enables the user to drive without being aware
of three-cylinder operation.

Fig.14   1.5th order sound pressure level at front seat

Fig.15   1.5th order sound pressure level at rear seat

6. Conclusion

The Active Noise Control System was developed aiming
at reducing the engine booming noise, integrated with the
audio system, and was mass produced. This system enabled a
balance to be obtained between fuel economy and NV
performance by using measures against the booming noise
during three-cylinder operation for a V6 cylinder–on-demand
system. Henceforth, this active control technology for noise
and vibration is anticipated to be given a prominent position
because of the good balance between weight reduction/ fuel
economy and noise vibration performance.
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Development of Active Control Engine Mount

Hideki MATSUOKA* Tetsuo MIKASA* Hirotomi NEMOTO*

ABSTRACT

An active control engine mount system has been developed to control noise and vibration in a completed vehicle employing a
3-liter V6 cylinder-on-demand engine. The research described in this paper focused on the fact that engine vibrations caused by
fluctuations in torque can be estimated from fluctuations in crank revolution, and developed a new fixed feed forward control
algorithm which does not employ sensors such as a load cell or an accelerometer. A higher responsive low-heat linear solenoid
actuator has been developed for use in the system, and its unique coupling structure with an excitation plate inside the hydraulic
engine mount makes it extremely reliable. The results show that noise and vibration performance during three-cylinder drive is
equivalent to that obtained at full-cylinder drive.

 * Tochigi R&D Center

1. Introduction

Active Control Engine Mount (ACM) technology is to
control engine mounts actively by taking pulses synchronized
with engine rpm as reference signals. Active Control Engine
Mounts have been studied since the 1980s(1). Various
adaptive feedforward control methods have been
investigated, such as one to monitor and cancel the input load
of engine vibrations using a load sensor, and one to monitor
directly and cancel the evaluation points of noise and
vibrations (NV) of the car body using microphone or
accelerometer. In the late 90s, two types of ACMs were
developed and practically used. One is a method to operate
the vacuum actuator by using mapping control (2). Another
one is to operate the electromagnetic actuator by using
adaptive control (3). The functions of the former are limited to
the idling range, so that the system is extremely simple. The
latter method controls a wider range up to 130 Hz, however it
employs an electromagnetic actuator with a permanent
magnet or an exclusive load sensor, and this results in higher

system costs and heavier weight. The target of this research is
an engine equipped with the cylinder-on-demand system.
From the point of view of cost reduction, this study focuses
on ACM that ensures reliability and adequate vibration
isolation over the rpm range in three-cylinder drive, and the
control method that does not require exclusive sensors.

The cylinder-on-demand system reduces pumping loss
and improves mileage by keeping the valves of the three
cylinders on one bank closed when the load during operation
is light, such as, when the engine is running at constant speed
or decelerating. However, the vibration amplitude in
three-cylinder operation increases due to the halved basic
order caused by less cylinders in operation and the higher
combustion pressure due to the increase in the workload per
cylinder. Therefore, the isolation capacity of conventional
engine mounts is insufficient, and the deterioration of NV
performance in the completed vehicle is one of the biggest
concerns. The aim of the ACM development is to minimize
the costs and to achieve NV performance that does not make
a driver feel like a vehicle is under three-cylinder operation.
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2. Overview

2.1. Vibrations of the V6 Cylinder-On-Demand
Engine

Generally, engine vibration is classified into two
categories. One is generated due to the inertia force caused
by the motion of components, and another one is generated
due to engine combustion. The vibration under three-cylinder
operation of the 60-degree V6 cylinder-on-demand engine is
mainly due to the 1.5th order of the engine rpm. However,
vibration caused by engine combustion becomes the main
contributor since the inertia force that accompanies the
motion of the piston-crank is balanced regardless of the
number of cylinders in operation. Thus, if the combustion
pressure or the fluctuation in crank rotation that occurs due to
the combustion pressure is determined, the engine vibration
is estimated and applied in ACM control.

2.2. System Overview
Figure 1 shows the system configuration. The V6 power

plant is mounted on ACMs at the front and rear parts of the
sub-frame, under the transmission, and on both sides of the
side frame. The most efficient ACM locations are at the front
and rear since the engine rotational vibrations due to
combustion occur in vertical direction at these locations, and
the vibration highly contributes to NV phenomena in a
completed vehicle. The ACM control unit (Electronic
Control Unit, ECU) is located in the cabin, and is connected
to the engine ECU. The harness for driving the ACM is
connected to the two ACMs in the engine room.

Fig. 1   ACM system configuration

Figure 2 shows the block diagram. The ACM ECU
receives the crank and the cylinder pulse signals for the
existing engine control from the engine ECU. The deviations
in the crank rotation caused by engine combustion are
detected from the crank pulse, while the cylinder pulse is
applied as the phase reference for control. Thus, this system

estimates the magnitude and phase of the engine vibrations,
determines the duty signal for operating the ACM and
vibrates the excitation plate inside of the ACM using the
actuator.

3. Control System

3.1. Engine Excitation Force and Crank Rotation
Torque

Figure 3 shows a general piston-crank model. Because of
the angle of connecting rod β, the force F due to combustion
is separated into the force Fs, which pushes the cylinder
walls, and the force Fc, which pushes the connecting rod.

Fig. 3   Piston-crank model

The force that pushes the cylinder walls, Fs, and turns the
crank, Tq during combustion are expressed as below.

(1)

(2)

As calculating the effect of phase θ of the crank with the
equation above, Fs and Tq are considered to have an almost
proportional relationship at the ignition timing (θ = 0 ∼ 20°)
in the three-cylinder operating condition. Therefore, the
magnitude of the engine vibrations is estimated by detecting
the fluctuations in the crank rotation from the crank pulse and
calculating the P-P value. The phase is also calculated by
comparing the timing at the maximum P-P value and the
cylinder pulse (TDC reference pulse).

3.2. Control Algorithm
Figure 4 shows the details of the control algorithm. This

system determines the current waveform that drives the
actuator based on the estimated engine vibration values
mentioned in 3.1. The vibration calculation part calculatesFig. 2   Block diagram of ACM system
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the P-P value of the crank rotation, compares the peak timing
and the TDC timing, and calculates the phase. Next, the duty
control part inputs a waveform to the front and rear ACM to
cancel the engine vibration in every cycle. Concretely, the
aggregates of duty signals are outputted in the drive cycle.
The phase is obtained from the reference pulse of each TDC.

Compared to the method to control the replacement of
fixed maps as an engine is in operation, this one is superior
because it is capable to follow up even if operating
conditions such as engine rpm and load fluctuate or
deteriorate.

Fig. 4   Detailed block diagram of ACM

4. Actuator

The characteristics required for the ACM actuator are
high response / force, small size, low weight, minimum heat
buildup in coil, reliability, and low cost. Various types of
electromagnetic actuators are compared based on these
requirements. As a result, a linear solenoid system with
well-balanced performance in those requirements was
adopted and developed exclusively.

4.1. Characteristics of the Electromagnetic Circuit
For the shape of the air gap that generates force, a tapered

configuration is used (Fig. 6) to stabilize the force–lift
characteristics. For the electromagnetic circuit, a configuration

(3)

is established to minimize the iron loss and the coil
copper loss. Concretely, as shown in Fig. 5, α1 and α2 are
set so as to be approximated at point P, the intersection of the
iron core magnetization curve and a line from constant
electromagnetic energy U1 (impressed current*the number of
coil winding) at θ = tan-1Pg (Pg is air gap permeance).

4.2. Magnetic Flux Density Distribution
Figure 6 shows the calculation results of the magnetic

flux density distribution in the electromagnetic circuit that
consists of the coil, core, and armature. The equation (3)
holds well since the magnetic flux density in the circuit does
not use the area that exceeds the permissible value (flux
saturation area) but the area close to the permissible value.

Fig. 5   Magnetic circuit characteristic of linear 
solenoid

Fig. 6   Magnetic flux density of magnetic circuit

4.3. Heat Build-up Characteristics 
An engine mount is generally exposed to high

temperatures like radiant heat from the exhaust system. If the
electromagnetic actuator is employed in the ACM drive,
special attention must be paid to the heat build-up
characteristics to ensure reliability. The applied linear
solenoid actuator in this study has superior energy conversion
efficiency. Furthermore, this actuator includes a driving
circuit capable to impress the current waveform, in which
unnecessary current components that generate heat internally
have been removed. Thus, a very low heat buildup that does
not affect the reliability is achieved. As seen in Fig. 7, even
in continuous conductive operations, the rise in temperature
of the coil surface is below 30 °C, and the rise in temperature

Fig. 7   Temperature characteristics



Honda R&D Technical Review Vol. 15 No. 2 (October 2003)

– 212 –

of the rubber surface (See Fig. 9) of the excitation plate
closest to the actuator is about 10 °C. These values are
sufficiently lower than the permissible temperatures.

4.4. ACM Control Unit
In order to drive an actuator that has high response and

force, an ACM ECU is developed which includes a function
to amplify high electric current in variable frequency and a
driving circuit durable to the generated heat during these
fluctuations. Also a diagnosis function is provided that
includes a monitoring function for the actuator control unit
Fig. 8.

Fig. 8   ECM ECU

5. Structure of ACM

5.1. Structure Overview
Figure 9 shows a cutaway view of the ACM. The

structure of the upper part of the ACM is similar to the
conventional hydraulic engine mount. A linear solenoid type
actuator is fitted in the lower part. The main feature of the
hydraulic engine mount is the air-release diaphragm, located
above the mounting rubber. Accordingly, overall height of the
mount is shortened. This helped in achieving the
compactness of the actuator mentioned earlier and overall
height similar to that of the conventional hydraulic engine
mount. Furthermore, as the rubber body that holds load is
enveloped in mount liquid, hardening of rubber due to ozone

aging and heat aging is reduced. This contributes to the
stabilization of aging deterioration performance in the active
control system. The actuator is coupled to the excitation plate
on the mount side, and it is constructed to convert the
actuator driving force to liquid pressure. Generally, the
engine mount is equipped to the part which is exposed to
water. Therefore, the direct coupler structure with
double-molded coils is adopted to ensure reliability of the
electrical circuit.

5.2. Coupling of Actuator and Excitation Plate
The coupling structure of the linear solenoid and the

liquid hydraulic engine mount has two features as mentioned
below to work both functions properly.
(1) Use of a mechanism for adjusting the armature (mover)

setting position.
(2) Use of a mechanism that enables to couple the armature

and shaft of the excitation plate, allowing coaxial
misalignment and deflection.
Accordingly, the linear solenoid and hydraulic engine

mount are coupled with the precise control of conventional
construction, and a balance between the force stabilization
and bearing reliability is established.

6. Characteristics of ACM

6.1. Determination of Hydraulic Engine Mount
Characteristics

Characteristics required for the hydraulic engine mount in
an ACM are mentioned below:
(1) It ensures damping force equivalent to a hydraulic engine

mount having equivalent static spring constant.
(2) The ratio of mount generating amplitude / actuator force

is high.
(3) It lowers the dynamic spring constant in the driving

frequency range.
(4) It satisfies the durability requirements of the actuator

drive.
Appropriate selection of the excitation plate specification

is particularly important to optimize a balance of the four
characteristics above. In this study, the specification of the
excitation plate is selected based on tests on several types of
samples and parameter studies on rubber hardness and the
outer diameter of the excitation plate using a dynamics
calculation model of the hydraulic engine mount and the
characteristics of the dynamic spring constant is determined.

6.2. Reduction of Harmonics
The generation of harmonics becomes an issue in the base

order of driving in ACM development. Harmonics is
generated due to free vibrations of the excitation plate when
electric current is cut-off by the duty drive. Thus,
countermeasures are provided for the excitation plate and
current control respectively. Figure 9 shows one of the
measures that utilizes a filter orifice above the excitation
plate. The filter orifice function includes assisting generative
force characteristics by controlling the dynamic spring
constant in addition to free vibration control of the excitation
plate. Figure 10 shows the dynamic spring characteristics.
Since the characteristics are stabilized in the control zone, the
bottom frequency of the filter orifice is set up at 90 Hz. As a
result, the reduction of harmonics generative force during
actuator drive is possible as shown in Fig. 11.Fig. 9   Cutaway view of ACM
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Another measure for control of harmonics is to improve
the drive current. By gradually cutting off the electric current
generated by the duty drive, the improvement in amplitude of
the harmonics is confirmed (as shown in Fig. 12) in wide
frequency ranges for components greater than the second
order components of the drive.

7. Achievements

7.1. Generating Displacement of ACM Unit
Figure 13 shows the unit displacement generation. As

shown in the figure, the current system achieves a better
displacement performance in the entire range compared to
the engine displacement in the three-cylinder drive condition.

Fig. 13   Characteristics of ACM

7.2. Completed Vehicle Noise and Vibration
Performance

This ACM system is applied to a vehicle equipped with
V6 cylinder-on-demand engine, and the noise and vibration
level in the three-cylinder drive is checked. As shown in
Fig. 14, the result shows that the ACM load transfer is
reduced by approximately 10 dB in the entire operating range
compared to the no controlled condition. And the booming
noise in the cabin and steering vibrations, shown in Figs. 15
and 16, are drastically reduced as well. Moreover, further
booming noise reduction is achieved by applying active noise
control with the ACM system together, and noise and
vibration performance is realized equivalent to that
experienced during full-cylinder operation, even in three
cylinders operation.

Fig. 14   Reduction of transfer load at three-cylinder drive

Fig. 10   Passive characteristics of ACM

Fig. 11   Effect of filter orifice

Fig. 12   Effect of harmonics of optimizing current 
wave
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Fig. 15   Reduction of sound pressure in completed 
vehicle at three-cylinder drive

Fig. 16   Reduction of steering vibration in completed 
vehicle at three-cylinder drive

8. Conclusion

The following is the summary of this active control
engine mount development:
(1) An ACM system equipped with an exclusive linear

solenoid type actuator with high efficiency and low heat
generation, and a vibration estimating type feed forward
control system by crank rotation pulse signal, which is
the existing signal, was developed.

(2) Amplitude characteristics that exceed the engine
vibrations in the active driving condition were satisfied;
adequate isolated vibration value was obtained, thereby
enhancing the marketability of V6 cylinder-on-demand
engine in noise and vibration performance.

(3) A packaging similar to that of the conventional hydraulic
engine mount was realized by shortening the overall
height of the hydraulic engine mount and the exclusive
compact actuator.

(4) For reliability for low heat generation in the actuator, a
coupling structure between armature and the excitation
plate that allowed coaxial misalignment and deflection in
the coupling was established, which ensures a sufficient
durability.
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Study of Hydro Bush for Reduction of Harshness and
Road Noise

Yasuo MIYAMOTO* Sou NAKAMURA*

ABSTRACT

Isolation rubber bushes with hydro structures have low dynamic stiffness and high damping, and also allow high degrees of
freedom in setting the required characteristics. The project discussed in this paper studied the methods of utilizing these
advantages in suspension bushes in order to improve ride comfort and reduce road noise.

With regard to the harshness experienced when driving on a stepped road, the inputs are in phase for the left and right tires in
the majority of cases, and this phenomenon formed the focus of this study. Hydro bushes with different characteristics for the
right and left sides were used to generate phase differences in the force transmission to the chassis, enabling the development of a
method of countering the force transmission on the left and right sides. This method has enabled the force transmission in the
chassis on a stepped road to be reduced.

Tire vibration when driving on a rough paved road is transmitted to the cabin through the suspension. It was discovered that
considerations of the rubber bush in the suspension system as a spring element and a damping element, and of the arm as a rigid
body element and an elastic element, were important factors in the reduction of road noise. Optimization of the hydro bushes on
this basis enabled the level of road noise experienced in the cabin to be reduced.

 * Tochigi R&D Center

1. Introduction

Harshness when passing over stepped road joints and
road noise on rough paved roads are sources of discomfort
for passengers, and have a large influence on product appeal.
Reducing this vibration and noise is an important issue for
vehicle development, and research has been conducted on
many areas including the body system and suspension
system(1), (2).

However, the countermeasures for road noise in the body
system often lead to worse fuel economy or handling
performance due to an increase in the body mass, and the
countermeasures for harshness and road noise in the

suspension system are often a trade-off with handling and
stability due to lower tire and bush stiffness. For these
reasons, such countermeasures could not be implemented.

On the other hand, isolation rubber parts with hydro
structures realize both the required dynamic stiffness and
damping, and also allow a higher degree of freedom in
setting the required characteristics. As such these parts are
widely used mainly in the engine mount system, and have
dramatically improved ride comfort, noise and vibration
performance. Thus, it was thought that applying this
technology to the suspension might hold the same potential
for dramatically improving product appeal as for the engine
mount system.
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We analyzed the behavior of the suspension and the body
over road surfaces that produced harshness and road noise
using a sedan body style vehicle with double wishbone type
suspension (Fig. 1) in both the front and rear. These results
were then used to study how the characteristics of hydro
bushes should be set to effectively reduce harshness and road
noise in a vehicle.

Fig. 1   Double wishbone type suspension

2. Investigation of Methods for the Reduction of 
Harshness

2.1. Selection of Road Surface and Vehicle Speed
Road surfaces that produce a feeling of harshness have

various profiles, and these can be broadly classified as
follows.
(1) Road surface with random shape (such as unpaved roads,

etc.)
(2) Road surfaces with a regular period (such as choppy

pavement on U.S. freeways(3), etc.)
(3) Road surfaces with a single stepped joint or multiple

stepped joints with a sufficiently long period (such as
bridge and overpass joints or repaired sections in paved
roads, etc.)
Road surfaces with a random shape or a regular period

are suitable for power spectrum analysis, but the next input
will excite the suspension before the suspension vibrations
stemming from the first input have subsided, so time series
analysis is difficult. Road surfaces that are suitable for time

series analysis are those with a single stepped joint or
multiple stepped joints with a sufficiently long period.
Therefore, we analyzed the suspension and body behavior
over a road surface with only a single stepped joint
established on a test ground.

Figure 2 shows the relationship between the speed and
the peak value of the longitudinal body acceleration over this
stepped road joint. The maximum acceleration occurred at
50 km/h, so this speed was used for analysis.

2.2. Analysis Results
Figure 3 shows the time series wave form of acceleration

for the body when passing over the stepped road joint at
50 km/h. This waveform is comprised of an acceleration
component due to the tire enveloping and a periodic
acceleration component.

The interval up to 0.2 sec is the effect of transmission
from the front suspension, and the effect of transmission from
the rear suspension is included from 0.2 sec onward.
Therefore, Fig. 3 shows only the effects of the front
suspension.

Fig. 3   Acceleration on body on stepped road 
(time series)

Figure 4 shows the results of analyzing the power
spectrum density of this wave form from 0 sec to 0.2 sec.

Fig. 4   Acceleration of body between 0sec and 0.2 sec

Looking at the power spectrum density of this
acceleration, there are several peaks in the longitudinal
direction at 16 Hz, 35 Hz and 43 Hz, and in the vertical
direction at 13 Hz. Based on a comparison of the results of
vehicle bench tests and tire unit tests, the longitudinal 16 Hz

Fig. 2   Relation of speed and longitudinal body 
acceleration
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component is thought to be the unsprung mass compliance
resonance, the longitudinal 43 Hz component is thought to be
the tire longitudinal resonance, and the vertical 13 Hz
component is thought to be the unsprung mass vertical
resonance.

The first cycle after contact impulse has a period of
0.028 sec, which corresponds to 35 Hz. The time from
contact impulse to the acceleration peak is 0.013 sec, which
is longer than 1/4 the cycle period (0.006 sec) of the tire
longitudinal resonance. This period is thought to be the stage
when the compliance bushes displace in the compliance
direction, and is thought to be affected by both the tire and
bush characteristics. The length of this period is thought to
produce a lower frequency component (35 Hz) than the tire
longitudinal resonance (43 Hz).

These vibrations are generated irrespective of the
suspension type, so they are universally important. Methods
for reducing vibration transmission in the vertical body
direction include reducing the radial dynamic stiffness and
increasing the damping of the tires, reducing the damping
force of the shock absorbers, reducing the dynamic stiffness
of the shock absorber mounts, and so on. However, these
methods affect product appeal over a wide range from
handling and stability to fuel economy. Therefore, the target
was set for reducing vibration transmission in the
longitudinal body direction.

2.3. Investigation of Hydro Compliance Bush
Characteristics

Methods for reducing the longitudinal input to the body
include reducing the tire stiffness and reducing the static
stiffness of the bush. However, these methods also reduce the
handling and stability. A realistic method that does not
involve a trade-off with product appeal items other than
harshness is to adjust the dynamic characteristics of the
compliance bush without changing the static stiffness by
using a hydro structure. The subject frequencies are the
components of 16 Hz (compliance resonance), 35 Hz and
43 Hz (tire longitudinal resonance). Thus, damping these
vibrational components with the compliance bush and
reducing the vibration transmitted via the compliance bush
were thought to be important.

First, an investigation was conducted to determine which
of the frequency components deserved the most attention.
The compliance bushes of the front suspension were changed

to hydro bushes (loss tangent peak value of approximately
0.6), four different damping peak frequencies were set, and
the relationship between the damping peak frequency of the
bushes and the results of subjective evaluation on vehicle test
at 50 km/h over a stepped road joint was investigated.
(Fig. 5)

The results showed that softness of impact was better
when the damping peak frequency of the bush was set near
the tire longitudinal resonance frequency, and decay was
better when the damping peak frequency of the bushes were
set near the compliance resonance frequency. This indicated
that the relationship between softness of impact and decay is
a trade-off, and a good balance between the two was
confirmed when the damping peak was set near 30 Hz.

Figure 6 shows the longitudinal body acceleration for a
conventional bush that does not have a hydro structure, and
Fig. 7 shows the longitudinal body acceleration for a hydro
bush with the damping peak set at 30 Hz.

Fig. 6   Longitudinal body acceleration at conventional 
bush

Fig. 7   Longitudinal body acceleration at hydro 
compliance bush (same phase)

The conventional bush shows poor decay of the
compliance resonance, and this overlaps with the high
frequency component to form a pointed time series waveform
of longitudinal body acceleration. In contrast to this, when
using the hydro bush with the damping peak frequency set at
30 Hz, the peak value of longitudinal body acceleration was
reduced, and decay of the compliance resonance also
improved.

However, in terms of the absolute softness and decay
levels, the effects were insufficient and new methods had to
be investigated.Fig. 5   Subjective analysis of harshness
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2.4. Investigation of Phase Control
Most stepped road joints in the world are joints that

stretch perpendicular to the direction of travel (for example,
bridge joints, choppy pavement on U.S. freeways, etc.).
When passing over these stepped road joints, the right and
left tires contact the stepped joint at the same time, and the
forces generated on the right and left tires are also
transmitted at the same time to the body via the suspension.
The phenomenon is thought to increase the body
acceleration.

Therefore, a method was devised for canceling the
vibrations transmitted from the right and left compliance
bushes to the body by giving these vibrations a phase
difference so that they interfered with each other. This
mechanism is shown in Fig. 8. In order to realize this
mechanism, the initial peak (35 Hz component) of the
acceleration transmitted from the suspension to the body had
to be given a different phase for the right and left bushes. The
hydro bush characteristics for performing this phase control
were set as follows.
(1) One bush was given high damping in the 35 Hz range,

and the transmission phase angle advance was increased.
(2) The other bush was given low damping in the 35 Hz

range, and the transmission phase angle advance was
reduced.
We realized this asymmetry of the right and left bushes

by changing the orifice design parameters (section area and
length). In addition, we also considered the characteristics of
the right and left bushes in the compliance resonance range
and tire longitudinal resonance range for reducing the
suspension longitudinal vibration. For this reason, the loss
tangent peak frequency and peak value were set to ensure
damping of 0.15 or more at the loss tangent. Figures 9 and 10
show the characteristics of the hydro bush using this phase
control.

Fig. 9   Dynamic spring of hydro compliance bush

Fig. 10   Damping characteristic of hydro compliance 
bush

2.5. Effect on Vehicle Test
The effect was confirmed at 50 km/h over a stepped road

joint. When the damping peaks were set at 30 Hz for both the
right and left compliance bushes, the forces were transmitted 

Fig. 8   Mechanism of phase control
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in phase from the right and left bushes to the body, so the
first peak on the positive side had a pointed shape. In
addition, the decay was also poor (Fig. 7). In contrast,
Fig. 11 shows the longitudinal body acceleration when phase
control is performed using bushes with the characteristics
shown in Fig. 9 and Fig. 10. Here, the longitudinal body
acceleration peak on the positive side is divided into two
peaks, and the peak height has dropped by 30%. In addition,
from the second peak onward the force transmitted from the
right and left bushes counter each other, and the decay has
also improved. Handling and stability were also unaffected
which had been a concern with the asymmetrical bush
dynamic characteristics. This is thought to be because the
bush static characteristics contribute greatly to handling and
stability, and this symmetry was maintained.

This mechanism was confirmed to be effective not just
for stepped road joints, but also for other harsh road surfaces.
Figure 12 shows the body acceleration on choppy pavement
on a U.S. freeway.

Fig. 11   Longitudinal body acceleration at hydro 
compliance bush (phase control)

Fig. 12   Maximum longitudinal acceleration of body 
on choppy road

3. Investigation of Methods for Reduction of 
Road Noise

3.1. Analysis of Cabin Sound Pressure
Figure 13 shows the power spectrum density (1/3 octave

band) for the cabin sound pressure over the road noise
evaluation road. The sound pressure is high in the 250 Hz
and 500 Hz ranges, so lowering the sound pressure in these
ranges is thought to be important.

3.2. Analysis of 250 Hz Range
The 250 Hz range in the 1/3 octave band is known to be

caused by transmission of the tire cavity resonance. Narrow
band analysis revealed the tire cavity resonance peaks at
230 Hz and 240 Hz. The transfer path of the suspension was
analyzed, and the results showed that vertical vibration of the
trailing arm bush had a high contribution rate in the tire
cavity resonance range, accounting for 22% of the overall
suspension. Therefore, it was thought that reducing the
vertical dynamic stiffness of the trailing arm bush at 230 Hz
and 240 Hz would improve road noise in the 250 Hz range.

3.3. Analysis of 500 Hz Range
A hypothesis was formed that the 500 Hz range in the 1/3

octave band is caused by a rigid-body mode of the
suspension arm. Theoretical calculations based on the inertia
mass of the arm and the stiffness of the bush led to the
presumption that the rigid-body mode of the front upper arm
contributes to this range. Therefore, the ball joint side of
upper arm was excited using a tester for measuring the
dynamic stiffness, the force at the body side of the bush
mounting point was measured, and the transmission
characteristics were measured. The results confirmed a
transmission peak at 480 Hz. (Fig. 14)

Next, the front suspension spindle was excited randomly
in three directions, and an acoustic sensitivity peak was

Fig. 13   Sound pressure in a cabin

Fig. 14   Frequency response characteristics of arm 
assembly
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confirmed at 464 Hz as shown in Fig. 15. Modal analysis of
the suspension at this frequency confirmed the vibration
mode shown in Fig. 16. This mode is comprised of a mode
in which the knuckle undergoes longitudinal elastic
deformation, a rigid-body mode in which the upper arm uses
the ball joint as a fulcrum and the bush as a spring element,
and the elastic mode of the arm itself.

Based on the above analysis, it is thought that road noise
in the 500 Hz range can be improved by giving the bush high
damping to suppress the rigid-body mode and elastic mode of
the upper arm, and giving the bush a low dynamic stiffness to
suppress transmission of these vibrations to the body.

3.4. Reduction by the Trailing Arm Bush
The vertical dynamic characteristics of the trailing arm

bush contribute greatly to tire cavity resonance (230 Hz,
240 Hz), so the target was set at reducing the vertical
dynamic stiffness at these frequencies.

The dynamic characteristics of the hydro bush are such
that as the phase angle approaches 90°, the pumping action of
the fluid in the orifice becomes stronger, allowing the
dynamic stiffness to be reduced. Conventional hydro bushes
use the gap between the inner tube and the stopper as the
orifice, and a resonance system is formed by the mass of the

fluid in that orifice and the expansion elasticity of the main
rubber. In this case advancing the phase angle reduces the
dynamic stiffness in the tire cavity resonance range.

The improved method uses a double orifice type in which
a new orifice is added to the stopper portion of the
conventional structure. Figure 17 shows this structure
model. Resonance of the fluid in one orifice is created at
190 Hz by the resonance system comprised of the mass M1
and spring elements K2 and K4 in Fig. 17, and resonance of
the fluid in the other orifice is created at 240 Hz by the
resonance system comprised of the mass M2 and spring
elements K3 and K4. The presence of these two resonance
systems expands the frequency range over which a phase
angle near 90° can be obtained, thus expanding the frequency
range over which the dynamic stiffness can be reduced by the
pumping action of the fluid in the orifices.

This made it possible to further reduce the dynamic
stiffness in the tire cavity resonance range, and at the same
time to suppress the aggravation of the dynamic stiffness
peak value near 300 Hz. The improved hydro bush structure
is shown in Fig. 18, and the characteristics are shown in
Fig. 19 and Fig. 20.

Fig. 17   Structure model of hydro trailing arm bush 
(double orifice type)

Fig. 18   Structure of hydro bush (trailing arm)

Fig. 15   Acoustic sensitivity of front wheel 
(random vertical excitation)

Fig. 16   Modal animation of front suspension at 
464 Hz (side view)
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Fig. 19   Dynamic spring of hydro bush (trailing arm)

Fig. 20   Damping of hydro bush (trailing arm)

3.5. Reduction by the Front Upper Arm Bush
Giving the bush high damping to suppress arm resonance

in the 500 Hz range and low dynamic stiffness to suppress
transmission were thought to be effective measures.

A good method for achieving these characteristics was
thought to be to set the resonance of the fluid in the orifices
at 600 Hz, and to utilize the pumping action of the fluid in
the orifices at lower frequencies. However, the resonance of
the fluid in the orifices could not be raised to 600 Hz using a
structure with a fluid chamber and orifices like a normal
hydro bush.

Fig. 21   Structure of hydro bush (front upper arm)

Fig. 22   Dynamic spring of front upper arm bush

Fig. 23   Damping of front upper arm bush

Therefore, a ring-shaped orifice was used as shown in
Fig. 21, and this was given both piston functions for
pressurizing the fluid and orifice functions. This made it
possible to set the resonance of the fluid in the orifice at
600 Hz, and to achieve the ideal characteristics of low
dynamic stiffness and high damping in the 500 Hz range. In
addition, the dynamic stiffness could also be reduced in the
tire cavity resonance range. (Fig. 22, Fig. 23)

3.6. Effects on Vehicle Test
The newly developed hydro bushes were assembled into

a vehicle, and the effects were confirmed. As shown in
Fig. 24, a reduction of the sound pressure in the 250 Hz and
500 Hz ranges was confirmed.

Fig. 24   Effect of road noise refine
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4. Conclusion

The suspension behavior was analyzed in detail regarding
harshness and road noise, and hydro bushes with new
structures were developed based on these results. Through
this development, the following knowledge was obtained.
(1) Body vibration when passing over stepped road joints is

affected in the vertical direction by the unsprung vertical
resonance and the tire enveloping characteristics, and in
the longitudinal direction by the compliance resonance
and the tire longitudinal resonance. Reducing the
transmission of these resonance phenomena is an
effective countermeasure for reducing harshness.

(2) Factors contributing to road noise include suspension
vibration caused by tire cavity resonance, and the
rigid-body and elastic modes of the arms. Reducing the
dynamic stiffness of the bush is an effective
countermeasure for the former, and increasing the
damping and reducing the dynamic stiffness of the bush
in the rigid-body and elastic modes of the arms is an
effective countermeasure for the latter.

(3) Longitudinal body vibration over stepped road joints can
be reduced and harshness can be improved (reduction of
maximum longitudinal body acceleration and
improvement of decay) by giving the right and left hydro
compliance bushes different dynamic characteristics and
controlling the phase of the transmission.

(4) The force transmission and the arm resonance
phenomenon could be reduced and road noise could be
improved by introducing new hydro structures (double
orifice, ring-shaped orifice) for the trailing arm and front
upper arm bushes.
This project was able to provide a glimpse of the

potential for improving NVH product appeal by applying
hydro bush technology to the suspension system.

On the other hand, the suspension system has many
limitations such as endurance reliability, production
technology and space layout, and there are currently few
cases of hydro bushes being applied to mass production
vehicles.

In addition to research on methods for utilizing the
features of hydro bushes, research to resolve these hardware
issues is also considered necessary as a future theme. Hydro
bushes have great potential for improving NVH product
appeal, and research in this area is expected to expand in the
future in order to create even more attractive products
(vehicles).
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Improvement of Dynamic Spring Characteristics of
Engine Mounts with Non-combination Type

Dynamic Damper

Hitoshi NAITOH*

ABSTRACT

Cabin noise originating in the power plant has been reduced by utilizing non-combination type dynamic dampers to reduce the
absolute value of the complex spring constant (K*) of the engine mounts in the high-frequency range.

Development first employed simulations, which demonstrated the superiority of the non-combination type to the combination
type dynamic dampers. Next, the study focused on how best to exploit the structural characteristics of non-combination type
dynamic dampers to enable them to be applied to the rubber parts of the engine mount. Single non-combination type dynamic
damper units have been shown to control increases in K* caused by rubber surging and mount bracket resonance. Cabin noise in a
completed vehicle has been also reduced. Finally, it has been confirmed that the targeted durability can be kept even with the use
of the dynamic dampers on the rubber parts of the engine mount.

 * Tochigi R&D Center

1. Introduction

Customer requirements with respect to the comfort of
automotive cabins are continually increasing, and the targets
for in-cabin quietness are consequently being raised. At the
same time, there are demands for vehicles to be made lighter
as a means of responding to environmental issues, and to
achieve this the thickness of component panels is being
reduced and aluminum and other lightweight materials are
beginning to replace steel. Lower weight generally means
lower rigidity, and this tends to lead to increases in-cabin
noise and vibration. Lightweight damping and soundproofing
materials have been developed to prevent this, but preventive
measures which concentrate on automotive panels having a
large area are rather inefficient from a weight efficiency
perspective, and other preventive measures which focus on
the sources of noise and vibration can be considered more
fundamental.

Of the various forms of in-cabin noise and vibration, the
research discussed in this paper targeted those generated by
vibration in the power plant, and tested the effectiveness of a
lightweight engine mount structure in ensuring the quietness
of the cabin by reducing the vibration transmitted to the
chassis by the power plant. The results of this research are
presented below.

2. Research Goals

One of the factors present in the transfer paths of
vibration originating in the power plant to the body panels
that causes the amount of vibration to increase is rubber
surging in the engine mounts. Rubber surging is resonance
generated in the rubber sections themselves. The absolute
value of the complex spring constant (K*), increases in the
frequency range of this resonance, increasing the vibration
transmissibility from the power plant to the chassis. As a
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result, the level of noise and vibration in the cabin increases.
The aim of the research discussed here was to reduce the
increase in vibration input caused by rubber surging in the
engine mounts with a lighter-weight countermeasure than
conventionally used.

To date, when rubber surging has become an issue,
various countermeasures have been available, such as
positioning plate-shaped objects called intermediate plates in
the center of the rubber sections. However, these
conventional measures simply shift the frequency of the
surging. After this shift in frequency, noise and vibration in
the cabin increases correspondingly in the new frequency
range. The use of combination type dynamic dampers is also
possible, but these have the same effect, causing K* to peak
at frequencies higher and lower than the initial surging
frequency(1). Rather than conventional combination type
dynamic dampers, this research project therefore utilized
improved non-combination type dynamic dampers to attempt
to control the increase in K* caused by rubber surging in the
target frequency range.

3. Overview of Non-combination Type 
Dynamic Dampers

Figure 1 shows the structures of the non-combination
type dynamic damper used in this research project and the
conventionally used combination type dynamic damper. The
non-combination type dynamic damper is a two-part
structure, consisting of an added mass covered by an elastic
material and a surrounding housing. The added mass of the
conventional dynamic damper is connected to the target of
vibration reduction by rubber or some other elastic substance.
In the non-combination type, the added mass is covered in an
elastic material, but this is not connected to the target of
vibration reduction. This added mass can move freely in the
housing which covers it to prevent it flying off.

In addition to producing the same damping effect by
combination type dynamic dampers, this structure enables the
vibration response peaks generated as a result of the use of
dynamic dampers to be reduced. Figure 2 shows a two
degree of freedom spring-mass model with a
non-combination type dynamic damper, and Fig. 3 shows the
results of a simulation employed to confirm its vibration
reduction effect (2). Here, the target of vibration control is M1;
the base section is excited at a constant amplitude of
acceleration and the amplitude of response acceleration in
M1 is compared without a damper, with a combination type
dynamic damper and with a non-combination type dynamic

damper. The specifications of the dynamic dampers were
established to reduce the peak occurring at around 1 000 Hz
when no damper was used. As Fig. 3 shows, in comparison
with the effect of the combination type damper in reducing
the peak at 1 000 Hz, the use of the non-combination type
dynamic damper reduced the peak occurring at around 650 Hz
due to the use of the combination type damper, and as a result
there is a virtually flat response, without the two peaks
occurring when dynamic dampers are not utilized.

4. Application to Engine Mounts

While continuing to investigate the characteristics of
non-combination type dynamic dampers, in which the added
mass is contained within a housing, research focused on a
type of engine mount in current use, and tested the
effectiveness of the damper when applied to it. To exclude
the effect of the natural vibration of the bracket attached to
the chassis, a bush type engine mount with a circular bracket
was produced. Tests were conducted with this as the base
component. Figure 4 shows a schematic view of this engine
mount, and Fig. 5 shows its dynamic spring characteristics.
This shape is very commonly used in engine mounts.
Measuring K* in a vertical direction when the engine mount
is excited at a constant amplitude of acceleration enables
evaluation of the dynamic spring characteristic.

As can be seen in Fig. 5, this engine mount demonstrates
rubber surging at around 740 Hz, and K* peaks in that

Fig. 2   Analytical spring-mass model of two degrees 
of freedom

Fig. 3   Comparison of vibration reduction effect

Fig. 1   Examples of dynamic damper structures
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frequency range. This rubber surging is thought to be a
first—order resonance generated when the inner and outer
collars at the ends of the rubber section are fixed. Positioning
a non-combination type dynamic damper at the center of the
rubber section was judged to be effective in reducing this
resonance response. Considerations of ensuring durability in
the rubber sections towards displacement generated by the
power plant led to the selection of a round pipe housing in
which stress would not concentrate, which was vulcanized
into the center of the rubber section. The added mass was
made cylindrical to match the shape of the space inside the
housing, and both ends of the housing were plugged to
prevent it from flying out. Because the direction of
displacement of the first-order resonance mode of the target
rubber section is basically the direction shown as A in the
cross-section in Fig. 4, the outer circumference of the added
mass was covered in an elastic material. Figure 6 shows a
cross-section of the structure of this non-combination type
dynamic damper, and Fig. 7 shows the engine mount after
application of the damper.

This structure is effective because the added mass is
covered in an elastic material and fitted inside a housing
rather than being connected to the target of vibration
reduction by an elastic material. For example, when rubber is
used as the elastic material, a thickness of 3 mm is required
in the rubber section to ensure the strength of the metal mold
forming the section, and it is not possible to fit a combination
type dynamic damper in the same space. The possibility of
size reduction is another characteristic of non-combination
type dynamic dampers, which is not shared by combination
type dynamic dampers.

Fig. 6   Section of non-combination type dynamic 
damper structure

Fig. 7   Non-combination type dynamic damper applied 
to engine mount

5. Results of Confirmation of Unit 
Characteristics

5.1. Characteristics of the Bush Type Engine Mount
Unit characteristics were measured using the bush type

mount employed to neutralize the effect of the natural
vibration of the bracket. Measurements were taken using the
mount as shown in Fig. 4 (in isolation) and Fig. 7 (with
attached non-combination type dynamic damper). The range
of frequencies for evaluation of the dynamic spring
characteristics was 100 Hz to 1 000 Hz, the range which is
particularly problematic for cabin noise originating in the
power plant when the vehicle accelerates. The static spring
constant was equivalent in both mounts.

5.1.1. Dynamic spring characteristics
In addition to testing with and without the

non-combination type dynamic damper, the type of a damper
shown in Fig. 7 without the added mass was used in order to

Fig. 8   Comparison of effect of reduction of absolute 
value of complex spring constant

Fig. 4   Schematic view of engine mount

Fig. 5   Absolute value of complex spring constant
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test the characteristics when a mass is added as when
employing an intermediate plate. K* was measured in a
vertical direction. The fixed amplitude of acceleration
utilized in the measurement of K* was the same as used in
the previous measurements. Measurement results are shown
in Fig. 8. As this graph shows, the peak around 740 Hz is
reduced when the housing only is used, but this generates two
new peaks, around 420 Hz and 860 Hz. By contrast, the
damper with the built-in mass does not generate a noticeable
peak and shows a virtually flat characteristic in the target
frequency range.

5.1.2. Comparison with hydraulic engine mounts
A comparison was done of the absolute value of complex

spring constants in a currently used (bush type) hydraulic
engine mount and of the engine mount employing a
non-combination type dynamic damper described above.
Hydraulic engine mounts are utilized to reduce K*. A
schematic of the hydraulic engine mount used in the
comparisons is shown in Fig. 9. When the comparison tests
were conducted, the hardness of the rubber in the engine
mount employing the dynamic damper was altered to make
its static spring constant in a vertical direction to match that
of the hydraulic engine mount.

The results of measurements of K* are shown in Fig. 10.
A constant amplitude of acceleration was utilized for
excitation when measurements were taken. As can be seen in
the graph, the hydraulic engine mount shows peaks at around
460 Hz and 750 Hz, while the engine mount employing the
non-combination type dynamic damper demonstrates a flat
response with no conspicuous peaks. The engine mount with
the dynamic damper reduces K* to a lower level than the
hydraulic mount across virtually the entire frequency range.

Fig. 9   Hydraulic engine mount

Fig. 10   Effect of reduction of absolute value of 
complex spring constant

5.2. Dynamic Spring Characteristics of Completed
Product

K* of the bush type engine mount described above was
measured in the mount when pressed into the bracket
connecting to the chassis, as when used in a vehicle. A
comparison was conducted of performance with and without
the non-combination type dynamic damper. Figure 11 shows
the engine mount with the damper applied. The same type of
mount was used in tests without the dynamic damper. The
results of measurements of K* are shown in Fig. 12. The test
piece was excited with a constant amplitude of acceleration
during these measurements.

The graph shows that when the non-combination type
dynamic damper was not used, K* peaked at around 700 Hz
due to rubber surging and at around 1 000 Hz due to
resonance in the connecting bracket. However, when the
dynamic damper was utilized, the level of both these peaks
was reduced, and a virtually flat characteristic was obtained
in the target frequency range.

Fig. 11   Engine mount with non-combination type 
dynamic damper

Fig.12 Effect of reduction of absolute value of 
complex spring constant

6. Results of Vehicle Performance Tests

The engine mounts described above were fitted in a
vehicle, and the level of quietness in the cabin was compared
with and without the non-combination type dynamic damper.
Evaluation criteria were the vibrational acceleration at the
engine mount points and sound pressure level in the center of
the cabin while the engine was idling. The respective
measurement results are shown in Figs. 13 and 14. The
horizontal axes of the graphs show the central frequencies in
the 1/3 octave band. Figures 12 to 14 show that the
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vibrational acceleration of the engine mount points has been
reduced in the frequency range in which K* has been
reduced, and the sound pressure level in the center of the
cabin has consequently been reduced.

7. Results of Unit Durability Tests

To evaluate the durability of the rubber section due to
displacement from the power plant when a non-combination
type dynamic damper unit is fitted, unit durability tests were
conducted using identical excitation conditions to those
utilized in current tests of mass production units. Figure 15
shows the appearance of the engine mount after the
completion of tests. The tests confirmed that no cracks or
similar deviations occurred in the rubber section.

Fig. 15   Engine mount after endurance test

8. Conclusion

Research was conducted on the use of non-combination
type dynamic dampers to reduce the level of increase of K*
caused by rubber surging in the engine mounts, in order to
reduce noise and vibration in vehicle cabins. Unit tests and
vehicle tests were conducted to verify the effectiveness of the
dynamic damper. The following outcomes were generated by
the research:
(1) In comparison with a combination type dynamic damper,

it was shown that the non-combination type dynamic
damper reduced response peaks without increasing
vibration in other frequency ranges.

(2) A structure employing a non-combination type dynamic
damper was proposed as a measure to control rubber
surging in the engine mount.

(3) The application of a non-combination type dynamic
damper to the rubber section of an engine mount
significantly reduced K* in the target frequency range
and produced a virtually flat response characteristic
compared to the base product. The non-combination type
dynamic damper also achieved superior results to a
hydraulic engine mount employing a structure designed
to reduce K* in the target frequency range.

(4) When the engine mounts fitted with non-combination
type dynamic dampers were employed in a vehicle, the
vibrational acceleration at the engine mount points was
reduced in the frequency range in which K* was reduced.
Consequently, the sound pressure level in the center of
the cabin was reduced.

(5) It was confirmed that unit durability requirements due to
displacement originating in the power plant were satisfied
even when a non-combination type dynamic damper was
fitted to the rubber sections of the engine mount.
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Study of Sound Isolation Structure for 
Engine Generators

Toru FUKUDA* Katsumi MARUYAMA*
Kazuhito TAKEMURA* Shinichi SUZUKI*

ABSTRACT

In the development of sound isolation type generators, a three-division case structure divided into two cool zones and one hot
zone was studied. This study was aimed at achieving compatibility between sound isolation and cooling capabilities that are in a
trade-off relationship. Sound isolation of 12.1 dB(A) was achieved by this structure, while obtaining equivalent cooling
capabilities to that of open frame type generators. As a result of adopting this new generator structure for India domestic
consumption, the Indian noise regulation phase II was achieved for the first time by a mass produced generator.

 * Asakahigashi R&D Center

1. Introduction

As generators are used at any time of the day or night
— in the fields of leisure and construction, for business use
in worksites, etc., or for emergency backup power — there
has long been a strong demand for sound isolation. In recent
years there has been an increasing demand for inverter
generators that control engine speed according to electrical
load, and for sound isolation type generators with an engine
and alternator covered by a case. Moreover, reflecting the
market demand for sound isolation, many countries and
regions have enacted strict sound isolation regulations
regarding generators. For instance, the EU has issued
2002/2006 regulations, and India has issued 2002/2003
regulations.

Generally, the following two types of sound isolation
methods are employed with generators.
1) Methods to reduce the noise created by the source

— engine, alternator, air cleaner, and muffler.
2) Methods to reduce the noise emitted from the source

— engine, alternator, air cleaner, and muffler — by
covering them with a case.

Of these two, the sound isolation type generator (2)
shows a tradeoff relationship between sound isolation and
cooling capability. For instance, if there are openings in a
casing to introduce cooling air, the area of the openings must
be as large as possible to improve cooling capability, but at
the same time noise can be emitted through those openings.

Therefore, a case structure for the sound isolation type
generator was adopted that achieves both an advanced sound
isolation effect and sufficient cooling capability. This paper
gives an overview of a case structure and examines its sound
isolation effect and cooling capability by using the example
of an open frame cylindrical alternator generator’s sound
isolation.

2. Development Goals

Representative generators are shown in Fig. 1.
1) Open Frame Type (Pipe Frame Structure)

The engine and a cylindrical or integrated winding
alternator are mounted to a pipe frame.

2) Inverter and Sound Isolation Type
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The engine and multi-polar alternator are placed inside a
case(1).

3) Sound Isolation Type
The engine and a cylindrical or integrated winding
alternator are placed inside a case.

Fig. 1   Typical structure of engine generators

Fig. 2   Noise value according to type

The noise values at a rated power of 3 kVA or less (when
rated power is 3/4) are shown in Fig. 2 according to type.
The left vertical axis is the sound power level (Lw), which
expresses the sound output from the generator (source of
noise). The right vertical axis is the sound pressure level (Lp)
at a point 7 m from the generator. The relationship between
Lw and Lp is shown in Equation 1, with the generator placed
on the ground in an ideal half-free sound field, therefore,
Lp = Lw − 25 [dB(A)].

Lp = Lw − 20 log10r − 8 (1)

For reference, sound pressure levels(2) in ordinary living
environments are shown in Table 1.

Table 1   Sound pressure level in a living environment

The target when applying sound insulation to the open
frame type has been set as –12 dB(A)(3) based on the
following points.
1) In comparison with the open frame type, there must be a

reduction of –10 dB(A) or more, at which level, the
average human being feels the noise reduced by 1/2.

2) In comparison with conventional sound isolation types,
there must be a reduction of –5 dB(A) or more, at which
the average human being clearly recognizes sound
isolation.
The target value positioning is shown in Fig. 2, in the

same manner.
Figures 3, 4, and 5 show the flow of cooling air and

engine exhaust for each representative type generator. The
cooling capability is evaluated according to temperatures of
various parts of the generator including: oil temperature,
spark plug seat temperature, and fuel temperature inside the
carburetor. The target temperature for each part was set at the
level of the existing generator.

The issues of sound isolation and cooling capability with
the existing sound isolation type generator arise from the fact
that the structure is essentially an open frame type (Fig. 3)
enclosed in a case. As for noise, the major source of noise is
the direct exhaust of the engine’s combustion gases, which is
also true of the inverter and sound insulation type shown in
Fig. 4. As for cooling capability, there is a rise in temperature
inside the case due to the retention of cooling air duct surface
heat and air leaking from gaps in the duct joints. At the same
time, heat is recirculated to cooling air inlets, resulting in a
drop in cooling efficiency. Furthermore, after operation has
stopped, because the height difference between the cooling
air outlet and inlet is relatively small, cooling through natural
convection inside the cooling air ducts does not occur, and
the temperature inside the case rises due to residual heat.

Fig. 3   Open frame type (Pipe frame structure)

Fig. 4   Inverter & Sound isolation type

Fig. 5   Sound isolation type
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In order to resolve these issues with the conventional
sound isolation type, a new structure was studied,
considering the following points in terms of sound isolation
and cooling capability.

The main sound isolation points were as follows.
1) Engine exhaust gases are emitted through indirect

exhaust, reducing exhaust noise.
2) Cooling air ducts are made long, and noise absorption

material is placed inside the ducts, to attenuate noise.
3) The opening area of the cooling air inlet is made as small

as possible to minimize noise leakage.
The main cooling capability points were as follows.

1) A simple divided structure with a seal effect was used to
completely separate cool zones and hot zones inside the
case. This prevents retention and recirculation of heat due
to thermal transmission.

2) The height difference of cooling air outlets and inlets is
maximized, creating sufficient cooling through natural
convection, thereby minimizing a temperature rise when
stopped.

3) Cooling air flow path obstructions are reduced,
maintaining sufficient cooling air volumes.

3. Sound Isolation Technologies

3. 1.Case Structure
A new case structure was proposed based on the main

points in sound isolation and cooling capability noted above.
Figure 6 shows the flow of cooling air and engine exhaust
inside the case. An overview is given below.
1) The case is divided into 3 sections internally by vertical

dividers. The dividers completely separate the central hot
zone from the cool zones on either side. The hot zone
contains the engine, alternator, and muffler, while the
cool zones contain the air cleaner, carburetor, fuel tank,
battery, and electrical parts.

2) On top of the central hot zone is a silencing chamber, and
the muffler’s exhaust gas is exhausted indirectly through
this.

3) The cooling air inlets are in the bottom plate, and the
exhaust outlet is on the top of the case.

Fig. 6   New sound isolation type

3.2. Confirmation of Sound Isolation Effect 
The sound isolation effect was confirmed using a

prototype with a 3-section case structure.
Figure 7 shows the level of sound isolation effect in each

chamber, using the 3-section structure. In total, the sound
reduction effect was 12.1 dB(A).

The spec is explained from the left (the numerical values
are the sound power level).
1) Engine and alternator only (same level as the open frame

type). [94.1 dB(A)]
This shows the state before being enclosed by the case. 

2) Addition of hot zone exhaust chamber. [−5.6 dB(A)]
This shows the noise source sound insulation effect.

3) Addition of a separated silencer chamber above the
exhaust chamber. [−0.9 dB(A)]
This shows the further sound absorbing effect of the
indirect exhaust and the longer exhaust path.

4) Addition of an intake air chamber on the engine side.
[−4.8 dB(A)]

This shows the effect of isolation from the air intake
noise of the air cleaner and recoil starter, and from noise
in the hot zone leaked from the divider walls.

5) Addition of an intake air chamber on the alternator side.
[−0.6 dB(A)]

This shows the effect of isolation from the alternator air
intake noise, and from noise in the hot zone leaked from
the divider walls.
Moreover, a sound absorbing and heat insulating material

is attached to the hot zone within the case, and sound-
absorbing material is also placed in the cool zones. In order
to determine the contribution rate of a case without the heat-
insulating and sound-absorbing material for sound isolation,
noise measurements were taken both with and without the
heat-insulating, noise-absorbing material. As shown in
Fig. 8, the results show a reduction of 6.3 dB (A) with the
case structure, which is equivalent to 52% of the total sound
isolation effect of 12.1dB (A). This shows that even without
the heat-insulating noise-absorbing material, it is possible to
achieve a noise level that is on a par with the conventional
sound isolation type.

Fig. 7   Effect according chamber
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Fig. 8   Effect according chamber

Fig. 9   Frequency analysis result

In addition, Fig. 9 shows the results of frequency analysis
during rated load operation. (The location of the
measurement microphone is 2 m from the generator.) In
comparison with the engine and alternator only, the prototype
unit demonstrates a sound isolation of 250 Hz or more at all
frequencies.

3.3. Cooling Air Volume

3.3.1. Estimating the required cooling air volume
In order to make cooling capability feasible, the cooling

fan air volume required for the 3-section structure to maintain
output equivalent to the open frame type was estimated.

Taking the amount of heat of the fuel as Qk,

Qk = Qp + Qg + Qc + Qw(4) (2)

Qp : Generator power
Qg : Amount of exhaust gas heat
Qw : Amount of heat by which the cooling air is warmed
Qc : Heat generated from the hot zone

Here,

Qk = H × Fc (3)
Qg = ∆Tg × ρ(T) × C(T) × V × N × ηv (4)
Qw = W × ρ(T) × C(T) × ∆T1 (5)

H : Fuel lower calorific value
Fc : Prototype engine’s fuel consumption rate
∆Tg : Exhaust temperature rise from the temperature of

the prototype muffler’s cool zone
ρ : Air density
C : Specific heat of air
V : Prototype engine’s displacement
N : Engine speed

W : Cooling fan air volume
∆T1 : Temperature rise from the temperature of the

cooling air’s cool zone
ηv : Charging efficiency

The temperature of the cooling air discharged from the
engine must be 80 °C or less, as determined by the heat
resistance temperature of the wire harness in the hot zone,
and the outside temperature is assumed to be 40 °C.

Qc consists of the amount of heat exhausted to the
outside of the engine immediately from the hot zone, and of
heat exhausted into the cool zone through the barrier wall.

Qc = Q1 + Q2 (6)

Q1 : Amount of heat exhausted outside immediately
from the hot zone

Q2 : Amount of heat exhausted into the cool zone
through the separator

In order to prevent a rise in temperature of the case
surface and thermal transmission to the cool zone, heat-
insulating material is applied to each of the hot zone surfaces,
as noted in Table 2.

Table 2   Heat insulating material

Here, with a steel plate thermal conductivity of
80 (W/mK) and an insulation material thermal conductivity
of 0.04 (W/mK), and considering the insulation material’s
area ratio, it can be assumed that almost all the heat
transmitted from the hot zone to the cool zone is transferred
to the cooling air. Therefore,

Q2 = ρ(T) × C(T) × W × ∆T2 = 0.50 × Qc (7)

∆T2: Temperature rise in inlet cooling air

Figure 10 shows the relationship between cooling air
volume and ∆T2. According to the open frame type data,
when the target is ∆T2 = 5 °C, air volume W is
approximately 5.5 (m3/min).

Fig. 10   Relation between temperature rises and 
cooling air volume

•

    •
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3.3.2. Confirmation of cooling air volume
Table 3 shows the results of the intake air temperature

measured by the prototype unit at an air volume of
5.5 (m3/min). The alternator intake air temperature near the
muffler was high, but other values were close to those of the
open frame type. In addition, in order to evaluate the cooling
capability, the results of the temperature measurements for
the main parts must be considered. Table 4 identifies the
results. Although slightly higher than with an open frame
type, all are within the requirement limits.

Table 3   Intake air temperature

Table 4   Main parts temperature

4. Application on Generators for the Domestic 
Market in India 

4.1. Background to Indian Noise Regulations 
Most of the generator use in India is for emergency use

during frequent power outages. The electrical power supply
in India has not kept pace with economic growth. Per capita
capacity of electrical generation facilities in India is 1/20th

that of Japan, and comparing cities, Delhi has a capacity of
approximately 1/40th that of Tokyo. In addition, due to poor
transmission power networks and facilities, there is a
transmission loss of approximately 45%. Therefore, power
outages are chronic throughout the country. Generators used
by individuals, shops, and small-scale offices, which account
for 80% of generator users, begin operating simultaneously
when power outages occur, so particularly in cities, generator
noise and exhaust are large social concerns.

Therefore, the India government has enacted laws
restricting the noise and exhaust gas emission from gasoline
and kerosene powered generators.

Table 5 gives the specifics of timing and noise levels in
the noise regulations.

Table 5   Noise limit for generator

4.2. Application to the EXK2000 (new sound isolation
type generator)

The EXK2000 was developed, adopting the new
3-section structure. In addition to maintaining a cooling
capability on a par with the open frame type, the new
structure gives a noise value of 82.5 dB(A), which is an
11.6 dB(A) noise reduction in comparison with the open
frame type EBK2000’s 94.1 dB(A). The structure of the
EXK2000 is given in Fig. 11, the external appearance is
shown in Fig. 12, and the major specifications are given in
Table 6.

Fig. 11   Configuration of EXK2000

Fig.   12 EXK2000

Table 6   Major specifications
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5. Conclusion

The following results were achieved through research
into sound isolation technologies for engine generators.
1) It was verified that by adopting a new 3-section structure

for a sound isolation type generator, cooling capability
equal to that of the open frame type is maintained while
achieving sound isolation that is equal to or better than
that of the conventional sound isolation type generator.

2) Applied to the EXK2000, it was possible to obtain
approval for Phase II of India’s noise restrictions,
considered the world’s strictest. This was the first
generator in the world to meet India’s Phase II
requirements.
In addition, by adopting the 3-section structure to models
with different output, both EXK1200 and EXK2800 were
also able to obtain approval for Phase II of the noise
restrictions.

3) By adopting the same structure, output equivalent to the
open frame type generator can be maintained, and it is
possible to change to the sound isolating spec.
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Heat Radiation Analysis Based on Internal
Flows of Radiator

Takashi WATANABE* Masayuki IWATA*

ABSTRACT

Rectangular-shaped radiators for motorcycles have been used previously in many cases. With the latest high-powered engines,
the use of any shaped radiators is increasing to get high heat radiation within a limited space. This type of radiator has different
cooling tube lengths. It is more difficult to predict the heat radiation amount for this type as compared to rectangular types, as
velocity distribution is uneven. Moreover, a sufficient analysis regarding heat radiation characteristics has not been done and
dependency of flow amount on heat radiation has been unclear. By combining calculations of a three-dimensional flow field and
one-dimensional heat radiation, a method has been constructed that can predict the heat radiation amount for any shaped radiators
easily and precisely.

 * Asaka R&D Center

1. Introduction

The ordinary construction of motorcycle radiators contain
a large number of flattened cross section cooling tubes
running vertically within a rectangular radiator frame, with
all the tubes of the same length. Recently, it has become
necessary to design radiators capable of large amounts of
heat radiation, as engines are producing increasing power.
Meanwhile, more and more radiators are now designed with
any shapes due to layout space restrictions. Many such any
shaped radiators show considerable deviations from their
predicted heat radiation characteristics when these are
calculated with the methods developed for rectangular
radiators.

There have been limited analysis of the heat radiation
value from radiators, mainly because most of the radiators
have been rectangular, lending themselves to empirical
formulas developed from previous models. With the
increasing need to use any shaped radiators, however, there
has come an increasing need to develop new analytical
techniques for quantitative heat radiation characteristics of
radiators and for accurate predictions of heat radiation

performance in radiators of any shapes. Oshima reported on
one method for predicting the radiator heat radiation value(1),
but there have been few discussions of specific methods for
the influence of coolant flow rate or the characteristics of
heat transfer from the cooling tubes to the air. Furthermore,
there has not necessarily been enough research into the
influence of flow rate and radiator specifications on heat
radiation characteristics even for the rectangular radiators
conventionally used.

The authors have developed a system capable of
predicting the heat radiation characteristics of a radiator of
any shapes quickly and with high accuracy, by combining a
three-dimensional flow field calculation with
one-dimensional heat transfer calculation.

2. Investigation of Analysis Methods

The basis of the cooling performed by a radiator is
typically a forced convection heat transfer. Analysis can be
divided into treatment of the flow field and treatment of the
heat transfer, i.e., first, the flow field alone is analyzed, and
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then, those results are used to examine the heat transfer.
Actual analyses are carried out in one of the following three
methods.

Method A: The flow of radiator coolant in the tubes is
considered as a one-dimensional flow with a
uniform profile across the cross section. The
flow field and heat transfer analyses are both
done in one dimension.

Method B: Three-dimensional analyses are performed for
both the flow field and the heat transfer.

Method C: The flow field is solved in three dimensions
and after that, the heat analysis is done in one
dimension.

Since the fundamental theory of Method A is simplified,
it is easy to write in-house code; since the calculation time is
short, it is easy to observe the effects of many parameters. On
the other hand, the speed distribution of the coolant flow in
the tubes is strongly influenced by the geometry of the
radiator tank and other components, so this has the drawback
of limited accuracy because of the one-dimensional
assumption for speed distribution.

Heat transfer analysis in Method B is based on the speed
distribution with full consideration of system geometry.
Figure 1 shows the predicted temperature distribution on the
radiator surface, according to this method. Figure 2 is the
image of the actual radiator from a thermo-viewer. The
results of temperature distribution in these two analyses
match qualitatively. However, the calculation time for a
single case is long in this method, and extremely long if the
coolant flow rate is a parameter of the calculation.

In Method C, a three-dimensional analysis is carried out
only for one case in any single shape for the time-consuming
flow field calculation; all heat transfer parameters are
analyzed in one dimension. This method offers the
advantages of speedy results and practical accuracy levels
when flow rate is a parameter. Procedure C was used in this
study due to these advantages. A comparison of all three
methods is shown in Table 1.

3. Formulation of One-Dimensional Analysis of 
Cooling Tube

3.1. Modeling of Cooling Phenomena
The first task in the analysis of heat transfer in cooling

tubes is the creation of the model. Figure 3 shows the state
of heat flow in a tube used in a radiator. As water passes
through the tube, it loses heat through the tube walls and its
temperature drops. In order to analyze heat exchange, the
overall heat resistance R between the heat exchange medium
(water), and the destination of the heat flow, (air), must be
found. This value is the sum of the three resistances given
below(2), (3).

R = 1 / H = 1 / hw + t / λ + 1 / ha (1)

R : Overall heat resistance
H : Overall heat-transfer coefficient
hw : Coefficient of heat transfer from water to cooling

tube wall
ha : Coefficient of heat transfer from cooling tube wall

to air
t : Cooling tube thickness
λ : Thermal conductivity of cooling tube

Fig. 1   Temperature distribution by simulation

Fig. 2   Temperature distribution by thermo-viewer

Table 1   Comparison among three methods for heat 
radiation of radiators

Fig. 3   Cooling model of radiator tube
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Both hw and ha represent heat transfer coefficients
between fluids and solids, but they are deeply influenced by
the flow conditions at the wall. In other words, they are
influenced not only by the flow velocity but also by whether
the flow is laminar or turbulent. Therefore, it is necessary to
pre-determine, in the usual flow zone used for practical uses,
whether the flow is laminar or turbulent in order to select the
experimental formula and the theoretical values for heat
transfer. The formulas for Reynolds’ number and coefficient
of heat conduction given below were borrowed from
References (2) and (3).

(1) Water flow in cooling tube

Red = ud / v (2)

d = 4A / s (3)

Red : Reynolds number
u : Flow velocity

ν : Kinematic viscosity
d : Hydraulic diameter
A : Cross sectional area of tube
s : Cross section circumferential length of tube

When Red < 2 300, flow is laminar, and the Nusselt
number Nud is determined as follows:

Nud = 3.66 + 0.063 (Gz + 0.039Gz0.33) (4)

Gz = (x / d) / (Red Pr) (5)

Pr: Prandtl number

The flow is turbulent at Red > 2 300; Nud is then defined
by this equation:

Nud = 0.023 Red
0.8Pr0.3 (6)

From the definition of the Nusselt number, the coefficient
of heat transfer hw is:

(7)

(2) Air flow over cooling tube surface
When the flat plate boundary layer theory is applied, the

laminar flow condition is:

Rex = Ux / v < 3.2E5 (8)

U : Flow velocity
x : Distance from leading edge of flat plate

In laminar flow, the mean Nusselt number Num and mean
coefficient of heat transfer ha are given by the following
equations:

Num = (0.458Pr0.33Rex
0.5) × 2.0 (9)

(10)

The results of the investigations using Eq. (2) indicated
that both laminar and turbulent flows would be found in the
cooling tubes under ordinary operating conditions of the
motorcycle. On the other hand, when the cooling tube surface
contacts air, the flow can be judged as laminar using Eq. (8)
with actual operating conditions considered. Therefore, it was
found that Eq. (9) is applicable.

3.2. Formulation of Numerical Procedure for
One-Dimensional Heat Radiation Value

Heat balance in a single cooling tube is considered (see
Fig. 4). If the temperature changes by the amount dT as the
coolant passes through an infinitesimally thin zone of
thickness dx, Eq. (11) can be obtained. Heat conduction in the
direction of coolant flow is negligible in the cooling tube
because its influence is very small.

Cp ρ uA dT = −Hs(T − To)dx − sεσ(T4 − To4)dx (11)

Cp : Coolant specific heat

ρ : Coolant density
A : Cross-sectional area of tube
s : Cross section circumferential length of tube
u : Mean velocity on cross section of tube
H : Overall heat-transfer coefficient from cooling water

to air
To : Ambient air temperature
T : Coolant temperature at distance x from inlet

ε : Thermal emissivity

σ : Stefan-Boltzmann constant

Equation (11) is an ordinary differential equation showing
temperature T(x) in coordinate x. The first term on the right
side indicates heat radiation due to heat transfer, and the
second term, heat radiation due to thermal radiation. The
temperature distribution can be found by solving this
equation. Mathematical solution of this equation is difficult
due to the second term, but it is easily solved by numerical
integration. Figure 5 shows an example of results for
Eq. (11) solved with the fourth-order Runge-Kutta method.
The figure shows water temperature distribution in the
cooling tube assuming an inlet temperature of 353 K and
ambient temperature of 283 K. It indicates the temperature
gradually drops as it flows through the tube from the inlet to
the outlet. The three lines represent flow velocities of
0.5 m/s, 1.75 m/s and 3.0 m/s in the tube; the higher the flow
velocity, the higher the exit temperature.

Fig. 4   Cooling tube model to introduce one 
dimensional heat radiation theory
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Fig. 5   Temperature distribution on cooling tube obtained 
from one dimension theory

If the inlet temperature is Tin and the outlet is Tout, the heat
radiation value in a single tube Qi is given by Eq. (12).

Qi = Cpρu A(Tin−Tout) (12)

Tin : Inlet temperature
Tout : Outlet temperature

4. Correlation between Measured Values and
Theoretical Predictions

4.1. Overview of Experiment
Equation (11) showed that the cooling tube outlet

temperature and the heat radiation value could be calculated
if the geometrical specifications of the tube, tube inlet
temperature and ambient air temperature were known. In
order to confirm the validity of this equation, a heat radiation
test was carried out with a single tube to obtain the heat
radiation value for comparison with the results of Eq. (11).
Figures 6 and 7 show a schematic and a photograph of the
test apparatus.

Single aluminum tubes of the type installed in a complete
radiator were used in the following specifications: 

Specification A: Cross-section 24 mm × 2.0 mm, 
length L = 600 mm, with fins

Specification B: Cross-section 24 mm × 2.0 mm, 
length L = 800 mm, with fins

Specification C: Cross-section 24 mm × 2.0 mm, 
length L = 800 mm, no fins

The fins were attached to the top and bottom of each
tube; the heat radiation area with fins attached was 15.6 times
the area with no fins. The test conditions were the following:
(1) Wind velocity was constant and water velocity in the tube

was adjusted to observe coolant speed-dependent changes
in the heat radiation value.

(2) Water velocity was constant and cooling wind velocity
was adjusted to observe wind speed-dependent changes in
the heat radiation value.
The inlet temperature Tin and ambient temperature Tout

were set at 353 K and 283 K, respectively. The heat radiation
value for the entire tube Q was calculated by measuring the
outlet temperature Tout in accordance with Eq. (13).

Q = Cpρq(Tin−Tout) (13)

Cp : Water specific heat

ρ : Water density
q : Volume flow rate

4.2. Comparison of Experimental Measured and
Theoretical Predictions

The following discusses the results of the test and
compares them with the results predicted by Eq. (11). The
thermal emissivity ε, used in Eq. (11), was set at 0.08 for the
aluminum surface.
(1) Without fins

Figure 8 compares the calculated values and measured
values for heat radiation with a Spec. C tube under constant
wind and varying water velocity in the tube. This figure
shows wide disparities between the two measured values at
low coolant speeds. This was probably due to measurement
errors because of the low absolute values for heat radiation
when fins are not attached to the tube. The theoretically
predicted value was about halfway between the two
measured values and represented the average of the two
measurements quite well.

Figure 9 also compares calculated and measured values
from a Spec. C tube, but here, the water velocity was
constant while the wind velocity was varied. There was some
divergence of the measured values from the predictions at the
highest wind velocities, but overall, the values matched well.

Fig. 6   Cooling tube for testing

Fig. 7   Outside view of experimental device for 
cooling tube
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These results indicate that Eq. (11) accurately predicted the
heat radiation value when the fins are not attached.
(2) With fins

Since the heat-radiating area was increased 15.6 times by
the addition of fins, the value of ha in Eq. (1) was modified
to show the influence of this change.

Figures 10 and 11 show the predicted and measured
values for heat radiation from single tubes 600 mm and
800 mm long. In both cases, the wind velocity was constant
and the results were observed while the water velocity was
varied. These findings again confirmed the validity of
Eq. (11).

Figures 12 and 13 show predicted and measured heat
radiation values from tubes 600 and 800 mm long under
constant water velocity and varying wind velocity. These
indicate some deviation of the actual values from the
predictions by the laminar flow theory at the low and high
wind velocity range, but there is a good match in the center
of the range.

Fig. 10   Heat radiation characteristics of single tube 
(Wind velocity: Const. With Fins)

Fig. 11   Heat radiation characteristics of single tube 
(Water velocity: Const. With Fins)

Fig. 12   Heat radiation characteristics of single tube 
(Water velocity: Const. With Fins)

Fig. 8   Heat radiation characteristics of single tube 
(Wind velocity: Const. Without Fins)

Fig. 9   Heat radiation characteristics of single tube 
(Water velocity: Const. Without Fins)
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(3) Comparison of heat radiation with and without fins
Figure 14 shows the ratio between heat radiation values

when the tubes were and were not equipped with fins for both
theoretical and measured values. There is a good quantitative
match between the theoretical and measured values nearly
everywhere. These results show that the ratio of heat
radiation is not constant but dependent on the coolant flow
velocity in the tube. The reason is that, according to Eq. (6),
the higher the flow velocity, the higher the Nusselt number
on the water side; this changes the overall heat transfer
coefficient H. Since this behavior was reproduced by
Eq. (11), the present theory seems to have been confirmed.
(4) Effect of thermal transfer

Since Eq. (11) allows accounting for emissivity ε, a
measure of the influence of thermal radiation, the calculation
was re-performed by varying ε.

Figure 15 shows the characteristics of heat radiation at
emissivity of 0.08(3) for aluminum used for a cooling tube this
time and at ε = 1.0, the upper limit for this parameter. Heat
radiation was increased about 7% by raising ε from 0.08 to 1.

Since the thermal emissivity of a real material is always less
than 1, the difference due to increased ε would be less than
7%, but this result shows the necessity of thermal radiation in
the performance of radiators.

5. Extension of Results to a Complete Radiator

It has been shown that the theory predicts experimental
results reasonably well for single radiator tubes. An actual
radiator is made up of multiple tubes; the theory for single
tube can be extended to multiple tubes as follows. The heat
radiation value Qtot from a complex radiator consisting of n
tubes with different lengths (of lengths L1, L2, …, Ln) is the
sum of the heat radiation Qi from each cooling tube.

From Eq. (12),

(14)

The temperature reduction of mixed coolant water
flowing from different tubes, Tm, is given by:

(15)

ui : Flow velocity in ith tube
Ai : Cross-sectional area of ith tube

However, the area ratio for heat radiation due to the
addition of fins is different from that of single tubes. Since
each pair of neighboring tubes shares a fin, the area ratio is
one-half the value calculated for single tubes.

Thus, if ui is already established, it is possible to find the
temperature reduction of the coolant due to heat radiation and
cooling in a complete radiator consisting of multiple tubes.
Here ui can be found from three-dimensional flow field
calculations. Figures 16 and 17 show the results of the
three-dimensional fluid flow calculations for the flow field of
a complete radiator. They show the pressure distribution and
the distribution of mean flow velocities in each cooling tube,
respectively. Figure 18 presents a comparison of the
predicted heat radiation characteristics using the preceding
flow velocity distribution and the actual measured values.
The vertical axis represents the dimensionless heat radiation
value, where the value 1 represents the heat radiation attained
when the flow rate is 100 l/m.

Fig. 15   Influence of emissivity in thermal radiation

Fig. 13   Heat radiation characteristics of single tube 
(Water velocity: Const. With Fins)

Fig. 14   Comparison between experimental results 
and theoretical results of heat radiation 
ratio (r): (heat radiation with fins)/(heat 
radiation without fins)
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This graph indicates that the calculations showed an
acceptable match with actual results in a complete radiator.

Fig. 16   Pressure distribution obtained from three-
dimensional flow field simulation

Fig. 17   Mean velocity distribution over whole tubes

Fig. 18   Comparison of heat radiation characteristics 
between theoretical values and experimental 
values

6. Conclusion

Combining calculations for a three-dimensional flow
field and a one-dimensional heat transfer model of a
motorcycle radiator of any shapes enabled creation of a
method for quickly and accurately predicting heat radiation
characteristics under a wide variety of conditions.

This method allows rapid estimation of heat radiation
characteristics for radiators of various face shapes, so it is
useful for refinement of radiator specifications in early stages
of development.
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Editor’s Postscript
It has already been 15 years since our inaugural issue. For some reason people tend to

recall things in blocks of five years or ten years. In much the same way, I read back in the
Technical Review the other day, starting with the inaugural issue. Though I can hardly say that I
read every issue cover to cover, so many things triggered particular memories. I realized that
the Technical Review presents a vivid picture not only of the changes in our technology, but also
of the shifts and changes in our society. Of course, I know perfectly well that the products we
deal with are essentially aggregations of the achievements made in a variety of technical fields.
Still, I can't help but feel that the technical fields have expanded in those 15 years, in response
to the major changes that have taken place in society.

In that case, what does the present issue tell us? This time (Honda R&D Technical Review,
Vol. 15, No. 2) we are presenting ten “Introductions of new technologies” articles and 24
“technical papers”. Together with articles dealing with evolutions in existing technology, this
issue carries several submissions relating to fuel cell vehicles, continuing from our previous
issue. The number of submissions from overseas R&D centers has been quite steady, and we
are carrying three.

We hope that this material will make our achievements more widely known in the world,
subjecting it to critique, and providing a training forum for engineers who seek further
improvement. Limited though our abilities may be, we want to take an active part as we make
this forum available. We are hoping to receive your further continued cooperation and support.
(Urata)

Honda is constantly addressing the question of how to contribute to environmental issues
that extend into the world's future. We take the view that it is crucial to act. The R&D divisions
play a significant part in corporate activities. We have also sought to operate according to
Honda's fundamental principles and to acknowledge our own impact on the global environment
and to address the various individual issues involved. Consequently, starting with this issue of
the Honda R&D Technical Review, we have decided to use recycled paper and soy ink in the
interest of the effectively using resources and protecting the environment.
(Godo)
(Tsuruga)
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