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Abstract

Recently the response of the engine speed at starting has more importance than ever for quick start satisfying rider's
needs, as well as exhaust emissions. We have developed a simulation for studying engine and starter specifications,
engine control algorithm and other engine control parameters. This system can be utilized to realize appropriate
starting time by considering air-fuel ratio under various conditions.

This paper addresses what are taken account of in our method. Examples applying this to a conventional motorcycle

engine are shown.

sufficient combustion torque is considered particularly

INTRODUCTION

important; however, if the motor cranking speed is

In recent years, emphasis on fuel economy improvements
has driven a trend toward increasing number of
motorcycle models equipped with idling-stop system.
In such systems, engine speed increase at startup' is
critical to reduce vehicle take-off time at engine restart
and hydrocarbon emissions at startup **. Since multiple
elements, such as combustion, electrical components,
control logic, and decompressors, affect the engine speed
change, coordinated design that satisfies the conditions
required for engine startup, has become increasingly
challenging .

In regard to securing engine speed increase at startup,

the air-fuel ratio control necessary for generating

increased to reduce the time from startup to vehicle
take-off, the time from fuel injection to intake stroke
completion also drops, leading to concerns that there
may not be sufficient fuel vaporization in the inlet ports
under low temperatures, resulting in insufficient cylinder
fuel density and poor engine speed increase or ignition
failure. Unfortunately, there are very few reported
examples to simulate startability that include aspects
such as air-fuel ratio control and electrical components.

A lot of motorcycle engines equip mechanical
decompressor in order to reduce the size and weight of
the starter and battery. It is possible to reduce the drop

in engine speed in the compression stroke by decreasing
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pressure through retarding decompressor operation
during cranking. However, this may lead to poor starting
due to decrease amount of mixture in the cylinder
available at the first combustion, which results in reduced

engine speed increases at the first combustion.

In order to quantitatively understand the complex
relation of each component, we have developed a
simulator to predict engine behavior at start. Relation
between engine speed increase at start and mixture air-

fuel ratio has been also identified experimentally.

In this report we outline the simulator and discuss
examples of improvements to starter motor control and
decompressor specifications that make air-fuel ratio

control enable.

REPRESENTATLONOF
COMBUSTION AT STARTUP

The following two points are given as the main
requirements relating to fuel injection control at engine

startup:

1) To supply sufficient fuel to control the cylinder air-fuel
ratio at the appropriate level for generating sufficient
combustion torque to prevent poor starting and achieve

a reduction in startup time.

2) To reduce excess fuel injection in order to reduce

hydrocarbons and prevent plug fouling.

The fuel vaporization rate depends on the injector
position and direction of injection, as well as the spray
characteristics and temperature of the gas in the intake
port. In particular under cold conditions, the fuel
vaporization rate drops significantly due to decline in
gasoline vapor pressure. This makes it difficult to inject
the amount of fuel necessary to achieve the appropriate
air-fuel ratio in the cylinder until the end of the induction
stroke at the first cycle. As a result, the air-fuel mixture
density may become diluted, leading to insufficient

engine speed increase, and poor starting.

If we then increase the motor cranking speed to shorten

the startup time, the time taken from the commencement
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of startup injection to the end of the intake stroke is
reduced. This causes difficulties in supplying the required
fuel into the cylinder, resulting in potential emission of
unburned gas due to ignition failures or delay of engine

speed increase caused by decrease in combustion torque.

From the above concerns, we have confirmed through
experiments the relationship of fuel spray vaporization
under low engine temperature conditions and cylinder
air-fuel ratio to combustion torque generation. We
have also tried to show importance on the relationship
between fuel injection duration at startup (taking into
account fuel injection specifications and cranking speed)
and cylinder air-fuel mixture density, etc. for the purpose
of determining system feasibility relating to fuel injection

control at startup.

2-1. Method of experiments

The engine speed during the intake stroke of the first
combustion cycle at startup is low, and therefore the
volumetric efficiency is large and there is little residual
burned gas in the cylinder, making this cycle similar
to combustion at full load. Thanks to this, the resulting
torque is large, and the engine, which has a small
moment of inertia about the crankshaft axis, reaches
engine speed close to its idling target. Accordingly, if we
focus on the engine speed increase at startup, it seems
that the combustion torque contribution of the first cycle
is large compared with the cycles that follow. Thus, we
have confirmed the exhaust gas equivalence ratio related
to engine speed increase during first combustion cycle

by changing the first injection duration.

We used an air-cooled two-valve single-cylinder research
engine with displacement of 125[cm?] for the test.
For the running conditions, we altered the ambient
temperature, injection direction, injection timing, and
injector type. The injection point was kept fixed when
the injection direction was changed. The ISC (idle speed
controller) valve opening was fixed at the calibration
value at startup across the entire temperature range, and

the throttle main valve was open assuming idling.

In order to estimate the equivalence ratio in the
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cylinder, HFR500 and NDIR500 was used to measure
the instantaneous THC, CO, and CO2 in the exhaust port
within a cycle (Fig. 1).
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Fig.2 Overview of fuel injection

2-2. Result of experiments

The relationship between the injection duration and the
engine speed increase at the first combustion is indicated
in Figure 3. The vertical axis A Ne represents the amount
of increase in engine speed over the interval starting at
the compression top dead center until 180 degrees of

crank angle later (Fig. 4).
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Fig.4 Definition of ANe

It was found that the injection duration for sufficient
engine speed increase during the first combustion
cycle was highly dependent on the engine temperature.
Moreover, in case of the injection direction aiming at the
upstream wall, significantly longer injection duration was
needed than the cases aiming to the intake valve, so as to

increase engine speed sufficiently.

The engine speed increase with respect to the
equivalence ratio is indicated in Figure 5. The injector
shown as “small SMD” in Figure 5 gives spray with small
SMD (85 — 76 [pm]) and broader spray angle. (22.8 —
25.6 [deg])

In the range where the exhaust gas equivalence ratio
was less than one, the engine speed increase rose as the
exhaust gas equivalence ratio increased. In the range
where the exhaust gas equivalence ratio was one or
more, the engine speed increase barely changed despite
increase in the exhaust gas equivalence ratio. At this
point, injection direction, injection timing, injector type,
and engine temperature caused little difference to the
maximum of engine speed increase during the first
combustion. We have concluded from these data that
the engine speed increase during the first combustion
depends only on the equivalence ratio in the cylinder
under condition of fixed intake throttle. It can be also
stated that the cylinder air-fuel ratio should be set to
the stoichiometry in order to maximize the engine speed
increase at the first combustion as well as to minimize

excessively supplied fuel.
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Fig.5 Relation between equivalence ratio and increase
amount of engine speed

2-3. Fuel transportation model to calculate the
cylinder equivalence ratio at first cycle

Based on the experimental results described in the
previous section, in order to both maximize the engine
speed increase at the first combustion cycle and reduce
excess fuel injection duration at the same time, it was
hypothesized that the injection duration should be set so

that the mixture in the cylinder is stoichiometry.

The fuel spray vaporization and behavior at startup are
modeled bearing in mind the time constraints when
working on startup systems, the engine temperature
range necessary for consideration, and the range of

design specifications.

The amount of evaporation of drop flying in an intake

port is calculated by using the equation (1). 1°

dmd (1
T _AdSh_Pv

o) |
(1_sz) (1)

where, m,; is the mass of drop, A, is the equivalent area
of drop, Sh is Sherwood number, D,; is the diffusion

coefficient, D, is the drop diameter, p, is the density of
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mixture, Y, . is the fuel mass fraction of the atmosphere,
Y, s is the fuel mass fraction of drop surface, and « is an

adjustment factor of evaporation.

It is necessary to know the flight distance of the fuel
drop in order to calculate the flight time of the fuel drop.
The flight distance is defined as from the injection point
to the impingement point to the wall. For obtaining the
above information, we use the three-dimensional shape

of the intake port.

- The fuel spray vaporization during travel
in the intake port is derived as follows from
the vaporization behavior of a single drop (as

described later):

- The air temperature, pressure, and density
surrounding the drop are set as the average value

in the intake port during the injection period.

- The drop temperature is set to equal the engine
environment temperature, and it is postulated that

this would not change while moving.

- For the fuel, data regarding the physical
properties of the fuel consisting of the vapor
pressure at different temperature etc. is set
as the input value to enable simulation of the
fuel vaporization rate based on the change in

temperature.
- The overall spray vaporization rate is calculated
by weighting the appearance frequency distri-
bution of the drop with diameter.

The fuel droplets behavior are postulated as follows:

- Effect of air flow on drop velocity is neglected.

- The drop velocity changes by air drag force. Drop

breakup is discounted.

- 100% of drops impinging on to the wall adhere
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to the wall surface, and fuel vaporization from the

liquid film on the wall is neglected.

- The initial velocity of the drop from the injector

is calculated from the fuel pressure.

- Weighting according to the spray spatial density

distribution obtained from the test rig is applied.

The injection timing which results in an equivalence
ratio of 1 for the different injection directions (Fig.2)
are estimated using the above methods, and the results

compared to the experiment results are shown in Figure 6.

It is found that the injection duration which makes the
cylinder equivalence ratio equal to the theoretical air-
fuel ratio has been predicted to within 20% of that of the
experiment result, with all engine temperature conditions.
Moreover, it is also confirmed that this calculation model
has good predictability regarding injection specifications
which shorten the spray movement distance by orienting

the injection direction towards the wall.
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Fig.6 Relation between engine temperature and injection

duration at stoichiometric air-fuel ratio

STARTUP SYSTEMSIMU-AGION

3-1. Simulation outline

A startup system simulation as shown in Figure 7 was
developed including the fuel transport model introduced
in the previous section. Modeling of the constituent
elements other than the fuel transport model, including
the motor, battery, motor control logic, and friction loss,

will be described in the following section.

Fuel Starter Controller
transport — motor | model
model model

Engine model \

(combustion) Battery

T model
Friction torque
model

Fig.7 Overview of engine start system simulations

3-2. Modeling of each element
3-2-1. Starter motor

A DC brushless motor is used in this case. The motor
control mode, battery voltage, and motor speed are
inputted, and the motor torque and battery current are
outputted. Furthermore, the energizing control method,
rotation direction, and duty value are determined

according to the motor control mode.

The motor torque and motor current are measured in
advance on a stand-alone motor basis, and modeled as a
map depending on the battery voltage and advance angle
(Fig. 8).

Starter motor [electrical
equipment

Ba&éryi '
77777 77777

Fig.8 Model of electrical system

3-2-2. Battery

Battery capacity is estimated based on the voltage drop
curve during high rate discharge measured on a stand-
alone battery basis. A map to show battery capacity is

conducted within the range used during engine start.

3-2-3. Motor control logic

Motor control logic is modeled using MATLAB/Simulink
(Fig. 9). The motor control mode is outputted by
inputting the engine crank angle, engine speed, and

starter switch signal.
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Fig.9 Motor controller model

3-2-4. Engine mechanical friction torque

Modeling has been conducted on an experimental basis
for each part in the engine and auxiliary equipment,
which was used to calculate the total engine friction loss
value before executing the simulation, in turn provided
to the system simulation as a map of friction loss with

respect to engine speed changes and oil temperature.

Making the major engine specifications relating to
friction loss into input values enables consideration of
startability that takes into account changes in friction

loss according to changes in specification.

APPLICATION.EXAMBLES,OF
STARTUP SYSTEM SIMULATION

A startup system simulation was conducted incorporating
the calculation model described before. The examples
introduced here are feasibility study of the engine
startup system with various engine specifications from

the following perspectives.
1. Air-fuel ratio control feasibility

2. Startability

4-1. Consideration of air-fuel ratio control feasibility

The tolerance range of controllable cranking speed
which makes the cylinder equivalence ratio equal to the
theoretical air-fuel ratio during low-temperature startup

was calculated.

Fig.10 depicts the range of the cranking rotational speed
at which the air-fuel ratio control is established. Where,

the value of the vertical axis is normalized with the upper
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limit of cranking speed for air-fuel ratio control at -10

degrees C.

We can see that the cranking speed which generates
sufficient combustion torque at the first combustion
depends on the temperature: it becomes lower as the
temperature decreases. As the spray traveling distance
becomes shorter by changing in the injection direction,
the upper limit of the engine speed at which the air-fuel

ratio is controllable decreases.

In this way, it has been found that the cranking speed at
which air-fuel ratio control at startup is feasible varies
depending on the fuel injection position, direction, intake

port shape layout, and injector specifications.

Range of cranking speed
(Normalized)
w

-10 -5 0 5 10 15 20
Engine temperature [degC]

Fig.10 The range of the cranking rotational speed at
which the air-fuel ratio control is established

4-2, Consideration of engine speed responsiveness at
startup

The next phase of consideration involved securing
engine speed increase at startup from the perspective of

reducing take-off time at engine restart.

The characteristics of the engine speed change at startup

(Fig. 11) are as follows:

- Because the test engine has a small moment of
inertia about the crankshaft axis and is a single-
cylinder unit, it has a big instantaneous drop in
engine speed during the compression stroke (Fig.
11, A). Such large drop in instantaneous engine

speed can cause failure in starting.
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- In order to prevent too big drop of speed,
decompressor is equipped usually for this type
of engines. A problem may occur, when the
decompressor reactivates during the compression
stroke in the second combustion cycle (Fig. 11, B),
due to the engine speed decrease after the engine
speed increase in the first combustion cycle. If
this happen, the decompressor may continue to

activate and cause poor starting.

- Changing the decompressor timing changes
the amount of fresh air in the cylinder used
for combustion, enabling greater engine speed
increase at first combustion and reduction in

startup time.

B

Accelerated by motor Second cycle

TDC

Engine speed

A

First cycle TDC

time

Fig.11 Fluctuation of engine speed at engine start

Based on the above, the calculation results for the
startup time and instantaneous engine speed values
when the decompressor timing (Fig. 12) is changed
are shown in Figure 13. For the decompressor timing,
the decompressor lift curve was kept constant with the
reference to the crank angle for the base model, and only

the decompressor activation angle was changed.

The operating conditions were warm-up restart for full
throttle at an engine temperature of 60°C, and low-

temperature startup at an engine temperature of -5°C.

Concerning about relation between decompression
timing, starting time, and instantaneous engine speed,

simulation results are shown in Figure 13.

Where, the value of the vertical axis is normalized with
the engine starting time at the reference decompression

timing.

The first graph in Figure 13 shows the decompressor
timing advance is effective in reducing the startup time

to reach idling speed in the warm-up restart.

The second graph shows however, too big advance of
decompressor activation causes too low minimum engine
speed during the first cycle, and results in failure of

startup.

The third graph indicates that certain advance is
necessary to avoid reoperation of decompressor during

the second cycle.

Intake
valve lift
Decompression timing

0 _Reference timing

Advance

~~~~~

Exhaust

., valve lift

valve lift [mm]

Crank angle

Fig.12 Timing of decompressor activation
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Fig.13 Relation between decompression timing,
starting time, and instantaneous engine speed
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By this, it was found that it is important for the engine
speed to be within the possible ignition range and for
the decompressor timing setting to be within the range
capable of preventing decompressor reactivation in the
second cycle. This simulation gives estimation of all these
phenomena quantitatively. Thus, we have confirmed
great potential of this simulation to determine the design

specifications considering all these factors.

SUMMARY,

1) It has been confirmed that the injection duration at

startup is to be set so as to realize that the in-cylinder
mixture is stoichiometry in order to both maximize the
engine speed increase and minimize the fuel injection

volume in the first combustion cycle at startup.

2) A fuel transport model capable of calculating the
equivalence ratio in the cylinder has been proposed.
This has been validated by comparing the results with

experimental data.

3) A simulation incorporating such element as the fuel,
motor, battery, and decompressor has been constructed.
An example of investigation of starter motor control to
satisfy the requirements for startability while considering

air-fuel ratio control, has been presented.

4) Based on the above, the startup system simulation we
have developed is expected to be quite effective in the

process of startup system design.
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DEFINITIONS/ABBREMIATLON
STD  standard

SMD Sauter Mean Diameter

DC Direct current

SOI  Start timing of Injection
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