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With the Environmental Protection Agency (EPA) regulating the amount of NOx, Particulate,
HC and CO at all driving conditions, emission standards for diesel engines are becoming more
stringent than ever. To meet future emission regulations, researchers have proposed two solu-
tions based on injection control, the common-rail type injection system, and the unit injection
system. Most researchers agree that the electronically controlled unit injector, which realizes
high injection pressure and precise control of SOI(Start Of Injection) and injection quantity,
has an advantage in meeting future emission regulations. In order to control the start and end
of injection, each unit injector contains a time-controlled high speed solenoid valve. Thus, the
fuel injection quantity is determined by the time interval between closing and opening of the
solenoid valve. This study introduces a method for the design of the solenoid which is installed
in the unit injector. It is shown that there are certain significant parameters to be optimized to
improve solenoid performance: inductance, stroke, input voltage, coil resistance, load and

switching time.
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1. Introduction

To satisfy future emission regulations for diesel
engines with respect to particulate and NOx
levels, both the engine combustion system and the
Fuel Injection Equipment(FIE) need to be im-
proved (Shundoh, 1989, 1992, 1994). For the FIE,
high injection pressure and variable injection
timing as a function of engine speed, load, and
intake temperature are very important parameters.
Currently BOSCH is developing two different
solutions :

1) An electronically controlled unit injector
and single cylinder pump system ;

2) High pressure inline pumps with control
sleeve and electronic control.

The new generation of electronic diesel fuel
injection systems with special solenoid valves
presents a complicated mechanical/electrical sys-

tem. It involves a combination of mechanical
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motion, hydraulic pressure wave propagation,
and the transient magnetic and electrical proces-
ses which interact with others. In this paper, the
coupled dynamic behavior of the new system is
studied based on a unit injector system developed
at INHA university. A general physical model
which can deal with other structure types such as
the electronic pump- pipe--injector system and the
distributor pump system is established, Tradi-
tional mathematical models for conventional
mechanical injection systems or conventional
solenoid valves are not suitable for the new type
of injection system.

An attempt is made to develop a solenoid
operated unit injector shown in (Fig. 1) for diesel
engines and to inject fuel more exactly into the
combustion chamber at high pressure (Kato,
1989 ; Shundoh, 1989b; Stumpp, 1989). These
new injectors have the size of conventional diesel
injectors with small but more powerful and ultra-
fast solenoids (switching times of less than 3ms)
located on the nozzle. To provide fast opening
and closing time of the nozzle, a multi-objective
optimization method is used to select the design
variables of the injector, The mathematical model
used for optimization is developed with the help
of experimental results obtained from the
solenoid force measurement at transient condi-
tions. The optimization result did show good
dynamic performance of the injector, despite the
use of a small size solenoid actuator. The fast
progress observed in recent years in the field of
electronic luel injection (such as Unit injector or
Common-rail systems) with solenoid operated
injectors for internal combustion engines, was
mainly made in gasoline-driven spark-ignition
engines. In developed engines, the hydraulic con-
trol of injectors by the high pressure fuel injection
pump is still dominant. There have been attempts
to introduce solenoid actuators to control the fuel
injection process, but until now only a few such
systems have veen available for commercial use.
The reason 1s the requirement of very fast opera-
injectors to inject a
controlled quantity of fuel during a very short
time in hostile conditions of the engine combus-
tion chamber(Wolber, 1984 ; Lauvin, 1991 ; Jur-

tion of diesel closely
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Fig. 1 BOSCH type Unit injector.

gen, 1995). When trying to inject gaseous fuels in
the diesel engines, some researchers employed
hydraulic control of injectors that requires the use
of a conventional diesel fuel injection pump. A
few years ago, an attempt was made at Concordia
University to develop solenoid operated injectors
for the direct injection of natural gas in diesel
engines. Their results proved the feasibility of
such a concept. The injector design was modified
recently by introducing a small powerful solenoid
into a commercially available diesel injector, in
order to reduce its size and weight and to make it
exchangeable with typical size injectors. In order
to make its operation fast enough, a special swit-
ching circuit was developed and a multi-objective
optimization method was applied to select the
best design variables which can provide [ast
opening and closing of the injector.

2. Solenoid Design

The response time consist of the waiting time
and rising time;the waiting time is the time
between the voltage occurring in wire and the
start of armature moving, while the rising time is
the time between the start and end of armature
movement.

The input voltage is described as follows :
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where the magnetic flux is a function of current.
The waiting time is as follows :
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in which the current rises exponentially as
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where we can easily see that the solenoids parame-
ters are current, displacement, magnetic flux, trac-
tion force, and inductance. These parameters are
all functions of time.

2.1 Optimal inductance for switching time

This study suggests how to design the optimal
solenoid which minimizes the response time for a
given size. Inductance at given distance is defined
as follows ;

L=44 (5)
The waiting time can be expressed as follows :
Lo 1
w =" 6
t R n _E 2Fmecha 0 ( )
U Lo

if we defined d as ;

=R g =t )

then the optimal inductance for the waiting time
is calculated as follows by differentiating Eq. (6)

3.90665 Finecsd o
2T mech0 0
I;

The optimal waiting time and optimal winding
number are expressed as follows :

_A9F mecn0 o
te=—""711" 9

wore,w=21700 [Locs (10)

Therefore we can easily determine the relation-
ship between j,, and [, at the optimal conditions.

Lopt, w=1.95334%2= (8)

(#,=0.716],) This equation shows that the opti-
mal operating condition of rising current is
approximately seventy percent of the maximum
current at the given wire diameter. The general
solution of the differential equation for the rising
time takes into account all the main parameters of
the solenoid

Eqgs. (11) ~(13) are used to calculate the rising
time :

dtz L (12)
=2k 050 (13)

The initial conditions are as follows :

0. @ . p_m | Fmecn
=03 L0, p=0,= [Fr (1
where
k=g (15)
20 A

and the inductance is

2

_w
L=75% (16)
Therefore we obtain a rising time of
U\/ Fmech o mech
26 OLO LO

We also get the optimal inductance for the
rising time using the above equation

8Fmech6 0
L e

2,83
wope, =70 [ L (19)

The minimum rising time is therefore

2 2
tr, min= Y 24g;ym =3 24R£20m (20)
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and

2.2 Solenoid surge

If the solenoid is excited by current, the electri-
cal energy changes to magnetic energy, and the
magnetic energy is accumulated in the wire. At
that time, if the current switches off, the ac-
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cumulated magnetic energy can damage the wire.
The surge voltage is approximately 120~360V
which is roughly 10~30 times the input voltage
(12V). Furthermore the bias voltage gives rise to
a current in the neighboring wire via the conduct-
ing wire. If the chip which detects surge voltage
from the input signal malfunctions, it becomes
impossible to control the solenoid.

3. Experimental Method

3.1 Test bed

Figures 2 and 3 show the solenoid test bed and
solenoid (rigidly attached to the test bed) for
measuring the dynamic characteristics of the
solenoid. The size of the solenoid is 28mmx
20mm, the thickness of the silicon steel is 0.35mm,
and the length of the core is 17mm. The projected
area of the solenoid piled up againgt the silicon
steel is 8 mmx20 mm. The bobbin is made of
teflon for better operation at high temperatures,
Part of the armature, spring support armature,
and spring can be set force as desired. At the end
of the armature, a Ililt sensor and permanent

Permanent magnelic

magnetic were installed to measure the lift of the
solenoid. Data from the lift sensor can be read on
the oscilloscope directly and stored. Nonmagnetic
material is used for the solenoid supporter and
sensor supporter. Pure iron is used for the arma-
ture in light of possible pile up problems.
Solenoid stroke is adjusted by a dial gauge.

3.2 Circuit

In this study, the pulse width modulation
method was used for controlling the current of the
solenoid. Figure 4 shows the solenoid controller
and stable 12 or 24voltage source which was used
after filtering with two high-pass filters. To pro-
tect the solenoid from surge, a diode was con-
nected in the positive direction, which decreased
solenoid surge by 409.

4. Experiment Results

4.1 Comparison of experimental data and
simulation data for rising current and
lift

Figure 5 shows experimental and simulation

Amature

Pouer supply

LCondwol undt

Huritch

Fig. 2 Solenoid Test bed.

i
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Fig. 3 Solenoid Structure.



Fig. 5 Comparison of experimental data with simu-
lation data.

results of the relationship between rising current
and armature movement. Both results are relative-
ly well matched when one neglects electrical
noise. Also the data shows that there exists little
difference in the armature movement at the last
period between experiment and simulation. This
result from the simulation neglects the mechanical
force. The program considers the current satura-
tion of the solenoid for precise simulation results.
The reason for the current difference between
simulation and experiment is that the program
neglects the following nature of the system : all
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Fig. 6 Variations of current and lift according to the
time.

chips which were used in the circuit have a
natural inner resistance, and PWM control was
used as soon as the armature moves to reduce
power consumption,

3.2 Relationship between stroke and rising
current versus time
Figure 6 shows the stroke, current and mag-
netic flux according to wire diameter and winding
number. In this figure, a high current implies fast
movement of the armature, with fast operation of
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the solenoid implying higher power consumption
for movement.

4.3 Stroke and traction force versus time

Figure 7 shows the stroke, current and traction
force as a functions of time at 12V and 24V. This
figure shows that applying 24V reduces the rising
time by about 0.15ms compared with the 12V
case. For the traction force, only the magnetic
field was considered in the calculation. In real the
situation, however, the inertia of the armature and
spring force which vary according to position
should be taken into consideration. The armature
movement is described by

2
F=Fm+m%—k(6 —x)

In the figure, the traction force at the armature
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Fig. 8 Dynamic characteristics of solenoid.

starting point indicates 9kgf a preloaded force of
Power consumption can be calculated easily by
integration of the square current times resistance.
As the armature nearly reaches the core, the
traction force decreases to below the preloaded.
This phenomenon is caused by reduction of the
current due to rising inductance, but in spite of
reduced current, the armature continues to move
under the influence of inertia forces.

4.4 Switching time of the solenoid with
different wire diameter and winding
number

Figure 8 shows the stroke, current and switch-

ing time with different the wire diameters and
winding numbers. In this figure, the wire diameter
has little effect on the current and switching time
of the solenoid. however, the winding number
does affect the switching time, as well as the size
of the solenoid for the same wire diameter. If we
ignore other factors, this relation is of great signif-
icance in the design of the solenoid.

4.5 Solenoid efficiency and instant acceler-
ation
Figure 9 shows the efficiency and instant accel-
eration with repect to switching time. This figure
can be used to determine the optimum solenoid
for each case. All the electical energy cannot be
converted to kinetic energy of the solenoid when
the electrical field excites the magnetic field. Here
the efficiency of the solenoid is defined as fol-
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Fig. 9 Variations of solenoid acceleration and effi-
ciency with time.
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lows :

__m(mass) - a(instant acceleration) - x (stroke)
- V (voltage) - T(current) - t(time)

Both 0.8mmx48 and 0.6mmx 80 cases show
good efficiency ; comparing the efficiency of the
two, the former is the better if we consider switch-
0.8mm x 48type
solenoid shows higher current than simulation

ing time. In the real case,
results due to current saturation. Therefore, des-
spite slow switching time, we can conclude that O.
6mm x 80type solenoid in which current satura-
tion does not occur has better solenoid efficiency.

5. Conclusion

The results of the paper can be summurized as
follows :

1) The simulated results are well matched with
the experimental results if PWM control is neg-
lected.

2) The rising time increases according to an
increase winding number at the same wire diame-
ter, while the rising current decreases according to
an increase in inductance.
time and rising current
according to preloaded force, the

3) The waiting
increases
increasing but rising time decreases in this case.

4) Generally, a fast solenoid means high rising
current and high power for operation.

5) Response time is affected more by the

winding number of the wire rather than wire
diameter.
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