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Abstract: The cycle fuel injection quantity is accurately measured for electronic unit pump (EUP) operating at high, middle
and low speeds by using displacement method based on EFS instantaneous mono-injector qualifier. On the basis of the experi-
mental data about fuel injection quantity and fuel pressure, the variation of inconsistency in fuel injection quantity of EUP
and the influence factors in different operating conditions are concluded. The results show that the inconsistency is lowest in
maximum torque condition, while on the start and maximum power conditions, it is higher.

Key words: diesel engine; fuel injection quantity; electronic unit pump (EUP)

CLD number: TK423
Article ID: 1674-8042(2014)04-0074-05

0 Introduction

Diesel engine has lower fuel consumption and
higher torque characteristic in contrast with gasoline
engine with the same power'''. Therefore, diesel
engine is widely used in automobile, vessel, high
duty truck, military vehicle, engineering machine,
dynamotor unit, and so on. Using the advanced
emission control technology in diesel engine, the ap-
plication area of diesel engine can be enlarged grad-
ually.

In diesel engine, air-fuel mixing rate is a key fac-
tor which can influence power, heat efficiency and
emission performance. The air-fuel mixing process
is determined by three aspects: fuel injection, flow
discharge and effect of combustion chamber. Once
the three aspects are well-matched, the diesel will
obtain an optimized performance.

Fuel injection system is one of the most important
parts in diesel engine with the highest manufactur-
ing accuracy and adjustment accuracy. With the
continuous deterioration of environment and in-
creasingly stringent emission regulations, the emis-
sion performance of diesel engine need to meet more
stringent requirements'*’ .

The improvement in emission performance of die-
sel engine can not be separated from good match
and continuous innovation. Nowadays, the fuel in-
jection system mainly consists of high pressure com-
mon rail system, electronic unit injector (EUI) sys-
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tem and electronic unit pump (EUP) system. The
EUP system has good reliability, flexible injection
control and low modification cost. While it is diffi-
cult for domestic oil quality to meet the required
conditions. Therefore, the EUP system is a superior
system' ' .

The cycle fuel injection quantity is the most im-
portant performance indicator for high pressure
EUP system, which is the third generation pulsation
control system. And it is also the main test factor in
the stages of product design and performance test,
which directly influences the engine dynamic char-
acteristic. Considering machining accuracy, there
are some difference among the cycle fuel injection
quantities of different EUP systems, which would
have an adverse effect on diesel operation™®® .

This paper has measured a lot of cycle injection
quantities about EUP, and analyzed the inconsisten-
cy in different operation conditions. This paper has
also proposed the corresponding control pulse width
correction factor to improve the operation stability
of diesel engine.

1 Experiment equipment and bench

1.1 Test bench

The experiment was carried out on the pump drive
control platform of Beijing Institute of Technology
Engine Laboratory. Fig.1 shows the schematic dia-
gram of the drive control platform of EUP system.
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1 — Fuel tank; 2 — Filter; 3 — Oil pump; 4 — st stage of coarse fil-
ter; 5—2nd stage of coarse filter; 6 — Pressure regulating valve; 7
— Oil pressure indicator; 8 — Ist stage of fine filter; 9 —2nd stage
of fine filter; 10 — Check valve; 11 — Electromagnetic valve; 12 —

EUP; 13— Oil pressure sensor; 14 — Injector; 15— Dewetron-5000
combustion analyzer; 16 — High-pressure injection pipe; 17 —

EFS; 18— EFS control unit; 19 — Camshaft; 20 — Control system

Fig. 1  Schematic diagram of drive control platform of
EUP system

The test bench controls oil pressure and camshaft
speed by using pump station control system. Dew-
etron-5000 combustion analyzer is used to collect da-
ta about pump pressure, drive current and injector
needle valve lift signals. Needle valve lift signal is
characterized by truncated signal, of which the
curve cannot reflect the real displacements. EUP
system delphi-E1l is selected with plunger diameter
11 mm and stroke 18 mm. The electronic control
unit (ECU) controls the solenoid valve to open and
close to generate high pressure. The Bosch mechani-
cal injector was chosen with injection staring pres-
sure 2.8 MPa. The fuel pressure of high-pressure oil
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pipe is acquired using Kistler4067BB2000 oil pres-
sure sensor and electric charge amplifier. The cycle
fuel injection quantity is collected using EFS-8246.
Low oil supply pressure is 0. 6 MPa, drive current
peak is 11 A and holding current is 5 A.

1.2 Measurement principle for cycle fuel in-
jection quantity

The measurement instrument is EFS-8246. The
accuracy of EFS is 0. 6 mm’ and the measurement
range is 0 — 600 mm’. Figs.2 and 3 show the me-
chanical structure and measurement principle of
EFS-8246, respectively.
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Drain valve (closed)

i

Piston displacement (d) / 4
Thickness of fuel after
injection finis

Measuring piston

~Displacement_—~
sensor

m’ AN
il

=
/

Fig.3 Measurement principle of displacement method



76 Journal of Measurement Science and Instrumentation

Vol.5 No.4, Dec. 2014

The measurement principle is based on the dis-
placement of a piston with the force of the injected
fluid. The equipment is synchronized with the rota-
tion of the camshaft of an injection pump. An injec-
tor installed on the top of the equipment fills a vari-
able volume injection chamber. As long as the pump
is in the injection phase, the drain eletrovalve rema-
ins closed and the piston lowers with the thrust of
injected fluid. The position change of the piston
graphically expresses the injected fluid volume ex-
actly. It is permanently measured by the electronics
and volumes are calculated at various angles in the
injection phase.

When the injection begins, the drain valve is
opened, at this time the thickness of the remnant oil
level in the measuring cylinder is d,; in the injec-
tion process, the drain valve is closed, the measur-
ing oil is injected into the cylinder and pushes the
piston down; when the injection over, the thickness
of the remnant oil level in the measuring cylinder is
d,, therefore the displacement of the piston is d =
d, — d,. This displacement is the direct parameter
for oil injection volume, which could be accurately
measured by displacement sensor. After the mea-
surement finished, the piston will be reset, the
drain valve is opened and the oil in measurement
cylinder is discharged.

The EFS system collects piston lift signal and in-
jection parameters five times in each crank angle to
ensure accuracy. In the initial phase of measure-
ment, angle domain is automatically set at starting
signal(the maximum angle of 90°), which is actually
the starting point of injection parameters. The sys-
tem synchronically generates a cursor. When a sig-
nal of each piston lift is measured, the system adds a
level signal onto the cursor. The highest level corre-
sponds to the end of the sampling piston and the lift
oil chamber containing the starting point of the
drain. In addition, the system can differentiate pis-
ton motion rate according to piston lift signal which
indirectly reflects the injection rate.

1.3 Delay analysis of characteristic parame-
ters

There will be a time delay between control pa-
rameters and characteristic parameters while EUP
system works. Fig.4 shows the test results of char-
acteristic parameter systems.

There is an electronic delay of power drive modu-
le when electric control system outputs control sig-
nal to generate driving current. Delay time is ¢, — ¢,
(The results can be converted according to the cam-
shaft angle and speed). After the solenoid valve
driving current has been generated, the solenoid
valve attracts armature to close return pipe and the

piston compresses the fuel in chamber to generate
high pressure fuel which may spread to the high-pre-
ssure tubing. The duration of this process is t; — ¢,.
When the fuel pressure reaches the opening pressure
for needle valve, the fuel will spread into fuel injec-
tor pin valve to open and start injection. The dura-
tion of this process is t4 — t;. The delay time ex-
tends from the end of driving current to the fuel
pressure decreasing, and the time of the needle seat-
edis ty—t5.
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Fig.4 Relationship between the measured signals’ delays

2 Inconsistency analysis of cycle fuel
injection quantity
2.1 Operation conditions

The experiment measures the cycle injection
quantity in different operation conditions for 36
EUP systems. The operation conditions include
low-, middle- and high-speed external characteristic
conditions . The drive parameters consistes of in-
jection timing and pulse width. The injection timing
for all experiments is set at 0°CA. Table 1 shows the
operation conditions.

Table 1 Operation conditions of experiment
. .. Injection pulse
Speed (r/min) Condition width ("CA)
200 Start 16
1 800 Maximum torque 35
2 500 Maximum power 30

2.2 Experiment results and analysis

The number of experimental EUP systems is No. 1
to No.36. Fig.5 shows the cycle injection quantity
of 36 EUP systems in different operation condi-
tions.

The average values of injection quantity on differ-
ent conditions are 245. 3 mm’, 410. 6 mm’,
270.2 mm’ (100 cycles) and the relative standard
deviation of cycle injection quantity has been calcu-



ZHANG Chang-ling, et al. /| Measurement and analysis of cycle fuel injection quantity for electronic unit pump 77

lated as the evaluation criteria. The formula of the
standard deviation is

Y@ -ar
SENTN-T (1)

where Q; is injection! quantity of one single EUP
system in corresponding condition, Q is average
value of all EUP systems in a corresponding condi-
tion, N is all quantities of EUP systems.
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Fig. 5 Cycle fuel injection quantity of EUP systems
No. 1-36

Fig. 6 shows the relative standard deviation of in-
jection quantity of EUP systems No. 1-36.
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Fig.6 Percentage of cycle fuel injection quantity standard
deviation

Fig. 6 shows that the inconsistency is lowest in
maximum torque condition, but it is higher in the
start & maximum power conditions. Fig.5 also
shows that there are two factors that have the effect
on the inconsistency, one is engine speed, and the
other is injection pulse width. Meanwhile, both fac-
tors are influenced by the characteristic parameter
of solenoid valve response time. Fig.7 shows the
timing characteristic of EUP solenoid valve.
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Fig.7 Timing characteristic of EUP solenoid valve

In high-speed condition, the relative time (ex-
pressed by crank angle) of solenoid valve response
time increases. As a result, the discrepancy of tim-
ing characteristic will enhance the injection quantity
inconsistency. Fig.8 shows the driving current and
fuel pressure curves of No.20 and No. 34 EUP sys-
tem (2 500 r/min, 30°CA).
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Fig.8 Driving current and fuel pressure curves of No. 20
and No. 34 EUP system (2 500 r/min, 30°CA)

Fig.8 shows that No.20 EUP system has the fast-
er solenoid valve response time than No. 34 EUP
system, and the former advances 0.6°CAM (1. 26°
CA)than the latter. Sometimes, the characteristics
of EUP injection makes the fuel injection pressure
lift with the speed increasing, therefore, the injec-
tion quantity is more in high-speed condition than in
low-speed condition, which will result in the worse
consistency of injection quantity because relative
standard deviation increases.

When the engine runs at a low speed, due to low
pressure, the injection quantity is affected by speed
fluctuation. The lower injection pressure makes the
pressure fluctuate more violently, which leads to
much worse injection consistency with the low
speed. Fig.9 shows the driving current and fuel pre-
ssure curves of No.20 and No. 34 EUP systems (200
r/min, 16°CA), and the dotted line means the noz-
zle open pressure.
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Fig.9 Driving current and fuel pressure curve of No. 20
and No. 34 EUP systems (200 r/min, 16°CA)

As Fig. 9 shows, the fuel injection pressure fluctu-
ates more violently, and furthermore the character-
istic of solenoid value response time would increase
the inconsistency of injection quantity. The statisti-
cal results also show that the consistency with the



78 Journal of Measurement Science and Instrumentation

Vol.5 No.4, Dec. 2014

middle speed is better than the low and high ones'” .

Because of the inconsistency of EUP injection
quantity, the power of ever cylinder can be non-uni-
form, which will result in less stability, vibration
and reliability™""’. In the engine system, the factors
which affect the inconsistency include machining ac-
curacy and hydraulic delay. The former cannot be
improved, and the improved effect of the latter is
not well. By analyzing injection pressure curve, it
can be seen that the difference of solenoid valve re-
sponse characteristics is the main factor affecting
the consistency of EUP injection quantity. There-
fore, it is reasonable to use sub-cylinder indepen-
dent control strategy to improve the consistency of
EUP injection quantity.

3  Conclusions

1) Because of machining accuracy and hydraulic
delay, the inconsistency of cycle fuel injection quan-
tity always exists, which can be reduced by sub-cyl-
inder independent control strategy.

2) In low-speed and high-speed operation condi-
tions, the inconsistency of cycle fuel injection quan-
tity is higher. In low speed operation condition, the
main factor is the speed fluctuation which causes the
change of injection pressure. In high speed opera-
tion condition, the main factor is solenoid valve
drive characteristic.
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