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(54) A fuel injection system for an internal combustion engine
(57)  Fuel injection valves (1) of the engine (10) are

connected to the common rail (3). The high pressure
fuel pump (5) supplies pressurized fuel to the common
rail (3). The electronic control unit (ECU) (20) deter-
mines whether one or more of the fuel injection valves
has failed. When one or more of the fuel injection valves
is determined as having failed, the ECU stops the high
pressure fuel pump and injects fuel from all of the fuel

injection valves including the fuel injection valve deter-
mined as being failed. Since the fuel remained in the
common rail is expelled from the common rail through,
not only the failed fuel injection valve, but also other fuel
injection valves, the common rail is depressurized in a
short time and, thereby, the abnormal fuel injection from
the failed fuel injection valve stops in a short time.
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Description

TECHNICAL FIELD

The present invention relates to a fuel injection system for an internal combustion engine, and particularly, to a fuel
injection system including means for detecting a failure of the fuel injection system.

BACKGROUND ART

A common rail type fuel injection system for an internal combustion engine is known in the art. A common rail type
fuel injection system includes a common rail which stores high pressure fuel fed from a high pressure fuel pump. Fuel
injection valves for the engine are connected to the common rail to inject the high pressure fuel in the reservoir (i.e., the
common rail) into the respective cylinders of the engine. Namely, the common rail acts as a reservoir which stores high
pressure fuel and distributes it to the respective fuel injection valves.

Further, a common rail type fuel injection system provided with means for detecting a failure thereof, such as leak-
age from the common rail or sticking of the fuel injection valves, is also known.

This kind of the common rail type fuel injection system is, for example, disclosed in Japanese Unexamined Patent
Publication (Kokai) No. 8-4577.

The fuel injection system in the '577 publication is provided with a pressure sensor for detecting the pressure in the
fuel in the common rail and measures the difference between the pressures in the common rail before and after each
fuel injection from the fuel injection valves, i.e., the pressure drop in the common rail during the fuel injection period.
Further, the system in the '577 publication is provided with failure detecting means for estimating the pressures in the
common rail before and after the fuel injection based on the operating condition of the engine and the bulk modulus of
elasticity of the fuel in the common rail in order to estimate the pressure drop during the fuel injection period. The failure
determining means determines that the fuel injection system has failed when the difference between the measured
pressure drop and the estimated pressure drop is larger than a predetermined reference value.

In the system of the '577 publication, the estimated pressure drop AP caused by one fuel injection is calculated by
AP = (K/V) x Q where Q is a fuel injection amount determined from the operating condition (the load condition) of the
engine, K is a bulk modulus of elasticity of the fuel and V is a total volume of a high pressure part of the fuel injection
system including the common rail, the a high pressure supply line to the common rail and of a fuel injection line from
the common rail to the fuel injection valves. In the '577 publication, constant values are used for the bulk modulus K and
the volume V. Namely, it is considered that the pressure drop during the fuel injection period equals the pressure drop
caused by the fuel flowing out from the common rail. Therefore, if the amount of fuel actually flowing out from the com-
mon rail during the fuel injection period is the same as the fuel injection amount Q, the pressure drop during the fuel
injection period must be the same as AP. If the estimated AP is different from the measured pressure drop, it is consid-
ered that the amount of the fuel actually flowing out from the common rail during the fuel injection does not agree with
the calculated (i.e., target) fuel injection amount Q. For example, when the measured pressure drop is larger than the
estimated pressure drop AP by a certain amount, this means that the amount of the fuel actually flowing out from the
common rail is larger than the target value of the fuel injection amount. In this case, therefore, it is considered that a
failure of the fuel injection system such as the sticking of the fuel injection valve at the opening position has occurred.

However, in the system of the '577 publication, it is difficult to determine a failure correctly when the pressure of the
fuel in the common rail changes in a very wide range during the engine operation.

As stated above, the '577 publication assumes that the bulk modulus of elasticity K of the fuel is constant regardless
of the pressure on the fuel. However, actually, the bulk modulus of elasticity K of the fuel changes in accordance with
the pressure of the fuel. Therefore, in the actual system, the pressure drop during the fuel injection period takes different
values even though the fuel injection amount is the same if the pressure of the fuel in the common rail change in a wide
range. For example, since the bulk modulus of elasticity K of the fuel becomes larger as the pressure increases, the
measured pressure drop increases as the pressure in the common rail increases even if the fuel injection amount is the
same. Therefore, if a constant value of the bulk modulus of elasticity K is used for estimating the pressure drop AP, itis
difficult to determine a failure of the fuel injection system correctly when the pressure in the common rail changes in a
wide range.

It may be possible to prevent this problem to some extent if the reference value for the difference between the actual
value and the estimated value of the pressure drop used for determining the failure is set to a relatively large value tak-
ing the change in the value of the bulk modulus into consideration. However, in a common rail type fuel injection system
of a certain type, the pressure of the fuel in the common rail varies in a very wide range in order to control both the fuel
injection amount and the rate of injection in accordance with the operating condition of the engine. For example, in
some common rail type fuel injection system, the pressure in the common rail changes from about 10 MPa to 150 MPa.
In such a common rail type fuel injection system, since the change in the bulk modulus of elasticity is very large, the
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reference value must be set to a very large value in order to prevent a normal fuel injection system being incorrectly
determined as having failed and, in this case, the determination of the system becomes practically impossible.

Further, in some failures, for example, a failure in which the fuel injection valve sticks at the opening position, dam-
age to the engine may occur. When one or more of the fuel injection valve sticks at its opening position, the fuel injection
valve continues to inject fuel into the cylinder, and the maximum cylinder pressure may become excessively high due
to the combustion of a large amount of fuel. This may shorten the service life of the engine and, in an extreme case,
cause damage to the engine.

To prevent this from occurring, for example, Japanese Unexamined Patent Publication (Kokai) No. 2-112643 dis-
closes a common rail type fuel injection system provided with means for preventing damage to the engine even if the
fuel injection valve has failed.

The common rail type fuel injection system in the '643 publication includes a plurality of common rails (reservoirs),
a plurality of fuel injection valves connected to the respective common rails and a plurality of fuel pumps for feeding fuel
to the respective common rails. When a fuel injection valve is determined as having failed, fuel feed from the fuel pump
to the common rail connected to the failed fuel injection valve is stopped. By stopping the fuel feed to the common rail,
the fuel injection from the failed fuel injection valve ceases after all the fuel remained in the common rail is injected into
the cylinder. In the fuel injection system of the '643 publication, the abnormal fuel injection from the failed fuel injection
valve ceases in a relatively short time and the period in which the engine is exposed to a high maximum cylinder pres-
sure becomes relatively short even when the fuel injection valve has failed and, thereby, the possibility of damage to the
engine is lowered.

In the system of the '643 publication, however, the abnormal fuel injection does not cease until the pressure in the
common rail becomes sufficiently low, i.e., all the fuel remained in the common rail is injected into the cylinder through
the failed fuel injection valve. The amount of the fuel remained in the common rail becomes larger as the pressure in
the common rail increases. As explained before, the pressure in the common rail becomes about 150 MPa in some
common rail fuel injection system. In this case, the amount of the fuel in the common rail becomes very large even if
the volume of the common rail is relatively small. In this case, therefore, the fuel injection from the failed fuel injection
valve continues until the large amount of the fuel remained in the common rail is injected into the cylinder and the period
in which the engine is exposed to an excessively high maximum cylinder pressure may be long. Thus, in some cases,
the possibility of damage to the engine cannot be reduced.

In order to prevent this problem, the fuel injection from the failed fuel injection valve must be immediately stopped.
However, when a fuel injection valve has failed, it is generally difficult to stop the fuel injection. For example, if the fuel
injection valve stays at its opening position due to a failure of the control device or a short circuit of a fuel injection circuit,
the fuel injection from the failed fuel injection valve cannot be stopped by electrical control. Further, if the failure is
caused by sticking or locking of the moving elements of the fuel injection valve caused, for example, by the entry of for-
eign matter, the fuel injection also cannot be stopped by electrical control.

DISCLOSURE OF INVENTION

In view of the problems in the related art as set forth above, one of the objects of the present invention is to provide
means for stopping the fuel injection from the failed fuel injection valve in order to shorten the period in which the engine
is exposed to a high maximum cylinder pressure when one or more of the fuel injection valves is determined to have
failed.

Another object of the present invention is to provide means for correctly determining the failure of the fuel injection
system without being affected by the change in the bulk modulus of elasticity of fuel even if the pressure of the fuel var-
ies in a very wide range.

According to one aspect of the present invention, there is provided a fuel injection system for an internal combus-
tion engine comprising a reservoir for storing pressurized fuel, fuel injection valves connected to the reservoir and
injecting fuel in the reservoir into an internal combustion engine at a predetermined timing, a fuel pump for feeding pres-
surized fuel to the reservoir at a predetermined timing in order to maintain the pressure of the fuel in the reservoir at a
predetermined value and failure determining means for determining, for each of the fuel injection valves, whether it has
failed, characterized in that the fuel injection system further comprises fuel feed cut means for stopping the fuel feed to
the reservoir from the fuel pump when the failure determining means determines that any of the fuel injection valves
has failed, and depressurizing means for discharging the fuel in the reservoir to the outside of the reservoir when the
failure determining means determines that any of the fuel injection valves has failed.

According to this aspect of the invention, the depressurizing means lowers the pressure in the reservoir by dis-
charging the fuel in the reservoir to the outside of the reservoir when one or more of the fuel injection valves is deter-
mined as having failed. Namely, the fuel is expelled from the reservoir not only by the failed fuel injection valve but also
by the depressurizing means according to this aspect of the invention. Therefore, the fuel remained in the reservoir can
be expelled from the reservoir in a short time and, thereby, the abnormal fuel injection from the failed fuel injection valve
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ceases in a short time.

According to another aspect of the invention, there is provided a fuel injection system for an internal combustion
engine comprising a reservoir for storing pressurized fuel, a fuel injection valve connected to the reservoir and injecting
fuel in the reservoir into an internal combustion engine at a predetermined timing, a fuel pump for feeding pressurized
fuel to the reservoir at a predetermined timing in order to maintain the pressure of the fuel in the reservoir at a prede-
termined value and failure determining means for determining whether the fuel injection system has failed, character-
ized in that the failure determining means comprises pressure detecting means for detecting the pressure of the fuel in
the reservoir, fuel injection pressure change detecting means for detecting the actual value of the difference of the pres-
sures in the reservoir before and after the fuel injection from the fuel injection valve based on the pressures detected
by the pressure detecting means before and after the fuel injection, fuel injection pressure change estimating means for
calculating an estimated value of the difference of the pressures in the reservoir before and after the fuel injection from
the fuel injection valve based on a target value of the fuel injection amount and a bulk modulus of elasticity of the fuel,
first means for calculating a first characteristic value representing whether the fuel injection system has failed based on
the actual value and the estimated value of the difference of the pressures in the reservoir before and after the fuel
injection, fuel feed pressure change detecting means for detecting the actual value of the difference of the pressures in
the reservoir before and after the fuel feed from the fuel pump based on the pressures detected by the pressure detect-
ing means before and after the fuel feed from the fuel pump, fuel feed pressure change estimating means for calculating
an estimated value of the difference of the pressures in the reservoir before and after the fuel feed from the fuel pump
based on a target value of the fuel feed amount and the bulk modulus of elasticity of the fuel, and second means for
calculating a second characteristic value representing whether the fuel injection system has failed based on the actual
value and the estimated value of the difference of the pressures in the reservoir before and after the fuel feed, and that
the failure determining means determines whether the fuel injection system has failed based on the first and second
characteristic values.

According to this aspect of the invention, the first means calculates the first characteristic value based on the actual
value and the estimated value of the difference of the pressures in the reservoir before and after the fuel injection, and
the second means calculates the second characteristic value based on the actual value and the estimated value of the
difference of the pressures in the reservoir before and after the fuel feed. Namely, the first characteristic value and the
second characteristic value are parameters representing whether the fuel injection system has failed. However, the first
characteristic value is calculated based on the pressures when the pressure in the reservoir decreasing (i.e., during the
fuel injection period) and the second characteristic value is calculated based on the pressures when the pressure in the
reservoir increasing (i.e., during the fuel feed period). Therefore, the change in the bulk modulus of elasticity of the fuel
affects the first and the second characteristic values in the manner opposite to each other. For example, when the value
of the bulk modulus of elasticity becomes larger than the value used for the calculation of the estimated pressures, the
value of the first characteristic value increases and the value of the second characteristic value decreases by the
amount same as the amount of increase in the first characteristic value. Therefore, by determining the failure of the fuel
injection system based on both of the first and the second characteristic values, it becomes possible to eliminate the
effect of the bulk modulus of elasticity from the result of the determination.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be better understood from the description as set forth hereinafter, with reference to the
accompanying drawings in which:

Fig. 1 schematically illustrates the general configuration of an embodiment of the fuel injection system according to
the present invention when it is applied to an automobile engine;

Fig. 2 schematically illustrates the method for detecting the failure of the fuel injection system;

Fig. 3 is a diagram showing typical effects of the change in the bulk modulus of elasticity of fuel on the changes in
the pressure in the common rail;

Fig. 4 is a diagram showing typical effects of the pulsation of the pressure in the common rail during the fuel injec-
tion;

Fig. 5 is a flowchart explaining an embodiment of the failure determining operation according to the present inven-
tion;

Fig. 6 is a diagram explaining the change in the pressure in the common rail when a failure has occurred in the fuel
injection system;

Fig. 7 is a flowchart explaining another embodiment of the failure determining operation;

Fig. 8 is a flowchart explaining an embodiment of an operation for correcting the amount of leak from the fuel injec-
tion valves;

Fig. 9 is a flowchart explaining an embodiment of an operation for correcting the value of the bulk modulus of elas-
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ticity of fuel; and

Figs. 10 through 12 are flowcharts explaining embodiments of the fuel injection control operation when a fuel injec-
tion valve has failed.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Hereinafter, embodiments of the present invention will be explained in detail with reference to the accompanying
drawings.

Fig. 1 shows a general configuration of an embodiment of the fuel injection system of the present invention when it
is applied to an automobile diesel engine.

In Fig. 1, reference numeral 10 designates an internal combustion engine (in this embodiment, a four-cylinder four-
cycle diesel engine is used). Numeral 1 designates fuel injection valves which inject fuel into the respective cylinders of
the engine 10 and, 3 designates a common rail (a reservoir) to which the fuel injection valves 1 are connected. As
explained later, the common rail 3 stores the pressurized fuel fed from a high pressure fuel pump 5 and distributes it to
the respective fuel injection valves 1.

In Fig. 1, numeral 7 represents a fuel tank which stores fuel (in this embodiment, diesel fuel) of the engine, and 9
represents a low pressure feed pump which supplies the fuel in the fuel tank 7 to the high pressure fuel pump 5. During
the operation of the engine 10, the fuel in the tank 7 is pressurized to a constant pressure by the feed pump 9 and sup-
plied to the high pressure fuel pump 5. Fuel is further pressurized by the high pressure fuel pump 5 and fed to the com-
mon rail 3 through a check valve 15 and a high pressure line 17. From the common rail 3, fuel is injected into the
respective cylinders through the respective fuel injection valves 1.

Numeral 19 in Fig. 1 shows a fuel return line for returning the fuel from the fuel injection valves 1 to the fuel tank 7.
The return fuel from the fuel injection valve will be explained later in detail.

In this embodiment, an electronic control unit (ECU) 20 is provided for controlling the engine 10. The ECU 20 may
be constructed as a microcomputer of a known type including a read-only memory (ROM), a random-access memory
(RAM), a microprocessor (CPU) and input/output ports all connected to each other by a bi-directional bus. Further, ECU
20 is provided with a backup RAM capable of maintaining its memory contents even if a main switch of the engine is
turned off. As explained later, the ECU 20 performs a fuel pressure control which adjusts the fuel pressure in the com-
mon rail in accordance with the engine load and speed by controlling the operation of the intake control valve 5a of the
high pressure fuel pump 5. Further, the ECU 20 performs a fuel injection control which controls the fuel injection amount
by adjusting the opening period of the fuel injection valve 1.

Further, the ECU 20 in this embodiment functions as the failure determining means for determining whether the fuel
injection system including the fuel injection valves 1 has failed. The ECU 20 in this embodiment also functions as the
depressurizing means for discharging the fuel in the common rail 3 when one or more of the fuel injection valves is
determined as having failed.

In order to perform these controls, voltage signals corresponding to the pressure of the fuel in the common rail 3
are supplied to the input port of the ECU 20 from a fuel pressure sensor 31 disposed on the common rail 3 via an AD
converter 34. An accelerator signal, which represents the amount of depression of an accelerator pedal by the operator
of the automobile, is also supplied to the input port of the ECU 20 via the AD converter 34 from an accelerator sensor
35 disposed near the accelerator pedal (not shown). Further, crank angle signals are supplied from a crank angle sen-
sor 37 to the input port of the ECU 20. In this embodiment, the crank angle sensor 37 is actually composed of two sen-
sors. One is a reference position sensor which is disposed near a camshaft of the engine and generates a reference
pulse signal when the crankshaft reaches a reference rotating position (for example, when the first cylinder of the
engine 10 reaches the top dead center of the compression stroke), and another is a rotation angle sensor which gen-
erates a rotating pulse signal at a predetermined angle of rotation of the crankshaft. These crank angle signals, i.e., the
reference pulse signal and the rotating pulse signal are also supplied to the input port of the ECU 20.

The output port of the ECU 20 is connected to the fuel injection valves 1 and a solenoid actuator of the intake con-
trol valve 5a of the high pressure fuel pump 5 via respective drive circuits 40 and controls the fuel injection amounts of
the fuel injection valves 1 and the fuel feed amount from the high pressure fuel pump 5, respectively.

The high pressure fuel pump 5 in this embodiment is a piston type pump having two cylinders. The pistons of the
pump 5 are driven by cams formed on the driving shaft and reciprocate in the respective cylinders. Intake control valves
5a which are opened and closed by the respective solenoid actuators are disposed at the intake ports of the respective
cylinders. The driving shaft of the pump 5 in this embodiment is driven by the crankshatft of the engine 10 and rotates
synchronously with the crankshaft at one-half the speed thereof. Further, each of the cams formed on the driving shaft
has two cam lift portions, thereby the respective cylinders of the pump 5 discharge fuel once per one revolution of the
crankshaft. Thus, the pump 5, as a whole, discharges four times per two revolutions of the crankshaft. Since a four-cyl-
inder four-cycle diesel engine is used in this embodiment, the pump 5 is capable of feeding fuel to the common rail 3 at
a timing synchronous with the strokes of the respective engine cylinders. For example, the pump 5 in this embodiment



10

15

20

25

30

35

40

45

50

55

EP 0 860 600 A2

feeds fuel to the common rail at the timing immediately after the fuel injection of the respective cylinders.

Further, the ECU 20 controls the amount of fuel fed from the pump 5 to the common rail 3 by changing the timing
where the intake control valve 5a closes during discharge stroke of the pump cylinders. More specifically, the ECU 20
keeps the intake control valve 5a open by de-energizing the solenoid actuator during the inlet stroke and a part of the
discharge stroke of the pump cylinder. When the intake control valve 5Sa is open, the fuel in the pump cylinder flows back
to the fuel tank through the intake control valve during the discharge stroke, and fuel is not fed to the common rail 3.
When a predetermined time has lapsed from the beginning of the discharge stroke, the ECU 20 closes the intake con-
trol valve 5a by energizing the solenoid actuator. By doing so, the fuel trapped in the pump cylinder is pressurized by
the piston and, when the pressure in the cylinder exceeds the pressure in the common rail 3, the pressurized fuel in the
cylinder pushes open the check valve 15 and flows into the high pressure line 17. Namely, when the intake valve 5a is
closed during the discharge stroke of the pump cylinder, fuel is fed to the common rail 3. Once the intake valve 5a is
closed, the valve 5a is kept at its closed position during the discharge stroke by the fuel pressure in the pump cylinder
regardless of the actuation of the solenoid actuator. Therefore, the amount of the fuel fed to the common rail 3 is deter-
mined by the timing at which the intake control valve closes. The ECU 20 in this embodiment controls the fuel feed
amount to the common rail 3 by changing the timing for energizing the solenoid actuator of the intake control valve 5a.

In this embodiment, the ECU 20 determines a target value of the common rail pressure based on the engine load
(the accelerator signal) and speed. The relationships between the target value of the common rail pressure and the
engine load and speed are determined in advance, and stored in the ROM of the ECU 20. Further, the ECU 20 controls
the fuel feed amount of the high pressure fuel pump 5 so that the common rail pressure detected by the sensor 31 is
kept at the target value. The ECU 20 further calculates the target fuel injection amount from the engine load and speed
using a predetermined relationship, and controls the opening period of the fuel injection valves to inject the target
amount of fuel from the fuel injection valves.

As explained before, the ECU 20 in this embodiment adjusts the rate of injection of the fuel injection valves 1 in
accordance with the operating condition of the engine by changing the common rail pressure, and adjusting the fuel
injection amount in accordance with the operating condition of the engine by changing the common rail pressure and
opening period of the fuel injection valve. Therefore, the common rail pressure in this embodiment changes in accord-
ance with the operating condition of the engine in a very wide range (for example, from about 10 MPa to about 150
MPa).

Next, the method for detecting the failure of the fuel injection system used in this embodiment is explained.

In this embodiment, the failure of the fuel injection system is determined based on the change in the common rail
pressure during the fuel injection period and the change in the common rail pressure during the fuel feed period.

Fig. 2 schematically illustrates the change in the fuel pressure in the common rail 3 during one cycle composed of
the fuel injection and the fuel feed period.

In Fig. 2, the period PD represents a period in which fuel injection is performed by one of the fuel injection valves,
and the period PU represents a period in which the fuel feed is performed by the fuel pump 5 after each fuel injection.
As shown in Fig. 2, the fuel injection from the fuel injection valves 1 and the fuel feed from the fuel pump 5 is performed
at different timing so that the fuel injection period PD and the fuel feed period PU do not overlap each other. In Fig. 2,
PC1, represents the pressure in the common rail 3 immediately before the fuel injection (PD) starts, PC2 represents
the pressure in the common rail after the fuel injection completes and before the fuel feed (PU) starts. PC1, represents
the pressure in the common rail after the fuel feed completes and before the next fuel injection starts. The interval
between the sampling points PC1y and PC2 is the same as the interval between the sampling points PC2 and PC14 in
this embodiment. In this embodiment, the difference of the common rail pressures before and after the fuel injection
(i.e., the change in the pressure during the fuel injection period PD), and the difference of the common rail pressures
before and after the fuel feed (i.e., the change in the pressure during the fuel feed period PU), are calculated based on
the PC1y, PC2 and PC1, measured by the fuel pressure sensor 31 by the following formulas.

DPC12 = PC2-PC1,,
DPC21 = PC1, - PC2

Where, DPC12 represents the change in the pressure during the fuel injection period PD and takes a negative
value, and DPC21 represents the change in the pressure during the fuel feed period PU and takes a positive value. This
embodiment further calculates the estimated value DPD of the pressure change during the fuel injection period PD
based on the target fuel injection amount, and the estimated value DPU of the pressure change during the fuel feed
period PU based on the target fuel feed amount, respectively. The first characteristic value DPDJC and the second
characteristic value DPUJC are calculated as the differences between the estimated values (DPD, DPU) and the actual
values (DPC12, DPC21), respectively.

Namely, DPDJC = DPD - DPC12 and DPUJC = DPU - DPC21 . The failure of the fuel injection system is deter-
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mined based on the first and the second characteristic values DPDJC and DPUJC.

The estimated values of the pressure changes DPD and DPU are calculated by the methods explained below.
The pressure change DPD during the fuel injection period is calculated by the following formula.

DPD = -(KIVPC) x QFINC

Where, K is the bulk modulus of elasticity of the fuel, VPC is the volume of the high pressure part of the fuel injec-
tion system including the common rail 3, high pressure line 17 and the line connecting the common rail 3 to the fuel
injection valves 1. QFINC is a target fuel injection amount expressed in the volume under the reference pressure (for
example, 0.1 MPa). The estimated value DPU of the pressure change during the fuel feed period PU is calculated in
the similar manner by the following formula.

DPU = (K/VPC) x QPMD

QPMD is a target fuel feed amount, i.e., the amount of the fuel flowing into the common rail 3 during the fuel feed
period PU. As explained above, the ECU 20 controls the opening period of the fuel injection valves 1 so that the target
amount QFINC of the fuel is injected from the fuel injection valve. Therefore, the amount of the fuel actually flowing out
from the common rail 3 during the fuel injection period PD becomes the same as QFINC, and the estimated value DPD
becomes the same as DPC12, i.e., DPDJC = 0, unless failure occurs in the fuel injection valve or the common rail 3.
On the other hand, if a failure, such as a fuel leak, occurs in the fuel injection valve 1 or common rail 3, the actual
amount of the fuel flowing out from the common rail 3 becomes larger than QFINC. In this case, the actual change in
the common rail pressure DPC12 becomes a negative value larger than the estimated value DPD (i.e., DPC12 < DPD
< 0). Therefore, the first characteristic value DPDJC becomes a positive value, and DPDJC becomes larger as the
amount of the fuel leak increases.

Considering this fact, in this embodiment, it is provisionally determined that the fuel injection system has failed
when the first characteristic value DPDJC is larger than a predetermined reference value R1 (R1 > 0).

Further, since the ECU 20 also controls the intake control valve 5a of the fuel pump 5 so that the target fuel feed
amount QPMD of the fuel is actually fed from the pump 5 to the common rail 3, the amount of the fuel flowing into the
common rail 3 during the fuel feed period becomes the same as QPMD, and the estimated value DPU becomes the
same as the actual value DPC21, i.e., DPUJC =0, unless a failure occurs in the fuel pump 5 or the common rail 3. How-
ever, if a leak from the common rail 3 or the sticking of the fuel injection valve at the opening position occurs, the amount
of the fuel actually supplied to the common rail 3 becomes less than QPMD, and the actual pressure change DPC21
becomes smaller than the estimated pressure change DPU (i.e., 0 < DPC12 < DPU). Therefore, the second character-
istic value DPUJC becomes a positive value, and the DPUJC becomes larger as the amount of the fuel leak increases.

Considering this fact, it is also provisionally determined in this embodiment that the fuel injection system has failed
when the second characteristic value DPUJC is larger than a predetermined reference value R2 (R2 > 0).

As explained above, since both of the first and the second characteristic values DPDJC and DPUJC become larger
than the reference values when a fuel leak occurs in the system, it may be considered that the failure of the system can
be determined correctly by using one of the characteristic values only, i.e., it is not necessary to use both the charac-
teristic values to determine the failure. However, when the pressure in the common rail changes in a wide range, the
value of the bulk modulus of elasticity K of the fuel also changes in a wide range. When the value of the bulk modulus
of elasticity varies largely, it is difficult to determine the failure of the system based only one of the characteristic values.
This problem is illustrated in Fig. 3.

Fig. 3 is a diagram similar to Fig. 2 which illustrates the pressure changes in the common rail when the value of the
bulk modulus of elasticity changes. In Fig. 3, the solid line | represents the pressure change where the actual value of
the bulk modulus of elasticity k agrees with the value used for calculating the estimated pressure changes DPD and
DPU. In this case, if the fuel leak from the system does not exist, the estimated values DPD and DPU calculated by the
formulas explained before agree with the actual pressure changes (DPC120 and DPU210 in Fig. 3), respectively, and
both the first characteristic DPDJC and the second characteristic value DPUJC become 0.

On the other hand, if the value of the bulk modulus of elasticity K changes due to the change in the pressure of the
fuel, the actual pressure change in the common rail becomes as indicated by the broken lines Il or lll in Fig. 3. The bro-
ken line Il and Il show the cases where the value of the bulk modulus of elasticity increases (the line 1l) and decreases
(the line 111), respectively, while the fuel injection amount and the fuel feed amount are maintained at the same as the
case represented by the solid line I.

As seen from Fig. 3, when the value of the bulk modulus of elasticity K increases (line Il), the actual pressure
change during the fuel injection period becomes a negative value (DPC12L) larger than the same (DPC120) in the case
of line I (i.e., DPC12L < DPC120 < 0), and the pressure change during the fuel feed period becomes a positive value
(DPC21L) larger than the same (DPC210) in the case of line | (i.e., 0 < DPC210 < DPC21L). In this case, if the fuel leak
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does not exist, the estimated value DPD becomes the same as DPC120 in Fig. 3. Therefore, if the value of the bulk
modulus of elasticity K becomes larger than the value used for the calculation of DPD due to the change in the pressure,
the first characteristic value DPDJC (= DPD - DPC12L) becomes a positive value even though the fuel leak does not
exist. Thus, the first characteristic value DPDJC may become larger than the reference value R1 when the change in
the value of the bulk modulus of elasticity K is large. In this case, if the failure of the fuel injection system is determined,
based only on the first characteristic value DPDJC, the system is incorrectly determined as having failed even though
a fuel leak does not exist.

Similarly, when the value of the bulk modulus of elasticity K decreases (line lll in Fig. 3), both the pressure changes
during the fuel injection period and the fuel feed period becomes a negative value (DPC12S) smaller than DPC210 in
the case of line |, and a positive value (DPC21S) smaller than DPC210, respectively. In this case, if the fuel leak does
not exist, the estimated value DPU becomes the same as DPC210 in Fig. 3. Therefore, when the value of the bulk mod-
ulus of elasticity K becomes smaller than the value used for calculating DPU, the second characteristic value DPUJC
(= DPU - DPC21) becomes a positive value even though the fuel leak does not exist. Therefore, if the failure of the fuel
injection system is determined, based only on the second characteristic value DPUJC, DPUJC may become larger than
the reference value R2 when the change in the value of the bulk modulus of elasticity K is large, and the system is incor-
rectly determined as having failed even though a fuel leak does not exist.

In order to prevent this problem, both of the failure determination based on the first characteristic value DPDJC and
the failure determination based on the second characteristic value DPUJC are always performed, and the fuel injection
system is determined as having failed only when both the determination results indicate that the system has failed.

As explained above, the first characteristic DPDJC becomes a positive value even though the fuel injection system
is normal when the value of the bulk modulus of elasticity K increases since the actual value DPC12 becomes a nega-
tive value (DPC12L) larger than the estimated value DPD. In this case, however, the actual value of the pressure
change during the fuel feed period DPC21 also becomes a positive value (DPC21L) larger than the estimated value
DPU. Therefore, in this case, the second characteristic value DPUJC (= DPU - DPC21) always becomes a negative
value. Namely, when the value of the bulk modulus of elasticity K increases, though the first characteristic value DPDJC
increases, the second characteristic value DPUJC decreases if the fuel injection system is normal. Therefore, even if
the first characteristic value DPDJC becomes larger than the reference value R1 due to an increase in the value of the
bulk modulus of elasticity K, the second characteristic value DPUJC decreases and always becomes smaller than the
reference value R2, provided the fuel injection system is normal.

Similarly, when the value of the bulk modulus of elasticity K decreases due to the change in the pressure, though
the second characteristic value becomes a positive value, the first characteristic value always becomes a negative
value since the actual pressure change DPC12 becomes a negative value (DPC12S) smaller than the estimated value
DPD, provided the fuel injection system is normal. In this case, the first characteristic value DPDJC always becomes
smaller than R1 even if the second characteristic value DPUJC becomes larger than R2.

This means that, if the fuel injection system has not failed, at least one of the determinations based on the first char-
acteristic value DPDJC and on the second characteristic value DPUJC always determine that the fuel injection system
has not failed determines that the fuel injection system is normal, even when the value of the bulk modulus of elasticity
K changes from the value used for the calculations of the estimated values DPD and DPU. In other words, it can be con-
sidered that the failure, such as a leak from the fuel injection valve, has actually occurred in the fuel injection system if
both of the determination results based on DPDJC and DPUJC indicates that the system has failed. Therefore, in this
embodiment, the failure of the system is provisionally determined by both of the methods based on the first and the sec-
ond characteristic values DPDJC and DPUJC and only when the results of both provisional determination indicate that
the system has failed, it is determined that the fuel injection system has actually failed. By determining the failure based
on the results of both provisional determinations, the error in the determination due to change in the value of bulk mod-
ulus of elasticity can be eliminated.

Further, the above is also effective to eliminate the error in the determination caused by the pulsation in the pres-
sure in the common rail. Fig. 4 is a diagram similar to Fig. 2 which illustrates the case where the pressure in the com-
mon rail pulsates. In Fig. 4, the pressure in the common rail becomes lower than the actual value at the timing where
PC2 should be measured due to the pulsation of the pressure in the common rail. If this type of the pulsation exists, the
measured pressure change DPC12 (= PC2 - PC1) becomes a negative value larger than the true pressure change
(DPC120 in Fig. 4), and the first characteristic value DPDJC (= DPD - DPC12) becomes a positive value. Therefore, if
the pulsation is large, the first characteristic value DPDJC may become larger than the reference value R1 even though
the fuel injection system has not failed. However, even in this case, the measured pressure change DPC21 (= PC14 -
PC2) always becomes a positive value larger than the true pressure change (DPC210 in Fig. 4), and the second char-
acteristic value DPUJC (= DPU - DPC21) always becomes smaller than the reference value R2. Similarly, if the meas-
ured PC2 becomes higher than the true value due to the pulsation, though the second characteristic value DPUJC may
becomes larger than the reference value R2, the first characteristic value DPDJC always become smaller than the ref-
erence value R1 if the system has not failed.
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Therefore, it can be also considered, in this case, that the fuel injection system has actually failed only when both
the results of the determinations based on the first and the second characteristic values indicate that the system has
failed even though the pressure pulsation exists in the common rail.

Fig. 5 is a flowchart illustrating the failure determining operation according to this embodiment. This operation is
carried out as a routine executed by the ECU 20, for example, at predetermined rotation angles of the crankshaft of the
engine.

In Fig. 5, at step 501, the ECU 20 reads the pressure PC in the common rail 3 and the crank rotation angle CA from
the fuel pressure sensor 31 and the crank angle sensor 37, respectively. At steps 503 through 511, the ECU 20 further
determines whether the present crank angle CA read in at step 501 agrees with any of predetermined values CA1,
(step 503), CA2 (step 507) and CA1,4 (step 511) and, if CA agrees none of CA1j, CA2 and CA1,, the operation termi-
nates immediately after step 511. The crank angle CA1, corresponds to the timing immediately before the start of the
fuel injection in the respective cylinder, i.e., the sampling timing of the pressure PC1g in Fig. 2. The crank angle CA2
corresponds to the timing immediately before the start of the fuel feed in the respective cylinder and corresponds to the
sampling timing of the pressure PC2 in Fig. 2. Further, the crank angle CA1, corresponds to the timing immediately
after the completion of the fuel feed and corresponds to the sampling timing of the pressure PC1, in Fig. 2.

If the present crank angle CA agrees with the sampling timing of PC1;, (i.e., CA = CA1y) at step 503, the ECU 20
stores the present values of the pressure PC as PC1 (step 505) and, if the present crank angle CA agrees with the
sampling timing of PC2 (i.e., CA = CA2) at step 507, the ECU 20 stores the present value of PC as PC2 at step 509. If
CA = CA 11 at step 511, i.e,, if the present crank angle CA agrees with the sampling timing of PC1, at step 511, the
value of PC is stored as PC1, at step 513.

When the value of PC1, is stored at step 513, the actual values of the pressure changes during the fuel injection
period and the fuel feed period (DPC12 and DPC21) are calculated at step 515 by DPC12 = PC2 - PC1, and by
DPC21 =PC1, - PC2. Further, at step 517, the estimated values of the pressure changes during the fuel injection
period and the fuel feed period (DPD and DPU) are calculated by DPD =-(K/VPC) x QFINC and, by
DPU = (K/VPC) x QPMD using a predetermined value of the bulk modulus of elasticity K of the fuel (a constant value),
the target value of the fuel injection amount QFINC and the target value of the fuel feed amount QPMD. The target value
for the fuel injection amount QFINC and the target value for the fuel feed amount QPMD are calculated by the fuel injec-
tion amount calculation routine and the fuel feed amount calculation routine (not shown), respectively, performed sep-
arately by the ECU 20 based on the engine load (accelerator signal) and the engine speed.

At step 519, the first and the second characteristic values DPDJC and DPUJC are calculated by
DPDJC = DPD - DPC12 and DPUJC = DPU - DPC21 .

At steps 521 and 523, the provisional determination of the failure is performed by comparing DPDJC with the pre-
determined reference value R1, and DPUJC with another predetermined reference value R2. In this embodiment, the
value of a failure flag XD is set to either 1 (failed) or 0 (normal) in accordance with the results of both the provisional
determinations carried out at steps 521 and 523. Namely, the value of the flag XD is set to 1 (failed) at step 525 only
when DPDJC > R1 and DPUJC > R2, and if either DPDJC < R1 or DPUJC < R2, the value of the flag XD is set to 0
(normal) at step 527.

When the value of the failure flag XD is set to 1, an alarm is activated in this embodiment, in order to notify the driver
of the automobile that the fuel injection system has failed. The value of the flag XD may be stored in the backup RAM
of the ECU 20 to prepare for future inspection and maintenance.

Next, another embodiment of the failure determining operation is explained with reference to Figs. 6 and 7. Fig. 6
is a diagram similar to Fig. 2, but illustrates the case where the value of the bulk modulus of elasticity K does not change
from the value used for calculating DPD and DPU. In Fig. 6, the solid line | shows the pressure change in the common
rail where the fuel leak has occurred, and the broken line 1l shows the pressure change where the fuel leak does not
exist. As seen from Fig. 6, line |, the pressure drop during the fuel injection period increases by an amount b due to the
fuel leak compared to the line 1, i.e., the pressure after the fuel injection period PC2 decreases by the amount b due to
the fuel leak. Further, since the fuel leak also exists during the fuel feed period, the pressure rise during the fuel feed
period decreases by the amount b and the pressure PC1, after the fuel feed becomes low compared to the line Il by
the amount 2b. However, the estimated values of the pressure changes DPD and DPU are the same for line | and line
Il since the bulk modulus of elasticity K does not change.

In this case, both the first characteristic value DPDJC and the second characteristic value DPUJC become equal
tob (b > 0) as seen from Fig. 6.

Namely, DPDJC = DPD - DPC12 =b, and DPUJC = DPU - DPC21 =b.

On the other hand, as shown in Fig. 3, if the PC2 decreases by an amount a in the conditions where the bulk mod-
ulus of elasticity K increases and where the fuel leak does not exist (the broken line Il in Fig. 3), the pressure drop
DPC12 during the fuel injection period and the pressure rise DPC21 during the fuel feed period both increases. In this
case, the first characteristic value DPDJC and the second characteristic value DPUJC become as follows.
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DPDJC = DPD - DPC12L = DPC120 - DPC12L =a
DPUJC = DPU - DPC21L = DPC210 - DPC21L = -a

(a>0)
Therefore, if the change in the bulk modulus of elasticity K (Fig. 3) and the fuel leak (Fig. 6) occurs at the same time,
the changes in the first and the second characteristic values are expressed by the following formulas.

DPDJC=a+b
DPUJC=-a+b

In the above formulas, the amounts a and -a represents the effect of the change in the bulk modulus of elasticity K
and the amount b represents the effect of the fuel leak.

As is understood from the above formulas, the magnitude of the changes in the first and the second characteristic
values (a and -a) due to the change in the bulk modulus of elasticity K are always the same amount but with opposite
signs. Therefore, by adding DPDJC and DPUJC, the effect of the change in the bulk modulus of elasticity K on the first
and the second characteristic values cancel each other. This means that the sum of the first characteristic value and
the second characteristic value represents only the effect of the fuel leak. Therefore, if the value of the sum
DPDJC + DPUJC =2b (b represents the amounts of changes in the first and the second characteristic values)
increases to some extent, it can be determined, regardless of the change in the value of the bulk modulus of elasticity
K, that a fuel leak has occurred in the fuel injection system.

Considering the above, this embodiment determines that the failure of the fuel injection system (i.e., the fuel leak)
has occurred when the sum of the first and the second characteristic values becomes a predetermined reference value
R3 (DPDJC + DPUJC > R3, R3 is, for example, R1 + R2).

Fig. 7 is a flowchart illustrating the failure determining operation as explained above. This operation is carried out
as a routine performed by the ECU 20, for example, at predetermined rotation angles of the crankshaft.

In Fig. 7, steps 701 through 719 are steps for calculating the first characteristic value DPDJC and the second char-
acteristic value DPUJC. Steps 701 through 709 are substantially the same as steps 501 through 519 in Fig. 5, and the
detailed explanation is omitted.

When DPDJC and DPUJC are calculated by the steps 701 through 719, the value JC of the sum of DPDJC and
DPUJC is obtained by JC = DPDJC + DPUJC at step 721.

At step 723, it is determined whether the calculated value of JC is larger than a predetermined value R3, and if JC
> R3, the value of the failure flag XD is set to 1 (failed) at step 725. If JC > R3 at step 723, the value of the failure flag
XD is set to 0 (normal) at step 727. When the value of the failure flag XD is set to 1, an alarm is activated also in this
embodiment, and the value of the flag XD may be stored in the backup RAM of the ECU 20 to prepare for future inspec-
tion and maintenance.

As explained above, the failure of the fuel injection system can be determined correctly by the failure determining
operation in Fig. 7, regardless of the change in the value of the bulk modulus of elasticity K.

Though the effect of the change in the bulk modulus of elasticity of fuel K is cancelled by adding the first and the
second characteristic values in the embodiment of Fig. 7, also it is possible to calculate the actual value of the bulk mod-
ulus of elasticity K and the actual amount of a normal fuel leak based on the first and the second characteristic values.
If the actual values of the amount of the normal fuel leak and the bulk modulus of elasticity K of the fuel is taken into
consideration when calculating the estimated values DPD and DPU, the accuracy of the estimated values are largely
improved.

First, the normal fuel leak from the fuel injection valves is explained. It is assumed that only the fuel injected from
the fuel injection valves flows out from the common rail when the fuel injection system is normal. However, a small
amount of fuel always leaks from the clearances of the sliding parts of the fuel injection valves and is returned to the
fuel tank 7 through the fuel return line 19 even if the fuel injection system is normal. If the amount of this normal fuel
leak is incorporated into the calculation of the estimated values DPD and DPU, the accuracy of the estimated values is
further improved. However, since the clearances in the sliding parts change depending on the operation hours of the
engine, the amount of the normal fuel leak also changes depending on the operation hours of the engine. Therefore, it
is necessary to estimate the actual amount of the normal fuel leak during the engine operation in order to improve the
accuracy of the estimated values DPD and DPU.

As explained before, the change in the common rail pressure becomes as illustrated by the solid line | in Fig. 6
when the fuel leak from the common rail exists. When the normal fuel leak exists, the pressure change in the common
rail also becomes as illustrated by the solid line | in Fig. 6. Therefore, the difference between the estimated pressures
and the actual pressures (indicated by the amount b in Fig. 6) corresponds to the amount of the normal fuel leak if the
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fuel injection valves are normal. In this embodiment, the amount b is calculated from the first and the second charac-
teristic values when it is confirmed by other methods that the fuel injection valves are normal. Since the amount b
directly corresponds to the amount of the normal fuel leak in this condition, the amount of the fuel leak used in the cal-
culations is corrected based on the amount b in this embodiment.

When the normal fuel leak amount during the fuel injection period (PD in Fig. 2) is represented by QL, the estimated
value DPD of the pressure change during the fuel injection period is expressed by the following formula, provided no
other fuel leak exists.

DPD = -(K/VPC) x (QFINC + QL)

Further, if the normal fuel leak amount has changed from QL to (QL + AQ) during the engine operation, i.e., if there
is the difference AQ between the actual value of the normal fuel leak and the value used for the calculation of DPD, the
actual value DPC12 of the pressure change during the fuel injection period is expressed by the following formula.

DPC12 = -(KIVPC) x (QFINC + QL + AQ)

Therefore, if the difference of b in the values DPD and DPC12 is caused only by the change AQ in the normal fuel
leak amount, the amount of the change AQ can be calculated from the difference b.

Namely, since DPD - DPC12 = b as shown in Fig. 6, (K/VPC) x AQ = b is obtained from the above-explained for-
mulas. Therefore, the value of AQ is calculated by AQ =b x (VPC/K).

Further, as explained before, if the fuel injection system is normal, the sum of the first characteristic value DPDJC
and the second characteristic value DPUJC always becomes 2b (i.e., DPDJC + DPUJC = 2b) irrespective of the
change in the bulk modulus of elasticity K of the fuel and the pulsation of the pressure in the common rail. Therefore, in
this embodiment, the first and the second characteristic values are calculated when it is confirmed that the fuel injection
system is normal, and the amount of the normal fuel leak used for the calculations of the estimated values DPDJC and
DPUJC is corrected based on the sum of the first characteristic value and the second characteristic value.

Fig. 8 is a flowchart illustrating the correcting operation of the normal fuel leak amount as explained above. This
operation is carried out as a routine performed by the ECU 20 at predetermined intervals.

When the operation starts in Fig. 8, at step 801, the ECU 20 determines whether the fuel injection system is normal
based on the value of the failure flag XD. The value of the failure flag is set to either 0 (normal) or 1 (failed) in the failure
determining operation, for example, in Figs. 5 or 7, separately performed by the ECU 20. If XD =1, i.e,, if it is determined
that the fuel injection system has failed, the operation terminates without executing step 803 to 809. If the system is nor-
mal (XD = 1 at step 801), i.e., if no fuel leak other than the normal fuel leak exists, the ECU 20 performs step 803 in
order to calculate the first characteristic value DPDJC and the second characteristic value DPUJC. DPDJC and DPUJC
are calculated in a manner similar to steps 501 through 519 in Fig. 5. However, at step 803, the estimated values of the
pressure change DPD and DPU are calculated in consideration of the normal fuel leak amount QL by the following for-
mula.

DPD = -(K/VPC) x (QFINC + QL)
DPU = (K/VPC) x (QPMD - QL)

At step 805, the amount b is calculated from DPDJC and DPUJC by b = (1/2) x (DPDJC + DPUJC).

Further, the change AQ in the normal fuel leak amount QL is calculated at step 807 by AQ =b x (VPC/K).

The calculated AQ is used for correcting the normal fuel leak amount QL at step 807, and the amount (QL + AQ) is
stored as the corrected value of the normal fuel leak amount.

By performing the operation in Fig. 8 periodically, the normal fuel leak amount QL used for calculating the estimated
pressure changes DPD and DPU always becomes the same as the actual normal fuel leak amount irrespective of the
change in the clearances of the sliding parts in the fuel injection valves. Therefore, the accuracy of the failure determi-
nation is further improved.

Next, the correction of the bulk modulus of elasticity K of the fuel is explained.

Consider the case where no fuel leak other than the normal fuel leak exists in the system and where the value of
the normal fuel leak amount QL used for calculating DPD and DPU agrees with the actual normal fuel leak amount. In
this case, if the actual value of the bulk modulus of elasticity increases from the value K used for calculating DPD and
DPU by the amount AK, the values of the actual pressure change DPC12 and the estimated pressure change DPD are
expressed by the following formula.

DPC12 = -{(K + AK)/VPC} x (QFINC + QL)
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DPD = -(K/VPC) x (QFINC + QL)

If the difference between DPD and DPC12 is a as shown in fig 3, i.e., if DPD - DPC12 = a (=DPDJC) , the amount
of the change AK in the bulk modulus of elasticity K is calculated by the following formula.

AK = a x {VPC/QFINC + QL)}

Further, if the fuel leak other than the normal fuel leak exists, the value of DPC12 further changes by the amount b
(Fig. 6). Therefore, in this case, the difference between DPD and DPC12, i.e. the value of DPDJC becomes (a +b). Sim-
ilarly, the value of DPUJC becomes (-a + b) in this case.

Namely, DPDJC =a+b,and DPUJC=-a+b.

Therefore, the amount of the difference a due to the change in the bulk modulus of elasticity can be obtained by the
following formula.

a = (DPDJC - DPUJC)/2

The amount of the change AK of the bulk modulus of elasticity K is calculated using this value a by
AK=a x {VPC/(QFINC + QL)}.

Fig. 9 is a flowchart illustrating the correcting operation of the bulk modulus of elasticity. This operation is carried
out as a routine performed by the ECU 20 at predetermined intervals.

In Fig. 9, at step 901, the first and the second characteristic values DPDJC and DPUJC are calculated in the man-
ner same as step 803 in Fig. 8.

At step 903, the amount of difference a is calculated based on DPDJC and DPUJC by a = (DPDJC - DPUJC)/2
and, at step 905, the change AK in the bulk modulus of elasticity is calculated by AK = a x {VPC/(QFINC + QL)}.

Further, at step 907, the bulk modulus of elasticity k used for calculating DPD and DPU at step 901 is corrected
using the calculated AK, and the value (K + AK) is stored as the new bulk modulus of elasticity K of the fuel.

By performing the operation in Fig. 9, the bulk modulus of elasticity K used for calculating the estimated pressure
change DPD and DPU is always agrees with the actual value. Therefore, the failure of the fuel injection system is accu-
rately determined irrespective of the change in the bulk modulus of elasticity of the fuel.

Next, another embodiment of the present invention is explained. In the previous embodiments, the failure of the fuel
injection system such as the failure in the fuel injection valves is detected. However, when the failure of the fuel injection
valve, for example, an abnormal fuel injection due to the sticking of the fuel injection valve at its opening position occurs,
the maximum cylinder pressure may excessively increase as explained before. In this embodiment, the pressure in the
common rail is lowered in a short time when the failure of the system is detected, in order to terminate the fuel injection
from the failed fuel injection valve in a short time.

In this embodiment, when the fuel injection system is determined as having failed by the failure detecting operation,
the solenoid actuator of the intake control valve 5a of the high pressure fuel pump 5 is de-energized in order to keep
the intake control valve 5a open. By opening the intake control valve 5a, the fuel feed from the high pressure fuel pump
5 to the common rail 3 is stopped. However, though fuel is not supplied to the common rail 3 in this condition, a large
amount of fuel remains in the common rail 3 due to a high fuel pressure in the common rail. Therefore, if the engine is
stopped in this condition, though the fuel injection from the fuel injection valves not having failed is stopped, the fuel
remained in the common rail may continue to flow into the cylinder through the failed fuel injection valve. Since a diesel
engine is used in this embodiment, the combustion in the cylinder continues due to the fuel supplied through the failed
fuel injection valve, and the abnormal combustion and the resulting excessively high maximum cylinder pressure con-
tinues for a long time until all the fuel remained in the common rail is discharged through the failed fuel injection valve.

In this embodiment, therefore, the fuel injection from the fuel injection valves not being failed is continued even
when the failure of the fuel injection valve is detected. Namely, in this embodiment, the fuel injection from all the fuel
injection valves including the failed fuel injection valve is continued. Therefore, the fuel remained in the common rail 3
is discharged from the common rail through all of the fuel injection valves, thereby the pressure in the common rail can
be lowered rapidly in order to stop the abnormal fuel injection from the failed fuel injection valve in a short time. Thus,
the period in which the engine is exposed to the excessively high maximum cylinder pressure can be shortened.

Fig. 10 is a flowchart illustrating the fuel injection control operation when the failure of the fuel injection valve is
detected. This control operation is carried out as a routine performed by the ECU 20 at predetermined intervals.

In Fig. 10, at step 1001, it is determined whether any of the fuel injection valves has failed. In this embodiment, the
failure of the fuel injection valve may be determined by one of the failure determining operations explained above. How-
ever, other method for determining the failure of the fuel injection valves can be also used in this embodiment.

For example, the failure of the fuel injection valves can be detected by measuring the actual pressure drop in the
common rail during the fuel injection period of the respective fuel injection valves. If the amount of the actual pressure
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drop during the fuel injection period of a particular fuel injection valve deviates from the pressure drops of the other fuel
injection valves, it can be determined that a failure, such as sticking of the fuel injection valve, has occurred in the fuel
injection valve in question.

Alternatively, the failure of the fuel injection valves can be detected from the fluctuation of the rotating speed of the
crankshaft. Since the output torque of the cylinder increases due to an increase in the maximum cylinder pressure if the
abnormal fuel injection occurs, it can be determined that the fuel injection valve of the cylinder has failed when the rotat-
ing speed of the crankshaft, during the combustion stroke of the cylinder, becomes larger than the same of other cylin-
ders.

Further, the failure of the fuel injection valve can be detected from the air-fuel ratio of the exhaust gas of the engine.
When the abnormal fuel injection occurs in the cylinder, the air-fuel ratio of the exhaust gas from the cylinder becomes
lower due to increase in the amount of the fuel supplied to the cylinder. Therefore, if the engine is equipped with an air-
fuel ratio sensor in the exhaust gas passage for detecting the air-fuel ratio of the exhaust gas, the amount of the fuel
supplied to the respective cylinders can be calculated from the output of the air-fuel ratio sensor and the timing at which
the exhaust gases from the respective cylinders reach the air-fuel ratio sensor. Thus, it can be determined that the
abnormal fuel injection has occurred in the cylinder when the amount of the fuel supplied to the cylinder becomes larger
than the amount of the fuel supplied to the other cylinders.

In this embodiment, one or more of the methods explained above is used for detecting the failure of the fuel injec-
tion valves at step 1001 in Fig. 10.

If the failure (the abnormal fuel injection) is detected at step 1001, the ECU 20 de-energizes the solenoid actuator
of the intake control valve 5a of the high pressure fuel pump 5 in order to stop the fuel feed to the common rail 3. Further,
the ECU 20 continues the fuel injection of all the fuel injection valves of the engine including the failed fuel injection
valve at step 1005. Therefore, the fuel remained in the common rail 3 is distributed to all the cylinders of the engine, i.e.,
the remained fuel is discharged from the common rail not only from the failed fuel injection valve but from all of the fuel
injection valves. Thus, the pressure in the common rail decreases rapidly and the fuel injection from the failed fuel injec-
tion valve terminates in a short time.

If the common rail 3 is connected to the fuel return line 19 via a solenoid operated shut off valve, it is also possible
to discharge the remained fuel from the common rail to the fuel return line 19 by opening the shut off valve. However,
according to the embodiment in Fig. 10, the common rail can be depressurized in a short time without requiring the
solenoid operated shut off valve.

Next, another embodiment of the present invention is explained with reference to Fig. 11. In this embodiment, the
fuel injection from the normal fuel injection valves is also continued when the failure of the fuel injection valve is detected
as explained in the embodiment of Fig. 10. However, in addition to that, the fuel injection amount from the normal fuel
injection valves is increased when the failure is detected, compared to the fuel injection amount before the failure is
detected. As explained before, the ECU 20 calculates the target fuel injection amount based on the engine load (the
accelerator signal) and the engine speed, and controls the respective fuel injection valves so that the fuel injection
amounts from the respective fuel injection valves agree with the target fuel injection amount. In the embodiment in Fig.
10, though the fuel injection from the normal fuel injection valves is continued when the failure is detected, the fuel injec-
tion amounts from the normal fuel injection valves are maintained at the target value. In contrast to this, in this embod-
iment, the fuel injection amount of the normal fuel injection valves is controlled at a value larger than the target fuel
injection amount when the failure is detected. By increasing the fuel injection amount of the normal fuel injection valves,
the rate of the fuel discharged from the common rail becomes larger than the rate in the embodiment in Fig. 10 and,
thereby, the time required for decreasing the pressure in the common rail is further shortened. When the fuel injection
amount is increased, the maximum cylinder pressure and the output torque of the cylinder also increase in the cylinders
connected to the normal fuel injection valves. Therefore, the amount of increase of the fuel injection amount is deter-
mined in such a manner the increases in the maximum cylinder pressure and the output torque of the cylinders con-
nected to the normal fuel injection valves are maintained within the allowable limits in this embodiment.

Fig. 11 is a flowchart illustrating the fuel injection control operation as explained above. This control operation is
carried out as a routine performed by the ECU 20 at predetermined intervals.

In Fig. 11, at step 1101, it is determined whether any of the fuel injection valves has failed. At step 1101, the failure
of the fuel injection valve is determined using the same method as step 1001 in Fig. 10. If the failure in any fuel injection
valve is detected at step 1101, the ECU 20 also stops the fuel feed from the high pressure fuel pump 5 to the common
rail 3 by de-energizing the solenoid actuator of the intake control valve 5a. Further, in this embodiment, the ECU 20
identifies the failed fuel injection valve at step 1105, and sets the value of a fuel increment flag Xl to 1 at step 1107.
When the fuel increment flag Xl is set to 1, the target fuel injection amount calculated by another routine is increased
at a predetermined ratio for the fuel injection valves other than the failed fuel injection valve. If failure is not detected in
any of the fuel injection valves at step 1101, the ECU 20 sets the value of the fuel increment flag to 0 at step 1109. In
this case, the target fuel injection amount is maintained at the value in the normal operation.

Next, another embodiment of the present invention is explained with reference to Fig. 12.
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In the embodiment of Fig. 11, the fuel injection amounts of the normal fuel injection valves are increased when the
failure is detected. However, as explained before, the amount of increase must be restricted within the allowable limit of
the increases in the maximum cylinder pressure and the output torque of the cylinders. Therefore, in some cases, the
fuel injection amounts of the normal fuel injection valves cannot be increased sufficiently. Therefore, the time required
for depressurizing the common rail is not sufficiently shortened in some cases. In this embodiment, therefore, the fuel
injection timing of the normal fuel injection valves is delayed in order to lower the maximum cylinder pressure and the
output torque of the cylinders connected to the normal fuel injection valves when the failure is detected. As is well
known, when the fuel injection timing is delayed, the start of the combustion in the cylinder is also delayed to the latter
part of the combustion stroke, and the maximum cylinder pressure becomes lower since the exhaust valve opens
before the cylinder pressure reaches the maximum pressure. Further, if the fuel injection timing is delayed until the
exhaust stroke of the cylinder, the combustion does not occur in the cylinder. Therefore, by delaying the fuel injection
timing, the fuel injection amount can be largely increased without increasing the maximum cylinder pressure and the
output torque. In this embodiment, the fuel injection amount is increased largely and, at the same time, the fuel injection
timing is delayed in the normal fuel injection valves in order to depressurize the common rail in a very short time without
increasing the maximum cylinder pressure and the output torque of the cylinders.

Fig. 12 is a flowchart illustrating the fuel injection control operation when the failure of the fuel injection valve is
detected. This control operation is carried out as a routine performed by the ECU 20 at predetermined intervals.

In Fig. 12, at step 1201, it is determined whether any of the fuel injection valves has failed. At step 1201, the failure
of the fuel injection valve is determined using the same method as step 1001 in Fig. 10. If the failure in any fuel injection
valve is detected at step 1201, the ECU 20 also stops the fuel feed from the high pressure fuel pump 5 to the common
rail 3 by de-energizing the solenoid actuator of the intake control valve 5a. Further, the ECU 20 identifies the failed fuel
injection valve at step 1205, and sets the value of a fuel increment flag Xl to 1 at step 1207. When the fuel increment
flag Xl is set to 1, the target fuel injection amount calculated by another routine is increased at a predetermined ratio for
the fuel injection valves other than the failed fuel injection valve. However, the amount of increase in the fuel injection
amount in this embodiment is set at an amount larger than the same in the embodiment of Fig. 11. Further, at step
1209, the ECU 20 sets the value of the delay flag XR to 1.

When the value of the delay flag XR is set to 1, the fuel injection timing of the fuel injection valves including the
failed fuel injection valve is delayed, for example, until the exhaust stroke of the respective cylinders. Therefore, the fuel
injected from the normal fuel injection valves is discharged from the cylinders without burning and, thereby, the exces-
sive increase in the maximum cylinder pressure and the output torque does not occur even if the fuel injection amount
is largely increased.

If it is determined that all of the fuel injection valves are normal, the values of the flags X| and XR are both set to 0
at steps 1211 and 1213, respectively and, in this case, the fuel injection from the fuel injection valves are performed
normally.

The time required for depressurizing the common rail varies in accordance with the types of the engine and the
pressure in the common rail. However, it was found through experiment that approximately ten fuel injection cycles of
the respective cylinders are required to depressurize the common rail (i.e., to terminates the abnormal fuel injection) in
a typical case if the fuel injection from the normal fuel injection valves are stopped when the abnormal fuel injection from
one fuel injection valve occurs. The required number of fuel injection cycles is reduced to about five cycles if the normal
fuel injection valves continue the fuel injection when the abnormal fuel injection occurs. Further, if the fuel injection
amounts of the normal fuel injection valves are increased without delaying the fuel injection timing, the number of cycles
required for depressurizing is further reduced to three to four cycles. However, it is found that the common rail can be
depressurized in one or two fuel injection cycles of the respective cylinders, if the fuel injection amount is largely
increased by delaying the fuel injection timing.

Claims

1. Afuelinjection system for an internal combustion engine comprising a reservoir (3) for storing pressurized fuel, fuel
injection valves (1) connected to the reservoir (3) and injecting fuel in the reservoir into an internal combustion
engine (1) at a predetermined timing, a fuel pump (5) for feeding pressurized fuel to the reservoir (3) at a predeter-
mined timing in order to maintain the pressure of the fuel in the reservoir at a predetermined value and failure deter-
mining means (20) for determining, for each of the fuel injection valves (1), whether it has failed, characterized in
that said fuel injection system further comprises:

fuel feed cut means (20) for stopping the fuel feed to the reservoir (3) from the fuel pump (5) when said failure
determining means (20) determines that any of the fuel injection valves (1) has failed; and

depressurizing means (20) for discharging the fuel in the reservoir (3) to the outside of the reservoir when said
failure determining means (20) determines that any of the fuel injection valves (1) has failed.
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A fuel injection system as set forth in claim 1, wherein said depressurizing means (20) discharges the fuel to the
outside of the reservoir (3) by injecting fuel from all of the fuel injection valves (1) including the fuel injection valve
determined as being failed.

A fuel injection system as set forth in claim 2, wherein said depressurizing means (20) further increases the fuel
injection amounts of the fuel injection valves (1) other than the fuel injection valve determined as being failed com-
pared to the fuel injection amounts before the fuel injection valve is determined as being failed.

A fuel injection system as set forth in one of the claims 2 and 3, wherein said depressurizing means (20) further
comprises injection retarding means (20) for delaying the timing of the fuel injection of the fuel injection valves (1)
at least other than the fuel injection valve determined as being failed from the fuel injection timing before the fuel
injection valve is determined as being failed.

A fuel injection system for an internal combustion engine comprising a reservoir (3) for storing pressurized fuel, a
fuel injection valve (1) connected to the reservoir and injecting fuel in the reservoir (3) into an internal combustion
engine (10) at a predetermined timing, a fuel pump (5) for feeding pressurized fuel to the reservoir (3) at a prede-
termined timing in order to maintain the pressure of the fuel in the reservoir (3) at a predetermined value and failure
determining means (20) for determining whether the fuel injection system has failed, characterized in that said fail-
ure determining means comprises:

pressure detecting means (31) for detecting the pressure of the fuel in the reservoir (3);

fuel injection pressure change detecting means (20) for detecting the actual value of the difference of the pres-
sures in the reservoir (3) before and after the fuel injection from the fuel injection valve (1) based on the pres-
sures detected by the pressure detecting means (31) before and after the fuel injection;

fuel injection pressure change estimating means (20) for calculating an estimated value of the difference of the
pressures in the reservoir (3) before and after the fuel injection from the fuel injection valve (1) based on a tar-
get value of the fuel injection amount and a bulk modulus of elasticity of the fuel;

first means (20) for calculating a first characteristic value representing whether the fuel injection system has
failed based on the actual value and the estimated value of the difference of the pressures in the reservoir (3)
before and after the fuel injection;

fuel feed pressure change detecting means (20) for detecting the actual value of the difference of the pressures
in the reservoir (3) before and after the fuel feed from the fuel pump based on the pressures detected by the
pressure detecting means (31) before and after the fuel feed from the fuel pump (5);

fuel feed pressure change estimating means (20) for calculating an estimated value of the difference of the
pressures in the reservoir (3) before and after the fuel feed from the fuel pump (5) based on a target value of
the fuel feed amount and the bulk modulus of elasticity of the fuel; and

second means (20) for calculating a second characteristic value representing whether the fuel injection system
has failed based on the actual value and the estimated value of the difference of the pressures in the reservoir
(3) before and after the fuel feed,

and that said failure determining means (20) determines whether the fuel injection system has failed based on
said first and second characteristic values.

6. A fuel injection system as set forth in claim 5, wherein said first characteristic value is a difference between the

actual value and the estimated value of the difference of the pressures in the reservoir (3) before and after the fuel
injection, and said second characteristic value is a difference between the actual value and the estimated value of
the difference of the pressure in the reservoir (3) before and after the fuel feed.

A fuel injection system as set forth in claim 6, wherein said failure determining means (20) further comprises first
preliminary determining means (20) for determining whether the fuel injection system has failed by comparing the
first characteristic value with a predetermined first reference value and second preliminary determining means (20)
for determining whether the fuel injection system has failed by comparing the second characteristic value with a
predetermined second reference value and, wherein said failure determining means (20) determines that the fuel
injection system has failed only when both the first and the second preliminary determining means determine that
the fuel injection system has failed.

A fuel injection system as set forth in claim 6, wherein said failure determining means (20) determines whether the

fuel injection system has failed by comparing the sum of the first and the second characteristic values with a pre-
determined reference value.
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9. Afuel injection system as set forth in claim 6, further comprising bulk modulus calculating means (20) for calculat-
ing the bulk modulus of elasticity of the fuel in the reservoir (3) based on the difference between the first and the
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second characteristic values.
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