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(57) Disclosed is a method of diagnosing reliability of a pressure sensor 400 disposed in a fuel rail 170 of an internal
combustion engine 110. The fuel rail 170 has an inlet and a number of outlets and may be a common rail in a fuel
supply system. The method comprises the steps of: measuring the fuel rail pressure with the pressure sensor 400;
determining a first and a second threshold value of the fuel rail pressure to provide an expected pressure value
window determined on the basis of a last reliable value of the fuel rail pressure; identifying the measured value of
the fuel rail pressure as reliable if the measured pressure value is inside an interval of values ranging from the first
threshold value to the second threshold value; identifying the measured pressure value of the fuel rail pressure as
unreliable if the measured pressure value is outside that interval. The method is used to determine failure of the
pressure sensor when the pressure reading does not fall within an expected range of pressure values and is either
above an expected maximum pressure or below a minimum expected pressure. Also disclosed is a computer
program which can be used to carry out the method and flag faulty pressure sensors and an internal combustion
engine having an electronic control unit using such a method.

110
330
700 /17(:/ 400

’ I

V ELPEYSC 99



172

155

215

130

120

110
200 77(1/ 330 400
/ === /:/ 320
& A 0 L/ E ‘4
E 440
T
_x_L\/___;iz _-_-.-\_;\_-_J'-Ei
360 / i ﬂw 205
A 290 300 | /
= iy
LT
( 340 it =5 el
250 | -/
230 240 \\
430 260
FIG.1
135 220 210
125
f 410
Q0 O OO0
- / N
) > 150
//n
4 Y 420
/
/ 71
140




2/2

S120 S130

S115 \ / S135
\\\\\ \ 7 ////////
S125 ¥ ¥
\ \
\
S110 | | S140
\ !}
\ ~
\
$105 S150
$100
\\ 7/
—___) > .
S145
—

5155 FIG.3



10

16

20

25

30

METHOD OF DIAGNOSING A FUEL RAIL PRESSURE SENSOR

TECHNICAL FIELD

The present disclosure generally relates to a method of diagnosing the reliability of a
pressure sensor disposed in a fuel rail of an internal combustion engine, particularly an
internal combustion engine of a motor vehicle.

BACKGROUND

It is known that an internal combustion engine usually comprises a fuel injection system
provided for injecting metered quantities of fuel into the combustion chambers of the en-
gine.

The fuel injection system may include a plurality of fuel injectors, each of which is dis-
posed into a corresponding combustion chamber, and a fuel rail in fluid communication
with all the fuel injectors. A rail pressure sensor is provided which measures the pressure
in the fuel rail.

SUMMARY

An object of an embodiment of the present disclosure is that of providing a strategy for
diagnosing the reliability of a fuel rail pressure sensor without using a second pressure
sensor.

These and other objects are achieved by a solution having the features reported in the
independent claim. The features reported in the dependent claims represents auxiliary
aspect of the solution.

In particular, an embodiment of the present disclosure provides a method of diagnosing
reliability of a pressure sensor disposed in a fuel rail of an internal combustion engine,
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the method comprising the execution of a control cycle that includes the steps of:

- measuring with the pressure sensor a value of a fuel rail pressure,

- determining, e.g. with the electronic control unit, a first and a second threshold value of
the fuel rail pressure,

- identifying, e.g. with the electronic control unit, the measured value of the fuel rail pres-
sure as reliable, if said measured value is inside an interval of values ranging from the
first threshold value to the second threshold value,

- identifying, e.g. with the electronic control unit, the measured value of the fuel rail pres-
sure as unreliable, if said measured value of the fuel rail pressure is outside that interval,

wherein the first and the second threshold value are determined on the basis of a last re-
liable value of the fuel rail pressure.

Thanks to this solution the measured value of the fuel rail pressure is compared, which
can be done in a repetitive fashion or even cycle-by-cycle, with a range of values that is
adjusted in real time on the basis of the last measured value of the fuel rail pressure to
be identified as plausible, thereby providing a reliable criterion for identifying whether the
measurement value is reliable. This method provides information on the reliability of the
pressure sensor even if there is only exactly one rail pressure sensor available. This
avoids the use of a second rail pressure sensor which could provide second measure-
ment values which could be used to check the plausibility of the measurement values of
a first rail pressure sensor.

According to an aspect of the disclosure, the first threshold value may be determined by
subtracting a first contribution or value from the last reliable value of the fuel rail pres-
sure.

This aspect provides a way to determine the first threshold value with a limited computa-
tional effort.

In particular, the first contribution may be determined with the steps of:

- estimating a minimum fuel quantity that can have entered the fuel rail during the time
elapsed since the measurement of the last reliable value of the fuel rail pressure,

- estimating a maximum fuel quantity that can have exited the fuel rail during the same
time, '

- calculating the first contribution as a function of a difference between said maximum
and minimum fuel quantity.
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This aspect has the effect of yielding a first threshold value, below which the measured
value of the fuel rail pressure is certainly not plausible.

More particularly, the minimum fuel quantity that can have entered the fuel rail may be
estimated to be zero.

This aspect represents a case where the flow metering valve of the fuel pump was com-
pletely closed during the time elapsed since the measurement of the last reliable value of
the fuel rail pressure, which is a precautionary hypothesis for estimating a reliable first
contribution.

On the other hand, the maximum fuel quantity that can have exited the fuel rail may be
estimated on the basis of electrical signals actuating components provided for regulating
the quantity of fuel exiting the fuel rail (e.g. fuel injectors and a pressure regulating valve
if present).

This aspect is based on the fact that the electric signals operating these components de-
termine how much and/or how long these components remain open. As a consequence,
these electric signals actually determine the fuel quantity that globally exits the fuel rail.
This fuel quantity is unknown in principle, because it depends on the specific behaviour
of the components, but it is certainly comprised between a maximum value and a mini-
mum value which are defined by the production tolerances of the components.
Therefore, the maximum fuel quantity exiting the fuel rail may be reliably estimated as
the maximum value of the fuel quantity that, according to the production tolerances of the
components involved (e.g. the fuel injectors and of the pressure regulating valve if pre-
sent), can exit the fuel rail considering the current electric signals supplied to these com-
ponents. »

According to another aspect of the disclosure, the second threshold value may be de-
termined by adding a second contribution or value to the last reliable value of the fuel rail
pressure.

This aspect provides a solution for determining the second threshold value with a limited
computational effort.

In particular, the second contribution may be determined with the steps of:

- estimating a maximum fuel quantity that can have entered the fuel rail during a time
elapsed since the measurement of the last reliable value of the fuel rail pressure,

- estimating a minimum fuel quantity that can have exited the fuel rail during the same
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time,

- calculating the second contribution as a function of a difference between said maximum
and minimum quantity.

This aspect has the effect of yielding a second threshold value, above which the meas-
ured value of the fuel rail pressure is certainly not plausible.

More particularly, the maximum fuel quantity that can have entered the fuel rail may be
estimated on the basis of an electrical signal actuating a component provided for regulat-
ing the quantity of fuel entering the fuel rail (e.g. a flow metering valve provided for regu-
lating a volumetric flow rate of fuel delivered by a fuel pump into the fuel rail).

This aspect is based on the fact that the electric signal operating this component deter-
mines how much the component is open. As a consequence, this electric signal actually
determines the fuel quantity that enters the fuel rail. This fuel quantity is unknown in prin-
ciple, because it depends on the specific behaviour of the component, but it is certainly
comprised between a maximum value and a minimum value which are defined by the
production tolerances of the component.

Therefore, thAe maximum fuel quantity entering the fuel rail may be reliably estimated as
the maximum value of the fuel quantity that, according to the production tolerances of the
component involved (e.g. the flow metering valve), can enter the fuel rail considering the
current electric signal supplied to the component.

On the other hand, the minimum fuel quantity that can have exited the fuel rail may be
estimated to be zero.

This aspect represents a case where all the fuel injectors and the pressure regulating
valve were completely closed during a time elapsed since the measurement of the last
reliable value of the fuel rail pressure, which is a precautionary hypothesis for estimating
a reliable second contribution.

Another aspect of the solution may prescribe that the method with the method steps of at
least one embodiment is repeated cyclically or as a sequence of control cycles, e.g. once
for a predefined number of revolutions of the crankshaft of the internal combustion en-
gine, or for each revolution. In this way the reliability of the pressure sensor is continu-
ously monitored during the operation of the internal combustion engine.

Another aspect of the solution may prescribe that the method comprises the step of iden-
tifying a fault of the pressure sensor, if a predetermined number of control cycles identify
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that the measured value of the fuel rail pressure is unreliable.

This aspect of has the effect of providing a reliable criteria for diagnosing that the fuel rail
pressure sensor is faulty, without the need of a second redundant sensor.

According to another aspect of the solution, the diagnostic method may further comprise
the step of activating a warning signal, if the fault of the pressure sensor is identified.
This aspect has the effect of signalling to the driver of the motor vehicle that the fuel rail
pressure sensor is not working properly, so that he/she can drive the motor vehicle to a
maintenance centre.

The proposed solution may be carried out with the help of a computer program compris-
ing a program-code for carrying out all the steps of the method described above, and in
the form of a computer program product comprising the computer program. The method
can be also embodied as an electromagnetic signal, said signal being modulated to carry
a sequence of data bits which represent a computer program to carry out all steps of the
method.

Another embodiment of the present disclosure provides an internal combustion engine
comprising a fuel rail, a pressure sensor disposed in the fuel rail and an electronic control
unit configured to execute a control cycle comprising the steps of:

- measuring with the pressure sensor a value of a fuel rail pressure,

- determining, e.g. with an electronic control unit, a first and a second threshold value of
the fuel rail pressure,

- identifying, e.g. with the electronic control unit, the measured value of the fuel rail pres-
sure as reliable if said measured value is inside an interval of values ranging from the
first threshold value to the second thresh-old value,

- identifying the measured value of the fuel rail pressure as unreliable if said measured
value of the fuel rail pressure is outside of that interval,

wherein the electronic control unit is configured to determine the first and the second
threshold value on the basis of a last reliable value of the fuel rail pressure.

This embodiment achieve essentially the same effects of the method above, in particular
that of providing a reliable criteria for identifying whether the measurement performed
during each single control cycle is reliable or not.

According to an aspect of the solution, the electronic control unit may be configured to
determine the first threshold value by subtracting a first contribution from the last reliable
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value of the fuel rail pressure.

This aspect provides a reliable solution for determining the first threshold value with a
limited computational effort

In particular, the electronic control unit may be configured to determine the first contribu-
tion with the steps of:

- estimating a minimum fuel quantity that can have entered the fuel rail during the time
elapsed since the measurement of the last reliable value of the fuel rail pressure,

- estimating a maximum fuel quantity that can have exited the fuel rail during the same
time,

- calculating the first contribution as a function of a difference between said maximum
and minimum fuel quantity. 7

This aspect has the effect of yielding a first threshold value, below which the measured
value of the fuel rail pressure is certainly not plausible.

More particularly, the electronic control unit may be configured to estimate the minimum
fuel quantity that can have entered the fuel rail to be zero.

This aspect represents a case where the flow metering valve of the fuel pump was com-
pletely closed, which is a precautionary hypothesis for estimating a reliable first contribu-
tion.

On the other side, the electronic control unit may be configured to estimate the maximum
fuel quantity that can have exited the fuel rail on the basis of electrical signals actuating

~ components provided for regulating the quantity of fuel exiting the fuel rail (e.g. the fuel

injectors and the pressure regulating valve if present).

This aspect provides an effective solution for estimating the maximum fuel quantity that
can have exited the fuel rail.

According to another aspect of the solution, the electronic control unit may be configured
to determine the second threshold value by adding a second contribution to the last reli-
able value of the fuel rail pressure.

This aspect provides a reliable solution for determining the second threshold value with a
limited computational effort.

In particular, the electronic control unit may be configured to determine the second con-
tribution with the steps of:

- estimating a maximum fuel quantity that can have entered the fuel rail during the time
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elapsed since the measurement of the last reliable value of the fuel rail pressure,

- estimating a minimum fuel quantity that can have exited the fuel rail during the same
time,

- calculating the second contribution as a function of a difference between said maximum
and minimum quantity.

This aspect has the effect of yielding a second threshold value, above which the meas-
ured value of the fuel rail pressure is certainly not plausible.

More particularly, the electronic control unit may be configured to estimate the maximum
fuel quantity that can have entered the fuel rail on the basis of an electrical signal actuat-
ing a component provided for regulating the quantity of fuel entering the fuel rail (e.g. a
flow metering valve provided for regulating a volumetric flow rate of fuel delivered by a
fuel pump into the fuel rail).

This aspect represents an effective solution for estimating the maximum fuel quantity that
can have entered the fuel rail.

On the other side, the electronic control unit may be configured to estimate the minimum
fuel quantity that can have exited the fuel rail to be zero.

This aspect represents a case where all the fuel injectors and the pressure regulating
valve were completely closed, which is a precautionary hypothesis for estimating a relia-
ble second contribution.

Another aspect of the solution may prescribe that the electronic control unit is configured
to identify a fault of the pressure sensor, if a predetermined number of control cycles
identify that the measured value of the fuel rail pressure is unreliable.

This aspect of has the effect of providing a reliable criteria for diagnosing that the fuel rail
pressure sensor is faulty, without the need of a second redundant sensor.

According to another aspect of the solution, the electronic control unit may be configured
to activate a warning signal, if the fault of the pressure sensor is identified.

This aspect has the effect of signaling to the driver of the motor vehicle that the fuel rail
pressure sensor is not working properly, so that he/she can drive the motor vehicle to a
maintenance center.

Another aspect of the solution may prescribe that the electronic control unit is configured
to repeat the control cycle described above cyclically.

In this way the reliability of the pressure sensor is continuously monitored during the op-
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eration of the internal combustion engine.
Another embodiment of the present disclosure provides an apparatus for diagnosing reli-
ability of a pressure sensor disposed in a fuel rail of an internal combustion engine, com-

prising means for executing a control cycle including: ‘

- first means for measuring with the pressure sensor a value of a fuel rail pressure,

- second means for determining a first and a second threshold value of the fuel rail pres-
sure,

- third means for identifying the measured value of the fuel rail pressure as reliable if said
measured value is inside an interval of values ranging from the first threshold value to
the second threshold value, _

- fourth means for identifying the measured value of the fuel rail pressure as unreliable if
said measured value of the fuel rail pressure is outside that interval,

wherein the second means are configured to determine the first and the second thresh-
old value on the basis of a last reliable value of the fuel rail pressure.

This embodiment achieve essentially the same effects of the method above, in particular
that of providing a reliable criteria for identifying whether the measurement performed
during each single control cycle is reliable or not.

According to an aspect of the solution, the second means may be configured to deter-
mine the first threshold value by subtracting a first contribution from the value of the last
reliable fuel rail pressure.

This aspect provides a reliable solution for determining the first threshold value with a
limited computational effort

In particular, the second means may comprise:

- fifth means for estimating a minimum fuel quantity that can have entered the fuel rail
during the time elapsed since the measurement of the last reliable value of the fuel rail
pressure,

- sixth means for estimating a maximum fuel quantity that can have exited the fuel rail
during the same time,

- seventh means for calculating the first contribution as a function of a difference be-
tween said maximum and minimum fuel quantity.

This aspect has the effect of yielding a first threshold value, below which the measured
value of the fuel rail pressure is certainly not plausible.
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More particularly, the fifth means may be configured to estimate the minimum fuel quanti-
ty that can have entered the fuel rail to be zero.

This aspect represents a case where the flow metering valve of the fuel pump was com-
pletely closed, which is a precautionary hypothesis for estimating a reliable first contribu-
tion.

On the other side, the sixth means may be configured to estimate the maximum fuel
quantity that can have exited the fuel rail on the basis of electrical signals actuating com-
ponents provided for regulating the quantity of fuel exiting the fuel rail (e.g. the fuel injec-
tors and the pressure regulating valve if present).

This aspect provides an effective solution for estimating the maximum fuel quantity that
can have exited the fuel rail.

According to another aspect of the solution, the second means may be configured to de-
termine the second threshold value by adding a second contribution to the last reliable
value of the fuel rail pressure.

This aspect provides a reliable solution for determining the second threshold value with a
limited computational effort.

In particular, the second means may comprise:

- eighth means for estimating a maximum fuel quantity that can have entered the fuel rail -
during the time elapsed since the measurement of the last reliable value of the fuel rail
pressure,

- ninth means for estimating a minimum fuel quantity that can have exited the fuel rail
during the same time,

- tenth means for calculating the second contribution as a function of a difference be-
tween said maximum and minimum quantity.

This aspect has the effect of yielding a second threshold value, above which the meas-
ured value of the fuel rail pressure is certainly not plausible.

More particularly, the eighth means may be configured to estimate the maximum fuel
quantity that can have entered the fuel rail on the basis of an electrical signal actuating a
component provided for regulating the quantity of fuel entering the fuel rail (e.g. a flow
metering valve provided for regulating a volumetric flow rate of fuel delivered by a fuel
pump into the fuel rail).

This aspect represents an effective solution for estimating the maximum fuel quantity that
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can have entered the fuel rail.

On the other side, the ninth means may be configured to estimate the minimum fuel
quantity that can have exited the fuel rail to be zero.

This aspect represents a case where all the fuel injectors and the pressure regulating
valve were completely closed, which is a precautionary hypothesis for estimating a relia-
ble second contribution.

Another aspect of the solution may prescribe that the automotive system comprises
means for identifying a fault of the pressure sensor, if a predetermined number of control
cycles identify that the measured value of the fuel rail pressure is unreliable.

This aspect of has the effect of providing a reliable criteria for diagnosing that the fuel rail
pressure sensor is faulty, without the need of a second redundant sensor.

According to another aspect of the solution, the automotive system may further comprise
means for activating a warning signal, if the fault of the pressure sensor is identified.

This aspect has the effect of signaling to the driver of the motor vehicle that the fuel rail
pressure sensor is hot working properly, so that he/she can drive the motor vehicle to a
maintenance center. ’

Another aspect of the solution may prescribe that the automotive system comprises
means for repeating the control cycle described above cyclically.

In this way the reliability of the pressure sensor is continuously monitored during the op-
eration of the internal combustion engine.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be described, by way of example, with reference to the
accompanying drawings.

Figure 1 is a schematic representation of an automotive system according to an embod-
iment of the present solution.

Figure 2 is the section A-A of the internal combustion engine belonging to the automotive
system of figure 1.

Figure 3 is a flowchart representing a control cycle to be repeated in order to diagnose
the reliability of a fuel rail pressure sensor of the automotive system of figure 1.

DETAILED DESCRIPTION

10
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Some embodiments may include an automotive system 100, as shown in figures 1 and
2, that includes an internal combustion engine (ICE) 110 having an engine block 120 de-
fining at least one cylinder 125 having a piston 140 coupled to rotate a crankshaft 145. A
cylinder head 130 cooperates with the piston 140 to define a combustion chamber 150. A
fuel and air mixture (not shown) is disposed in the combustion chamber 150 and ignited,
resulting in hot expanding exhaust gasses causing reciprocal movement of the piston
140. The fuel is provided by at least one fuel injector 160 and the air through at least one
intake port 210. The fuel is provided at high pressure to the fuel injector 160 from a fuel
rail 170 in fluid communication with a high pressure fuel pump 180 that increase the
pressure of the fuel received from a fuel source 190. The fuel pump 180 may be
equipped with a flow metering valve 185 for adjusting the flow rate of the fuel delivered
into the fuel rail 170. A pressure regulating valve 195 may be in fluid communication with
the fuel rail 170 to drain part of the fuel back into the fuel source 190, thereby preventing
the pressure within the fuel rail 170 to exceed critical values. Each of the cylinders 125
has at least two valves 215, actuated by a camshaft 135 rotating in time with the crank-
shaft 145. The valves 215 selectively allow air into the combustion chamber 150 from the
port 210 and alternately allow exhaust gases to exit through a port 220. In some exam-
ples, a cam phaser 155 may selectively vary the timing between the camshaft 135 and
the crankshaft 145.

The air may be distributed to the air intake port(s) 210 through an intake manifold 200.
An air intake duct 205 may provide air from the ambient environment to the intake mani-
fold 200. in other embodiments, a throttle body 330 may be provided to regulate the flow
of air into the manifold 200. In still other embodiments, a forced air system such as a tur-
bocharger 230, having a compressor 240 rotationally coupled to a turbine 250, may be
provided. Rotation of the compressor 240 increases the pressure and temperature of the
air in the duct 205 and manifold 200. An intercooler 260 disposed in the duct 205 may
reduce the temperature of the air. The turbine 250 rotates by receiving exhaust gases
from an exhaust manifold 225 that directs exhaust gases from the exhaust ports 220 and
through a series of vanes prior to expansion through the turbine 250. This example
shows a variable geometry turbine (VGT) with a VGT actuator 290 arranged to move the
vanes to alter the flow of the exhaust gases through the turbine 250. In other embodi-
ments, the turbocharger 230 may be fixed geometry and/or include a waste gate.

11
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The exhaust gases exit the turbine 250 and are directed into an exhaust system 270.
The exhaust system 270 may include an exhaust pipe 275 having one or more exhaust
aftertreatment devices 280. The aftertreatment devices may be any device configured to
change the composition of the exhaust gases. Some examples of aftertreatment devices
280 include, but are not limited to, catalytic converters (two and three way), oxidation
catalysts, lean NOx traps, hydrocarbon adsorbers, selective catalytic reduction (SCR)
systems, and particulate filters. Other embodiments may include an exhaust gas recircu-
lation (EGR) system 300 coupled between the exhaust manifold 225 and the intake man-
ifold 200. The EGR system 300 may include an EGR cooler 310 to reduce the tempera-
ture of the exhaust gases in the EGR system 300. An EGR valve 320 regulates a flow of
exhaust gases in the EGR system 300.

The automotive system 100 may further include an electronic control unit (ECU) 450 in
communication with one or more sensors and/or devices associated with the ICE 110.
The ECU 450 may receive input signals from various sensors configured to generate the
signals in proportion to various physical parameters associated with the ICE 110. The
sensors include, but are not limited to, a mass airflow and temperature sensor 340, a
manifold pressure and temperature sensor 350, a combustion pressure sensor 360,
coolant and oil temperature and level sensors 380, a fuel rail pressure sensor 400, a cam
position sensor 410, a crank position sensor 420, exhaust preésure and temperature
sensors 430, an EGR temperature sensor 440, and an accelerator pedal position sensor
445. Furthermore, the ECU 450 may generate output signals to various control devices
that are arranged to control the operation of the ICE 110, including, but not limited to, the
fuel injectors 160, the flow metering valve 185, the pressure regulating valve 195, the
throttle body 330, the EGR Valve 320, the VGT actuator 290, and the cam phaser 155.
Note, dashed lines are used to indicate communication between the ECU 450 and the
various sensors and devices, but some are omitted for clarity.

More particularly, the ECU 450 may actuate each fuel injector 160 by selectively apply to
it an electric signal, typically an electric current. When the electric current is off, the fuel
injector 160 is closed, preventing the fuel from exiting the fuel rail 170. When conversely
the electric current is on, the fuel injector 160 moves in an open position, allowing the
fuel to exit the fuel rail 170. The quantity of fuel that exits the fuel rail 170 basically de-
pends on how long the fuel injector 160 is kept open, namely on how long the electric

12
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current is supplied to it (energizing time). For a given energizing time, the fuel quantity
injected by the fuel injector 160 is unknown in principle, because it depends on the real
behaviour of the fuel injector 160, but it is certainly comprised between a minimum value
and a maximum value which are defined by the producﬁon tolerances of this component.
Further, the ECU 450 may actuate the flow metering valve 185 by apply to it an electric
signal, typically an electric current. The intensity of this electric current determines the
opening degree of the flow metering valve 185 and accordingly the quantity of fuel that is
allowed to enter the fuel rail 170. For a given intensity of the electrical current, the fuel
quantity that enters the fuel rail 170 is unknown in principle, because it depends on the
real behaviour of the flow metering valve 185, but it is certainly comprised between a
minimum value and a maximum value which are defined by the production tolerances of
this component.

Similarly, the ECU 450 may actuate the pressure regulating valve 195 by apply to it an
electric signal, typically an electric current. The intensity of this electric current deter-
mines the opening degree of the pressure regulating valve 195 and accordingly the
quantity of fuel that is allowed to exit the fuel rail 170. For a given intensity of the electri-
cal current, the fuel quantity that exits the fuel rail 170 is unknown in principle, because it
depends on the real behaviour of the pressure regulating valve 185, but it is certainly
comprised between a minimum value and a maximum value which are defined by the
production tolerances of this component.

Turning now to the ECU 450, this apparatus may include a digital central processing unit
(CPU) in communication with a memory system and an interface bus. The CPU is con-
figured to execute instructions stored as a program in the memory system 460, and send
and receive signals to/from the interface bus. The memory system 460 may include vari-
ous storage types including optical storage, magnetic storage, solid state storage, and
other non-volatile memory. The interface bus may be configured to send, receive, and
modulate analog and/or digital signals to/from the various sensors and control devices.
The program may embody the methods disclosed herein, allowing the CPU to carryout
out the steps of such methods and control the ICE 110.

The program stored in the memory system 460 is transmitted from outside via a cable or
in a wireless fashion. Outside the automotive system 100 it is normally visible as a com-
puter program product, which is also called computer readable medium or machine

13
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readable medium in the art, and which should be understood to be a computer program
code residing on a carrier, said carrier being transitory or non-transitory in nature with the
consequence that the computer program product can be regarded to be transitory or
non-transitory in nature.

An example of a transitory computer program product is a signal, e.g. an electromagnetic
signal such as an optical signal, which is a transitory carrier for the computer program
code. Carrying such computer program code can be achieved by modulating the signal
by a conventional modulation technique such as QPSK for digital data, such that binary
data representing said computer program code is impressed on the transitory eiectro-

magnetic signal. Such signals are e.g. made use of when transmitting computer program

code in a wireless fashion via a WiFi connection to a laptop.

In case of a non-transitory computer program product the computer program code is em-
bodied in a tangible storage medium. The storage medium is then the non-transitory car-
rier mentioned above, such that the computer program code is permanently or non-
permanently stored in a retrievable way in or on this storage medium. The storage medi-
um can be of conventional type known in computer technology such as a flash memory,
an Asic, a CD or the like. _

Instead of an ECU 450, the automotive system 100 may have a different type of proces-
sor to provide the electronic logic, €.g. an embedded controller, an onboard computer, or
any processing module that might be deployed in the vehicle.

According to the present disclosure, the ECU 450 may be particularly configured to diag-
nose the reliability of the fuel rail pressure sensor 400.

This diagnosis may provide for the ECU 450 to periodically repeat the control cycle rep-
resented in figure 3.

This control cycle may be repeated at high ffequency, for example with a predetermined
time period T between two consecutive cycles that may be smaller than 30 ms (millisec-
onds) or even smaller than 10 ms. ’
The control cycle generally provide for the ECU 450 to measure (block $S100) a current
value P, of the fuel pressure within the fuel rail 170 (fuel rail pressure) by means of the
fuel rail pressure sensor 400, and to identify whether this measured value Py, is reliable
or not. As usual .and throughout this disclosure, “i”’ denotes an index and is an integer
number.

14
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To do so, the control cycle may provide for the ECU 450 to determine (block S105) a first
threshold value Pw1g and a second threshold value Puzg) of the fuel rail pressure, which
are valid for the current control cycle (i).
The first and the second threshold value P and Puzgp may be calculated by the ECU
450 on the basis of the last value P, of the fuel rail pressure which has been identified
as reliable, during the execution of a preceding control cycle (i-x), x being an integer.
By way of example, if the pressure value P1) measured during the last preceding control
cycle was identified as reliable, the last reliable value Px) used in the current control cy-
cle is P4 Otherwise, the last reliable value Py, will be P2 or Pgay or Pgsy and so on,
depending on which one of them is the last measured value of the fuel rail pressure that
has been identified as reliable.
In any case, the value P. of the fuel rail pressure may be retrieved (block S110) by the
ECU 450 from a memory system and updated, at the end of each control cycle, with the
measured value Py of the fuel rail pressure, provided that such value is acknowledged
being reliable.
Knowing the last reliable value Py, the first threshold value Pwig may be calculated by
the ECU 450 with the step of subtracting a predetermined contribution S from this last
reliable value P of the fuel rail pressure, according to the following equation:
Penigy = Pli-x) — Sy

The contribution S represents the maximum pressure drop that can have plausibly oc-
curred within the fuel rail 170 during the period of time that separates the measurement
of the current pressure value P; and the measurement of the last reliable value P of
the fuel rail pressure. .
In order to determine the contribution S;, the control cycle may provide for the ECU 450
to estimate (block S115) a minimum fuel quantity mQi) that can have entered the fuel
rail 170 during the aforementioned period of time, to estimate (block S120) a maximum
fuel quantity MQou) that can have exited the fuel rail 170 during the same period of time,
and to calculate (block $125) a difference A1 between said maximum and minimum fuel
quantity:

Algy = MQoue(sy — MQinca)
In this way, the difference A1, represents the maximum decrement of fuel quantity that
can have plausibly occurred within the fuel rail 170 between the execution of the current
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control cycle (i) and the preceding control cycle (i-x).
The maximum fuel quantity MQoui) may be estimated on the basis of the electrical sig-
nals that have been used to actuate the fuel injectors 160 and the pressure regulating

‘ valve 195 during the period of time that separates the current control cyclé (i) and the

control cycle (i-x).

In particular, the ECU 450 may obtain the intensity of the electrical current supplied to
the pressure regulating valve 195 during said time period and, according to the produc-
tion tolerances of the pressure regulating valve 195, calculate the maximum fuel quantity
that can have exited the pressure regulating valve 195 as a function of the length of that
period and of the obtained intensity of the electrical current supplied to the valve. The in-
tensity of the electrical current could be the voltage, current, electrical power or the like
characterizing the electrical current

At the same time, the ECU 450 may obtain the energizing time applied to the fuel injec-
tors 160 during the time period that separates the current control cycle (i) and the control
cycle (i-x) and, according to the production tolerances of the fuel injectors 160, calculate
the maximum fuel quantity that can have been injected by the fuel injectors 160 as a
function of the length of that period and of the obtained energizing time.

The maximum fuel quantity MQoutj may then be calculated as the sum of the maximum
fuel quantity that has exited the pressure regulating valve 195 and the maximum fuel
quantity that has been injected by the fuel injectors 160.

It should be observed that, in some embodiments, the pressure regulating valve 195 may
be absent. In those cases, only the fuel injectors 160 are considered for estimating the
maximum fuel quantity MQou).

On the other hand, the minimum fuel quantity mQin; may be estimated on the basis of
the electrical signal that have been used to actuate the flow metering valve 185 during
the period of time that separates the current control cycle (i) and the preceding control
cycle (i-x). _

In particular, the ECU 450 may obtain the intensity of the electrical current supplied to
the flow metering valve during said time period and, according to the production toler-
ances of the flow metering valve 185, calculate the minimum fuel quantity that can have
entered the fuel rail 170 as a function of the length of that period and of on the obtained
intensity of the electrical current supplied to the flow metering valve.
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However, as precautionary hypotheses, some embodiments may prescribe that the min-
imum fuel quantity mQi) is estimated to be zero, so that the difference A1) coincides
with the maximum fuel quantity MQou) that can have exited the fuel rail 170:
Al = MQoury

As a matter of fact, the control cycle disregards in this case the minimum fuel quantity
mQing), thereby assuming that the flow metering vaive 185 of the fuel pump 180 is com-
pletely closed.

In any case, once the difference A1) has been calculated, the ECU 450 may calculate |

the contribution Sy using the Bulk modulus’ formula:

_ VdP
T av

wherein k is the Bulk modulus of the fuel, V is a volume of the fuel and P is a pressure of
the fuel.
As a consequence, replacing the difference A1y in the aforementioned equation, it is
possible to calculate the contribution Sy as follows:
Al

v
wherein V is the volume of the fuel within the fuel rail 170, that is the inner volume of the
fuel rail 170.
On the other side, the second threshold value Pu2g may be calculated by the ECU 450

Sy =k

with the step of adding a predetermined contribution A to the last reliable value P.x) of
the fuel rail pressure, according to the following equation:

Pena) = P2y + Agy |

The contribution A represents the maximum pressure increment that can have plausibly
occurred within the fuel rail 170 during the period of time between the measurement of
the current pressure value Py and the measurement of the last reliable value P of the
fuel rail pressure.

In order to determine the contribution A;, the control cycle may provide for the ECU 450
to estimate (block S130) a maximum fuel quantity MQing) that can have entered the fuel
rail 170 during the aforementioned period of time, to estimate (block S135) a minimum
fuel quantity mQou) that can have exited the fuel rail 170 during the same period of time,
and to calculate (block S140) a difference A2 between said maximum and minimum fuel

quantity:
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A2(;y — MQing) — M CQour(p

In this way, the difference A2, represents the maximum increment of fuel quantity that
can have plausibly occurred within the fuel rail 170 during the time period between the
execution of the current control cycle (i) and the preceding control cycle (i-x).

The maximum fuel quantity MQi,y may be estimated on the basis of the electrical signal
that have been used to actuate the flow metering valve 185 during the period of time that
separates the current control cycle (i) and the preceding control cycle (i-x). '

In particular, the ECU 450 may obtain the intensity of the electrical current supplied to
the flow metering valve during said time period and, according to the production toler-
ances of the flow metering valve 185, calculate the maximum fuel quantity that can have
entered the fuel rail 170 as a function of the length of that period and of the obtained in-
tensity of the electrical current supplied to the flow metering valve.

On the other hand, the minimum fuel quantity mQo.ug may be estimated on the basis of
the electrical signals that have been used to actuate the fuel injectors 160 and the pres-
sure regulating valve 195 during the period of time that separates the current control cy-
cle (i) and the control cycle (i-x).

In particular, the ECU 450 may obtain the intensity of the electrical current supplied to
the pressure regulating valve 195 during said time period and, according to the produc-
tion tolerances of the pressure regulating valve 195, calculate the minimum fuel quantity
that can have exited the pressure regulating valve 195 as a function of the Iength of that
period and of the obtained intensity of the electrical current supplied to the valve.

At the same time, the ECU 450 may obtain the energizing time applied to the fuel injec-
tors 160 during the time period that separates the current control cycle (i) and the control
cycle (i-x) and, according to the production tolerances of the fuel injectors 160, calculate
the minimum fuel quantity that can have been injected by the fuel injectors 160 as a func-
tion of the length of that period and of the obtained energizing time.

The minimum fuel quantity mQout) may be calculated as the sum the minimum fuel quan-
tity that has exited the pressure regulating valve 195 and the minimum fuel quantity that
has been injected by the fuel injectors 160.

It should be observed that, in some embodiments, the pressure regulating valve 195 may
be absent. In those cases, only the fuel injectors 160 are considered to estimate the
maximum fuel quantity mQout).
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However, as precautionary hypotheses, some embodiments may prescribes that the
minimum fuel quantity mQou is estimated to be zero, so that the difference A2 coin-
cides with the maximum fuel quantity MQing) that can have entered the fuel rail 170:
A2y = MQincy
As a matter of fact, the control cycle disregards in this case the minimum fuel quantity
mQoui and assumes that all the outlets of the fuel rail 170 (e.g. all the fuel injectors 160
and the pressure regulating valve 195) were completely closed.
In any case, once the difference A2, has been calculated, the ECU 450 may calculate
the contribution A using the Bulk modulus’ formula:

ar

=-V—
k dav

wherein k is the Bulk modulus of the fuel, V is the volume of the fuel and P is the pres-
sure of the fuel. '
As a consequence, replacing the difference A2 in the aforementioned equation, it is
possible to calculate the contribution A as follows:
A2,

|4
wherein V is the volume of the fuel within the fuel rail 170, that is the inner volume of the

fuel rail 170.
Once the threshold values Punig and Pmnzg have been calculated, the control cycle pro-

Ap=-—

vides for the ECU 450 to compare them with the current value Py, of the fuel pressure as
measured by the fuel rail pressure sensor 400 (block S$145).

If the current value P is comprised in the interval of values ranging from Pu1g) and Pz,
this means that the measurement made by the fuel rail pressure sensor 400 is reliable
(block S150).

If conversely if the current value P is outside of the interval of values ranging from P
and Pz, this means that the measurement made by the fuel rail pressure sensor 400 is
unreliable (block S155).

The control cycle described above is periodically repeated and, as soon as a predeter-
mined number of control cycles identify that the measured value Py, of the fuel rail pres-
sure is unreliable, the ECU 450 may identify a fault of the fuel rail pressure sensor 400.
By way of example, the predetermined number of control cycle may be just one. In this
case, the first time that a control cycle identifies an unreliable measured value Py, of the
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fuel rail pressure, the ECU 450 identifies the fault of the fuel rail pressure sensor 400.
However, in order to improve the robustness of the diagnostic strategy, other embodi-
ments may prescribe that the predetermined number of control cycle necessary to identi-
fy the fault is greater than one. In this case, the number of control cycles may refer to a
number of consecutive control cycles, or it may refer to a number of control cycles not
necessarily consecutive but within a predetermined time windows (e.g. 5 negative control
cycles within a windows of 10 control cycles). In any case, the prescribed number of con-
trol cycles may be a calibration parameter that may be determined with an experimental
activity.

If (or when) a fault of the fuel rail pressure sensor 400 has been identified, the ECU 450
may be configured to activate a warning signal, for example a light in a dashboard, that
informs the driver of the automotive system 100 about the need of a maintenance inter-
vention. In addition or in the alternative, the ECU may limit the maximum speed of the
vehicle to force the driver to drive to a maintenance centre.

While at least one exemplary embodiment has been presented in the foregoing summary
and detailed description, it should be appreciated that a vast number of variations exist. It
should also be appreciated that the exemplary embodiment or exemplary embodiments
are only examples, and are not intended to limit the scope, applicability, or configuration
in any way. Rather, the foregoing summary and detailed description will provide those
skilled in the art with a convenient road map for implementing at least one exemplary
embodiment, it being understood that various changes may be made in the function and
arrangement of elements described in an exemplary embodiment without departing from
the scope as set forth in the appended claims and their legal equivalents.
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100
110
120
125
130
135
140
145
150
155
160
170
180
185
190
195
200
205
210
215
220
225
230
240
250
260
270

275 -

REFERENCES

automotive system
internal combustion engine
engine block
cylinder

cylinder head
camshatt

piston

crankshaft
combustion chamber
cam phaser

fuel injector

fuel rail

fuel pump

flow metering valve
fuel source

pressure regulating valve
intake manifold

air intake duct

intake port

valves

exhaust port
exhaust manifold
turbocharger
compressor

turbine

intercooler

exhaust system
exha_ust pipe
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280
290
300
310
320
330
340
350
360
380
400
410
420
430
440
445
450
460
$100
S105
$110
S115
$120
$125
$130
$135
S140
S$145
$150
S155

aftertreatment devices

VGT actuator

exhaust gas recirculation system

EGR cooler

EGR valve

throttle body

mass airflow and temperature sensor
manifold pressure and temperature sensor
combustion pressure sensor

coolant and oil temperature and level sensors
fuel rail pressure sensor

cam position sensor

crank position sensor

exhaust pressure and temperature sensors
EGR temperature sensor

accelerator pedal position sensor

ECU

memory system

block

block

block

block

block

block

block

block

block

block

block

block
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CLAIMS

1. A method of diagnosing reliability of a pressure sensor (400) disposed in a fuel rail
(170) of an internal combustion engine (110), the method comprising the steps of:

- measuring with the pressure sensor (400) a value of a fuel rail pressure,

- determining a first and a second threshold value of the fuel rail pressure,

- identifying the measured value of the fuel rail pressure as reliable, if said measured
value is inside an interval of values ranging from the first threshold value to the second
threshold value,

- identifying the measured value of the fuel rail pressure as unreliable, if said measured
value is outside that interval,

wherein the first and the second threshold value are determined on the basis of a last re-
liable value of the fuel rail pressure.

2. A method according to claim 1, wherein the first threshold value is determined by
subtracting a first contribution from the last reliable value of the fuel rail pressure.

3. A method according to claim 2, wherein the first contribution is determined with the
steps of:

- estimating a minimum fuel quantity that can have entered the fuel rail (170) during the
time elapsed since the measurement of the last reliable value of the fuel rail pressure,

- estimating a maximum fuel quantity that can have exited the fuel rail (170) during this
same time,

- calculating the first contribution as a function of a difference between said maximum
and minimum fuel quantity.

4. A method according to claim 3, wherein the minimum fuel quantity that can have
entered the fuel rail is estimated to be zero.

5. A method according to claim 3 or 4, wherein the maximum fuel quantity that can
have exited the fuel rail (170) may be estimated on the basis of electrical signals actuat-
ing components (160, 195) provided for regulating the quantity of fuel exiting the fuel rail.
6. A method according to any of the preceding claims, wherein the second threshold
value is determined by adding a second contribution to the last reliable value of the fuel
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rail pressure.

7. A method according to claim 6, wherein the second contribution is determined with
the steps of:

- estimating a maximum fuel quantity that can have entered the fuel rait (170) during the
time elapsed since the measurement of the last reliable value of the fuel rail pressure,

- estimating a minimum fuel quantity that can have exited the fuel rail (170) during the
same time,

- calculating the second contribution as a function of a difference between said maximum
and minimum quantity.

8. A method according to claim 7, wherein the maximum quantity that can have en-
tered the fuel rail (170) is estimated on the basis of an electrical signal actuating a com-
ponent (185) provided for regulating the quantity of fuel entering the fuel rail.

9. A method according to claim 7 or 8, wherein the minimum fuel quantity that can
have exited the fuel rail may be estimated to be zero.

10. A method according to any of the preceding claims which is carried out cyclically as
a sequence of control cycles.

11. A method according to claim 10, comprising the step of identifying a fault of the
pressure sensor (400) if a predetermined number of control cycles identify that the
measured value of the fuel rail pressure is unreliable.

12. A method according to any of the preceding' claims, comprising the step of activat-
ing a warning signal, if a fault of the pressure sensor (400) is identified.

13. A computer program comprising a program-code for carrying a method according
to any of the preceding claims

14. A computer program product comprising the computer program of claim 13.

15. An internal combustion engine (110) comprising a fuel rail (170), a pressure sensor
(400) disposed in the fuel rail (170) and an electronic control unit (450) configured to ex-
ecute a control cycle comprising the steps of:

- measuring with the pressure sensor a value of a fuel rail pressure,

- determining a first and a second threshold value of the fuel rail pressure,

- identify the measured value of the fuel rail pressure as reliable if said measured value is
inside an interval of values ranging from the first threshold value to the second threshold
value,
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- identifying the measured value of the fuel rail pressure as unreliable if said measured
value of the fuel rail pressure is outside that interval,
wherein the electronic control unit is configured to determine the first and the second
threshold value on the basis of a last reliable value of the fuel rail pressure.
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