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(57) Abstract: The method for operating a four-stroke dual-fuel or mul-
ti-tfuel piston engine (1) comprises the steps of transmitting a first con-
trol signal to a gas admission valve (3) for opening the gas admission
valve (3) and introducing gaseous fuel into an intake duct (4) and fur-
ther into a cylinder (2) of the engine (1) (100), transmitting a second
control signal to a pilot fuel injector (5) for opening the pilot fuel in-
jector (5) and introducing liquid pilot fuel into the cylinder (2) for ignit-
ing mixture of intake air and the gaseous fuel (101), measuring pressure
in the cylinder (2) during combustion stroke at a predetermined crank
angle, which is after presumed ignition of the fuel and before opening
of exhaust valves (102), comparing the measured pres- sure to a prede-
termined limit value (103), and in case the measured pressure exceeds
the predetermined limit value, disabling the first and second control sig-
nals (104).
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METHOD FOR OPERATING PISTON ENGINE AND PISTON ENGINE

Technical field of the invention

The present invention relates to a method for operating a four-stroke dual-fuel
or multi-fuel piston engine, as defined in claim 1. The invention also concerns a
four-stroke dual-fuel or multi-fuel piston engine as defined in the other inde-
pendent claim.

Background of the invention

A possibility to operate a piston engine using a gaseous main fuel, such as
natural gas, provides many advantages, for instance in the form of low emis-
sions. Gaseous fuels usually need an ignition source, which is in most cases
either a spark plug or pilot fuel. In dual-fuel engines, the gaseous main fuel is
ignited by utilizing liquid pilot fuel, which is injected into the cylinders of the en-
gine either directly or via a prechamber. The gaseous fuel is introduced into
the intake duct and flows through the intake ports into the cylinders during the
intake stroke. The liquid pilot fuel is injected by means of pilot fuel injectors at
the end of the compression stroke. The pilot fuel is self-ignited, and the ignition
of the pilot fuel triggers combustion of the gaseous main fuel.

Problems occur if a valve needle of a pilot fuel injector gets stuck in an open or
partially open position. In that case, the pilot fuel injection continues over the
following combustion stroke, exhaust stroke, intake stroke and compression
stroke. The excessive pilot fuel causes problems especially during the com-
pression stroke. The presence of pilot fuel in a cylinder during the compression
stroke can lead to premature ignition of the air/fuel mixture, and since the cu-
mulated amount of the pilot fuel can be relatively large, the early combustion of
the mixture can damage the cylinder head. Varying power outputs of the cylin-
ders of the engine also cause vibrations, and unburned fuel increases hydro-
carbon emissions of the engine.
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Summary of the invention

An object of the present invention is to provide an improved method for operat-
ing a four-stroke dual-fuel or multi-fuel piston engine. The characterizing fea-
tures of the method according to the invention are given in claim 1. Another ob-
ject of the invention is to provide an improved four-stroke dual-fuel or multi-fuel
piston engine. The characterizing features of the engine according to the in-
vention are given in the other independent claim.

The method according to the invention comprises the steps of transmitting a
first control signal to a gas admission valve for opening the gas admission
valve and introducing gaseous fuel into an intake duct and further into a cylin-
der of the engine, transmitting a second control signal to a pilot fuel injector for
opening the pilot fuel injector and introducing liquid pilot fuel into the cylinder
for igniting mixture of intake air and the gaseous fuel introduced via the gas
admission valve, measuring pressure in the cylinder during combustion stroke
at a predetermined crank angle, which is after presumed ignition of the fuel
and before opening of exhaust valves, comparing the measured pressure to a
predetermined limit value, and in case the measured pressure exceeds the
predetermined limit value, disabling the first control signal and the second con-
trol signal.

The engine according to the invention comprises a first fuel injection system for
gaseous fuel, the first fuel injection system comprising a gas admission valve
for each cylinder of the engine for introducing gaseous fuel into an intake duct
of the engine, a second fuel injection system for liquid pilot fuel, the second
fuel injection system comprising a pilot fuel injector for each cylinder of the en-
gine for injecting liquid pilot fuel into the cylinders of the engine, a pressure
sensor for each cylinder of the engine for measuring pressure in the cylinders
of the engine, and a control unit, which is configured to implement the method
defined above.

With the method according to the invention and in an engine according to the
invention, a faulty fuel injector that is stuck in an open or a partially open posi-
tion can be detected early, and damages caused by excessive fuel amounts in
a cylinder can be prevented. The normal operation in those cylinders of the
engine where excessive pressure is not detected can be continued.



WO 2017/109269 PCT/FI12015/050940

10

15

20

25

30

3

According to an embodiment of the invention, the pressure is measured at a
crank angle, which is after a presumable peak pressure crank angle. The ef-
fects of a leaking pilot fuel injector can be best detected after the peak pres-
sure has been reached. For more reliable detection of a leaking pilot fuel injec-
tor, the pressure should preferably be measured shortly before opening of the
exhaust valves. Therefore, the pressure could be measured at most 50 de-
grees before exhaust valve opening, or even at most 20 or 10 degrees before
exhaust valve opening.

According to an embodiment of the invention, the pressure is measured at a
crank angle, which is at least 20 degrees after top dead center. The pressure
can be measured even at a crank angle, which is at least 40 or 60 degrees af-
ter top dead center. When the pressure is not measured at the beginning of the
combustion stroke, it is ensured that the effects of a leaking pilot fuel injector
can be detected. The pressure can be measured at the end of combustion.

According to an embodiment of the invention, the predetermined limit value is
determined on the basis of pressure values measured in the cylinder at the
predetermined crank angle during a predetermined number of previous com-
bustion strokes.

According to an embodiment of the invention, the cylinder is monitored during
the following combustion stroke for detecting possible combustion in the cylin-
der, and in case combustion is detected, at least the first control signal is kept
disabled and an alarm is triggered. The possible combustion in the cylinder
can be detected, for instance, by monitoring the pressure in the cylinder. Also
the second control signal can be kept disabled in case combustion is detected.

According to an embodiment of the invention, in case no combustion is detect-
ed, the first control signal and the second control signal are enabled.

Combustion in the cylinder where the control signals are disabled is an indica-
tion of an open pilot fuel injector. By keeping at least the first control signal dis-
abled, the amount of fuel in the cylinder can be minimized. On the other hand,
if no combustion is detected, the excessive cylinder pressure may have been
caused by some other reason, in which case normal operation in the cylinder
can be resumed.



WO 2017/109269 PCT/FI12015/050940

10

15

20

25

30

Brief description of the drawings

Embodiments of the invention are described below in more detail with refer-
ence to the accompanying drawings, in which

Fig. 1 shows schematically a simplified view of the pilot fuel and main fuel in-
jection systems of a piston engine, and

Fig. 2 shows the method according to an embodiment of the invention as a
flowchart.

Description of embodiments of the invention

Figure 1 shows schematically pilot fuel and gaseous fuel injection systems of a
piston engine 1. The engine 1 is a large internal combustion engine, such as a
main or an auxiliary engine of a ship or an engine that is used at a power plant
for producing electricity. The rated power of the engine 1 is at least 150 kW per
cylinder and the cylinder bore is at least 150 mm. In figure 1, four cylinders 2
that are arranged in line are shown, but the engine 1 can comprise any rea-
sonable number of cylinders 2 that are arranged, for instance, in line or in a V-
configuration. The engine 1 of figure 1 is a dual-fuel engine that can be oper-
ated at least in a gaseous fuel mode using a gaseous main fuel and liquid pilot
fuel. The gaseous fuel can be, for instance, natural gas or biogas. The liquid
pilot fuel can be, for instance, light fuel oil (LFO) or marine diesel oil (MDO).
The engine 1 can possibly also be operated in a liquid fuel mode using only
liquid fuel, such as LFO or MDO. The engine 1 could also be a multi-fuel en-
gine, which can be operated using two or more different types of liquid fuels
and/or gaseous fuels. For instance, the engine 1 could be a tri-fuel engine that
can be operated in a gaseous fuel mode using gaseous main fuel and liquid pi-
lot fuel, and in two different liquid fuel modes, for instance in a first liquid fuel
mode using heavy fuel oil or other fuel containing mainly residual fuel oil and in
a second liquid fuel mode using light fuel oil or other fuel containing mainly dis-
tillate fuel oil.

The engine 1 is connected to a turbocharger 16 comprising a compressor 16a
and a turbine 16b for pressurizing the intake air of the engine 1. The engine 1
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could also be provided with two or more turbochargers connected in series
and/or in parallel.

The engine 1 is provided with separate fuel injection systems for the gaseous
fuel and the pilot fuel. The gaseous fuel is stored in a gas tank 6, from which it
is supplied via a gas line 7 into the cylinders 2 of the engine 1. The gas line 7
is provided with a main gas valve 8 for controlling the supply of the gaseous
main fuel into the gas line 7. The main gas valve 8 can be closed for example
when the engine 1 is operated in a liquid fuel mode. Each cylinder 2 of the en-
gine 1 is provided with an own gas admission valve 3. The gas admission
valves 3 are individually controllable. A first control line 9 connects the gas
admission valves 3 to a control unit 10, which controls the opening and closing
of the gas admission valves 3. The gas admission valves 3 are opened and
closed by means of an actuator, such as a step motor. The gas admission
valves 3 are arranged to introduce the gaseous fuel into an intake duct 4 of the
engine 1. Each gas admission valve 3 is located close to the intake valves of
the respective cylinder 2. The gaseous fuel is introduced into the intake duct 4
during the intake stroke. When the intake valves of a cylinder 2 are open, the
gaseous fuel flows into the cylinder 2 forming an air/fuel mixture. The air/fuel
mixture is preferably a lean mixture comprising more air than is needed for the
complete combustion of both the gaseous fuel and the liquid pilot fuel. It
should be noted that figure 1 shows only a simplified example of a fuel injec-
tion system for gaseous main fuel. The fuel injection system can comprise
many additional components not shown in the figures, for instance different
valves, filters etc.

The fuel injection system for the liquid pilot fuel comprises an own pilot fuel in-
jector 5 for each cylinder 2 of the engine 1. The pilot fuel injector 5 can be ar-
ranged to inject the fuel either directly into the cylinder 2 or into a prechamber.
The pilot fuel injectors 5 are individually controllable. The pilot fuel injectors 5
can be, for instance, electrically actuated. A second control line 15 connects
the pilot fuel injectors 5 to the control unit 10, which controls the opening and
closing of the pilot fuel injectors 5. Each pilot fuel injector 5 comprises a valve
needle, which can be lifted for injecting fuel through the pilot fuel injector 5.

In the embodiment of figure 1, the pilot fuel injection system is a common rail
fuel injection system comprising a fuel rail 11 for storing pressurized fuel. All
the pilot fuel injectors 5 are connected to the same fuel rail 11. A low-pressure
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pump 12 supplies fuel from a pilot fuel tank 14 to a high-pressure pump 13,
which raises the pressure of the pilot fuel to a level that is suitable for direct
fuel injection and supplies it into the fuel rail 11, from which the fuel is supplied
to the pilot fuel injectors 5. The fuel injection pressure can be in the range of
800 to 3000 bar. Instead of a single fuel rail 11, each pilot fuel injector 5 could
be provided with an own fuel accumulator, or the pilot fuel injection system
could comprise two or more fuel rails 11, each serving two or more pilot fuel in-
jectors 5. In addition to the use as a pilot fuel injection system, the fuel injection
system of figure 1 could also be used for injecting liquid main fuel into the cyl-
inders 2 of the engine 1. The same fuel injection system could thus be used
when the engine 1 is operated in a liquid fuel mode using only liquid fuel. In
that case, the pilot fuel injectors 5 would function also as main fuel injectors. It
is also possible that only parts of the fuel injection system of figure 1 are used
as part of a fuel injection system for liquid main fuel. For instance, additional
fuel injectors could be connected to the fuel rail 11 of figure 1 for injecting liquid
main fuel. In the gaseous fuel mode, the liquid pilot fuel would be injected by
the pilot fuel injectors 5, and in a liquid fuel mode the liquid fuel would be in-
jected by main fuel injectors. In both operating modes, the same low-pressure
pump 12 and high-pressure pump 13 would be used. The pilot fuel injectors 5
and the main fuel injectors could be integrated in fuel injector units.

The pilot fuel is injected into the cylinders 2 of the engine 1 via the pilot fuel in-
jectors 5 during the compression stroke when the piston is close to top dead
center. The pilot fuel injection could also take place partly during the combus-
tion stroke.

In addition to the fuel injection systems shown in figure 1, the engine 1 can be
provided with at least one additional fuel injection system, for instance for in-
jecting liquid main fuel into the cylinders 2 of the engine 1. The additional fuel
injection system could be a common rail system or a fuel injection system hav-
ing an own fuel injection pump for each cylinder 2 of the engine 1.

Each cylinder 2 of the engine 1 is provided with a pressure sensor 17 for moni-
toring pressure in the cylinder 2. The pressure sensors 17 are connected to the
control unit 10 and measurement data can thus be transmitted from the pres-
sure sensors 17 to the control unit 10.
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During normal operation of the engine 1 in the gaseous fuel mode, intake
valves of each cylinder 2 of the engine 1 open at the end of the exhaust stroke.
At the beginning of the intake stroke, the control unit 10 transmits a first control
signal via the first control line 9 to the gas admission valve 3 for opening the
gas admission valve 3. The gas admission valve 3 opens and the valve 3 is
kept open for a certain period of time for allowing the gaseous fuel to flow into
the intake duct 4 and further into the cylinder 3. Before the end of the intake
stroke, the gas admission valve 3 is closed. Also the intake valves are closed,
and during the compression stroke following the intake stroke, the air/fuel mix-
ture in the cylinder 2 is compressed. As the piston in the cylinder 2 approaches
top dead center, the control unit 10 transmits a second control signal via the
second control line 15 to the pilot fuel injector 5 for opening the pilot fuel injec-
tor 5 and for injecting liquid pilot fuel into the cylinder 2. The valve needle of
the pilot fuel injector 5 is lifted for a short period of time and pilot fuel is injected
into the cylinder 2. After a certain ignition lag, the pilot fuel is self-ignited. The
amount of the pilot fuel is relatively small. The combustion of the pilot fuel can
release, for instance, less than five percent of the heat released by the com-
bustion in the cylinder 2. The combustion of the pilot fuel ignites also the mix-
ture of air and the gaseous main fuel. The pressure in the cylinder 2 rapidly
rises until the peak cylinder pressure is reached, typically in the range of 0 to
20 degrees after top dead center. As the piston moves towards bottom dead
center, the pressure in the cylinder 2 decreases. When the piston is close to
bottom dead center, the exhaust valves open. During the exhaust stroke, the
exhaust gases flow out of the cylinder 2, and a new engine cycle begins.

If the valve needle of a pilot fuel injector 5 is stuck in an open or partly open
position, the injection of the pilot fuel is not terminated at the end of the com-
pression stroke, but continues over the combustion stroke. At the beginning of
the combustion, the cylinder pressure behaves normally. However, since the
pilot fuel injection is continued during the combustion, the combustion contin-
ues for a longer period of time than expected. As a result, at a certain crank
angle when the combustion normally would have ended, the cylinder pressure
is higher than expected. The pressure in the cylinder 2 stays at a higher level
than normally until the opening of the exhaust valves. If the valve needle of the
pilot fuel injector 5 stays open, the pilot fuel injection continues over the ex-
haust stroke. During the exhaust stroke, most of the injected pilot fuel flows out
of the cylinder 2. However, when the exhaust valves are closed, pilot fuel starts
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to accumulate in the cylinder 2. The pilot fuel injected into the cylinder 2 is
mixed with the air and gaseous fuel introduced into the cylinder 2 during the in-
take stroke. During the compression stroke, the pressure in the cylinder 2
starts to rise. Also the temperature rises, and when the temperature in the cyl-
inder 2 reaches the self-ignition temperature of the pilot fuel, the mixture in the
cylinder 2 is ignited. This may be even before the pilot fuel injection should
start. Due to the accumulation of the pilot fuel, the total amount of the fuel (pilot
and main fuel) can be significantly greater than during normal operation of the
engine 1. In combination with the premature ignition, the combustion of the ex-
cessive amount of fuel can cause damage for example to the cylinder head.
The amount of pilot fuel accumulated in the cylinder 2 during the intake stroke
and the compression stroke can be equivalent to the total fuel amount injected
into the cylinder 2 at 50 percent engine load.

For preventing damages and reducing other harmful effects caused by a faulty
pilot fuel injector 5, a method according to the invention is provided. Figure 2
shows as a flowchart a method according to an embodiment of the invention.
According to the invention, the gas admission valves 3 and the pilot fuel injec-
tors 5 are operated normally during an intake stroke and a compression stroke.
A first control signal is thus transmitted to a gas admission valve 3 for opening
the gas admission valve 3 (step 100) and a second control signal is transmitted
to a pilot fuel injector 5 for lifting the valve needle and injecting pilot fuel into a
cylinder 2 (step 101). During the combustion stroke, the pressure in the cylin-
der 2 is monitored (step 102). The pressure monitoring can be continuous, or
the pressure can be measured only at a certain predetermined crank angle.
The predetermined crank angle is selected so that the effect of an open pilot
fuel injector 5 on the cylinder pressure can be detected. The pressure meas-
urement therefore takes place after the presumed ignition of the fuel and be-
fore the opening of the exhaust valves. The presumed ignition means the mo-
ment at which the combustion is supposed to start. In case the pilot fuel injec-
tor 5 is leaking, the actual starting moment of the combustion can be earlier. It
is also possible that no ignition takes place in the cylinder 2, for instance in the
case the pilot fuel injector 5 does not open.

The pressure is preferably measured after the crank angle, at which the peak
pressure occurs. The pressure measurement can take place for instance in the
range of 20 to 150 degrees after top dead center. The pressure can be meas-
ured, for instance, at the end of combustion. It is not necessary to know the
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starting moment of the ignition, or the crank angle of the peak pressure, but the
crank angle at which the pressure is measured can be chosen such that it is
certainly after the peak pressure crank angle. A faulty pilot fuel injector 5 can
be best detected when the pressure is measured shortly before the opening of
the exhaust valves. Therefore, the pressure can be measured at a crank angle,
which is for example at most 20 degrees before opening of the exhaust valves.
The opening of the exhaust valves refers here to the moment when the open-
ing movement of the exhaust valves starts. By choosing a crank angle close to
the opening moment of the exhaust valves, it is also ensured that the meas-
urement takes place after the peak pressure has been reached. The predeter-
mined crank angle does not need to be same for all operating conditions of the
engine 1, but it can depend for example on the engine speed and load.

After measuring the pressure, the measured pressure is compared to a prede-
termined limit value in the control unit 10 (step 103). The limit value is not con-
stant, but depends at least on the engine speed and load. For instance, if the
engine speed is constant, the pressure in the cylinder 2 is higher with greater
engine load. Therefore, the predetermined limit value is higher for greater en-
gine load at certain engine speed. The predetermined limit value can be
based, for instance, on the pressure values measured during a certain number
of preceding combustion strokes. A mean value can be calculated from the
previous measurements, and the predetermined limit value can be a certain
percentage or amount higher than the calculated mean value. For instance, the
predetermined limit value can be 3—-15 or 5-10 percent higher than the mean
value. The predetermined limit value could also be based on simulation results
or experimental data from tests conducted on the engine type in question. The
predetermined limit values for different engine speeds and loads can be stored
in a look-up table, and the control unit 10 can compare the measured pressure
value to a value retrieved from the look-up table.

If the measured pressure exceeds the predetermined limit value, the first and
the second control signals are disabled for the cylinder 2 in question (step
104). In those cylinders 2, where the measured cylinder pressure does not ex-
ceed the predetermined limit value, injection of both the pilot fuel and the gas-
eous main fuel is continued normally. The first control signal is thus transmitted
to the gas admission valves 3 and the second control signal is transmitted to
the pilot fuel injectors 5 of the non-affected cylinders 2.
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The increased cylinder pressure can be a result of an open pilot fuel injector 5.
However, the increased pressure could also be caused for example by a faulty
gas admission valve 3. If the fault is in a pilot fuel injector 5 having a valve
needle stuck in an open or partially open position, pilot fuel injection into the
cylinder continues despite of the disabled second control signal. However,
since the admission of the gaseous main fuel into the cylinder is prevented, the
total amount of fuel introduced into the cylinder 2 during the following intake
and combustion strokes is reasonable, and the cylinder pressure remains at an
acceptable level. Therefore, damaging of the cylinder head and other compo-
nents of the engine 1 can be avoided.

During the following combustion stroke, the cylinder 2 is monitored for detect-
ing possible combustion in the cylinder 2 (step 105). The combustion can be
detected for example by measuring the cylinder pressure at least at a certain
predetermined crank angle. The cylinder pressure is measured before the
opening of the exhaust valves. The cylinder pressure can be measured at the
same crank angle as during the previous combustion stroke, but the crank an-
gle could also be another crank angle after the presumed ignition of pilot fuel.
Instead of pressure monitoring, combustion could be detected for example by
monitoring vibrations of the engine 1. If combustion is detected, it is an indica-
tion of an open pilot fuel injector 5. Therefore, at least the first control signal is
kept disabled for minimizing fuel flow into the cylinder 2 and an alarm is trig-
gered (step 107). Also the second control signal can be kept disabled. In case
no combustion is detected, the increased cylinder pressure has most likely
been caused by some other reason. In that case, the first and the second con-
trol signals are enabled for continuing normal operation of the engine 1 (step
106).

The cylinder pressures of all the cylinders 2 of the engine 1 are measured dur-
ing each combustion stroke when the engine 1 is operated. A faulty pilot fuel
injector 5 can thus be detected in good time before the following gas injection,
and gas injection can be disabled. The early detection during the combustion
stroke gives the control system of the engine 1 enough time to cut the gas in-
jection into the cylinder 2 with a faulty pilot fuel injector 5. The engine 1 is thus
effectively protected against excessive cylinder pressures.



WO 2017/109269 PCT/FI12015/050940

11

It will be appreciated by a person skilled in the art that the invention is not lim-
ited to the embodiments described above, but may vary within the scope of the
appended claims.
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Claims

1. A method for operating a four-stroke dual-fuel or multi-fuel piston engine
(1), the method comprising the steps of

- transmitting a first control signal to a gas admission valve (3) for open-
ing the gas admission valve (3) and introducing gaseous fuel into an in-
take duct (4) and further into a cylinder (2) of the engine (1) (100),

- transmitting a second control signal to a pilot fuel injector (5) for open-
ing the pilot fuel injector (5) and introducing liquid pilot fuel into the cyl-
inder (2) for igniting mixture of intake air and the gaseous fuel intro-
duced via the gas admission valve (3) (101),

- measuring pressure in the cylinder (2) during combustion stroke at a
predetermined crank angle, which is after presumed ignition of the fuel
and before opening of exhaust valves (102),

- comparing the measured pressure to a predetermined limit value (103),
and

- in case the measured pressure exceeds the predetermined limit value,
disabling the first control signal and the second control signal (104).

2. A method according to claim 1, wherein the pressure is measured at a
crank angle, which is after a presumable peak pressure crank angle.

3. A method according to claim 1 or 2, wherein the pressure is measured at
most 50 degrees before exhaust valve opening.

4. A method according to claim 3, wherein the pressure is measured at
most 20 degrees before exhaust valve opening.

5. A method according to claim 4, wherein the pressure is measured at
most 10 degrees before exhaust valve opening.

6. A method according to any of the preceding claims, wherein the pres-
sure is measured at a crank angle, which is at least 20 degrees after top dead
center.

7. A method according to claim 6, wherein the pressure is measured at a
crank angle, which is at least 40 degrees after top dead center.
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8. A method according to claim 7, wherein the pressure is measured at a
crank angle, which is at least 60 degrees after top dead center.

9. A method according to any of the preceding claims, wherein the pressure
is measured at the end of combustion.

10. A method according to any of the preceding claims, wherein the prede-
termined limit value is determined on the basis of pressure values measured in
the cylinder (2) at the predetermined crank angle during a predetermined num-
ber of previous combustion strokes.

11. A method according to any of the preceding claims, wherein the cylinder
(2) is monitored during the following combustion stroke for detecting possible
combustion in the cylinder (2) (105), and in case combustion is detected, at
least the first control signal is kept disabled and an alarm is triggered (107).

12. A method according to claim 11, wherein the possible combustion in the
cylinder (2) is detected by monitoring the pressure in the cylinder (2).

13. A method according to claim 11 or 12, wherein also the second control
signal is kept disabled in case combustion is detected.

14. A method according to any of claims 11 to 13, wherein in case no com-
bustion is detected, the first control signal and the second control signal are
enabled (106).

15. A four-stroke dual-fuel or multi-fuel piston engine (1), comprising

- a first fuel injection system for gaseous fuel, the first fuel injection sys-
tem comprising a gas admission valve (3) for each cylinder (2) of the
engine (1) for introducing gaseous fuel into an intake duct (4) of the en-
gine (1),

- a second fuel injection system for liquid pilot fuel, the second fuel injec-
tion system comprising a pilot fuel injector (5) for each cylinder (2) of the
engine (1) for injecting liquid pilot fuel into the cylinders (2) of the engine
(1),

- a pressure sensor (17) for each cylinder (2) of the engine (1) for meas-
uring pressure in the cylinders (2) of the engine (1), and

- a control unit (10), which is configured to implement the method accord-
ing to any of the preceding claims.
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