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(57) Abstract: A method for controlling a dual-fuel diesel engine and corresponding fuel injection control system, comprising: - us-
ing a first electric control system (311) to control the injection of liquid fuel into a cylinder of said diesel engine through a first li-
quid fuel injector (301), - using a second electric control system (312) to control the injection of liquid fuel into said cylinder of said
diesel engine through a second liquid fuel injector (302), different from said first liquid fuel injector (301), - in a gaseous fuel mode
(402), injecting gaseous fuel into said cylinder of said diesel engine and performing pilot injection to said cylinder through said
second liquid fuel injector (302), and - in a case of a failure in the pilot injection through said second liquid fuel injector (302), em -
ploying a gaseous fuel backup mode (423) in which pilot injection to said cylinder is performed through said first liquid fuel injector
(301).
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Method, control system, and fuel injection system for a dual-fuel diesel
engine

TECHNICAL FIELD

[001] The invention concerns in general the technology of dual-fuel diesel en-
gines that may burn both liquid and gaseous fuel. In particular the invention
concerns the way in which the injection of the various fuels into cylinders of the
engine is implemented and controlled in exceptional situations like injector fail-
ures.

BACKGROUND OF THE INVENTION

[002] A dual-fuel diesel engine may use both liquid fuel, such as fuel oil, and
gaseous fuel, such as natural gas. Ensuring reliable operation of the engine
requires that some precautions are made for exceptional situations in which
normal injection of either the gaseous fuel or the liquid fuel into a cylinder does
not work.

[003] Fig. 1 illustrates schematically a prior art fuel injection system for one cyl-
inder of a dual-fuel diesel engine. Gaseous fuel can be injected into the cylin-
der through an electrically controlled gaseous fuel injector (or valve) 101. Lig-
uid fuel can be injected into the cylinder through either an electrically controlled
liquid fuel injector 102 or a mechanically controlled liquid fuel injector 103. An
electric control system 111 is coupled to control the electrically controlled injec-
tors 101 and 102. A mechanical control system 112 controls the operation of
the mechanically controlled injector 103. The letters G and L represent gase-
ous and liquid fuel respectively in fig. 1.

[004] Fig. 2 illustrates the operation of a dual-fuel diesel engine equipped with
a prior art fuel injection system of the kind shown in fig. 1. Normal operating
modes of the engine are a liquid fuel mode 201 and a gaseous fuel mode 202.
The engine is in the liquid fuel mode 201 when the electrically and mechanical-
ly controlled liquid fuel injector 102, 103 operates normally and only liquid fuel
is injected into the cylinder in each operating cycle. The gaseous fuel mode
202 may be a pure gaseous fuel mode, in which all mechanical energy that the
engine produces comes from burning gaseous fuel, or a mixed mode in which
the engine produces mechanical energy by burning both gaseous and liquid
fuel. For this reason the gaseous fuel mode 202 could also be called a dual-
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fuel mode. A small amount of liquid fuel, known as the pilot, is injected into the
cylinder even in the pure gaseous fuel mode for igniting the gaseous fuel, but
the pilot should not be confused with an amount of liquid fuel that is used to
actually produce mechanical energy during a mixed mode.

[005] The arrow 211 represents a transfer from liquid fuel mode 201 to gase-
ous fuel mode 202. A transfer is a relatively slow change of mode, character-
ized by the injection of fuel taking place normally. The other possible change of
mode is a trip, which is a rapid reaction to abnormal conditions such as a fail-
ing injector. Changing from the gaseous fuel mode 202 to the liquid fuel mode
201 according to arrow 212 make take place as a so-called gas trip, meaning
that the injection of gaseous fuel is not working properly and it is therefore rap-
idly shut down. A trip from the gaseous fuel mode 202 to the liquid fuel mode
201 could be triggered also by e.g. serious knocking that reflected the limited
ability of the fuel injection control to react to a rapidly and/or repeatedly chang-
ing load.

[006] The mechanical injection mode 221 constitutes a failure mode, which is
employed when operation in liquid fuel mode 201 or gaseous fuel mode 202 is
not possible. The arrow 231 represents a so-called pilot trip. It means that a
failure has prevented the pilot injection of liquid fuel in the gaseous mode 202,
and therefore both electrically controlled injectors 101 and 102 are unusable
(no gaseous fuel should be injected into the cylinder without the pilot, because
it would not ignite properly). The arrow 232 represents a trip from the liquid fuel
mode 201 to the mechanical injection mode 221. It means that the electrically
controlled injector 102 has become inoperable, so only mechanically controlled
injection can be performed.

[007] Although mechanical injection control is robust and reliable, electric injec-
tion control is far more accurate and constitutes an absolute prerequisite for
proper long-term operation of a modern dual-fuel diesel engine. The mechani-
cal injection mode 221 is thus strictly a failure mode. In many cases it can only
be used to operate the engine long enough to arrange a safe and controlled
shutdown.

SUMMARY OF THE INVENTION

[008] The following presents a simplified summary in order to provide a basic
understanding of some aspects of various invention embodiments. The sum-



WO 2015/114208 PCT/FI12015/050035

10

15

20

25

30

3

mary is not an extensive overview of the invention. It is neither intended to
identify key or critical elements of the invention nor to delineate the scope of
the invention. The following summary merely presents some concepts of the
invention in a simplified form as a prelude to a more detailed description of ex-
emplifying embodiments of the invention.

[009] A method, control system, and fuel injection system for a dual-fuel diesel
engine would be needed that would enable flexible, yet reliable dual-fuel oper-
ation of the engine under both normal and exceptional circumstances. Struc-
tural solutions in and around the cylinder head should be made simple, easy to
manufacture, and straightforward to service and maintain.

[010] Advantageous objectives of the invention are achieved by equipping the
cylinder of a dual-fuel diesel engine with two electrically controlled liquid fuel
injectors, each operating under its own electric control system so that even a
fault in one electric control system still leaves the other fully operable. One of
the two electric control systems may be the one that simultaneously controls
an electrically controlled gas injector of the same cylinder. Whichever of the in-
dependently controlled liquid fuel injectors can be used as a pilot injector for
igniting gaseous fuel. Advantageous obijectives of the invention are achieved
by equipping the cylinder of a dual-fuel diesel engine. Advantageous objec-
tives of the invention are achieved by equipping the cylinder of a dual-fuel re-
ciprocating piston engine.

[011] The provision of two electrically controlled liquid fuel injectors makes is
possible to operate the dual-fuel engine in a gaseous fuel backup mode, in
which pilot injection to the cylinder is performed through the other electrically
controlled liquid fuel injector than the one through which pilot injection is per-
formed in the normal gaseous fuel mode. In a normal liquid fuel mode, typically
both electrically controlled liquid fuel injectors are used. Liquid fuel backup
modes are possible, in which only one of the two electrically controlled liquid
fuel injectors injects fuel into the cylinder.

[012] Transitions between modes can take the form of a transfer or a trip. As a
significant difference to the mechanical injection mode or failure mode ex-
plained earlier, the backup modes may offer equally accurate control over the
operation of the engine as the normal modes. They may also be recoverable,
meaning that a transition from a backup mode to a normal mode may occur.
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Since the normal liquid fuel mode is typically more stable than the normal gas-
eous fuel mode, a recovery that begins from a gaseous fuel backup mode or
liquid fuel backup mode, and eventually ends in the normal gaseous fuel
mode, may take place through the normal liquid fuel mode.

[013] The exemplary embodiments of the invention presented in this patent
application are not to be interpreted to pose limitations to the applicability of
the appended claims. The verb "to comprise" is used in this patent application
as an open limitation that does not exclude the existence of also unrecited fea-
tures. The features recited in depending claims are mutually freely combinable
unless otherwise explicitly stated.

[014] The novel features which are considered as characteristic of the inven-
tion are set forth in particular in the appended claims. The invention itself,
however, both as to its construction and its method of operation, together with
additional objects and advantages thereof, will be best understood from the fol-
lowing description of specific embodiments when read in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 illustrates a prior art fuel injection system,

fig. 2 illustrates operating modes of a prior art dual-fuel diesel engine,
fig. 3 illustrates a fuel injection system according to an embodiment of the
invention, and

fig. 4 illustrates operating modes of a dual-fuel diesel engine according to

an embodiment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[015] Fig. 3 illustrates schematically a fuel injection system, a part of which is
the fuel injection control system. These system is meant for use in a dual-fuel
diesel engine, and since the systems are essentially identical from cylinder to
cylinder, it is sufficient to discuss here the fuel injection system and fuel injec-
tion control system for one cylinder of the engine.

[016] A first electric control system 311 is configured to control the operation of
a first liquid fuel injector 301, which is an electrically controlled injector. A se-
cond electric control system 312 is configured to control the operation of a se-
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cond liquid fuel injector 302, which is also an electrically controlled injector.
The first and second electric control systems 311 and 312 may be called
CCMs, or cylinder control modules. They are functionally independent of each
other in the sense that the correct operation of one of them does not depend
on the correct operation of the other; in other words each of the first and se-
cond electric control systems 311 and 312 may continue operating normally
even if the other fails or does not operate normally. Thus the first and second
electric control systems 311 and 312 may be called redundant electric control
systems.

[017] The fuel injection system comprises also a gaseous fuel injector 303,
which is electrically controlled like the first and second liquid fuel injectors 301
and 302. Technically the delivery of gaseous fuel to the cylinder of a dual-fuel
diesel engine is a slightly different task than the delivery of liquid fuel, for which
purpose the gaseous fuel injector 303 could also be called a gaseous fuel
valve. For brevity, and since the present invention is relatively insensitive to the
technical way in which the fuels actually enter the cylinder, we use the desig-
nation “gaseous fuel injector” to describe all devices that are built for controlla-
bly delivering gaseous fuel into the cylinder, and the verb “to inject” to describe
all instances of making the gaseous fuel enter the cylinder. This can be done
for example so that gas is supplied to cylinders via common pipe running along
the engine, continuing with individual feed pipes to each cylinder or by a direct
gas injection system, such as disclosed in patent application FI955900A.

[018] In the embodiment of fig. 3 we assume that the gaseous fuel injector 303
and the second liquid fuel injector 302 are coupled under the same control
module, which is the second electric control system 312. The words “first” and
‘second” are just names, so technically it would be completely equal to say
that the gaseous fuel injector and a first liquid fuel injector operated under a
first electric control system, and a second liquid fuel injector operated under a
second electric control system. An alternative embodiment could be such
where each of the fuel injectors 301, 302, and 303 were coupled under a re-
spective one of three parallel, mutually independent electric control systems.

[019] The fuel injection system could comprise a mechanically controlled liquid
fuel injector 304 and a mechanical control system 313, but the structure of the
system and its technical implementation can be made considerably simpler if
such a mechanical injection subsystem is left out completely. Significant ad-
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vantages can be achieved by building the electrically controlled parts so that
all necessary backup functions and reserve modes can be implemented with
the elements shown as 301, 302, 303, 311, and 312 in fig. 3.

[020] Operating the engine in a gaseous fuel mode comprises injecting gase-
ous fuel into the cylinder. It also comprises performing pilot injection to the cyl-
inder through an electrically controlled liquid fuel injector. Since the gaseous
fuel injector 303 and the second liquid fuel injector 302 operate under a com-
mon control system, we may assume that the pilot injection to the cylinder is
made through the second liquid fuel injector 302 in a normal gaseous fuel
mode. In a case of a failure in the pilot injection through the second liquid fuel
injector 302, a gaseous fuel backup mode can be employed in which pilot in-
jection to the cylinder is performed through the first liquid fuel injector 301. As
an alternative embodiment, the pilot injection to the cylinder can be made
through the first liquid fuel injector 301 in a normal gaseous fuel mode, and
through the second liquid fuel injector 302 in the gaseous fuel backup mode.

[021] Fig. 4 illustrates some aspects of a method according to an embodiment
of the invention in the form of a mode diagram. Normal operating modes com-
prise a liquid fuel mode 401 and a gaseous fuel mode 402, of which the last-
mentioned may be a pure gaseous fuel mode or a mixed mode. The liquid fuel
mode 401 comprises injecting liquid fuel into the cylinder through both the first
liquid fuel injector 301 and the second liquid fuel injector 302. The proportions
in which liquid fuel is injected through each of them may vary. The downward
arrow represents performing a transfer 411 into the gaseous fuel mode 402
from the liquid fuel mode. Such a transfer 411 may follow e.g. a startup phase
in which the engine is first started on liquid fuel only, or the transfer 411 may
take place under some other circumstances when the operator of the engine
considers it desirable to burn gaseous fuel. For clarity it is mentioned that
startups are not necessarily always made with liquid fuel; it is possible to start
a dual-fuel diesel engine immediately into gaseous fuel mode.

[022] The upward arrow represents switching 412 from the gaseous fuel mode
402 to the liquid fuel mode 401. The switching 412 may take e.g. the form of a
trip, so that as a response to a failure in the injection of gaseous fuel into the
cylinder while in the gaseous fuel mode 402, switching 412 to the liquid fuel
mode 401 rapidly occurs. A failure should be understood in a wide sense to in-
clude e.g. dynamic load conditions under which accurate operation of the en-
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gine in gaseous fuel mode becomes impossible, even if there would be techni-
cally nothing extraordinary in the fuel injection system. In that case the expres-
sion “failure in the injection of gaseous fuel” means a failure to control the in-
jection of gaseous fuel as accurately as would be needed. It is also possible to
perform the switching 412 more smoothly in the form of a transfer, for example
when gaseous fuel is about to run out and continued operation of the engine is
thus only possible in the liquid fuel mode 401.

[023] As a response to a failure in the injection of liquid or gaseous fuel into
the cylinder the method comprises switching to a liquid fuel backup mode, of
which there are two in the mode diagram of fig. 4. A liquid fuel backup mode in
general means a mode in which only liquid fuel is injected into the cylinder,
and only through one of the first 301 and second 302 liquid fuel injectors. In
order to differentiate between the two we may say that the first liquid fuel
backup mode 421 comprises injecting liquid fuel into the cylinder of the diesel
engine through the first liquid fuel injector 301. Similarly the second liquid fuel
backup mode 422 comprises injecting liquid fuel into the cylinder of the diesel
engine through the second liquid fuel injector 302.

[024] Remembering that the (normal) liquid fuel mode 401 comprises injecting
liquid fuel into the cylinder through both the first liquid fuel injector 301 and the
second liquid fuel injector 302, it is intuitive that the method may comprise
switching 431 from the (normal) liquid fuel mode 401 to the first liquid fuel
backup mode 421 or switching 432 from the (normal) liquid fuel mode 401 to
the second liquid fuel backup mode 422. These changes of mode correspond
to discontinuing the injection through the second 302 or first 301 liquid fuel in-
jector respectively.

[025] Earlier it was assumed that as a first assumption the (normal) gaseous
fuel mode 402 comprises performing pilot injection to the cylinder through the
second liquid fuel injector 302. Therefore if some unexpected conditions like
failure in the injection of gaseous fuel cause switching to a liquid fuel backup
mode, it means most probably switching 433 to the second liquid fuel backup
mode 422 by discontinuing the injection through the gaseous fuel injector 303.

[026] When the execution of the method has brought the system to the first
liquid fuel backup mode 421, it is possible that the reason was a failure in the
injection of liquid fuel through the second liquid fuel injector 302, the failure be-
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ing of a kind that does not as such affect the operation of the gaseous fuel in-
jector 303. Therefore, as one possibility, the method may comprise performing
a transfer 441 from the first liquid fuel backup mode 421 into the gaseous fuel
backup mode 423, in which gaseous fuel is injected into the cylinder of the
diesel engine, but pilot injection to the cylinder is performed through the first
liquid fuel injector 301 and not through the second liquid fuel injector 302 as in
the (normal) gaseous fuel mode 402. As a response to a failure in the injection
of gaseous fuel into the cylinder while in the gaseous fuel backup mode 423,
the method may comprise switching 442 back to the first liquid fuel backup
mode 421.

[027] Fig. 4 illustrates three changes of mode that have the nature of a recov-
ery, i.e. switching from a backup mode to a normal mode. Since a recovery
from a backup mode is only feasible if it can be sure that all aspects of fuel in-
jection operate normally and are under complete control, it is reasonable to
assume that switching 434 from the first liquid fuel backup mode 421 to the
(normal) liquid fuel mode 401, or switching 435 from the second liquid fuel
backup mode 422 to the (normal) liquid fuel mode 401, or switching 436 from
the second liquid fuel backup mode to the (normal) gaseous fuel mode 402 all
take the form of a transfer and not a trip.

[028] Liquid fuel modes are by nature somewhat more stable and somewhat
easier to control than gaseous fuel modes. Therefore, even if it is possible to
perform a recovery directly to the gaseous fuel mode 402, for example as illus-
trated as 436 in fig. 4, an advantageous embodiment of the invention involves
making a recovery from the gaseous fuel backup mode 423 or from one of the
liquid fuel backup modes 421 or 422 to the gaseous fuel mode 402 through the
liquid fuel mode 401. The method may comprise first switching 442 from the
gaseous fuel backup mode 423 to the first liquid fuel backup mode 421, then
switching 434 from the liquid fuel backup mode 421 to the (normal) liquid fuel
mode 401, and finally switching 411 from the liquid fuel mode 401 to the gase-
ous fuel mode 402. If the starting point for the recovery was the first liquid fuel
backup mode 421, the procedure is the same as above, only leaving out its ini-
tial transfer 442. As an alternative to the direct recovery 436 the method may
comprise switching 435 from the second liquid fuel backup mode 422 to the
(normal) liquid fuel mode 401 and only thereafter switching 411 from the liquid
fuel mode 401 to the gaseous fuel mode 402.



WO 2015/114208 PCT/FI12015/050035

10

15

20

25

30

35

9

[029] In order to be able to realize the modes and changes of mode described
above, the first 311 and second 312 electric control systems are both config-
ured for selectively performing pilot injection through the respective liquid fuel
injector 301 or 302 into the same cylinder during the operation of the diesel
engine in a dual-fuel mode 402 or 423 that comprises injecting gaseous fuel to
the cylinder. An electric control system is essentially a programmable circuit
provided with machine-readable instructions that, when executed by a proces-
sor, cause the implementation of the appropriate control method. A CCM, or
cylinder control module, is an electric control system that takes control com-
mands as inputs, and that electrically drives the solenoids or other actuators
that cause the injectors and/or valves to open and close. Configuring such an
electric control system to perform e.g. pilot injection means providing the elec-
tric control system with an output connection for an appropriate electrically
controlled liquid fuel injector, and programming the electric control system with
machine-readable instructions for pilot injection. If one of the electric control
systems has both a liquid fuel injector and a gaseous fuel injector at its dis-
posal, like the second electric control system 312 in fig. 3, it is additionally con-
figured to control the operation of the gaseous fuel injector during the opera-
tion of said diesel engine in a dual-fuel mode, by providing the electric control
system with an output connection for an appropriate electrically controlled
gaseous fuel injector, and programming the electric control system with ma-
chine-readable instructions for gaseous fuel injection.

[030] Above we have assumed that the electric control systems 311 and 312
may be compared with the concept of a CCM (cylinder control module), so that
for a dual-fuel diesel engine with a particular number of cylinders there would
be twice as many electric control systems, two for each cylinder. The provision
of cylinder-specific electric control systems involves the advantage that the
modes and mode changes illustrated in fig. 4 can be made in each cylinder in-
dependently of the other cylinders. It also involves the advantage that even if a
simultaneous failure would occur in both the first and the second electric con-
trol systems, making only the use of mechanical injection control (if installed)
possible, this would only affect one of the cylinders in the engine. However,
making the electric control systems cylinder-specific is not a requirement of the
invention: the same modes and mode changes can also be implemented with
centralized control systems that are common to all cylinders in the engine. In a
centralized solution it is advantageous to maintain the division into mutually
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redundant first and second electric control systems, to ensure that a failure in

one electric control system still makes it possible to employ at least one of the

backup modes described above. The change of the mode can be done for ex-

ample on abnormal conditions and faults states, such as if excessive knock
5 occurs.
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Claims
1. A method for controlling a dual-fuel diesel engine, comprising:

- using a first electric control system (311) to control the injection of liquid fuel
into a cylinder of said diesel engine through a first liquid fuel injector (301),

- using a second electric control system (312) to control the injection of liquid
fuel into said cylinder of said diesel engine through a second liquid fuel injector
(302), different from said first liquid fuel injector (301),

- in a gaseous fuel mode (402), injecting gaseous fuel into said cylinder of said
diesel engine and performing pilot injection to said cylinder through said se-
cond liquid fuel injector (302), and

- in a case of a failure in the pilot injection through said second liquid fuel injec-
tor (302), employing a gaseous fuel backup mode (423) in which pilot injection
to said cylinder is performed through said first liquid fuel injector (301).

2. A method according to claim 1, comprising:

- as a response to a failure in the injection of liquid or gaseous fuel into said
cylinder, switching (431, 432, 433) to a liquid fuel backup mode (421, 422) in
which only liquid fuel is injected into said cylinder, and only through one of the
first (301) and second (302) liquid fuel injectors.

3. A method according to claim 2, wherein:

- said liquid fuel backup mode is a first liquid fuel backup mode (421) that
comprises injecting liquid fuel into said cylinder of said diesel engine through
said first liquid fuel injector (301), and

- the method comprises performing a transfer (441) from said first liquid fuel
backup mode (421) into said gaseous fuel backup mode (423).

4. A method according to claim 3, comprising:

- as a response to a failure in the injection of gaseous fuel into said cylinder
while in said gaseous fuel backup mode (423), switching (442) to said first lig-
uid fuel backup mode (421).
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5. A method according to any of the previous claims, comprising:

- performing a transfer (411) into said gaseous fuel mode (402) from a liquid
fuel mode (401), which comprises injecting liquid fuel into said cylinder through
both said first liquid fuel injector (301) and said second liquid fuel injector
(302).

6. A method according to claim 5, wherein a recovery from a gaseous fuel
backup mode (423) or liquid fuel backup mode (421, 422) to the gaseous fuel
mode takes place through said liquid fuel mode (401).

7. A method according to claim 5 or 6, comprising:

- as a response to a failure in the injection of gaseous fuel into said cylinder
while in said gaseous fuel mode (402), switching (412) to said liquid fuel mode
(401).

8.  Afuel injection control system for a dual-fuel diesel engine, comprising:

- a first electric control system (311) configured to control the operation of a
first liquid fuel injector (301), and

- a second electric control system (312) configured to control the operation of a
second liquid fuel injector (302);

wherein said first (311) and second (312) electric control systems are both
configured for selectively performing pilot injection through the respective liquid
fuel injector (301, 302) into the same cylinder during the operation of said die-
sel engine in a dual-fuel mode (402, 423) that comprises injecting gaseous fuel
to said cylinder.

9. A fuel injection control system according to claim 8, wherein said second
electric control system (312) is also configured to control the operation of a
gaseous fuel injector (303) during the operation of said diesel engine in said
dual-fuel mode (402, 423).

10. A fuel injection system for a dual-fuel diesel engine, comprising:

- a first liquid fuel injector (301) and a second liquid fuel injector (302), both
configured to inject liquid fuel into the same cylinder,
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- a gaseous fuel injector (303) configured to inject gaseous fuel into the same
cylinder as said first (301) and second (302) liquid fuel injectors, and

- a fuel injection control system according to any of claims 8 or 9, coupled to
control said first (301) and second (302) liquid fuel injectors and said gaseous
5 fuel injector (303).
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