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compressed air as oxidant, to produce power to a crankshaft (4) of the engine in a first power stroke (PS1) succeeding the first com-
pression stroke (CS1), and to produce residues including oxygen, and - compressing (S5) the residues in a second compression
stroke (CS2) succeeding the first power stroke (PS1), - characterized by injecting (S5, 12) into the cylinder (3) a second fuel of a type
which is different from that of the first fuel, and allowing a second combustion of the second fuel with the oxygen of the residues as
oxidant to produce power to the crankshatt (4) of the engine in a second power stroke (PS2) succeeding the second compression
stroke (CS2), and - by controlling the amount of second fuel injected in the step of injecting the second fuel so as for the second
combustion to be a stoichiometric combustion.
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A METHOD FOR OPERATING AN INTERNAL COMBUSTION PISTON ENGINE

TECHNICAL FIELD
The invention relates to a method for operating an internal combustion piston engine, a
computer program, a computer readable medium, a control unit, an internal combustion

engine system and a vehicle with such a system.

The invention can be applied in heavy-duty vehicles, such as trucks, buses and
construction equipment. Although the invention will be described with respect to a truck,
the invention is not restricted to this particular vehicle, but may also be used in other
vehicles such as cars.

BACKGROUND

The attraction of diesel engines for heavy vehicles, due to the high efficiency and higher
torque at low speeds presented by diesel engines, is well known. As emission control
requirements on heavy vehicle diesel engines get stricter with time, many technical
solutions have been suggested to reduce emissions.

An example can be found in the article “A Six-Stroke DI Diesel Engine Under Dual Fuel
Operation”, Hayasaki et al; SAE Technical Paper Series 1999-01-1500; International
Spring Fuels & Lubricants Meeting & Exposition, Dearborn, Michigan, May 3-6, 1999. It
discloses a six-stroke diesel engine with first and second power strokes before the
exhaust stroke. Diesel fuel is supplied for the first combustion process, and for the second
combustion process, methanol is supplied. It is suggested that since methanol will form an
oxidizing radical (OH) during combustion, it can reduce the soot produced in the first

combustion process.

Modern diesel engine systems for heavy vehicles are typically equipped with selective
catalytic reduction (SCR) based emission control systems. However, such systems are
complex and include several catalyst components, such as an oxidation catalyst (DOC), a
diesel particulate filter (DPF), a urea dosing system, a selective reduction catalyst as well
as a clean-up oxidation catalyst. Such emission control systems are very bulky; the
selective reduction catalyst alone requires a volume that is about three times the
displacement volume of the engine. Also, the complexity of such a system is high. Its cost
it typically constitutes about 30-40% of the total engine cost.
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SUMMARY

An object of the invention is to decrease the size of heavy vehicle diesel engine emission
control systems. A further object is to reduce the cost and complexity of heavy vehicle
diesel engine emission control systems. Another object of the invention is to reduce the
size and/or the complexity of heavy vehicle diesel engine emission control systems, while
retaining or improving the efficiency of the diesel type combustion.

The objects are achieved by a method according to claim 1. Thus the invention provides a
method for operating an internal combustion piston engine, comprising

- introducing air into a cylinder of the engine,

- compressing the air in a first compression stroke of the cylinder,

- injecting a first fuel into the cylinder,

- allowing a first combustion of the injected first fuel with a portion of the oxygen in
the compressed air as oxidant, to produce power to a crankshaft of the engine in a
first power stroke succeeding the first compression stroke, and to produce
residues including oxygen, and

- compressing the residues in a second compression stroke succeeding the first
power stroke,

- characterized by injecting into the cylinder a second fuel of a type which is
different from that of the first fuel, and allowing a second combustion of the second
fuel with the oxygen of the residues as oxidant to produce power to the crankshaft
of the engine in a second power stroke succeeding the second compression
stroke, and

- by controlling the amount of second fuel injected in the step of injecting the second
fuel so as for the second combustion to be a stoichiometric combustion.

It is understood that in most embodiments, the first power stroke immediately succeeds
the first compression stroke, the second compression stroke immediately succeeds the
first power stroke, and the second power stroke immediately succeeds the second
compression stroke. Thus the method may involve operating the engine in a six-stroke
mode with a sequence of an intake stroke, the first compression stroke, the first power
stroke, the second compression stroke, the second power stroke, and an exhaust stroke.
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Injecting into the cylinder a second fuel of a type which is different from that of the first
fuel, and allowing a second combustion, provided by a, of the second fuel with the oxygen
of the residues from the first combustion as oxidant provides the following important
advantages:

A lean ratio of the amount of air compressed in the first compression stroke and the
amount of first fuel injected may be provided. More specifically, it is possible to provide
the first fuel as diesel fuel or some other suitable fuel for an injection forming a diffusion
combustion, whereby an effective lean diesel type combustion is provided. The lean
diesel type combustion may be used with less concern for the exhaust after treatment
process, compared to traditional diesel, and may be controlled for an optimized efficiency.
The reason is that the amount of second fuel injected may be the amount required for the
second combustion to be a stoichiometric combustion. Thereby, the second combustion
may consume substantially all remaining oxygen to provide a lambda value of 1 for the
total six-stroke cycle. In doing so the second combustion will consume soot as well as
nitrogen oxides in the residues from the first combustion. This makes it possible to use a
relatively simple and small three-way catalyst, as opposed to a complex, costly and large
exhaust treatment unit, such as a selective catalytic reduction (SCR) unit, normally used
for diesel engines.

The invention makes it possible to retard the timing of the ignition of the first fuel to further
improve the efficiency of a diesel type combustion. The reason is that the increased soot
formation provided by said retarded timing may be accepted since a large fraction of this
soot formation will be combusted as a result of the second combustion. Thereby, the soot
emission out of the engine will not be affected negatively.

In summary, the invention makes it possible to considerably reduce the complexity of
exhaust after treatment systems for diesel engines, while retaining or even improving the
efficiency of the diesel combustion in the engines. It should be noted that instead of diesel
fuel, the first fuel could be provided as some other suitable diffusion combustion fuel, e.g.
dimethyl ether (DME) or naphtha.

In addition, the second combustion provides will increase the engine out exhaust
temperature, thereby reducing the risk of the exhaust temperature falling below a

temperature interval for an efficient function of the exhaust after treatment system. Low
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exhaust temperatures may in known modern diesel engines be common due to a high
level of refinement of the combustion process, and thereby cause problems with providing
an efficient exhaust after treatment. The high exhaust temperature provided by the

invention is also beneficial for turbo compound and waste heat recovery solutions.

Preferably, the first combustion is provided by a combustion ignition. Preferably, the
injection of the first fuel forms the first combustion in the form of a diffusion combustion.
The injection of the first fuel may be provided at the end of the first compression stroke or
at the beginning of the first power stroke, preferably shortly before the top dead center
(TDC) position. Thereby, providing the first combustion in the form of a diffusion

combustion may be secured.

Preferably, where the first fuel is diesel fuel, the method comprises by supplying the diesel
fuel for the injection thereof from a container, and reforming diesel fuel from the container
to produce the second fuel in the form of a high octane fuel, e.g. in the form of a gas with
a mix of carbon monoxide and hydrogen. The reforming may be a catalytic decomposition
process converting the diesel fuel to the high octane gaseous fuel. Thereby, in a vehicle
application, the reforming provides an onboard fuel conversion function whereby the
vehicle may be refueled with a single fuel type during operations.

Preferably, the method comprises controlling the temperature of the residues by
controlling the timing of the injection of the first fuel, and/or by controlling the amount of
the first fuel injected at the injection of the first fuel. Thereby, the temperature of the
residues from the first combustion can be controlled, e.g. to avoid pre-ignition of a mix of
the residues and the second fuel in the second combustion stroke.

Preferably, the second combustion is provided on a premix of the second fuel with the
oxygen of the residues as oxidant. l.e. the second combustion preferably provides a
premixed flame, i.e. a flame in which the oxidant or oxidizer has been mixed with the fuel
before it reaches the flame front. The second combustion may advantageously be
provided by a Homogenous Charge Ignition. The second combustion may be provided by
a Homogenous Charge Compression Ignition (HCCI), or a partially Homogenous Charge
Compression Ignition (pHCCI). Thereby the engine does not need to be provided with
sparkplugs. However, it is also possible for the Homogenous Charge Ignition to be a

Homogenous Charge Spark Ignition.
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The second fuel is suitably a high octane fuel. The second fuel preferably has a Research
Octane Number (RON) of at least 80, preferably at least 92, and more preferably at least
95. Thereby, the second combustion on a premix of the second fuel with the oxygen of the
residues as oxidant may be secured with a reduced risk of premature ignition.

Preferably, the injection of the second fuel is provided at the end of the first power stroke
or in the second compression stroke. Advantageously, the injection of the second fuel is
provided at the end of the first power stroke or at the beginning of the second
compression stroke. The injection of the second fuel may be provided before 90
crankshaft degrees before the top dead center (TDC) position at the end of the second
compression stroke. The injection of the second fuel may even be injected before the
bottom dead center position at the end of the first power stroke. However, preferably, the
second fuel is injected after the bottom dead center (BDC) position at the beginning of the
second compression stroke. Thereby a homogenous mix of the second fuel with the
residues from the first combustion may be secured.

Preferably, the method comprises determining an amount of oxygen in exhaust gases
produced by the second combustion, and determining based on the determined amount of
oxygen an amount of second fuel, whereby the amount of second fuel injected is said
determined amount. Thereby, it is possible to adjust the amount of second fuel to secure
that it is the amount required for the second combustion to be a stoichiometric
combustion. The determination of the amount of oxygen may be done by determining any
quality of the exhaust gases indicative of the oxygen content therein or the lambda value
of the second combustion. The determination of the amount of oxygen may be done by
means of a suitable sensor, such as a lambda sensor, €.g. an oxygen sensor, or some
other kind of sensor providing signals based on which the lambda value of the second
combustion may be determined. Such a sensor may be located in an exhaust guide
arranged to guide gases from the cylinder. The sensor may be adapted to measure the
proportion of oxygen in exhaust gases in the exhaust guide, in the form of dioxygen or as
part of a compound, e.g. a nitrogen oxide. The sensor may in some embodiments be
arranged to use Fourier transform infrared spectroscopy (FTIR) and/or it may be arranged
to detect the concentration of carbon dioxide in the exhaust gases, from which the lambda
value of the second combustion may be determined. The result of such a control of the
amount of second fuel for the injections may be lambda values at the second combustions



10

15

20

25

30

35

WO 2017/152997 PCT/EP2016/055311
6

that oscillate somewhat around 1. However, the mean value of the lambda values is
preferably 1.

In alternative embodiments, the control of the amount of second fuel injected so as for the
second combustion to be a stoichiometric combustion, may be done based on stored data
regarding the engine. Thereby, determining the amount of oxygen in the exhaust gases,
i.e. determining the lambda value of the second combustion, may be done based on other
operational parameters and stored data. Such stored data may form a “virtual engine”
allowing the fuel amount to be determined based on one or more operational parameter

values, without any sensor in the exhaust guide.

The method preferably involves expelling exhaust gases produced by the second
combustion from the cylinder during an exhaust stroke succeeding the second power
stroke, and allowing the exhaust gases to be guided to a three-way catalyst. As stated,
the three-way catalyst may replace, and is a considerably less space consuming, complex
and costly than a selective catalytic reduction unit.

Said oxygen in the residues may be at least partly provided as a part of nitrogen oxide in
the residues. As also pointed out above, the second combustion may, in addition to
dioxygen, use the oxygen in the nitrogen oxide produced by first combustion, whereby the
nitrogen oxide production of the engine is reduced.

Preferably, the method comprises adjusting a compression ratio of the second
compression stroke. Where the engine comprises an intake manifold for guiding air to the
cylinder, an exhaust guide for guiding gases from the cylinder, and a valve for controlling
a communication between the cylinder and the exhaust guide or the intake manifold, the
method may comprise providing said compression ratio adjustment by adjusting an
overlap of an opening sequence of the valve and the second compression stroke. Where
the engine comprises a camshaft with a cam lobe for actuating the valve, the method may
comprise adjusting the overlap by cam phasing of the camshaft. However, other manners
of adjusting the valve timing may be used, such as cam switching or actuation with
electrically direct or indirect valve control.

Thereby, the overlap of the opening sequence of the valve and the second compression
stroke provides an adjustable bleed function, which in turn adjusts the compression ratio
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of the second compression stroke. In embodiments where the ignition of the second fuel
is provided by HCCI or a partially Homogenous Charge Compression Ignition (pHCCI),
the adjustment of the bleed function, in turn adjusting the compression ratio of the second
compression stroke, can be made to provide an optimal timing of the HCCI or pHCCI
event. Also, in embodiments with any suitable type of ignition of the second fuel, the
adjustment of the compression ratio of the second compression stroke may be used for
engine load and speed control. Thus, the method may comprise determining a requested
load of the engine, the adjustment of said compression ratio being at least partly based on
the requested engine load.

Some embodiments provide an extremely rapid cold start process of an exhaust after
treatment unit of the engine system, e.g. a three-way catalyst. Where the engine
comprises an exhaust guide arranged to guide gases from the cylinder to an exhaust
treatment device, the method may comprise determining a requested load of the engine,
determining a temperature of the exhaust treatment device, and determining based on the
determined temperature whether to operate the engine at the requested load in a first
mode or a second mode, the amount of first fuel injected for the first combustion being
smaller in the second mode than in the first mode, and/or the amount of second fuel
injected for the second combustion being larger in the second mode than in the first
mode. Where the engine is provided with a valve for controlling a communication between
the cylinder and the exhaust guide, the method may comprise controlling an overlap of an
opening sequence of the valve and the second power stroke to be larger in the second
mode than in the first mode. Where the engine comprises a camshaft with a cam lobe for
actuating the valve, the method may comprise controlling the overlap by cam phasing of
the camshaft. However, other manners of adjusting the valve timing may be used, such as

cam switching or actuation with electrically direct or indirect valve control.

By the decreased amount of first fuel in the first combustion, the oxygen in the residues
from the first combustion will increase. The increased amount of fuel in the second
combustion mixed with said increased amount of oxygen will provide for more energy
being released by the second combustion in the second mode compared to the first
mode. In addition, the increased overlap of said opening sequence and the second power
stroke will allow the combustion process to continue in the exhaust guide and thereby
increase the temperature in the three-way catalyst. Thereby, the second fuel is used to
provide additional power and torque as well as increasing the exhaust temperature.
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The objects are also reached with a computer program code means according to claim
26, a computer readable medium according to claim 27, or by a control unit according to
claim 28.

The objects are also reached with an internal combustion engine system comprising a
cylinder with a piston connected to a crankshaft, an intake manifold arranged to guide air
to the cylinder, an exhaust guide arranged to guide gases from the cylinder, a first
container, a first injector arranged to inject a first fuel supplied from the first container into
the cylinder, a second container, and a second injector arranged to inject a second fuel
supplied from the second container into the cylinder, the system being arranged to
provide a six-stroke cycle with a sequence of a first compression stroke, a first power
stroke, a second compression stroke and a second power stroke, characterized in that the
system comprises a three-way catalyst, the exhaust guide being arranged to guide gases
from the cylinder to the three-way catalyst. As suggested above, a spark plug may or may
not be arranged to ignite a mix of fuel and oxygen in the cylinder.

Preferably, the system is arranged for the second fuel being of a type that is different from
that of the first fuel. The engine system allows for a first combustion in the form of a
diffusion combustion of injected first fuel with a portion of the oxygen in compressed air in
the cylinder, to produce residues including oxygen, and to allow a second combustion on
a premix of injected second fuel with the oxygen of the residues as oxidant. Similarly to
embodiments of the method described above, the engine system provides a considerably
reduced size and complexity of the exhaust after treatment systems for a diesel engine,
while retaining or even improving the efficiency of the diesel combustion in the engine.

Preferably, the system comprises means for determining an amount of oxygen in exhaust
gases produced by the second combustion. Thereby, it is possible to determine based on
the determined amount of oxygen an amount of second fuel, whereby the amount of
second fuel injected is said determined amount. The means for determining an amount of
oxygen may comprise any suitable sensor as exemplified above, e.g. a lambda sensor.
The sensor may be located in the exhaust guide. Thereby a control unit may be arranged
to receive signals from the lambda sensor as exemplified below. As stated, in alternative
embodiments, the control of the amount of second fuel injected so as for the second
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combustion to be a stoichiometric combustion, may be done based on stored data
regarding the engine.

Preferably, the system comprises an intake valve and an exhaust valve arranged to
control a communication between the cylinder and the intake manifold and a
communication between the cylinder and the exhaust guide, respectively, the system
further comprising a valve actuation assembly arranged to adjust an overlap of an
opening sequence of the intake valve and/or the exhaust valve and the second
compression stroke. Preferably, the valve actuation assembly comprises at least one
camshaft with an intake cam lobe for actuating the intake valve and an exhaust cam lobe
for actuating the exhaust valve, the camshaft being arranged to rotate at a speed being a
third of the rotational speed of the crankshaft, the camshaft being arranged for a cam
phasing function, the intake cam lobe and/or the exhaust cam lobe being provided with a
nose for providing the opening sequence of the intake valve and/or the exhaust valve,
respectively, whereby the cam phasing function is arranged to adjust the overlap of the
opening sequence and the second compression stroke. However, the valve actuation
assembly may comprise some other means for adjusting the valve timing, such as cam

switching or actuation with electrically direct or indirect valve control.

Similarly to some embodiments of the method described above, the overlap of the
opening sequence of the valve and the second compression stroke provides an
adjustable bleed function, which in turn adjusts the compression ratio of the second
compression stroke. This may be used to provide an optimal timing of HCCI or pHCCI
events providing the second combustion, and/or it may be used for engine load and speed

control.

Preferably, the system further comprises an exhaust valve arranged to control a
communication between the cylinder and the exhaust guide, and a valve actuation
assembly arranged to adjust an overlap of an opening sequence of the exhaust valve, and
the second power stroke. Preferably, the valve actuation assembly comprises at least one
camshaft with an exhaust cam lobe for actuating the exhaust valve, the camshaft being
arranged to rotate at a speed being a third of the rotational speed of the crankshaft, the
camshaft being arranged for a cam phasing function, the exhaust cam lobe being
provided with a nose for providing the opening sequence of the exhaust valve, whereby
the cam phasing function is arranged to adjust the overlap of the opening sequence and
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the second power stroke. However, the valve actuation assembly may comprise some
other means for adjusting the valve timing, such as cam switching or actuation with

electrically direct or indirect valve control.

Similarly to embodiments of the method described above, this makes it possible to
increase the overlap of the opening sequence and the second power stroke to allow the
second combustion process to continue in the exhaust guide and thereby increase the
temperature in the three-way catalyst.

In some embodiments, where the first fuel is diesel fuel, the system comprises a fuel
reforming assembly arranged to crack the diesel fuel from the first container to produce
the second fuel in the form of a high octane fuel, the second container being arranged to
receive the high octane fuel from the fuel reforming assembly. As suggested above,
thereby, in a vehicle application, the reforming provides an onboard fuel conversion
function whereby the vehicle may be refueled with a single fuel type during operations.

The objects are also reached with a vehicle according to claim 37.

Further advantages and advantageous features of the invention are disclosed in the
following description and in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

With reference to the appended drawings, below follows a more detailed description of

embodiments of the invention cited as examples.

In the drawings:

Fig. 1 is a side view of a vehicle in the form of a truck.

Fig. 2 shows part of an internal combustion engine system in the vehicle in fig. 1.

Fig. 3 shows a cross-section of the system in fig. 2, oriented as indicated by the arrows IlI-
I,
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Fig. 4 is a diagram depicting events in a cylinder of the engine system in fig. 2 and fig. 3

as a function of piston movements in the cylinder.

Fig. 5 is a block diagram depicting steps in a method for operating an engine in the
system in fig. 2 and fig. 3.

Fig. 6 shows a cross-section corresponding to the cross-section in fig. 3, of an engine

system according to an alternative embodiment of the invention.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE INVENTION

Fig. 1 shows a vehicle in the form of a truck, or a tractor for a semitrailer. It should be
noted that the vehicle can be of a variety of alternative types, e.g. it may be a car, a bus,
or a working machine such as a wheel loader. The vehicle comprises an internal
combustion system with an internal combustion engine 1, which in this example is a six-

stroke diesel engine, described closer below.

As can be seen in fig. 2, the engine 1 in the engine system in this example comprises six

cylinders 3 in an in-line arrangement.

Reference is made also to fig. 3 in which one of the cylinders 3 is depicted. Each cylinder
3 is provided with a piston 301 connected to a crankshaft 4 of the engine. The system
further comprises an intake manifold 5 arranged to guide air to the cylinders 3, and an
exhaust guide 6 arranged to guide gases from the cylinders 3.

As can be seen in fig. 3, the system further comprises a first container 701 for a first fuel,
which in this example is a diesel fuel. At each cylinder a first injector 702 is provided to
inject the first fuel into the respective cylinder 3. The first injector 702 is arranged to be
supplied with the first fuel from the first container 701. For this a first conduit 703 is
arranged to provide a communication between the first container 701 and the first injector
702, via a first fuel pump 704 and a common rail (not shown) arranged to distribute the
first fuel to all first injectors 702. The first fuel pump may be e.g. of a conventional high
pressure common rail system type for heavy vehicle diesel engines, and is suitably
adapted to deliver an injection pressure of up to 2500 bar or more. The first fuel pump 704
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could comprise e.g. one or more piston rotary pumps or a single piston cam actuated

pump-element.

The system further comprises a second container 801 for a second fuel, which in this
example is gasoline. Alternatively, the second fuel may be some other high octane fuel,
e.g. methanol or methane. The second fuel has a Research Octane Number (RON) of at
least 80, preferably at least 92, and more preferably at least 95.

At each cylinder a second injector 802 is provided to inject the second fuel into the
respective cylinder 3. The second injector 802 is arranged to be supplied with the second
fuel from the second container 801. For this a second conduit 803 is arranged to provide a
communication between the second container 801 and the second injector 802, via a
second fuel pump 804. The second fuel pump 804 and the second injector 802 may be of
types which typically are provided for relatively simple and low cost gasoline direct
injection systems, e.g. for private cars.

In each cylinder 3 a spark plug 10 is arranged to ignite a mix of fuel and oxygen in the
cylinder as described below.

The system further comprises a three-way catalyst 9, the exhaust guide 6 being arranged
to guide gases from the cylinders 3 to the three-way catalyst 9. Upstream of the three-way
catalyst 9 a diesel particulate filter 11 is provided. The system may also comprise a turbo
charging or turbo compound system (not shown) with a turbine in the exhaust guide 6,
upstream of the three-way catalyst 9 and the diesel particulate filter 11, to extract energy
e.g. for charging of the air in the intake manifold 5 as is known per se.

Reference is made also to fig. 4. The system is arranged so as to provide in each cylinder
3 a six-stroke cycle with a sequence of an intake stroke IS, a first compression stroke
CS1, afirst power stroke PS1, a second compression stroke CS2, a second power stroke
PS2 and an exhaust stroke ES.

Referring again to fig. 3, the system comprises in each cylinder 3 an intake valve 501
arranged to control a communication between the respective cylinder 3 and the intake
manifold 5. The system further comprises in each cylinder 3 an exhaust valve 601
arranged to control a communication between the respective cylinder 3 and the exhaust
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guide 6. The system further comprises a valve actuation assembly, in turn comprising an
intake camshaft 502 with intake cam lobes 503 for actuating the intake valves 501, and an
exhaust camshaft 602 with exhaust cam lobes 603 for actuating the exhaust valves 601.
In other embodiments the intake and exhaust cam lobes 503, 603 may be provided on a
common cam shaft. Since the engine is adapted for a six-stroke cycle, the camshafts 502,
602 are arranged to rotate at a speed being a third of the rotational speed of the
crankshaft 4.

For the actuation of the intake valves 501 the intake cam lobes 503 are each provided
with a respective intake nose 505 arranged to provide an intake opening sequence |OS of
the respective intake valve 501, described below. For the actuation of the exhaust valves
601 the exhaust cam lobes 603 are each provided with a respective exhaust nose 605
arranged to provide an exhaust opening sequence EOS of the respective exhaust valve
601, described below. The exhaust cam lobe 603 is further provided with a bleed nose
604 for providing a bleed opening sequence BOS of the exhaust valve 601, as described
below. The bleed nose 604 is smaller than the exhaust nose 605.

The valve actuation assembly further comprises an intake cam phasing assembly 506 is
arranged to provide cam phasing of the intake camshaft 502, i.e. to change the phase of
the intake camshaft rotation in relation to the rotation of the crankshaft 4. The valve
actuation assembly also comprises an exhaust cam phasing assembly 606 is arranged to
provide cam phasing of the exhaust camshaft 602, i.e. to change the phase of the exhaust
camshaft rotation in relation to the rotation of the crankshaft 4.

A control unit 21 is arranged to control the intake and exhaust cam phasing assemblies
506, 606. The control unit 21 is further arranged to receive signals from a lambda sensor
211 in the form of an oxygen sensor located in the exhaust guide 6 and adapted to
measure the proportion of oxygen in the exhaust gases in the exhaust guide 6. The
control unit 21 is also arranged to receive signals from a temperature sensor 213 located
in the exhaust guide 6. The control unit 21 is in addition arranged to receive signals from a
temperature sensor 214 located in the three-way catalyst 9.

The control unit 21 is also arranged to receive signals from an air mass flow sensor 212 in
the intake manifold 5. The control unit 21 is adapted to determine a load of the engine

based on the engine speed and the air-fuel ratio, as is known per se. As understood from
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examples herein, the control unit may be arrange to control the two consecutive
combustions, described below, in all aspects of torque output, efficiency optimization and

emission control.

As can be seen in fig. 2, the system further comprises an exhaust gas recirculation
conduit 12, arranged to guide gases from the exhaust guide 6 to the intake manifold 5. An
exhaust recirculation valve 121 is arranged to control the communication through the
exhaust gas recirculation conduit 12. The exhaust recirculation valve 121 is controllable
by the control unit 21.

Reference is also made to fig. 5 depicting steps in a method for operating the engine in
the system described with reference to fig. 2 and fig. 3. The method is described with
reference to one of the cylinders 3, but it is understood that the steps therein are
performed in all cylinders with phase shifting according to the cylinder firing order.

With actuation by the intake cam lobe 503 of the intake valve 501, air is introduced S1 into
the cylinder 3 in the intake opening sequence |OS. As can be seen in fig. 4, a major
portion of the intake opening sequence 10S coincides with the intake stroke IS. The intake
valve 501 is moved to a closed position and the air is compressed S2 in a first
compression stroke CS1 of the cylinder 3.

As can be seen in fig. 4, at the end of the first compression stroke CS1 first fuel is injected
[1, S3 into the cylinder 3 by means of the first injector 702. Alternatively, said injection 1,
S3 may be done at the beginning of the first power stroke PS1. Thereupon a first
combustion is allowed S4 in the form of a diffusion combustion of the injected first fuel
with a portion of the oxygen in the compressed air as oxidant. The first combustion will
produce power to the crankshaft 4 in the first power stroke PS1. The first combustion will
produce residues including carbon dioxide (CO,), dioxygen (O,), soot, and nitrogen
oxides (NO, ). The oxygen available e.g. in the dioxygen and the nitrogen oxides, is
combusted in a second combustion as described below.

Subsequently the residues as compressed S5 in the second compression stroke CS2.
Also, during the second compression stroke CS2 second fuel is injected 12, S5 into the
cylinder 3 by means of the second fuel injector 802. Said injection 12 of the second fuel is
provided close shortly before the middle of the second compression stroke. In other
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embodiments, said injection 12 of the second fuel is provided at the beginning of the
second compression stroke CS2, or at the end of the first power stroke PS1. The injected
second fuel is mixed with the residues from the first combustion.

Thereupon, at the end of the second compression stroke CS2 or at the beginning of the
second power stroke PS2, the spark plug 10 is controlled to provide a spark so as to
provide S6 a Homogenous Charge Ignition in the form of a Homogenous Charge Spark
Ignition S| and a second combustion of the mix of second fuel and oxygen in the residues

from the first combustion.

The second combustion will produce power to the crankshaft 4 in the second power
stroke PS2. In addition, the first combustion provides an effective lean diesel operation,
while the second combustion may use the remaining oxygen to provide a lambda value of
1 for the total cycle. Thus, the second combustion is a substantially stoichiometric
combustion. In addition, the second combustion will consume the soot as well as the
nitrogen oxides in the residues from the first combustion. This makes it possible to use the
relatively simple and small three-way catalyst 9, as opposed to a complex, costly and
large exhaust treatment unit, such as a selective catalytic reduction (SCR) unit, normally
used for diesel engines. In many embodiments, the second fuel used in a cycle may
amount to e.g. 15-20% of the total fuel amount in the cycle.

Subsequently the exhaust gases produced by the second combustion are expelled S7
from the cylinder 3 during the exhaust stroke ES by means of the exhaust opening
sequence EOS, whereby the exhaust gases are allowed to be guided to the three-way
catalyst 9.

It should be noted that the second combustion may be in alternative embodiments, such
as the one presented below with reference to fig. 6, provided as a Homogenous Charge
Compression (HCCI) Ignition or a partially homogeneous charge compression ignition
(PHCCI). Thereby, no sparkplugs 10 need to be provided in the cylinders 3.

By means of the lambda sensor 211 the control unit 21 determines S8 an amount of
oxygen in the exhaust gases produced by the second combustion. Based on the
determined amount of oxygen the control unit 21 determines or adjusts the amount of
second fuel to be injected S5, 12 in the following cycle. The amount of second fuel injected
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can thereby be continuously adjusted to for the second combustions to remain
stoichiometric combustions throughout different operational conditions of the engine
system.

By means of the temperature sensor 213 the control unit 21 determines S9 the
temperature of the exhaust gases in the exhaust guide 6. Based the determined
temperature, the control unit 21 controls or adjusts the timing of the injection 11 of the first
fuel and the amount of the first fuel injected at the injection I1 of the first fuel. Thereby, the
temperature of the residues from the first combustion can be controlled, e.g. to avoid pre-
ignition of the mix of the residues and the second fuel in the second combustion stroke
CS2, i.e. to avoid an ignition of said mix before a desired and efficient timing or crankshaft
angle for the Homogenous Charge Ignition.

As can be seen in fig. 4, a bleed opening sequence BOS of the exhaust valve 601 is
provided so as to bridge the end of the first power stroke PS1 and the beginning of the
second compression stroke CS2. The control unit 21 is arranged to control the exhaust
cam phasing assembly 606 to adjust an overlap of the opening sequence BOS and the
second compression stroke CS2. This is done to adjust the compression ratio of the
second compression stroke CS2. Increasing said overlap will decrease the compression
ratio of the second compression stroke CS2, and vice versa.

In embodiments where the ignition of the second fuel is provided by HCCI or pHCCI, as
the one presented below with reference to fig. 6, the adjustment of the bleed function, in
turn adjusting the compression ratio of the second compression stroke CS2, can be made
to provide an optimal timing of the HCCI or pHCCI event. Also, in embodiments with any
suitable type of ignition of the second fuel, the adjustment of the compression ratio of the
second compression stroke CS2 may be used for engine load and speed control. Thus,
the control unit 21 may further be arranged to determine S10 the current requested load
of the engine, and adjust the compression ratio of the second compression stroke CS2 at
least partly based on the requested engine load. Preferably, at relatively high engine
loads, the compression ratio of the second compression stroke CS2 is controlled to be
relatively low, and at relatively low engine loads, the compression ratio of the second
compression stroke CS2 is controlled to be relatively high, or even maintained at the

geometrical diesel compression ratio.
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The control unit is further arranged to match the timing of the bleed opening sequence
BOS with a control signal so as to temporarily open the exhaust recirculation valve 121 to
guide residues released by the bleed opening sequence BOS via the exhaust gas
recirculation conduit 12 to the intake manifold 5.

In alternative embodiments, the bleed nose 604 may be provided on the intake cam lobe
503. Thereby, the compression ratio of the second compression stroke CS2 may be
adjusted by controlling the intake cam phasing assembly 506. In further alternative
embodiments the bleed function may be provided by a separate additional valve arranged
to control the communication between the cylinder and the exhaust guide 6 or the intake
manifold 5. Such an additional valve may be controlled by a bleed nose 604 on the
exhaust or intake camshaft 502, 602 as described above, or it could be controlled
hydraulic or electrically.

The method also includes steps for choosing between two operational engine modes
depending on whether or not a cold start process for the three-way catalyst is required.
More specifically, the method in this embodiment includes the control unit 21 determining
S11 by means of the temperature sensor 214 in the three-way catalyst, the temperature of
the catalyst 9. Based on the catalyst temperature and the requested engine load the
control unit 21 determines S12 whether the engine should be operated at the requested
load in a first mode or a second mode. If the catalyst temperature is above a threshold
value for the requested load, the engine is operated in the first mode. However, if the
catalyst temperature is below a threshold value for the requested load, the engine is
operated in the second mode for the cold start process of the catalyst 9.

The amount of first fuel injected 11, S3 for the first combustion is smaller in the second
mode than in the first mode, and the amount of second fuel injected 12, S5 for the second
combustion is larger in the second mode than in the first mode. Also, in the second mode
for the catalyst cold start, the exhaust cam phasing assembly 606 is controlled so as to
increase, compared to the first mode, an overlap of the exhaust opening sequence EOS
(fig. 4) of the exhaust valve 601 and the second power stroke PS2.

By the decreased amount of first fuel in the first combustion, the oxygen in the residues
from the first combustion in the form of the diffusion combustion will increase. The

increased amount of fuel in the second combustion mixed with said increased amount of
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oxygen will provide for more energy being released by the second combustion in the
second mode compared to the first mode. In addition, the increased overlap of the
exhaust opening sequence EOS and the second power stroke PS2 will allow the
combustion process to continue in the exhaust guide 6 and thereby increase the
temperature in the three-way catalyst 9. This provides an extremely rapid cold start
process of the three-way catalyst 9.

Reference is made to fig. 6 depicting an alternative embodiment of the invention. This
embodiment shares features with the embodiment presented with reference to fig. 2 — fig.
5, with the following exceptions:

The system further comprises a fuel reforming assembly 20, herein also referred as a fuel
cracking and reforming assembly, arranged to reform the diesel fuel from the first
container 701 to produce the second fuel which has a high octane number, in the form of
a gas. Thereby the diesel may be reformed to a mix of carbon monoxide and hydrogen.
The fuel reforming assembly 20 is adapted to provide a catalytic decomposition process
converting the diesel fuel to the high octane gaseous fuel. The fuel reforming assembly 20
may be driven by exhaust heat from the engine system. A reformer supply conduit 201 is
arranged to guide the first fuel from the first container 701 to the fuel reforming assembly
20. A reformed fuel conduit 202 is arranged to guide the second fuel from the fuel
reforming assembly 20 to the second container 801. The fuel reforming assembly 20
provides an onboard fuel conversion function whereby the vehicle may be refueled with a
single fuel type during operations.

Also the engine system in fig. 6 is adapted to provide the Homogenous Charge Ignition as
a Homogenous Charge Compression (HCCI) Ignition or a partially homogeneous charge
compression ignition (pHCCI). Therefore, no sparkplugs are provided in the cylinders 3.

It is to be understood that the present invention is not limited to the embodiments
described above and illustrated in the drawings; rather, the skilled person will recognize
that many changes and modifications may be made within the scope of the appended

claims.
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CLAIMS

. A method for operating an internal combustion piston engine, comprising

introducing (S1, IOS) air into a cylinder (3) of the engine,

compressing the air in a first compression stroke (CS1) of the cylinder (3),
injecting (S3, I1) a first fuel into the cylinder (3),

allowing (S4) a first combustion of the injected first fuel with a portion of the
oxygen in the compressed air as oxidant, to produce power to a crankshaft (4) of
the engine in a first power stroke (PS1) succeeding the first compression stroke
(CS1), and to produce residues including oxygen, and

compressing (S5) the residues in a second compression stroke (CS2) succeeding
the first power stroke (PS1),

characterized by injecting (S5, 12) into the cylinder (3) a second fuel of a type
which is different from that of the first fuel, and allowing a second combustion of
the second fuel with the oxygen of the residues as oxidant to produce power to the
crankshaft (4) of the engine in a second power stroke (PS2) succeeding the
second compression stroke (CS2), and

by controlling the amount of second fuel injected in the step of injecting the second
fuel so as for the second combustion to be a stoichiometric combustion.

. A method according to claim 1, characterized in that the first combustion is

provided by a combustion ignition.

. A method according to any one of the preceding claims, characterized in that the

injection of the first fuel forms the first combustion in the form of a diffusion

combustion.

. A method according to any one of the preceding claims, characterized in that the

first fuel is diesel fuel.

. A'method according to claim 4, characterized by supplying the diesel fuel for the

injection (S3, 1) thereof from a container (701), and reforming diesel fuel from the
container (701) to produce the second fuel in the form of gasoline.
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13.

14.

20

A method according to any one of the preceding claims, characterized by
controlling the temperature of the residues by controlling the timing of the injection
(83, 11) of the first fuel, and/or by controlling the amount of the first fuel injected at
the injection (S3, I1) of the first fuel.

A method according to any one of the preceding claims, characterized in that the
second combustion is provided on a premix of the second fuel with the oxygen of
the residues as oxidant.

A method according to any one of the preceding claims, characterized in that the
second combustion is provided by a Homogenous Charge Ignition .

A method according to any one of the preceding claims, characterized in that the
second combustion is provided by a Homogenous Charge Compression Ignition, a
partially Homogenous Charge Compression Ignition or a Homogenous Charge
Spark Ignition.

A method according to any one of the preceding claims, characterized in that the
second fuel is a high octane fuel.

A method according to any one of the preceding claims, characterized in that the
second fuel has a Research Octane Number (RON) of at least 80.

A method according to any one of the preceding claims, characterized in that the
injection (S5, 12) of the second fuel is provided at the end of the first power stroke
(PS1) or in the second compression stroke (CS2).

A method according to any one of the preceding claims, characterized in that the
injection (S5, 12) of the second fuel is provided at the end of the first power stroke
(PS1) or at the beginning of the second compression stroke (CS2).

A method according to any one of the preceding claims, characterized in that the
injection (S5, 12) of the second fuel is provided before 90 crankshaft degrees
before the top dead center (TDC) position at the end of the second compression
stroke (CS2).
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21.

21

A method according to any one of the preceding claims, characterized in that the
injection (S5, 12) of the second fuel is provided after the bottom dead center (BDC)
position at the beginning of the second compression stroke (CS2).

A method according to any one of the preceding claims, characterized by
determining (S8) an amount of oxygen in exhaust gases produced by the second
combustion, and determining based on the determined amount of oxygen an
amount of second fuel, whereby the amount of second fuel injected (S5, 12) is said

determined amount.

A method according to any one of the preceding claims, characterized by expelling
(S87) exhaust gases produced by the second combustion from the cylinder (3)
during an exhaust stroke (ES) succeeding the second power stroke (PS2), and
allowing the exhaust gases to be guided to a three-way catalyst (9).

A method according to any one of the preceding claims, characterized in that said
oxygen in the residues is at least partly provided as a part of nitrogen oxide (NOx)
in the residues.

A method according to any one of the preceding claims, characterized by adjusting
a compression ratio of the second compression stroke (CS2).

A method according to claim 19, where the engine comprises an intake manifold
(5) for guiding air to the cylinder (3), an exhaust guide (6) for guiding gases from
the cylinder (3), and a valve (501, 601) for controlling a communication between
the cylinder (3) and the exhaust guide (6) or the intake manifold (5), the method
comprising providing said compression ratio adjustment by adjusting an overlap of
an opening sequence (BOS) of the valve (501, 601) and the second compression
stroke (CS2).

A method according to claim 20, where the engine comprises a camshaft (502,
602) with a cam lobe (503, 603) for actuating the valve (501, 601), the method
comprising adjusting the overlap by cam phasing of the camshaft (502, 602).
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26.

27.

28.

22

A method according to any one of claims 19-21, characterized by determining a
requested load of the engine, the adjustment of said compression ratio being at
least partly based on the requested engine load.

A method according to any one of the preceding claims, where the engine
comprises an exhaust guide (6) arranged to guide gases from the cylinder (3) to
an exhaust treatment device (9), the method comprising determining a requested
load of the engine, determining a temperature of the exhaust treatment device (9),
and determining based on the determined temperature whether to operate the
engine at the requested load in a first mode or a second mode, the amount of first
fuel injected (11) for the first combustion being smaller in the second mode than in
the first mode, and/or the amount of second fuel injected (12) for the second
combustion being larger in the second mode than in the first mode.

A method according to claim 23, where the engine is provided with a valve (601)
for controlling a communication between the cylinder (3) and the exhaust guide
(6), the method comprising controlling an overlap of an opening sequence (EOS)
of the valve (601) and the second power stroke (PS2) to be larger in the second
mode than in the first mode.

A method according to claim 24, where the engine comprises a camshaft (602)
with a cam lobe (605) for actuating the valve (601), the method comprising
controlling the overlap by cam phasing of the camshaft (602).

A computer program comprising program code means for performing the steps of

any one of claims 1-25 when said program is run on a computer.

A computer readable medium carrying a computer program comprising program
code means for performing the steps of any one of claims 1-25 when said program

product is run on a computer.

A control unit configured to perform the steps of the method according to any one
of claims 1-25.



10

15

20

25

30

35

WO 2017/152997 PCT/EP2016/055311

29.

30.

31.

32.

33.

23

An internal combustion engine system comprising a cylinder (3) with a piston (301)
connected to a crankshaft (4), an intake manifold (5) arranged to guide air to the
cylinder (3), an exhaust guide (6) arranged to guide gases from the cylinder (3), a
first container (701), a first injector (702) arranged to inject a first fuel supplied
from the first container (701) into the cylinder (3), a second container (802), and a
second injector (802) arranged to inject a second fuel supplied from the second
container (802) into the cylinder (3), the system being arranged to provide a six-
stroke cycle with a sequence of a first compression stroke (CS1), a first power
stroke (PS1), a second compression stroke (CS2) and a second power stroke
(PS2), characterized in that the system comprises a three-way catalyst (9), the
exhaust guide (6) being arranged to guide gases from the cylinder (3) to the three-
way catalyst (9).

A system according to claim 29, characterized in that the system comprises
means (211) for determining an amount of oxygen in exhaust gases produced by
the second combustion.

A system according to claim 30, characterized in that the means for determining
an amount of oxygen comprises lambda sensor (211).

A system according to any one of claims 29-31, characterized in that the system
comprises an intake valve (501) and an exhaust valve (601) arranged to control a
communication between the cylinder (3) and the intake manifold (5) and a
communication between the cylinder (3) and the exhaust guide (6), respectively,
the system further comprising a valve actuation assembly (502, 602, 503, 603,
506, 606) arranged to adjust an overlap of an opening sequence (BOS) of the
intake valve (501) and/or the exhaust valve (601) and the second compression
stroke (CS2).

A system according to claim 32, characterized in that the valve actuation assembly
comprises at least one camshaft (502, 602) with an intake cam lobe (503) for
actuating the intake valve (501) and an exhaust cam lobe (603) for actuating the
exhaust valve (601), the camshaft (502, 602) being arranged to rotate at a speed
being a third of the rotational speed of the crankshaft (4), the camshaft (502, 602)
being arranged for a cam phasing function, the intake cam lobe (503) and/or the
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exhaust cam lobe (603) being provided with a nose (604) for providing the opening
sequence (BOS) of the intake valve (501) and/or the exhaust valve (601),
respectively, whereby the cam phasing function is arranged to adjust the overlap
of the opening sequence (BOS) and the second compression stroke (CS2).

A system according to any one of claims 29-33, characterized in that the system
further comprises an exhaust valve (601) arranged to control a communication
between the cylinder (3) and the exhaust guide (6), and a valve actuation
assembly (602, 603, 606) arranged to adjust an overlap of an opening sequence
(EOS) of the exhaust valve (601), and the second power stroke (PS2).

A system according to claim 34, characterized in that the valve actuation assembly
comprises at least one camshaft (502, 602) with an exhaust cam lobe (603) for
actuating the exhaust valve (601), the camshaft (502, 602) being arranged to
rotate at a speed being a third of the rotational speed of the crankshaft (4), the
camshaft (502, 602) being arranged for a cam phasing function, the exhaust cam
lobe (603) being provided with a nose (605) for providing the opening sequence
(EOS) of the exhaust valve (601), whereby the cam phasing function is arranged
to adjust the overlap of the opening sequence (EOS) and the second power stroke
(PS2).

A system according to any one of claims 29-35, characterized in that the first fuel
is diesel fuel, the system comprising a fuel reforming assembly (20) arranged to
crack the diesel fuel from the first container (701) to produce the second fuel in the
form of gasoline, the second container (802) being arranged to receive the
gasoline from the fuel reforming assembly (20).

A vehicle with an internal combustion engine system according to any one of
claims 29-36.
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